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ABSTRACT 

A strong correlatio~~ is found between the electrol~egativity, Ex, and the three proton 
coupling constant of the vinyl group in over a hundred conlpounds of the type CH? = C H S .  
This correlation extends over the range Ex = 4 to 1 and over the range J,,,+J,i,+ Jt,,,. = 14 
to 50 c.p.s. Simple implications and some useful applications of this correlation are discussed. 

A recent publication notes that for a number of vinyl con~pounds the sums of the 
three proton coupling constants in the vinyl radical fall into two groups, one of about 
20 c.p.s. and one of about 30 c.p.s. (1). Vinyl fluoride is an exception, with a sum of 14.3 
c.p.s. At present there are data available for about 140 vinyl coinpounds (2-10). The 
sums of the coupling constants, J,,,+J,Is+Jt,,,s, are found to lie in the range 14.3 
to 50.2 c.p.s. (see Table I) .  I t  appears that there is a regular progression from low to high 
values. 

Banwell et al. (3) have recently plotted values of coupling constants for seven vinyl 
compounds against the electronegativities derived by Dailey and Shoolery from chemical- 
shift differences in ethyl halides (11). They find an inverse proportionality, Ex, for the 
compounds CH:! = CHX over the range Ex = 2.5 to 4.0. I t  is of interest to see whether 
this inverse proportionality extends to lower values of Ex. 

In Table I the known coupling constants for a large nuillber of vinyl compounds are 
collected. Opposite each group X is given the value of Ex used in Figs. 1 and 2. The 
apparent electroilegativity of a group will be dominated by the atom at  which the vinyl 
group is attached. With this in mind, the values of Ex are given for the atom to which 
the vinyl group is bonded. Thus we use the same values of Ex for aryl and alkyl ethers 
and so on. Two exceptions are to be noted. The value Ex = 5.35 has been taken for the 
nitro group and Ex = 3.0 for the vinyl sulphones. These values appear approxiinately 
correct from the work of Clifford (13). 

In Fig. 1, the values of the coupling constants are plotted against Ex. There certainly 
is a strong correlation between the two parameters. Whether it is a linear relationship 
is perhaps questionable, but illustrative straight lines are drawn through the points. 
The values for bromine fall consistently far from the "straight line". 

Inspection of the methods used for the analysis of the proton resonance spectra, which 
are all of the ilBC type ( l5) ,  shows that the sum of the coupling constants is a much more 
accurate experimental parameter than the individual values. This is so because this 

Canadian Journal of Chemistry. Volume 40 (1062) 

1 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1062 

TABLE I 

Average values of coupling constants in cornpour~ds CHz = CHX in c.p.s. 
-- 

No. of 
X Ex values J g m  J c i ,  Jtrnlls Reference 

1. -F 
2. -CI 
3. -Br 
4. -OR (alkyl) 
5. -OR (aryl) 
6. -0OCR 
7. -Phosphates 
8. -NO? 
9. -NR 

13. -R (allcyl) 
14. -R (aryl) 
15. -Pyridyl 
16. -Sulphor~es 
17. -Sn 
18. -As 
19. -Sb 
20. -Pb 
21. -Hg 
22. -A1 etherate 
23. -Li 

FIG. 1. The values of J,,,, JCi , ,  and Jtrn,. in c.p.s. are plotted against the e le~trone~at ivi ty  Ex. Data 
are from Table I. Note that J,i, and Jt,. are referred to the scale run~l i r~g frorn 0 to 24 c.p.s. 
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parameter can be gotten directly from the repeated line spacings in the spectrum (7), 
whereas the individual values must be extracted by a complete analysis involving the 
three chemical-shift parameters as well. The percentage error in J,,, is bound to be 
particularly large, since its magnitude is so small. Therefore it is gratifying that the 
best correlation between J and Ex is found for Jtmns. 

In Fig. 2, the sum 'of the coupling constants is plotted against Ex. Since in almost all 

Jgem + Jcis + J t r o n s  

FIG. 2. The sum J,e,,+J,i,+Jt,,,, i n  c.p.s. plotted against the electronegativity E X ;  also SUIII J,,,+ 
JUi ,  plotted against Jt,,,,, all in c.p.s. Data are frorn Table 1. 

the compounds this suill was accurately derived with a maximum error of about 0.5 
c.p.s. (2), we can conclude from Fig. 2 that the scatter in nlost cases is due to factors 
other than that of large errors in the coupling constants. I t  would be surprising, I thinl;, 
if there were a precise relationship between the two parameters. Extensive calculations 
suggest strongly that the value of J,,, should depend only on the angle between the two 
C-1-1 bonds (5). In that case, Fig. 1 suggests that an approximate relationship exists 
between the bond angle and the electronegativity of the substituent on the 0-carbon atom. 
In particular, the value of the CI-12 bond angle for metal vinyls should then lie between 
110" and 120" ( 5 ) .  

I t  follows from Figs. I and 2 that there will be linear relationships between the coupliilg 
constants themselves. This has been found over a restricted range by Banwell and 
Shepherd (IG). In order to rnii~iinize the relatively large errors i l l  J,,,, Fig. 2 also shoais 
a plot of J,,,+JCI, against J.,,,. The plot is linear, as expected. 

A11 obvious practical applicatioil of the above correlations is in the analysis of the 
proton resonailce spectra of other viilyl compounds. If the values found lie too far off 
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tlie lines in Fig. 1 they are probably incorrect. There are a number of exalnples in the 

liter'lture. A striki~ig one is tetravinylsilane (2). The  coincidence of a large number of 

the 1.: possible lines in the spectrum is probably the reason for tlie wrong assignment. 

- ho the r  useful application is as a discriminant between two reasonable sets of para- 

meters clerived from a single spectrum. The iterative ~netliod for solving the .IBC system 

does not always converge 011 the correct ones (7).  The exact analysis of three spin spectra 

is now possible (7). In the exact analysis one always finds all the possible solutions, but 

the final choice is not always completely unambiguous; a coilsequellce of the errors in 

peak-intensit), measurements. An example is the ABC proton spectruin of acrylonitrile, 

the most reliable analysis of which is, no doubt,  that  of Castellano and Waugh (7). They 

find two sets of coupling coiistaiits, both of which would be accepted as  reasonable if 
reacliecl by the usual iterative method. They suggest that  a final decisioil be made by 
ruiining the spectrum in a magnetic field strength coilsiderably different from tlie one 

they use. This has been done in these laboratories and, at the cost of considerable work, 

their preferrecl assignment has been substantiated. I t  is interesting to note that  the 

reference to the plot of Fig. I would have resulted in the same conclusio~i. 
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ABSTRACT 

The rate coristants for the reactions of C?Hr and NH3 are determined by termination of the 
reactions ill the gas phase after different times of reaction. The average value for the rate 
constant of the S atom - C2H4 reaction a t  150° C is 1.8X10'0 cc i n ~ l e - ~ s e c - ~ ,  when the initial 
N-atom concentration is determined from the rnaxilnum production of HCN. The average 
value for the rate constant for the over-all reactio~i of S H 3  with excited nitrogen molecules, 
a t  104" C in the "poisoned" system, and 83" C in the "~rnpoisoned" system, for low initial 
flow rates of S H 3 ,  or short reaction time, is 2.2X1010 cc m ~ l e - ~ s e c - ~ .  The decrease in value 
~f this rate constant a t  higher initial flow rates of XH?  and longer reaction times in the 

poisoned" system indicates that the species responsible for NI-I3 decomposition is generated 
during the decay of S atoms in the presence of NH3. The value for the NH3 reaction is 
disc~~ssed in terms of energy transfer. 

INTRODUCTION 

Previous investigations (1) have indicated that the reaction of active nitrogen with 
C2H4 involves a direct attaclc of nitrogen atonis on the hydrocarbon, with production of 
HCN to the extent of about 9G70 of the nitrogen atoms destroyed. On the other hand, 
the corresponding reaction of NI-I:< (2) appears to i~lvolve its destruction by excited 
nitrogen molecules. The maximum extent of NIH3 destruction, by active nitrogen, pro- 
duced in a condensed discharge, is about one sixth the ~ilaxirnuni production of I-ICN 
from C21-14 and other hydrocarbons. The reaction with N1H3 appears to be unaffected 
in extent by increase in reaction temperature, and to proceed a t  a quite rapid rate (2). 
With active nitrogen produced by a ~iiicrowave discharge, I<istiakowsky and Volpi 
observed (3) that addition of NI-Id partially quenched the yellow nitrogen afterglow, 
without measurable destruction of NI-13, or decrease in N-atom concentration, as measured 
by a mass spectrometer. These authors estimated that the rate constant for a reaction 
between N atoms and NH3 must be less than lo8 cc mole-' sec-'. Siiice the reaction 
N + NI-13 = NI-I + XI-12 is endothermic to the extent of approximately 19 kcal, while 
the process T\; + N\-13 = N? + I-I2 + 13 conflicts with spin-conservation rules, they 
conclucled that the efficient queilching of the afterglow was due to reaction between NH3 
and electronic all^^ excited nitrogen molecules. The concentration of the latter was esti- 
mated to be very low in the active nitrogen produced by the microwave discharge. 

Further evidence that the destructioli of NH3 does not involve N atoms, in the rate- 
controlling step, is provided by the observatioii that addition of excess NI-13 to active 
nitrogeii of microwave origin does not affect the ability of the active nitroge~l to destroy 
nitric oxide (4). NIoreover, it has recently been established (5) that its addition to active 
nitrogen produced b!, a condensed discharge, wherein appreciable destructioil of NI-1, is 
observed, does not decrease either the ability of the active nitrogen to destroy NO, iior 
its capacity to produce I-ICN from CzH4. Hence, i f  the concentration of ilitrogeil atoms 
indicated by reactioil of active nitrogen with NO is greater than that inferred from the 

'Tlzis work szipportad by the Geoplcysics Research Directorate, A i r  Force Canzbridge Research Diuision, and by 
the Defence Research Board of Canada. 
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maxi~num production of HCN from C2I-14, as  observed b>- Verbeke and Winlcler (6), and 
this discrepancy is due to reactions of NO with excited nitrogen molecules, as these 
authors suggest, the excited n~olecules responsible for NH3 deco~i~position might not be 
the same species as those responsible for reaction with NO. 

Since NH3 quenches the afterglow which originates in a transition between the B 
and A states of the nitrogen molecule, it seemed reasonable to assume (3) that N2(B3n,) 
was probably responsible for the destruction of NH3. However, recent worlc (7) has 
indicated that other precursors of the afterglow, such as the 2,' state, might also be 
involved. The destruction of NH3 has also been attributed (8) to the .13Z,,+ state of the 
nitrogen molecule, with a lifetime of a t  least lo-? second (9, 10). This suggestion seenls 
more plausible if it is assumed that the i13Z,+ ~nolecules responsible for NH3 deco~ilposition 
have sufficient vibrational energy to permit crossover (7, 11) into the B state a t  vibrational 
levels high enough to give rise to a t  least part of the Lewis-Rayleigh nitrogen afterglow. 
Although vibrationally excited ground-state nitrogen nlolecules have a long lifetime 
(12, 13), and certain levels of this state could cause the deco~nposition of NH3 (14), i t  is 
difficult to see how their removal by NH3 would affect the afterglow (15). 

The results of Kelly and Winlcler (8) indicated that the excited nitrogen niolecule 
responsible for NH3 destruction is probably formed during homogeneous decay of nitrogen 
atoms. However, measurable amounts of NH3 destruction have been observed onll- in 
active nitrogen produced by a condensed discharge, and it has been suggested (4) that 
the production of excited molecules might depend upon the mode of excitation of the 
nitrogen. In fact, recent studies of Beale and Broida (IG), and \70ung and Clark ( l s ) ,  
have indicated a large number of energetic species that m a y  survive, a t  low concen- 
trations, into the afterglow region. On the other hand, if the excited molecule is formed 
during homogeneous decay of 4S nitrogen atonis, its concentration should be proportional 
to the square of the N-atom concentration, and, co~isequently, shoulcl be quite small in 
active nitrogen produced a t  low concentrations in a microwave system. I t  might be 
difficult, therefore, to detect destruction of NH3 in such a systeni, even if the rate constant 
for the over-all reaction is relatively high. 

The rate of reaction of active nitrogen with unsaturated hydrocarbons is quite fast ( I ) .  
At the time this study was begun, no accurate determination of the rate constant for 
these reactions had been reported, although Greenblatt and Winkler (1'7) had obtained 
a rough estimate for the rate constant of the active nitrogen - ethylene reaction by a 
diffusion-flame technique. The average value, a t  a reaction temperature of about 32" C, 
was 4.0 X 101° cc mole-' sec-'. 

The purpose of the present worlc was to conlpare the rate constants, by a  neth hod 
involving variation in time of reaction, for the reactions of active nitrogen with Cd-It 
and NI-13. Active nitrogen was generated a t  relatively high concentrations in a condensed 
discharge ( I ) ,  so that the ammonia reaction proceeded to an easily measurable extent. 
The reactions were terminated in the gas phase, after different times of reaction, by 
"flooding" the reaction mixture with another reactant. The reactions were studied only 
in an unheated reaction vessel, with temperatures in the reaction zones up to about 103" C 
\vitli ammonia and 151' C with ethylene. 

The rate coilstant for the NI-I3 reaction presumably corresponds to the over-all reaction 

X2* + X H J  -+ NH3* + NP +decomposition products + K\;J, [ll 

where Nz" and NH3" represent excited niolecules. The previous studies of Freeman and 
Winkler (2) and Willey and Rideal (18) both indicated that the products of this reaction 
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are only N? and I-I?. As in the photodecomposition of NI-13 (see, for example, reference 19), 
the excited molecule probably breaks dowil to an hydrogen atom and the NI-I? 
radical, which is the11 followed by the reaction 

EXPERIMENTAL 

The condensed discharge was operated for a "\varm-up" period of a t  least 20 rn i~~u tes  prior to each experi. 
ment of 100-seconds duration. The reaction vessel was a straight, pyrex-glass tube of 25-mm i.d., with a 
fixed reactant jet 14.5 cm below the discharge and a ?nobile renrta?zt jet (20) that could range from 0.1 to 
45 cm below the fixed jet. Both jets contained six small holes placed symmetrically around their bulbous 
ends to produce an evcn flow of reactant into the active-nitrogen stream. 

Because of the complicating reactions of hydrogen atoms with NH3 a t  higher temperatures (2), the 
present esperinlents were made in an  unheated reaction vessel. The pressure in the system was 3 mln of Hg, 
with a flow rate of molecular nitrogen of 378><10-G mole sec-I, corresponding to a linear flow ratc of 478 
crn sec-I. The apparatus was "poisoned" against nitrogen-atom recombination by the introductior~ of less 
than 0 .03XlO-~molc  sec-I of water vapor to the molecular nitrogen before the discharge. Such a small 
quantity of water vapor does not appear to affect the reactions of active nitrogen (21), but is an effective 
"poison" for wall recombination of atoms (22). 

Nitrogen (Linde "bone-dry") mas used without further purification, exccpt during experiments in the 
"unpoisoned" system, when a liquid-air trap was used to ellsure that no traces of moisture remained in the 
gas. Commercial NO (Matheson Co.) was freed from nitrogen by evacuation, while the  NO was kept a t  
liquid-nitrogen temperature; S20, was removed by three distillations of the S O  from a bath held a t  -78' C. 
Anhydrous ammonia (Canadian Industries Ltd.) and C. P. ethylene (Ohio Chemical Co.) were used after 
three bulb-to-bulb distillations during which only the middle fractions were retained. The reaction products 
were trapped a t  l iq~~id-air  temperature, and the production of HCN, or destruction of NH,, was followed by  
the usual titration method. 

The co~lce~ltratior~ of nitrogen atoms available for reaction a t  the fixed upper jet was estimated by the 
t\vo methods in current use, i.e., by a gas-phase titration with NO (23, 24), and from the nraximum pro- 
duction of HCX from C?Hd (1, 8). 

RESULTS 

After the 20-minute warm-up period, the temperature of the active-nitrogen stream, 
as measured with a glass-encased therinocouple 3 cin below the fixed jet, was found to be 
constant, for about 5 minutes, a t  10GO C in the "poisoned" systen~,  and a t  85O C in the 
"unpoisoned" system. The teinperature nleasured during the C2H4 reaction, a t  flow 
rates of ethylene in the plateau region (see ref. I ) ,  was 151" C in the "poisoned" systenl. 
The addition of excess NI-I3 to the active nitrogen caused a decrease of lo to 2' C in both 
the "poisoned" and "uilpoisoned" systems. Possibly the reaction of NH3 with N 2 : *  

removed a species from active nitrogen, which otherwise readily loses energy to the wall. 
In the "poisoned" system, the maximum, or "plateau value", production of I-ICN 

from C2I-14, when the reaction products were trapped 120 cm downstream froin the fixed 
jet, was fouild to be independent of the reaction temperature in a cylindrical reaction 
vessel (5, 25) and indicated a flow rate of N atoins equal to 24.7X10-G inole sec-I a t  the 
fixed upper jet. The NO "titration" indicated a flo\v rate of N atoins equal to 45.0X10-G 
inole sec-I a t  the same point. The ratio NO/HCN of 1.8 is similar to that found by 
Verbelie and Winliler (6) a t  a pressure of 3 inm. This discrepancy between the two 
methocls for estimating the K-atom concentration will be discussed elsewhere (5). Both 
values are used for calculating rate constants in the present study, to enable coinparison 
with published values that are based on N-atom concentrations inferred from either 
met hod. 

The experimentally observed quantities were measured as flow rates. These 111a5~ be 
expressed as concentrations for calculations of rate constants by a multiplying factor equal 
to the ratio of molecular nitrogen concentration in the system, determined froin the ideal 
gas law to be l . ~ t 3 ~ X 1 0 - ~  mole cc-I a t  3 inin and 25' C, to the inolecular nitrogen flow 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8 CANADIAN JOURNAL OF CHEMISTRY. VOL. -10. 1962 

rate. The numerical value of this factor a t  25' C was 3.79X sec cc-'. The same value 
was used for other temperature conditions encountered in the study, since neither the 
pressure within the system, nor the linear flow rate of gas, showed appreciable variation 
with temperature between 25" C and 106" C, with the discharge off and on respectively. 
The flow rates mentioned above for the "poisoned" system corresponded to concentrations 
of N atoms a t  the fixed jet of 1.70X10-S and 0.936X10-8 inole cc-l for the NO and HCN 
methods respectively. In the "unpoisoned" system, the two methods indicated N-atom 
flow rates of 18.OX lop6 and 10.6X mole sec-l, corresponding to N-atom concen- 
trations of 0.681X10-8 and 0.401X10-s mole cc-l respectively. 

The Reaction with Ethylene 
The addition of an excess of NO (46.0X10-6 inole sec-l) through the mobile jet, a t  

different levels downstream from C2H4 introduced through the fixed upper jet, was found 
to  decrease the I-ICN production from C2H4. The I-ICN production was reduced by only 
about 5y0 when NO was added a t  the 45- and 30-cin levels downstream, compared with 
the amount nornlally produced when the reaction was allowed to proceed to  completion, 
i.e., for 120 cm, before the products were trapped. However, addition of NO a t  distances 
of 15, 10, 5, and 1.2 cm below the C2H1 inlet, correspoilding to reaction times with C2H4 
of 31.4, 20.9, 10.5, and 2.5 milliseconds respectively, decreased I-ICK production to  a 
larger extent, as  indicated by the results in Table I. The very rapid reaction of NO with 
nitrogen atoms (26) appeared to terminate the C2H4 reaction, by the rapid removal of 
any N atoms remaining in the gas stream. 

TABLE I 
Second-order rate constants for N + C ~ H I  at  150' C 

Reaction time, Flow rate of C2H4, HCN recovered,  NO,* ~ I I C N , ~  

milliseconds mole sec-I ( X 106) mole sec-I ( X lo6) cc mole-I sec-I ( X 10-9 cc cmole-I sec-I ( x 

* k ~ o  is calculated for [Nlo = 1.7oX10-8 mole cc-1 (based on NO titration). 
t k ~ c ~  is calculated for [Nlo = 0.93sX10-8 mole cc-1 (based on maximum HCN production). 

Rate constants were calculated from the integrated second-order rate equation, 
assuming that  the initial N-atom attack on C2H4 is rate determining for HCN production, 
and that  1 inolecule of C2H4 yields 1.5 inolecules of I-ICN (1, 5) under the prevailing 
conditions. The equation then takes the forill 

1.5 2 303 k = - -'- b(a -x) 
log , t a-  l.5b 

where x represents the concentration of HCN produced, and the other symbols have their 
usual significance. 

When NO was added a t  distances of 5 cm or less from the C?I-II jet, considerable 
reaction of N atoms with NO occurred (the green NO2 glow was observed), and conden- 
sation of ozone became a hazard. This was avoided by placing silver wire in the gas stream 
just before the trap, to remove oxygen atoms. However, the presence of silver oxide 
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decreased the amount of MCN recoverable by distillation from the product trap, and 
this decrease persisted even when the C2I-14 reaction was allowed to go to completion, 
i.e., when no NO ~vas  added. The previously established HCN production for complete 
reaction a t  the particular initial flow rate of C2H4 used could be reproduced only after 
the product trap was cleaned with acid. This decrease in recoverable HCN was slightly 
variable, and a normalization factor for I-ICN loss was derived by lnaking an experiment 
a t  the same C?H4 flow rate, but without added NO, immediately following each reaction 
that  involved addition of NO a t  distances of 5 cm or less. The figures in parentheses in 
Table I are normalized in this way, to  take into accoul~t the loss in I lCN when silver 
oxide was present in the system. The  normalization factor for a reaction time of 10.5 
milliseconds, a t  a flow rate of 46.0X10-6 mole sec-' of CZH4, was apparently a little too 
high, but the rate constant, based on an initial N-atom concentration inferred from the 
NO titration, lies somewhere between 3.6X lo9 and 4.9X 10Qc inole-' sec-'. 

The values for the rate constant inust be considered as minima, since the method 
assumes that neither NO, nor oxygen atoms, interferes with the production of I lCN 
from the reaction of nitrogen atoms with ethylene. The averages (27) of the normalized 
values for the rate constant, based on the two methods for estimating the initial N-atom 
concentration, are kNO = 6.2 )< lo9 cc mole-1 sec-l and kHCN = 1.8 X 101° cc mole-l sec-l. 
These are in fair agreement with the value previously obtained by observations on the 
length of the reaction flame (17). 

The  Reaction with Ammonia  
Flooding the NH3 - active nitrogen mixture with NO, to  terminate the NH3 reaction, 

would not be satisfactory because of the reaction of oxygen atoms with NI-13, and the 
reaction of NO with its decomposition products (19). However, it was found that the 
extent of NH3 destruction was decreased by the addition of excess C2H4 (ill tlle range 
52X1OP6 to 60X10-6 mole sec-l in the "poisoned" system, and 46X1OP6 mole sec-l in 
the "unpoisoned" system) a t  the 4 5 ,  30-, 1 5 ,  and 1.2-cin levels below the KHz inlet, 
corresponding to tiines for the NH3 reaction of 94.3, 62.7, 31.4, and 2 . j l  milliseconds 
respectively. For a given flow rate of NH3, the decrease became larger as the C2H4 was 
added closer to the NH3 jet, and, a t  each level, became smaller as the flow rate of NH3 
was increased. The results are summarized in Table 11. 

I t  appeared that  the excess of C2I-14 quickly removed not only the N atoms remaining 
in the gas stream, but probably also removed (14) inost of the excited nitrogen molecules 
remaining in the system. Experiments in which C21-14 was added a t  15 and 30 cin above the 
point of introcluction of NI-13 showed that  the ability of active nitrogen to decompose 
NH3 was completely destroyed. I t  should be noted that ,  even though CZH4 could de- 
activate many possible forins of Nz*, and became itself excited by a collision of the second 
kind, direct formation of HCN from this reaction is highly unlikely. i\/Ioreover, subsequent 
production of I lCN froin a possible breakdown product of the excited C21-14, such as 
CZH3 or CM3, would still require consumption (14) of N atoms. 

Experin~ents in the "poisoned" system, with a flow rate of NH3 of 2.50X mole sec-l, 
represent those where the amount of NH3 introduced is less than the maximum amount 
of NH3 destroyed (4.50X10-6 mole sec-') a t  high flow rates of NM3, when the reaction 
goes to completion. Under conditions of complete reaction, no NlI3 is recovered a t  an 
initial flow rate of 2.50X10-6 mole sec-', and it appears, from the reaction for 94.3 milli- 
seconds, that  about 90% of the NM3 introduced a t  that  flow rate is destroyed a t  the 
45-cin level. I11 all other experiments in the "poisoned" system, the initial flow rate of 
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TABLE I1 

Second-order rate constants for reaction of NH, with active nitrogen 

Initial Aow rate 
Time of reaction, of NH3, S H 3  destroyed, bobs* 

milliseco~~ds mole sec-I ( X 109 ~iiole sec-I ( X loG) rc mole-I sec-I ( x 10-1O) 

8 8  , ' 1 o~soncd" system: reaction ten~peratt~re --104" C 
94 . 3 2.50 2 . z 3  

8 .00  :3.2e 
12 .5  3 . 9 : ~  

2.5u 1.88 
62.7 8 .00  2.50 

12.5 3 .10  

2.5" 1 .zo 
2.5" 1.21 

31 .-1 8.011 1 . 90 
12.5 2.00 

2.50 0 . : 3 ~  
8 . 0 ~  0.80 

? . ? I I  11.7 1 .07 
12.5 1.4: 

"L.~~~poiso~iecl" system: react.io11 temperature -83O C 

*Iz,),~ based on initial [active nitrogen] given by rnaximom amount of XI-Ia clestruction = 1.7oX 10-9 rnole cc-1, 
"poisonecl" system; = O.55aX 10-Qnole cc-1. "unpoisoned" system. 

NH3 is greater than the maximum clestructio~~ of NH, when the reaction goes to comple- 
tion. At a n  initial flow rate of NI-I:: of 12.5X 10-"mole sec-', its destruction a t  the 45-cm 
level appears to be only SSyo of the masirnun1 destruction obtained a t  this flow rate 
when the reaction is not interrupted by the addition of C?H4. In the "unpoisoned" 
system, the initial NI-13 flow rates are slightly larger than the maximum destructio~l of 
NH2 for complete reaction, 1.4iX10-G mole sec-'. 

The selectioil of a value for the initial concentration of active nitrogen a t  the fixecl jet, 
capable of reaction with NI-13, poses a problem. If one assumes that  the reaction is due 
to excited nlolecules produced clirectly in the discharge, or fornled by homogeneous 
recombination of N atoms between flashes within the discharge (8), the most: obvious 
value to use for [N?:~ l In i t l , , ,  would be the maximum destruction of NI-13 when the reaction 
goes to completion. When the reaction was allowed to proceed to the trap (120 cln from 
the fixed jet), the extent of NI-13 destruction in the "poisoned" systenl increased only 
by 0.2X10-6 mole sec-I for an increase in NI-13 flour rates from 8 .0 , ,~10 -~  to 13.OXlO-'j 
mole sec-I. In the "unpoisoned" system, the extent of NI-13 destruction after co~nplete 
reaction (1.4iX10-G mole sec-') was quite indepenclent of the initial flow rate of NI-I, 
between the same limits. These "plateau" values for NI-I3 clestructio~l indicated concen- 
trations of active nitrogen capable of XI-I3 destruction, a t  the fixed jet, of 1.70X10-" 
and 0.556X10-9 nlole cc-', in the "poisoned" and "unpoisoned" systems repectively. 

Using these values for [N?*]jnltlnlr second-order rate constants were calculated for the 
destruction of NH3 by active nitrogen, 011 the assumption that excitation of NI-13, by a 
collision of the second kind, leads to its dissociation with an efficiency of 100% a t  the 
pressure of 3 mm used in the experiments. Precedent for the latter assumption is obtained 
from the observation that the photolytic decomposition of NI-I3 proceeds with a primary 
quantum yield of ~ ~ n i t y  (see ref. 19). The  absence of collisional transfer of energy from 
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excited Nl-I:! to X0, added as a radical scavenger, a t  a pressure of 4 mm or less, has been 
explained (28) by a very short lifetime of the excited NI-13 molecule. 

The calculated values of kobs agreed well for initial flow rates of NH:, of about 2.50X lo-" 
mole sec-I, a t  different reaction times, in both the "poisoned" and "unpoisoned" systelus. 
However, consistently lower values were obtained for higher initial flow rates of XH3, 
except for the shortest reaction time. The average value of kob,, for all reaction times a t  
the lowest flow rate of NH3, and for the shortest reaction time for all flow rates, was 
found to be 2.2X1010 cc mole-' sec-I (27). For the "poisoned" system, the experiments 
with higher initial flow rates of NH3, and reaction times greater than 2..iI milliseconds, 
gave a n  average value of 0.52 X 101° cc mole-' sec-I. 

DISCUSSION 

Tlze Reaction with Ethylene 
The few experiments on this system indicated a minimum value for the seconcl-order 

rate constant that compares well with two recently published values. 
Herron (29) obtained an average value of 5.8 X 101° cc mole-I sec-I over the temperature 

range 200 to 330" C. The N-atom concentration was measured with a inass spectrometer 
after a fixed reaction time, with negligible decoinposition of CzM4. The "absolute" value 
of the N-atom concentration was estimated by the KO titration. 

i\ililton and Dunford (25) obtained a value for k of 9.63X101° cc mole-' sec-l, a t  40" C,  
by a flame-diffusion technique. The initial N-at0111 concentration was inferred from the 
inaximum production of HCN from ethylene. The inethod differed froin that of Greenblatt 
and Winkler (17) in that the active nitrogen diffused into the hydrocarbon reactant. 
However, the flame technique must assume that the flame, emitted nlostly by excited 
CN radicals (30), parallels the reaction of which the rate is presumably ineasuretl: 

k 
N + CzI-I, -+ HCN + CH,. . 14 

In fact, Bayes has recently presented evidence (31) that,  for certain organic reactants a t  
least, light emission in active-nitrogen reactions may be initiated by a second reactive 
species, possibly A32,,+ metastable nitrogen n~olecules. 

Although the minin~um values, obtained by the present nlethod, had to be normalized 
as outlined earlier, the method does involve variation of the fundamental reaction para- 
meter, time, and ail ailalysis for the products of the reaction of which the rate is pre- 
sumably measured. With decrease of reaction time, the rate constant shows a trend 
toward higher values, and improved agreement with those obtained by the other methods 
(25, 29). Complicating factors probably became more significant a t  larger reaction times 
in this system, e.g., loss of N atoms by recol~lbination a t  the wall, and disappearance of 
C H 3  radicals, produced in reaction [3], by reactions other than their rapid attack by  
N atoms to produce HCN (1). 

Tlze Reaction with Ammonia 
The addition of excess CZH4 appeared to terminate the NH3 reaction satisfactorily, 

since calculation of rate constants, a t  least for low flow rates of NH3, in the "poisoned" 
system, gave reasonably constant values for kobs after different reaction times. h/Ioreover, 
the few experiinents in the "unpoisoned" system, with its lower active-nitrogen concen- 
tration, gave values of kobs similar to those obtained a t  low NHZ flow rates, or a t  the 
shortest reaction time, in the "poisoned" system. Since addition of C2H4 always caused 
a decrease in the amount of NH3 destroyed, reactions of NH3 with CzH4, or its decompo- 
sition products, appeared to be insignificant a t  the temperature of reaction. 
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The variation in kohs for the over-all reaction leading to NIH3 decomposition, based on 
an active-nitrogen concentratioil given by the maximum destructio~l of NI-13, would seem 
to give some ii~formation about the source of the reactive species in active nitrogen 
responsible for NI-I3 destruction. The values for kohs decrease only in the "poisoned" 
system, for reaction times greater than 2.51 milliseconds, and initial flow rates of NI-I, 
greater than 2.50X mole sec-'. This decrease indicates strongly that part of the N?:k 
responsible for NI-13 destruction is formed, in the presence of NI-13, during the decay of 
N atoms down the reaction tube. The work of Kelly and Winliler (8) suggested that the 
Ne" iinvolved ill destructioil of NI-I:$ was forined during homogeneous reco~llbiilation of 
N atoms prior to introduction of NH3. Also, observations with a photomultiplier tube 
(32) have shown that a decrease in the intense active-nitrogen afterglow, produced in the 
present system, persists, upon addition of excess NI-13, for a t  least 4.3 c~ i l  in a "poisoned" 
reaction tube. 

I t  is possible to estimate a concentration of Nz'" available for reaction with NH3, in 
the "poisoned" system, a t  the fixed jet. Studies on the decrease of "plateau" values for 
HCN productio~l froin C21-I14 have indicated (5) that a coilcentratioil of N??' equivalent 
to 1.5X10-6 mole sec-I may be formed during I~o~~~ogeneous  decay of N atoms between 
the fixed jet and the 45-cnl level. The maximum destructioil of XI-13 observed after a 
reaction time of 94.3 n~illiseconds shows that the maximum conce~ltration of Ne* formed 
between the 45-cm level and the trap is equivalent to a flow rate of O.&X mole sec-I. 
The maximum concentration of N?" formed after the fixed jet is then equivalent to 
-2.1 X1O-G mole sec-'. A11 approximation to the concerltratioil of N?:': available a t  the 
fixed jet, deduced by subtracting this value from the maximum destruction of NH3 for 
complete reaction, is equivalent to a flow rate of ~ 2 . 4 X 1 0 - ~  mole sec-'. The NH3 
destruction a t  a reaction tiine of 2.5' milliseconds, and a flow rate of 12.5X10-G mole 
sec-I of NI-13, gives direct evidence that a concentration of N2" equivalent to a t  least 
1.45X lo-& mole sec-I is available a t  the fixed jet, since the formation of W~'"rom ter- 
molecular recombinatio~l of N atoms is negligible in this reaction time. 

The koha values suggest that most of the reaction of NI-13, in the "poisoned" system, a t  
least a t  low initial flow rates, occurs with a slowly decaying N?" formed prior to the 
fixed jet, a t  a coilcentratio~l a t  least equivalent to 1.45X lo-& mole sec-l. Further reaction 
appears to occur a t  a slower over-all rate, which is governed by the rate of formation of 
excited nitrogen n~olecules during hoinogeneous decay of N atoms. At a flow rate of 
2.50XIO-G mole sec-', the maximum decomposition of NH3 given in Table I1 is 2.23X 
inole sec-l, after a 94.3-millisecoi~ds reaction time. Since the concentration of N2* required 
for this destruction of NH3 is probably available a t  the fixed jet, the calculated values 
for kohs a t  this flow rate do not vary appreciably with reaction tiine. At  the shortest 
reaction time of 2.5' milliseconds, the concentration of NeQ available a t  the fixed jet is 
sufficient to inaintain the relation between extent of NI-I3 destruction and reaction time, 
even a t  the higher flow rates of NI-13, and consequently the calculated values of koh, do 
not show a decrease. (The experiment a t  a reaction time of 31.4 milliseconds, and an 
initial flow rate of n'l-I, of 8.00X lop6 mole sec-', indicates that the amount of Nz" avail- 
able a t  the fixed jet may be less than a flow rate of 1.9X10-G nlole sec-', since the calcu- 
lated value for koh8 for this experiment falls into the low range of values.) 

I11 the "unpoisoned" system, kobs values are not "low" for initial flow rates of NIH3 
somewhat greater than the coilceiltration of active nitrogen indicated by maximuin NH3 
destruction for complete reaction. However, in this system of low N-atom concentration, 
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WRIGI-IT AND WINKLER: REACTION RATES 13 

formation of Nz* beyond the fixed jet is probably insignificant, since recombination of 
N atoms occurs predominantly on the wall. Experiments on the present system have 
indicated (5) that homogeneous recombination in the "unpoisoned" system accounts 
for only one eighth of the total decay of N atoins between the fixed jet and the 45-cin 
level, whereas it  accounts for about one half in the "poisoned" system. 

From the previous discussion, the higher average value for kobs = 2.2X101° cc inole-l 
sec-I may be considered a more accurate measure of the over-all rate of reaction of active 
nitrogen with NI-13. This average value is probably a little low, since a rather large value 
is used for the initial coi~cei~tration of active nitrogen, capable of NH3 destruction, in 
the "poisoned" system. Nevertheless, this average value for kobs is as high as that obtained 
for the fast reaction between N atoms and ethylene. I t  may be concluded, therefore, 
that failure to observe NH3 destruction in active nitrogen, produced by a microwave 
discharge, is due to the low N-atom concentration, hence low N2* concentration, and is 
not due to a slow rate for over-all NH3  destruction, nor to some unique characteristic of 
active nitrogen produced by a condensed discharge. 

Since energy is not transferred from excited NH3 during the photodecolnposition of 
NH3 (28), i t  may be assumed that  its lifeti~ne is probably very short a t  the pressure of 
3 mm in the present system. Consequently, if the over-all reaction leading to NH3  
decomposition is represented by 

a steady-state approximation for the rate of change of [NHS*] leads to the following 
expression for the over-all rate of the reaction: 

This correspollds to the "low pressure" form of the rate expression for unimolecular 
decompositio~~. The values of k,,, may then be identified with kl, the rate constant for a 
process involving a collision of the second kind. 

If the exchange of energy occurred on every "kinetic" collision, the value of the rate 
constant would be approximated by the rate of binary collisio~ls for nlolecules of moderate 
dimensions a t  roo111 temperature, i.e., cc mole-' sec-' (33). 

Terenin and Ernlolaev (34) have shown that simultaneous transition, in which the 
total s p i n  is conserved, can have a high probability of occurrence. Kistialiowslry and 
Volpi (3) suggested that decomposition of NH3 by Nz* in, say the B311, state, could well 
occur as the result of an inelastic collision in which total spin is conserved, and in the 
course of which the nitrogen molecule undergoes a triplet-singlet transition to the 
XIZ,+ ground state, while the NH molecule undergoes a singlet-triplet transition to a n  
excited state capable of decomposition. Ilowever, these authors (3) were doubtful of the 
high efficiency of the transfer of energy to NH3 molecules required in this mechanism. 
The present study indicates that the transfer of energy need not be particularly efficient, 
especially since it appears to occur with an excited state of the nitrogen molecule of rather 
long life. 

Electronic energy transfer is probably greater for rnoleczdes when there is a large overlap 
of the emission spectrum of the donor and absorption spectrum of the acceptor, and when 
both radiative transitions have a high probability of occurrence (35). In the present 
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system, although the over-all reaction conserves spin, the transition in the Nz molecule, 
for example, is not optically allowed, whether the Nz'%olecule be in the B311, or A32,+ 
(the Vegard-Kaplan bands) states. Consequently, the mutual coupling would not be as 
strong as it would be (36) if the corresponding optical transitions in both molecules were 
allowed for electric-dipole radiation. The impact between electronically excited nitrogen 
n~olecules and NI-13 probably corresponds more closely to that  involving triplet-singlet 
transition, with a value for the rate constant for energy transfer of 4.8X lo5 cc mole-' sec-' 
(34), than to the sensitizatioil of the fluorescence of perylene by 1-chloroanthracene, 
which involves a singlet-singlet transition and gives a value of kl (corresponding to kt 
of ref. 33) of the order of 1015 cc mole-' sec-I (37). If the Nz* lnolecule capable of donating 
the energy to  NH3 is in the -4 state, the lower cross section, or probability of energy 
transfer, in the present system, may be compensated, as in the systein studied by Terenin 
and Ermolaev (34), by the long lifetime of the donor molecule, the excited Nz  lnolecule 
in this case. 

REFERENCES 

1. H. G. V. EVANS, G. K. FREEMAX, and C. A. WINKLER. Can. J .  Chem. 34, 1271 (1056). 
2. G. R. FREEMAN and C. A. WIXICLEK. J. Phys. Chem. 59, 371 (1955). 
3. G. B. I<ISTIAKO\VSKY and G. G. VOLPI. J .  Chem. Phys. 28, 665 (1958). 
4. J. T. HERRON, J .  L. FRANKLIN, P. BRADT, and V. H. DIBELER. J. Chem. Phys. 30, 879 (1959). 
5. A. N. WRIGHT, R. L. NELSON, and C. A. WINI<LEI<. To be published. 
ti. G. J .  VERBEICE and C. A. WINKLER. J .  Phys. Chern. 64, 319 (1960). 
7. I<. D. BAYES and G. B. I<ISTIAKO\VSICY. I. Chem. Phvs. 32. 992 (1960). 

\ ,  

8. R. KELLY and C. A. WINICLER. Can. J.  Chem. 38, 25i4 (10b0). 
9. LV. LICHTEN. J .  Chem. Phys. 26, 306 (1957). 

10. P. G. WILKINSON and R. S. NIULLIKEN. J .  Chem. I'hys. 31, 674 (1950). 
11. P. HARTECIC. R. R. REEVES, and G. MANXELLA. Can. T.  Chem. 38. 1648 (1960). 
12. S. I .  LUKASIK and I. E. YOUNG. I. Chern. Phvs. 27. 1139 (1957) 
13. F. "ICAUFMAN and J: R. I<ELSO. ~."Chern. Phys. 28, 510 (l!j58). ' 

14. H. G. V. EVANS and C. A. WIXICLER. Can. J .  Chem. 34, 1217 (1956). 
15. R. A. YOUNG and I<. C. CL~I<IC. J .  Chem. Phys. 32, 604 (1960). 
16. G. E. BEALE, JR. and H. P. BROIDA. J. Chem. Phys. 31, 1030 (1059). 
17. J .  H. GREENBLATT and C. A. WINKLER. Can. J .  Research, B, 27, 732 (1049). 
18. E. 1. B. WILLEY and E. I<. RIDEAL. J .  Chem. Soc. 669 (1027). 
19. A. SEREWICZ and W. A. NOYES, JR. J .  Chem. Phys. 63, 843 (1959). 
20. A. UNG. Thesis, McGill University, Montreal, Que. 1961. 
21. R. A. BACIC and C. A. WINKLER. Unpublished results. 
22. C. B. I<RETSCHNER and H. C. PETERSON. J.  Chem. Phys. 33, 948 (1960). 
23. G. B. I<ISTIAKOWSKY and G. G. VOLPI. J .  Chem. Phys. 27, 1141 (1957). 
24. F. KAUFMAN and J .  R. KBLSO. J.  Chem. Phys. 27, 1209 (1957). 
25. E. R. V. MILTON and H. B. DUNFORD. J .  Chern. Phys. 34, 51 (1961). 
26. M. A. A. CLYXE and B. A. THRUSH. Nature, 189, 56 (1961). 
27. R. L. NELSON, A. N. WRIGHT, and C. A. WINKLER. Symposium on Some Fundamental Aspects of 

Atomic Reactions, McGill University, Montreal, Que. September 1960. 
28. R. SRINIVASON. J. Phys. Chem. 64, 679 (1960). 
29. J .  T. HERRON. J .  Chem. Phys. 33, 1273 (1960). 
30. K. R. JENNINGS and J .  W. LINNET. Trans. Faraday Soc. 56, 1737 (1960). 
31. I<. D. BAYES. Can. J .  Chem. 39, 1074 (1961). 
32. A. N. WRIGIIT and C. A. WINICLER. Unpublished results. 
33. A. F. TROTMAN-DICICENSON. Gas kinetics. Butterworths Scientific Publ., London. 1955. p. 23. 
34. A. N. TERENIN and V. L. ERMOLAEV. 'I'rans. Faraday Soc. 52, 1042 (1956). 
35. R. LIVINGSTON. J .  Phys. Chem. 61, 860 (1957). 
36. T. FORSTER. Discussions Faraday Soc. 27, 7 (1957). 
37. E. J .  BOLVEN and R. LIVINGSTON. J .  Am. Chem. Soc. 76, 6300 (1954). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



METAL OXIDE ALKOXIDE POLYMERS 
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D. C. BRADLEY~ AND D. G. CXRTER~ 
T h e  Departnzent of Chetnistry, Birkbeck College, London ,  W.C .1 ,  England 

Received June 21, 1961 

ABSTRXCT 

The hydrolysis of zirconium a1l;oxides with secondary or tertiary allioxide groups Zr(OR)c, 
where I< = Pri, Bun, Bul, and XIII~,  has been studied. The relatively low polymers formed by 
the ~iietal  oxide alkoxides have been interpreted on the basis of s t r ~ ~ c t ~ ~ r a l  models involving 
octahedrally 6-co-ordinated zirconium. 

IXTRODUCTION 

Previous work (1) on the hydrolysis of some primary alltoxides of zirconium showed 
that polymeric oxide alltoxides [Zr0z(OR)4-2z]n were formed. A satisfactory ii~terpretation 
of the number-average degree of polymerization as a function of degree of hydrolysis 
was developed on the basis of three structural models involving 6-co-ordinated zirconium 
and identical with those originally proposed for titanium (2, 3). Model I was based on the 
unsolvated trimeric alltoxide Zr3(OR)12 and gave rise to a series of co-ordination -con- 
densation polymers having the general formula Zr3cz+1)04z(OR)4(z+3). The requirement of 
relatively low polynlers by this structural inodel was a consequence of the highly compact 
structures which are made possible by the sharing of common faces of octahedra. Even 
lower polymers are predicted by the solvated species Zr2(0R)8,(ROH)2 (model 11) and 
Zr(OR)4,(ROH)2 (model 111), where the zirconiuin achieves some or all (respectively) of 
its increase in co-ordination by bonding with alcohol molecules instead of by intermolecu- 
lar bonding with allroxide groups. The degrees of polymerization of zirconium secondary 
alltoxides (4) i11 benzene are lower than for the normal alltoxides, whilst the tertiary 
allcoxides ( 5 )  are monomeric. This behavior was ascribed to the powerful steric effects of 
secondar)~ ancl, especially, tertiary alltoxide groups which prevent intermolecular co- 
ordination. The steric effect thus provides an entirely different process for the formation 
of low polymers and it was therefore iillportailt to study the polyrneric nature of zirconium 
oxide alltoxides involving secondary and tertiary allroxide groups. In this con~illunication 
we report results on the hydrolysis of zirconium isopropoxide, sec-butoxide, tert-butoxide, 
and tert-amyloxide under carefully controlled conditions. 

EXPERIMENTAL AYD RESULTS 

Zirconiz~m Alkoxides 
These were prepared and analyzed using previously described methods (4, 5). The sec- 

and tert-butoxides and the tert-amyloxide were redistilled in vaczlo prior to each experi- 
ment. The tetraisopropoxide was distilled in vaczlo and then crystallized froill isopropanol 
as the solvate Zr(OPri)4,Pr'OI-I. 

Ebz~lliometric Studies 
The variation of number-average degree of polymerization with degree of hydrolysis 

for the zirconium oxide alkoxides in their respective boiling alcohols was determined by 

'For  Part  11, see ref. 6 .  
"resent address: T h e  U n i ~ e r ~ i t y  of I f i s tern Ontario, London ,  Ontario. 
3Present address: iVorwood Technical College, L o n d o ~ t ,  England.  
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the ebulliometric inethod which was described in detail in a previous paper (I) .  In the 
followiilg tables we present the value for n (the number-average degree of polymerization) 
a t  each value of the degree of hydrolysis h (the ratio of water inolecules added per inetal 
atom). 

(a) Zirconium Isopropoxide 

TABLE I 
(Initial concentration of zirconium isopropoxide = 0.38'  g-mol./kg isopropanol) 

The solutioil remained clear up to lz = 2.19 but the next addition of water (to h = 

2.47) caused precipitation. Values of n,,,, are derived from the theoretical equatioil 
n = 6/(3-2h), which applies to the polymer series Zr~c,+l~O~,(OR)zc,+~~,(ROI-I)~~Z+l~ 
model I1 based on the solvated dimer Zr2(OPri)8,(PriOFI)2. 

(b) Zircofzi~~m sec-Butoxide 

TABLE I1 

(Initial coi~cel~tration of zircorlium sec-butoxide = 0.101 g-mol./l<g sec-butanol) 

The solution remained clear up to Iz = 1.879 but the next addition of water (to h = 

2.235) resulted in   in steady readings 011 the differential water thermometer. The latter 
phenomenoil was ascribed to  the presence of "u~lreacted" water. Values of ~t,,,, are derived 
from the theoretical equation n = 6/(3 -2h). 

(c) Zirconi~lm tert-Butoxide 
When zirconium tert-butoxide was added to boiling tert-butanol in the ebullioineter 

the therrno~lleter readings were unsteady and gave rise to an abnorinally high value for 
the ~nolecular weight of Z r ( o B ~ l ) ~ ,  which is known to be monomeric in benzene (3). 
However, it was shown that Zr(OBu1)4 was appreciably volatile in boiling tert-butanol 
and that the ebulliolnetric inethod was inapplicable. 

(d) Zirconium tert-ilmyloxide 
Successive additions of Zr(OAmt)4 to  boiling tert-amyl alcohol gave a linear increase 

of the elevation of boiling point ( A T )  with increase in concentration, and from the slope 
of this, the correct (monomeric) value for the molecular weight of Zr(OAmt)r was cal- 
culated. Unfortunately the line did not pass through the origin but gave a negative 
intercept on the AT axis. I t  appeared that the first addition of Zr(OAin1)4 must be inter- 
acting with some impurity in the tert-amyl alcohol (possibly water), so that the elevation 
of the boiling point was less than it should be. This effect persisted in spite of various 
atteinpts to purify the alcohol and a t  present it defies explanation. I11 the deter~niilation 
of the molecular weight of Zr(OAin1)4 this effect could be ignored because several addi- 
tions of alltoxide were made and the slope of the A T  versus Am line was used for the 
calculations. I-Iowever, in the ebulliometric hydrolysis technique the molecular weight 
of each zircolliuin oxide tert-amyloxide is determined from the A T  value for a single 
point and would be sensitive to errors i l l  the absolute value of A T .  
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BRADLEY AND C.~RTER: METAL OXIDE ALKOSIDE POLYMERS. 111 17 

An empirical nlethod was devised (7) for correctiilg the value of h to allow for this 
deviation but  the results are probably less accurate than for the other alltoxides. 
Accordingly we show the results graphically in Fig. 1 but  have not tabulated the data. 
The  initial concentration of Z ~ ( O A ~ I I ' ) ~  was 0.0584 g-mol./kg tert-ainyl alcohol. 

FIG. 1. The hydrolysis of Zr(OPri)l, Z ~ ( O B U ~ ) ~ ,  and Zr(OArnl)< in their alcohols: e, Zr(OPr')4: 
A, Zr(OBu3)4; ., Zr(OAm1)4; 11, ?L = 6/(3 -21~); 111, n = 3/(3 - h ) ;  IV, n. = 3/(2 -12). 

Sol~~ble  Zirconiunz Oxide tert-ilmyloxides 
T o  establish the composition of zircoilium oxide tert-ainyloxides, samples (ca. 5 g) of 

Zr(OAin1)4 were hydrolyzed in boiling tert-amyl alcohol (ca. 25 cc) by the addition of 
measured amounts of aqueous tert-ainyl alcohol (10% HzO, w/w). The  solution of the 
alltoxide was boiled under reflux and the lower, uncooled zone of the condeilser was 
plugged with Fenske glass helices. The  latter ensured that  the added aqueous alcohol 
was rapidly mixed with the refluxing alcohol and thus diluted before eiltering the solution. 
Refluxing was continued for % hour following the addition of water, and the solution was 
allowed to cool and then evaporated a t  room temperature under a pressure of 0.1 inm. 
When the product appeared to be free from alcohol the pumping was continued for 
another hour. The product was then analyzed for zirconium. The  results are given in 
Table 111. The  calculated zirco~liu~ll values are based on the forinula Zr0,1(OA1111)4-2,1 
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(,~h Z r 
Iiatio ( h )  of S a t u r e  of 

H.0 :Zr(OAmt)4 product Founcl Calc. 

0.311 V i s c o ~ ~ s  l iq~~ic l  22.3  23.4  
0 . 360 Viscous liquicl 39. G 33. S 
0.597 \'iscous l iq~~ic l  20 .8  30 .4  
0 .  780 GLI m 28.2  28 .8  
0.982 Gum 30.2 32.1 
1.007 Glass :3 1 . 3 32 .5  
1 .340 Glass :38.2 40.1  
1.691 Glass 42.4 5 3 . 0  

and assume that hydroxyl groups are absent. Agreement between observed and calculated 
percentage of Zr is satisfactory up to Iz = 0.780 but for higher values the observed values 
are significantly lower than the calculated. IIowever, these products were glassy and it 
is possible that some solvent was tenaciously bound in the product. 

Insoluble Prodzlcts 

( a )  An Insoluble Zirconium Oxide Isopropoxide 
In the ebulliometric hydrolysis (Table I) of the isopropoxide no precipitation occurred 

up to h = 2.19 but the next addition of water (h = 2.47) caused the formation of a pre- 
cipitate, which was dried and analyzed. A11odel I1 would give an infinite linear polymer 
Zr203(0R)?,2ROI-I, which should be insoluble. The insoluble zirconium oxide isopropoxide 
was close in analysis to Zr203(OPr')n (found: Zr, 53.6; calr.: Zr, 52.4%). 

(b) Insolz~ble Zirconium Oxide tert-Bz~toxides 
A solution of Z r ( 0 B ~ l ) ~  in tert-butanol was inadvertently exposed to the atmosphere 

for < 1 minute and during the following 2 days it deposited some needle-shaped crystals 
(found: Zr, 27.0; Zr(OBu1)4 requires: Zr, 23.8; Zr20(OBu1)e requires: Zr, 28.4; ZraO:$ 
(OBu')n,(Bu10H)4 requires: Zr, 27.lyO). A hydrolysis product (h = 1.01 ; found: Zr, 32.2; 
ZrOl ( , ~ ( O B U ' ) ~  98 requires: Zr, 36.27,) was heated a t  200' a t  0.1 mm until the formation 
of volatile products appeared complete. The volatile products consisted of a small quantity 
of tert-butanol (sufficient to explain the low percentage of Zr of the original material) and 
Zr(OBu1)4. The insoluble, non-volatile residue was reasonably similar in co~nposition to 
that of the infinite trilinear polymer of model I (found: Zr, 40.9; Zr:,04(0But)4 requires: 
Zr, 43.5y0). A material balance was in reasonable agreement with the following dispro- 
portionation equation: 

-I/w[ZrO(OBul),], -t Z r a O q ( O B ~ ~ t ) q  + Zr(ORut)<. 

DISCUSSION 

Zirconiclm Oxide Isopropoxides 
The variation of number-average degree of polymerization for zirconium oxide iso- 

propoxides (Fig. 1) as a function of h is clearly in accorda~lce with the predictions of the 
theory (1) for model I1 species between h = 0 and 0.76. This behavior is particularly 
significant because zirconium isopropoxide gives a relatively stable solvate which is dimeric 
Zrz(OPri)8,(PriOH)2 and lends strong support to the postulate of Bradley, Gaze, and 
Wardlaw (2) that such solvated species might exist in solution. The coefficient of variation 
for n (n,,!, listed in Table I)  for the region h = 0-0.76 is *4y0, which is of the order of 
probable experimental error. For h > 0.76 the experimental values of n deviate signifi- 
cantly from the n = 6/(3-2h) equation with n less than nCalc. This suggests tha t  as the 
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BRADLEY A N D  CARTER: METAL OXIDE XLKOXIDE POLYMERS. I11 10 

molar concentration of oxide isopropoxide decreases, solvation based on the monomer 
species Zr(OPri)4,(PriOH)2 model I11 coines into play. I t  is interesting to note that 
although the polymer series based on lnodel I1 should form infinite polynlers a t  h = 1.5 
and these would be expected to be insoluble, nevertheless, no precipitation occurred 
before h > 2. According to the calculations of Bradley and I-Iolloway (6) based on the 
analogous structures for tantalum oxide ethoxides the failure to form insoluble products 
a t  h > 1.5 may be attributed to a disproportioilation of h between the illode1 I1 and 
model I11 series. However, this will not satisfactorily explain the present results because 
it would be necessary in making hII < 1.5 to have hII1 > 2 in view of the high propor- 
tion (83Y0 a t  h = 1.612) of the model I1 polymers in the system. This suggests that a t  
h > 1.5 the hydrolysis is incomplete, although there was no indication of "unreacted" 
water in the ebulliometer. On the other hand the absence of precipitation a t  h = 2.19 
adds support to the suggestion that hydrolysis is incomplete as h -+ 2. The  situation is 
further complicated by the interesting fact that the solid Zr2O3(0Pri)2 which eventually 
precipitated a t  h = 2.47 had a degree of hydrolysis near that required by the infinite 
polymer of the inodel I1 series Zr2O3(OPri)2,(PriOH)?, although it lacked the co-ordinated 
alcohol. I-Ience it appears that a t  h > 1.5, hydrolysis is incomplete, probably because of 
the presence of Zr-01-1 groups, and that the value of hII for model I1 is less than 
hIII for   nod el 111. The  inaterial which precipitates is the model I1 infinite polymer, 
which loses its alcohol in the drying process. 

Zirconium Oxide sec-Bz~toxides 
The  data in Fig. 1 show that the number-average degree of polymerization of a 

zirconium oxide sec-butoxide conforms reasonably well to the prediction of the theoretical 
equation n = 6/(3--2h) based on the model I1 series over the range of hydrolysis h = 0- 
1.2. Thus the coefficient of variation for n (n,,,, listed in Table 11) for the first three points 
is f 4 . 5 %  and for the first five points it is 4112.57~. We have already pointed out (6) that 
n becoines rather sensitive to errors in h for h > 1 and the larger errors in the fourth and 
fifth points is understandable. For h > 1.3 it is clear that further solvation is setting in 
and that polymers from the model I11 series are present. The similarity of the n versus 
h curves for the zirco~liuin oxide isopropoxides and the zirconium oxide sec-butoxides 
over the range h = 0-1.0 is quite stril<ing. In fact zirconium sec-butoxide for~us a crystal- 
line solvate, Zr2(OBuS)8,(BuSOI-I)s, but it is less stable than the solvated isopropoxide 
and readily loses its alcohol of addition when dried in vac~~o.  Actually the siinilarity in 
hydrolytic behavior of these co~npounds is rather closer than might be expected. For 
example, in boiling benzene Z ~ ( O B U ~ ) ~  is less poly~neric than Zr(OPri)i (4) and this is 
believed to be due to a slightly greater steric effect of the sec-butoxide groups. Moreover, 
as sec-butanol has a higher boiling point than isopropanol and it is believed that an in- 
crease in temperature favors depolymerization and solvation of the alkoxide (3), we would 
have predicted that the degree of polymerization of Zr(0Bu") iin boiling BuSOI-I should 
be significantly less than that of Zr(OPri)., in boiling Pr'OIH. Furthermore, we would have 
expected the zirconium oxide sec-butoxides to exhibit lower values of n than the corre- 
sponding oxide isopropoxides, whereas over a fair range in h (0.5-1.5) the opposite is true. 

Zirconiz~m Oxide tert-Uz~toxides 
The high volatility of Z ~ ( O B U ' ) ~  in tert-butanol precluded the use of the ebulliometric 

method of studying its hydrolysis. I-Iowever, some ebulliometric experi~ne~lts were carried 
out with the view to determining a t  what value of h precipitation occurred. Values of 
h > 2 were required, in one case h > 3.28, and this behavior suggested that hydrolysis 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



20 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

was incomplete a t  the higher values of h, possibly due to  the presence of ZrOH groups 
which were stable in the boiling solution. Two interesting insoluble products were isolated. 
A crystalline compound deposited when a solutioll of z r ( 0 B ~ ' ) ~  in tert-butanol was inad- 
vertently allowed to  hydrolyze. The  zirconiun~ analysis corresponded to Zr203(OBu)2, 
(BuOI-I)~, which is the species for h = 1.5 in the solvated monomer model I11 series. 
Unfortunately there is ambiguity concerning this type of compound because of the 
alternative formulation involving say Zr(OH)(OR) in place of Zr0,ROI-I. Thus the above 
forinula could be rearranged to  Zr2(OI-I)3(0Bu)5,BuOI-I, which is also not very different 
from Zr(0I-I) (OBu)3. The other insoluble product, obtained by the more extreme process 
of thermal disproportionation a t  200°, had a zirconium content a little less than that for 
Zr304(0Bu1)4, the infinite linear polymer for the unsolvated trimer model I series. 
Under the conditions of this experiment we should not expect Zr-OH groups to  survive 
nor alcohol molecules to  remain co-ordinated so it is not surprising that  the product 
conforms to the model I series. The tendency towards model I would also be expected 
on the grounds that steric hindrance is alleviated by the small number of tert-butoxide 
groups per metal atom. 

Zirconiz~m Oxide tert-Amyloxides 
The  data presented in Table I11 show that  for 12 values up to about 0.78 the hydrolysis 

of Zr (OAm ') 4 produces unsolvated zirconium oxide tert-amyloxides. The intractable 
nature of the inore highly hydrolyzed materials raises the doubt of whether or not they 
were completely dried free from alcohol. Alternatively, the low zirconium analyses may 
indicate the presence of solvated products or products containing ZrOH groups. Never- 
theless it is clear that  hydrolysis with the formation of zirconium oxide tert-amyloxides 
is substantially complete for h up to about 1.0. The  ebulliometric data shown in Fig. 1 
suggest that the polymeric species in solutions are initially close to the requirements of 
the solvated monomer model I11 ( I )  but  tend towards the less solvated dimer model I1 
as the hydrolysis is increased. This is the type of behavior to  be expected if powerful steric 
effects are operating in the less-hydrolyzed species and thus preventing condensation 
polymerization. As the number of tert-amyloxide groups per zirconium atom decreases 
the lnolecules become capable of adopting the Inore compact structure of illode1 11. An 
alternative possibility is that  another structural model IV is adhered to by the zirconium 
oxide tert-amyloxides. This is based on the solvated monomer Zr(OR)4,(ROH)2 too but 
the oxide tert-amyloxide species involve condensation through ZrOZr groups sharing 
edges of the octahedra, as  shown in Figs. 2 and 3. Structures in this model should conform 

A A A  
R U  R U  R U  

FIG. 2. The dimer Zr202(OR)4,(ROH)d: @, Zr; 8, osygen in Zr.O.Zr; 0, oxygen in OR (R groups 
omitted). 

FIG. 3. Section of the infinite polymer [ZrO?,(ROH)?l,: @, Zr; 8, osygen in Zr.O.Zr. 

to  the equation n = 2/(2-h) and it is evident in Fig. 1 that  the first five points in the 
hydrolysis of Zr(0An1')~ are in reasonable agreement with the predicted curve IV. 
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BRADLEY A N D  CARTER: METAL OXIDE .ALKOSIDE POLYMERS. 111 2 1 

CONCLUSIONS 

1. The hydrolysis of zirconium alkoxides Zr(OR)e, where R = Pri ,  Bus, Bu', and Am'? 
leads to the formation of polymeric zirconium oxide alltoxides having low number-average 
degrees of polymerization. 

2. No evidence of the formation of zirconyl conlpounds was obtained. 
3. The variation of number-average degree of polymerization as a function of the degree 

of hydrolysis for zirconium isopropoxide and zirconiuin sec-butoxide coilformed to the 
requirements of a structural model for the polymers based on octahedrally 6-co-ordinated 
zirconium. 

4. At  high degrees of hydrolysis it appears that highly solvated species are present and 
that hydrolysis may be incomplete in solution. 
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CONSTITUTION OF AN ALDOTETRAOURONIC ACID FORMED ON 
ENZYMIC HYDROLYSIS OF A 4-O-METHYLGLUCURONOXYLAN 

FROM THE WOOD OF WHITE BIRCH (BETULA PAPYRIFERA MARSH.) 

T .  E. TIMELL 
The  P tdP  altd Paper Research Institute of Cr~nada altd the Departnlent of Chotristry, 

iVfcGill University, ilfolztreal, Q t ~ e .  

Received September 12, 1961 

ABSTRACT 

AII aldotetraouronic acid has been isolated by enzymic hydrolysis of a 4-O-rnethylgl~1~~1rono- 
xy!an from the wood of white birch. I t  has been sho\vn to be O-4-O-methyl-a-D-glucosyl~~ronic 
x ld - (1  + 2 ) -O-~ -~ -~y lOpyra l lO~y l - ( l  + ~ ) - O - ~ - D - X ) . ~ O S Y ~ - ( ~  4 J ) - D - x ~ ~ o s ~ .  

In a previous co~llnlunication (1) an account was given of preliininary results obtained 
on treatnlent of a 4-O-methylglucuronoxylan from the wood of white birch with a corn- 
nlercial pectinase preparation. The enzynlic hydrolysis was carried out inside a semi- 
permeable membrane (2) and the oligosaccharides fonned were allowed to diffuse rapidly 
through the latter, thus escaping further hydrolysis. Two series of oligosaccl~arides, one 
neutral and the other acidic, were obtained in high yields. The shortest acid oligo~ner 
formed was an aldotetraouronic acid. This paper is cancel-ned with the structure of this 
new compound. 

RESULTS AND DISCUSSION 

The mixture of sugars obtained after the enzymic hydrolysis was resolved into an 
acidic and a neutral portion with an anion exchange resin. The sugar acids were separated 
either by gradient elution from a charcoal-Celite colu~nn or by preparative paper 
chromatography. The lowest acid was obtained as an amorphous powder, [ffIDm +2S0, in 
a yield of 11% of the original sugar mixture. Its rate of ~nove~nent on the paper chromato- 
gram was identical with that of an aldotetraouronic acid previously (3) isolated from a 
similar polysaccharide. The values for methoxyl, carboxyl, and reducing groups indicated 
the presence of an O-methylglucuronosy1 xylotriose. Mild partial hydrolysis gave an 
aldotriouronic acid (4) and xylose, while an aldobiouronic acid was formed under more 
vigorous conditions. On oxidation with periodate, the co~npound consumed 5 moles of 
oxidant with concomitant formation of 2 moles of formic acid. From the structure of the 
parent polysaccharide ( 5 ) ,  it appeared probable that the acid groups were attached to the 
2-position of 0-D-xylopyranose residues and that the latter were linked through their 1- 
and 4-positions. Consideration of the three possible structures of the aldotetraouronic 
acid showed that under these conditions only that alternative where the acid group was 
located a t  the non-reducing end was co~llpatible with the above results. 

A specimen of the aldotetraouronic acid which had been obtained from the charcoal- 
Celite column was rnethylated, first with dimethyl sulphate and alkali and subsequently 
according to Kuhn and co-worlcers (6). The fully methylated sugar acid was subjected to 
methanolysis, saponified, acidified, and resolved into an acidic and a neutral portion with 
an anion exchange resin. The acid fraction, a fully methylated aldobiouronic acid, was 
esterified and reduced with lithiunl aluminum hydride to give a partially rnethylated 
disaccharide, which could not be induced to crystallize. Hydrolysis yielded equi~nolar 
quantities of a di-0-methylxylose and a tri-O-methylglucose which were separated by 
gradient elution from charcoal-Celite. The first sugar was identified as 3,4-di-0-methyl- 
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TIMELL: CONSTITUTIOA' O F  AN ALDOTETRAOURONIC ACID 33 

D-xylose and the second as 2,3,4-tri-0-n1ethyl-~-glucose. This shows that the rnethylated 
aldobiouronic acid was methyl 2-O-[methyl(2,3,4-tri-0-methyl-a-~-glucosyl)uronate]- 
3,4-di-0-methyl-D-xyloside. The neutral fraction contained only one compound, 
characterized as 2,3-di-0-methyl-D-xylose, 2 moles being obtained per mole of tri-0- 
methylglucose. A similar inethylation of a specimen obtained by preparative paper 
chromatography gave the same results. 

Of the three structures possible for the aldotetraouronic acid, only the alternative 
suggested by the periodate oxidation data would give 2 moles of 2,3-di-0-methyl-D-xylose 
in the neutral and 1 mole of 3,4-di-0-methyl-D-xylose in the acid fraction after methano- 
lysis. The results obtained by the methylation technique are therefore unequivocal. The 
coinbined evidence shows that the acid isolated was 0-4-0-methyl-a-D-glucosyluronic 
acid-(1 + 2)-O-P-D-~yl0pyrai10~yl-(l + 4)-O-P-D-~yl0~yl-(l + 4)-D-xylose. The aldotri- 
ouronic acid formed on mild partial hydrolysis was presumably 0-4-0-methyl-a-D- 
glucosyluronic acid-(1 + 2)-P-~-~yl0pyran0~yl-( l  + 4)-D-xylose, a coinpound which has 
previously been isolated from several xylans. The corresponding isonler with the acid 
group attached to the reducing xylose moiety of the triouronic acid does not seem to 
have been obtained so far, probably because of the much greater stability of the first isoiner 
(3,7,8). This stability is also indicated by the fact that hardly any aldobiouronic acid 
was obtained on inild acid hydrolysis of the present aldotetraouronic acid. 

The constitution of the other uronic acids, the physical characteristics of the neutral 
oligosaccharides, and the possible mechanism of the enzymic hydrolysis will be discussed 
elsewhere (9). 

EXPERIMENTAL 

All specific rotations were equilibrium values and were determined a t  20' C. Melting points are corrected. 
Evaporations were carried out a t  40-50' C i n  vaczro. 

Paper  Chro~zatography 
Sugars were separated by the descending technique on Whatman No. 1 or, for preparative purposes, 

No. 3MM filter papers. Solvents (v/v) used were ethyl acetate - acetic acid - water in the proportions (A) 
(9:2:2), (B) (3:1:3), or (C)  (18:7:8); butanone-water (D)  (89: l l ) ;  and ethanol-benzene-water ( E )  
(47:200:15). Paper electrophoresis was carried out in 0.05 M borate solution with Whatman No. 3iLiIM 
paper a t  700 volts for 5 hours. o-Aminodiphenyl was used as a spray reagent (10). 

Isolation and  P ~ e l i n z i n a r y  Clzaracterization of the Aldotetraoztro7zic Ac id  
The enzymic hydrolysis and the isolation of the various oligosaccharides will be described in detail 

elsewhere (9). Two methods were used for obtaining a chromatographically pure aldotetraouronic acid, 
one involving gradient elution with aqueous ethanol from a charcoal-Celite column, the other separation 
on strips of filter paper with solvent C. 

The aqueous solution of the aldotetraouronic acid was neutralized with sodium bicarbonate to pH 2.5 
and concentrated to 250 ml. The solution was treated with Amberlite IR-120 (acid form) exchange resin, 
filtered, and evaporated to near dryness i n  vaczro a t  25' C. Repeated evaporations from acetone gave a 
white, f l ~ ~ f f y  material (5-6g by each method), [a]= +23" ( c ,  3.0 in water). Anal. Calc. for C2?H36019: 
OCH3, 5.1370; equiv. wt. (acid), 604; equiv. wt. (reducing g r o ~ ~ p ) ,  604. Found: OCH.;, 5.18%; equiv. wt. 
(acid), 604; equiv. wt. (reducing group), 580 (11). 

Partial hydrolysis a t  100' C with 0.02 N hydrochloric acid for 2 hours gave an  aldotriouronic acid and 
xylose, tentatively characterized from their rate of movement on the paper chromatogram with solvents A, 
B, and C. Hydrolysis a t  100' C with N hydrochloric acid yielded an aldobiouro~lic acid and xylose. 

Periodate Oxidatio7z of the Aldotetraouionic Acid  
Samples of aldotetraouronic acicl (30-40 mg) were dissolved in 0.05 A4 aqLleoLls sodi~lm nletaperiodate 

and the reaction was allowed to proceed in the dark a t  30' C for various lengths of time. liemaining oxidant 
was determined by the excess arsenite method. The results, given as moles per mole tetraouronic acid, 
were as follows: 

Time, hr 5 15 20 24 45 67 
Periodate cons~~mption 4 . 3  4 . 5  4 . 7  5 . 0  5 . 3  5 . 2  
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Samples of tetraouronic acid (30-40 mg) were dissolved in water (5-10 1111) and carefully neutralized 
with 0.01 N sodiir~n hydroxide. Periodate solution (50 ml) was added and the oxidation was allowed to 
proceed in the dark. After the desired time, the reaction was interrupted by addition of excess ethylene 
glycol. After 30 minutes, formic acid was determined either by titration with 0.01 iV sodium hydroxide or 
by the iodide-iodate method, the final titration being carried out with 0.01 N sod i~~rn  thiosulphate in this 
case. The two procedures gave identical results throughout. The following moles of formic acid per mole 
of aldotetraouronic acid were produced: 

Time, hr 24 48 72 96 240 
Formic acid 1 . 8  1 . 9  2 . 0  2 . 1  2 . 5  

Overoxidation with periodate was apparently very slow with the aldotetraouronic acid. In contrast, a 
sample of 2-0-(4-0-methyl-or-D-glucosyluronic acid)-D-xylopyranose, under the same conditions and within 
the first 15 hours, consumed 6.0 ~noles of periodate with concomitant formation of 4.3 moles of formic 
acid, the expected consu~nption of periodate being 2 moles with no formic acid produced. 

The previously reported formation of 3 moles of formic acid on oxidation of the aldotetraouronic acid 
(1) was due to an  experi~nental error. 

i l lethylation cf the Aldotetraouronic Ac id  
Aldotetraouronic acid (4.0 g)  was dissolved in water (100 ml) containing sodium bicarbonate (5.0 g). 

Dimethyl sulphate (50 ml) and 40% (w/w) aqueous sodium hydroxide (50 ml) were added dropwise with 
stirring over a period of 4 hours a t  lo0 C in a nitrogen atmosphere. Solid sodium hydroxide (30 g) was 
added, followed by dropwise addition of dimethyl sulphate (50 ml) over 1 day. The same amounts of re- 
agents were then added once more. The reaction mixture was acidified to  p H  2.0 with sulphuric acid and 
extracted three times with chloroform. The chloroform solution was dried over anhydrous sodium sulphate, 
filtered, evaporated to dryness, and dissolved in ethyl acetate. After filtration, the clear solution was 
evaporated to dryness and further dried i n  vacrlo over calcium chloride to yield a crisp, white solid (4.4 g). 

The partly ~nethylated material was dissolved in dry dimethyl formamide (75 ml) (6), and silver oxide 
(30 g) and methyl iodide (30 ml) were added. After the mixture had been shaken in the dark a t  30° C for 
1 day, silver oxide (60 g), methyl iodide (75 ml), and some Drierite were added. The mixture was shaken 
for 3 days, after which the solid residue was washed with chloroform by filtration. The solution (1.5 liter) 
was concentrated to 250 ml and washed once with 10% aqueous potassium cyanide and then twice with 
water. The chlorofor~n solution was dried with anhydrous sodium sulphate, filtered, and evaporated to 
dryness to give a sirup (3.1 g). Anal. Calc. for C32H50019: 0CH3,  45.8%. Found: OCH3, 44.2%. The infrared 
diagram indicated the absence of h)droxyl groups. 
~VIet l~anolys is  of the Aldobiouronic Ac id  alrd Separation of Acidic  and  Neutral S z~gars  

A portion of the ~nethylated aldotetraouro~lic acid (2.0 g) was boiled under reflux with 0.7 N methanolic 
hydrogen chloride in the presence of Drierite for 8 hours. After neutralization with silver carbonate and 
filtration through Celite, the sirup obtained (2.1 g)  was heated a t  60" C in 570 aqueous barium hydroxide 
(50 ml) for 2 hours. Barium hydroxide was removed by addition of solid carbon dioxide and filtration 
through Celite, and the solution was treated with A~nberlite IR-120 exchange resin (acid form). After 
filtration and concentration to 100 ml, the solution was added to the top of a column (3.5X15 cm) con- 
taining Dowex 1 -S4  anion exchange resin (acetate form). Neutral glycosides (765 mg) were removed by 
washing with water (2 liters), followed by elution with 30y0 aqueous acetic acid (2 liters) for recovery 
of acid glycosides (800 mg). 

Characterization of Ac id  Fraction 
The acid fraction was boiled under reflux with 0.7 iV methanolic hydrogen chloride in the presence of 

Drierite, after which the methyl ester - ~nethyl  glycoside was dissolved in dry tetrahydrofuran (50 1111) 
and reduced in the usual way with lithium aluminum hydride (1.5 g). The partly methylated disaccharide 
obtained, which could not be induced to crystallize, was boiled under reflux with N sulphuric acid (100 ml) 
for 7 hours. After neutralization with bariunl carbonate, filtration through Celite, treatment with Amberlite 
IR-120 exchange resin (acid form), filtration, and evaporation, a sirup was obtained (780 mg). Paper 
chromatography (solvents D and E )  suggested the presence of a di-0-methylxylose and a tri-o-methyl- 
glucose. 

The sugar mixture was dissolved in water (25 ml) and added to the top of a column (3.5X55 cm) con- 
taining a 1:l mixture of Darco G-60 charcoal and Celite. The sugars were separated by gradient elution 
with 3 liters each of 10% and aqueous ethanol. Fractions, 25 ml each, were collected a t  an  average 
rate of two per hour. Aliquots of 1 or 2 ml were withdrawn from every third test tube and examined by 
paper chromatography (solvent E) .  Di-0-~nethylxylose was collected from fractions 48-70, tri-0-methyl- 
glucose from fractions 140-210. 

Identi5cation of S,4-Di-0-w~ethyl-D-xylose 
The colorless, clear sirup (275 mg) had   or]^ +21° ( c ,  2.0 in water). Anal. Calc. for C7HlnO5: OCH;, 
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34.870. Found: OCH3, 34.0%. On paper electrophoresis and paper chromatography (solvent D), the com- 
pound had a rate of movement identical with that of a n  authentic sample of 3,4-di-0-methyl-D-sylose. :i 
portion of the sirup (100 mg) was oxidized with bromine in the usual \vay (12). After removal of bromine 
and hydrobromic acid, the aqueous solution was treated with Antberlite IR-120 exchange resin (acid 
form) and evaporated to dryness. The remaining sirup \ifas distilled a t  150-200° C (bath ten~peratl~re) 
and 0.05 rnm Hg to give ;I clear sirup (50 mg) which crystallized spontaneously. After three recrystalliza- 
tions from a 1:l nlixture of ethyl ether - petroleum ether (b.p. 30-GOo C), the 3,4-di-0-methyl-D-xylono-6- 
lactone had m.p. G6-G7' C, [ a ] ~  -22" (c, 1.0 in water). The 3,4-di-O-rnethyl-N-phenyl-~-xylosylami1~e, 
after one recrystallization from ethyl ether - petroleum ether, had m.p. 119-120" C (13). 

Idetrtijication of 2,S,4-Tri-O-~net l ty l -~-g1~~cose 
'The colorless, clear sirup had [a]D +71° (c, 3.5 in water). Anal. Calc. for C ~ H I ~ O ~ :  OCI-13, 11.80/0. Found: 

OCH3, 40.0%. The 2,3,4-tri-0-methyl-N-phenyl-~-gl~1cosya1i11e had m.p. and mixed m.p. 143-144" C (14). 

Identijication of the Neutral Fraction 2,S-Di-O-i iret l~yl-~-x?lose 
The neutral glycoside fraction was h\.drolyzed in the usual way with iVsulphuric acid to give a colorless, 

clear sirup (G50 mg). Paper electrophoresis and paper chromatography (solvent D )  indicated the presence 
of o ~ ~ l y  2,3-di-0-methylxylose. 'The sirup crystallized on standing, m.p. and 111ixecl m.p. 93-94" C (15), 
[ a ] ~  +22.4" (c, 1.0 in water). Anal. Calc. for CiH1105: OCH:,, 34.8%. Found: 0CH3,  34.5%. The dimorphic 
(1G) 2,3-di-0-1~1ethyl-iV-pl~e1~yl-~-sylopyra1osyla1ine had m.p. 136.5-137.5' C,  unchanged on further 
recrystallization from ethyl acetate, and [a]D +14S0 (c, 1.7 in ethanol). Anal. Calc. for C13H1901N: 0CH3,  
24.5y0. Found: OCH,, 24.50j0. 

Second Methylation of tile Aldotetraouronic Acid 
A sample of aldotetraouronic acid (3.0 g), obtained by preparative paper chromatography, was ~nethyl- 

ated as described above. 'The molar ratio between the 3,4-di-0-methylx>~lose, 2,3,4-tri-0-methylglucose, 
and 2,3-di-0-meth>,l?r)-lose obtained \vas 1 :1:2. 

Identi'jication of Coirrponent Sz~gars 
3.4-Di-0-methyl-D-sy1ose.-This sugar had [ a ] ~  +20° (c, 1.0 in water). l'he corresponding 6-lactone had 

111.p. and mixed m.p. 65-GGo C. 
3,3,4-Tii-0-illethyl-D-glucose.-'This con~pound hat1 [a]r, +70" (c, 1.0 in \\rater). The aniline derivative 

had m.p. and ~ilixed m.p. 143-144OC. Calc. for Cl;H?30jN: OCH3, 31.3%. Found: OCH,, 30.0%. 
2,s-Di-0-rnethyl-D-.ylose.-The crystalline compou~ld had m.p. and mixed 11i.p. 91-92' C and [al~ +22" 

(c, 2.0 in water). hIethoxyl content: 34.5y0. The aniline derivative (16) had n1.p. 142-143" C after three 
recrystallizations from ethyl acetate - petroleum ether and OCHa. 24.3';i. 

The author wishes to express his gratitude to Professor F. Smith, the University of 
i\iIinnesota, for a specimen of an aldotrio~~ro~lic acid. This investigation was supported 
in part by a United States Public I-Iealth Service Research Grant A-4258 from the 
National Ins t i t~~ te  of Arthritis and YIetabolic Diseases, Public I-Iealth Service. 
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ABSTRACT 

The heats of reaction of normal-, iso-, and secondary-butyl alcohols reacting with phenyl 
isocyanate, the three tolyl isocyanates, and 2,4-tolylene diisocyanate were measured a t  25' C, 
using a differential calorimeter of the Tian-Calvet type. The results are interpreted in terms 
of substituent effects. 

From bond energy considerations the heats of formation of phenyl isocyanate and tolyl 
isocyanate have been estimated. 

INTRODUCTIOX 

Polyurethanes, formed by the reaction of a diisocyanate with a dihydroxy alcohol 
or polyol, are playing an increasingly important role in plastics technology. There is a 
lack of heat of reaction data for reactions of this type, and heats of formation for aryl 
isocyanates and urethanes do not appear to be available. In view of this situation it 
was decided to measure the heats of reaction of some simple alcohol-isocyanate reactions, 
since these are relevant to the more complicated reactions giving rise to polyurethanes. 
The reactions studied were those of normal-, iso-, and secondary-butyl alcohols with 
phenyl isocyanate, the three tolyl isocyanates, and 2,4-tolylene diisocyanate. 

The only heats of formation available concerning isocyanates are those of Lemoult 
( I) ,  who measured the heat of combustion of methyl and ethyl isocyanates. He reported 
the heat of combustion of liquid ethyl isocyanate to be 424.4 kcal mole-', but reported 
no analysis of the combustion products. Meats of formation do not appear to be available 
for any urethane of the type R-NI-I-COO--R', although Kharasch (2) gives the heat 
of formation of urethane itself. The heat of forination of a few di-N-substituted urethanes 
are given by Schmidt (3). Recently Skinner and Snelson (4) have deter~ninecl the heats 
of coinbustion of the four butyl alcohols a t  25' C. The heats of formation of normal-, 
iso-, and secondary-butyl alcohols in the liquid state were given as -78.40f 0.20, 
-80.00f 0.20, and -81.88f 0.22 kcal mole-' respectively. 

Pz~rifccation and Prcparalion of dfalericzls 
The normal- and iso-butyl alcohols used \l7ere Fisher Certified Reagents. Secondary-butyl alcohol was 

a Fisher "Highest Purity" grade material. The alcohols were dried by refluxing over freshly ignited calcium 
oxide for 4 hours followed by fractionation through a 40-cm column packed with short lengths of 4-mm 
glass tubing. Only the middle fractions (collected a t  117.i0, 108.4", and 99.5' C for normal-, iso-, ;mcl 
secondary-butyl alcohols respectively) were retained. The alcohols were tested for dryness using the method 
suggested by Dyer, Taylor, Allason, and Sarnson (5). One or two drops of phenyl isocya~iate were added 
to  a sample of the alcohol; if IIO crystals of insoluble S~IIL-diphenyl urea for~iied the alcohol \\.as considered 
to  be suitable for the experime~~ts.  

The phenyl and tolyl isocyanates used were ~nan~~fac tu red  by Eastman Organic Chemicals. They were 
purified by double vacuum distillation, the last distillation taking place immediately prior to use. Analysis 
of the distilled isocyanate ~lsing the Stagg technique (6) indicated that  the isocyanates were between 99.5% 
and 100.570 pure. The boiling points and approximate boiling pressures for the isocyanates were phenyl: 
46' C, 5 mm; o-tolyl: 57' C, 10 nim; fn-tolyl: 62" C, 5 m m ;  P-tolyl: 6G0 C, 10 mm.  The 2,4-tol>.lene diiso- 
cyanate was obtained from the Canadian Armaments Research and Developmeilt Establishment a t  Val- 
cartier, Que. I t  was treated as  were the other isocyanates; the boiling point was 165' C a t  approximately 
50 mm. 
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Urethanes were prepared by causing isocyanate to  react with a small excess of alcohol; in certain cases 
the reaction was catalyzed with ferric acetylacetonate. The urethanes were purified by recrystallization 
from petroleu~~i ether. The urethanes of m-tolyl isocyanate are liquids a t  room temperature; they were 
purified by a d o ~ ~ b l e  vacuum distillatio~l, only the middle portiorl being retained in each case. 111 cases 
where the  iret thanes have been previously reported the melting point of the prepared material was com- 
pared with that  giver1 in the literature. In the cases of previously unreported urethanes a carbon and 
hydrogerl analysis was carried out. For each urethane prepared, the meltitig or boiling point and, where 
appropriate, the literature melting point arid the results of the elemental analysis are given in Table I. 

TABLE I 

Urethanes: melting points and analytical results 

yo carbon % hydrogen 
Literature 

Urethane M.p. ("C) m.p. (OC) Exptl. Theory Exptl. Theory 

N-Phenyl-TZ-bu tyl 57 .5  
N-Phenvl-i-butvl 85.5-86.0 "s !;! 

Calari~itetry 
The heats of reaction were measured using a differential microcalori~neter of the Tian-Calvet (9) type. 

The instrument was fitted with electronic amplifier and integrator circuits a s  described by Attree, Cushing, 
Ladd, and Pieroni (10). I t  can be shown (9) that  the area under the curve of amplified thermopile voltage 
vs. time is directly proportional to  the amount of heat ivhich produces the thermopile voltage. I t  was 
found experimentally that  equal amounts of heat, liberated simultaneously in each cell of the calorimeter, 
gave rise to  a net area of zero, indicating that the two opposing ther~nopiles are properly balanced. 

The calorimeter was calibrated electrically; a curve of total area against heat was constructed by 
liberating various amounts of heat in the reaction cell of the calorimeter, and recording the resulting area. 
Because of a tendency for the electrol~ic compo~~en t s  of the system to  drift, the calibration was checlced 
after every measurement. This was done by duplicating, by electrical heating, the area due to  the chemical 
reaction. The electrical calibration procedure was chcc1;ed by measuring the heat of solution of anhydrous 
l i t h i ~ ~ m  sulphate crystals in water. The heat of solution for the process 

Li2S04 (c.) + 220H20 (1.) = Li2SOd.220 (aq.) 

was found to  be -6 .54f  0.10 1;cal mole-I. This is in good agreement with the value of -6.61 kcal mole-' 
obtained from the N.B.S. tables (11). 

In order to  compensate for the heat evolved on mixing the alcohol and isocyanate reactants, an  amount 
of urethane equivalent to  the amount of isocyanate was dissolved in one cell of the calorirnetcr, while 
the reaction took place in the other cell. Since the calori~neter is a differential one, the net heat measured 
was that due to the heat of reaction. 

The reaction cell assembly consists of a stainless steel capsule, with ends of aluminum foil, containing 
either the isocyanate or the urethane. I t  is s~~spended  in a glass cylindrical cell which contains the alcohol. 
The reaction is initiated by piercing the ends of the cylinder with a length of wire held in place directly 
above the capsule. Thcre is a calibrating resistor ill the cell containing the isocyanate. The cells are stirred 
gently during the initial period of the reaction by a mechanical suction device; stirring was necessary 
to  obtain reproducible results. 

There is a tendency towards the formation of disubstituted ureas instead of urethanes during alcohol- 
isocyanate reactions. The tendency increases on going from normal to  secondary to tertiary alcohols, and 
also as  the temperature increases (5). Dyer et al. (5) report urea formation during the reaction between 
phenyl isocyanate and secondary-butyl alcohol a t  25' C. None was observed under our reaction condi- 
tions. Because of the possibility of side reactions, however, the product of each reaction was examined 
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in the following way. The solution of the product in alcohol (the final state after reaction) was examined 
for the presence of crystals of the disubstituted urea (these ureas are insoluble in the b ~ ~ t y l  alcohols). The 
excess alcohol was removed under vacuum and an infrared spectrum of the solid product was taken. This 
was compared with the spectrum of the expected urethane, obtained from the previously prepared material. 
Only in the case of the reaction between p-tolyl isocyanate and secondary-butyl alcohol was there evidence 
of appreciable side reaction. Since only a few insoluble crystals were seen in the reaction vessel, the side 
reaction was estimated to  involve less than 5y0 of the isocyanate. No correction to  the observed heat 
was made; such a correction will be small since the reaction involving tertiary-butyl alcohol, which yields 
considerable urea, gives approxin~ately the same heat of reaction a s  do the reactions which yield only 
urethane as product. 

The calories used in this paper are defined calories, equal t o  4.1840 joules. 

EXPERIMENTAL RESULTS 

The heats evolved per illole when normal-, iso-, and secondary-butyl alcohols react 
with phenyl isocyanates, the three tolyl isocyanates, and 2,4-tolylene diisocyanate, are 
given in Table 11. In the table the weight of isocyanate used is given, as well as the 
heat measured experimentally. The measured heat is the heat evolved when the given 
weight of isocyanate is introduced into 10 ml of the given alcohol, less the heat evolved 
when a weight of urethane equivalent to the isocyanate is dissolved in 10 ml of the 
alcohol. The heat of reaction in kcal mole-' calculated froill the measured heat is also 
given in the table. The inolecular weights of the isocyanates were taken to be for 
phenyl, 119.12; for tolyl, 133.14; and for 2,4-tolylene diisocyanate, 174.06. 

In the case of certain reactions, a catalyst was used to shorten the reaction time and 
decrease the experimental error due to drift in the electronic compoileilts of the calo- 
rimeter over long periods of time. The heats of reactioil measured in the presence of a 
catalyst are clearly marked in the table. In order to be certain that the added catalyst 
did not affect the heat of reaction, certain reactions were measured with and without 
a catalyst. As expected, the presence of catalyst does not affect the heat of reaction. The 
catalysts used were either ferric acetylacetonate or dimethylcetylamine. 

Although the experimental deviation is usually less than +yo for each reaction, we 
have attached a somewhat larger experimental error to our work because of our inability 
to detect side reactions, unless they are appreciable. The estimated error for each reaction 
is given in the table. 

DISCUSSION 

The heats of alcohol-isocyanate reactions do not appear to have been previously 
measured, and there are insufficient heat of formation data to perinit their calculation. 
Consequently no comparison with previous measurements is possible. The heats of 
formation of the isocyanates can, however, be estimated using an empirical bond energy 
scheine. The scheine used is that devised by Laidler (12) together with certain modifica- 
tioils to it which are applicable to aromatic ring con~pounds. 

Lemoult's value for the heat of combustion of ethyl isocyanate (424.4 kcal mole-') 
has been used without correction to calculate the heat of atomization of ethyl isocyanate 
as 976.3 kcal mole-l. The bonds contributing to this value are 

where, following Laidler, the carbon-carbon bond energy is cl, primary carbon - hydrogen 
bonds are represented by p ,  and secondary carbon - hydrogen bonds by s. The contri- 
bution to the heat of atomization by the isocyanate group is denoted by n. Laidler 
gives values of 85.40, 98.96, and 98.23 kcal for the contributions to the heat of atomiza- 
tion of a compound in the liquid state for cl, p ,  and s respectively. From these values 
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and the heat of atomization of ethyl isocyanate, the value of n, the bond energy of 
the isocyanate group, is calculated to be 397.6 1;cal. Preliminary work on a bond energy 
scheme for aromatic compomnds indicates that carbon-carbon bonds in an aromatic 
ring should have a special value, denoted by cb, as should carbon-hydrogen bonds, 
denoted by t b ,  when the carbon atoll1 is part of the ring. Values of 124.29 and 97.55 kcal 
for cb and tb respectively have been used. The heat of atoinizatioin of phenyl isocyanate 
is given by Gcb+Stb+n, yielding a value of 1631.01 kcal mole-' for the heat of atomiza- 
tion of liquid phenyl isocyanate; from this, AHmO (I., 25" C )  = 3.5 1;cal mole-' is obtained. 
Similarly, for the tolyl isocyanates, AHiO (I., 25") is found to be -5.3 lccal mole-l. There 
are insufficient data available to attempt to make allowance in AHiO for the ring positions 
of the three tolyl isocyanate isomers. I t  is expected that two isocyanate groups on an 
aromatic ring would lead to considerable interaction; this would affect the heat of 
formation which, therefore, has not been calculated for 2,4-tolylene diisocyanate. 

The heats of formation of the urethanes are readily approximated using the heats of 
formation of the alcohols, the estiinated heats of formation of the isocyanates, and the 
appropriate heat of reaction. 

The results of the heat of reaction ineasureinents can be interpreted in terms of 
substituent effects. As far as the effect of changing the alcohol from normal- to iso- to 
secondary-butyl is concerned, a decrease in stability of the resulting urethane (the heat 
of reaction being a measure of the stability of the resulting urethane) would be expected 
on the grounds of steric hindrance. The inductive effect will act in  the same direction, 
tending to put a partial negative charge on to the urethane group. This will decrease 
the resonance stabilization of the urethane group with tlne aroinatic ring to which it is 
attached. I t  is observed in the case of every isocyanate that the heat of reaction decreases 
in the order normal > iso > secondary. Turning to the effects of a inethyl group sub- 
stituted into the aromatic ring of the urethane, it is expected that partial negative 
charges would appear ortho and para to the methyl group, due to tlne resonance effect. 
There will be, in addition, a sinall charge on the ring due to the inductive effect, which 
decreases in the order ortho > nneta > para. Steric effects will also be of importance 
in cases of ortho substitution. From these considerations phenyl isocyanate should show 
the largest heat of reaction, m-tolyl isocyanate would be expected to yield a smaller 

a 1011 value, followed by 9-tolyl isocyanate. Because of the steric effect, the heat of form t' 
of ortho urethanes should be considerably less than for the others. These predictioils are 
substantiated by the experimental results; because of the difference in state the predicted 
behavior of nz-tolyl isocyanate reactions cannot be verified. 

This work was supported by Grant S o .  1028-28 Defence Research Board. 
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KINETIC STUDIES OF SOME ALCOHOL-ISOCYANATE REACTIONS 
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ABSTRACT 
The kinetics of 12 alco21ol-isocyanate reactions have been studied a t  a series of tempera- 

tures. The reactions were studied by a calorimetric technique, as well as the usual analytical 
method. The results are shown to be in agreement with a mechanism previously proposed 
by Baker. Certain objections to Baker's mechanism are discussed. 

INTRODUCTION 

The preceding paper described the measurement of the heats of reaction of normal-, 
iso-, and secondary-butyl alcohols with phenyl isocyanate, the three tolyl isocyanates, 
and 2,4-tolylene diisocyanate. During the course of these measurements it became 
apparent that kinetic rate constants could be deduced from the data obtained calori- 
metrically. In order to verify the rate constants so obtained the reactions were studied 
by the usual analytical technique of followiilg the disappearance of one of the reactants 
with time. In addition, two mechanisins for the alcohol-isocyanate reactions have been 
suggested, and it was felt that the additional data would help to decide between them. 

Kinetic rate constants were deduced from the calorimetric data using a method 
suggested by Baumgartner and Duhaut (I). In essence the method consists of obtaining 
the ratio of product concentration to initial reactant concentration a t  a given time, 
froin the ratio of the heat evolved a t  that time, to the heat evolved a t  infinite time. The 
pseudo first-order rate constant can be readily calculated froin this ratio. 

The first kinetic study of an alcohol-isocyanate reaction appears to be that of Davies 
and Farnun1 (2), who measured relative rates by causing two alcohols to compete for a 
limited amount of isocyanate. Balter and Holdsworth (3), Balter and Gaunt (4), and 
Baker, Davies, and Gaunt ( 5 )  have carried out an extensive series of investigations of 
alcohol-isocyanate reactions. On the basis of their findings, they propose the following 
mechanism : 

k l 
4-T-C-0 + ROH + +-N=C-0- [la] 

k ?  I 
ROH + 

k3 
@-X=C-0- + ROH -- @-SH-C-OR + ROH. 

I 
ROH 

II 
0 + 

The alcohol is believed to function as a catalyst through its basic oxygen atom, as well 
as a reactant. Application of the steady-state treatment to this mechanism yields the 
following relationship: 

[ROH] k2 [ROH] -- - - -+- 
ko klk3 k~ I 

where k o  is the experimeiltal second-order rate constant. Consideratioil was given to 
the possibility that a complex not containing isocyanate reacts with isocyanate; this, 

Canadian Journal of Cllernistry. Volume 40 (1962) 
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however, was rejected, because such a mechanism would not fit equation 121, and because 
of evidence obtained in studies of the reaction in the presence of basic catalyst. This 
evidence clearly indicates that  the isocyanate forms part of the initial complex. Baker 
and co-workers also report that  the reaction is autocatalyzed by the urethane produced. 
The proposed inechanism has been tested by plottiilg [ROH]/ko vs. [ROM]. Such a plot 
should yield a straight line of slope I l k1  and intercept k2/klk3. Baker and co-workers 
have studied reactions between phenyl isocyanate and methyl, ethyl, and isopropyl 
alcohols a t  20" C and 30" C. In each case straight lines were obtained, except a t  very 
low alcohol concentrations. 

The second-order rate constant was found to be dependent upon the ratio of alcohol 
to isocyanate. This effect is thought to be due to stabilization of the activated complex 
by polar alcohol molecules. The reported increase of rate in benzene solution, as com- 
pared with dibutyl ether solution, is thought to be due to the presence of monomeric 
alcohol n~olecules. The reactions were also studied in the presence of basic catalysts. 

Dyer, Taylor, Mason, and Samson (6) have measured the reaction rates, a t  a series 
of temperatures, of phenyl isocyanate with n-butyl and s-butyl alcohols. They have 
interpreted their results in terms of Baker's mechanism. 

The reaction between phenyl isocyanate and inethyl alcohol has been studied a t  20" C 
in a series of solvents by Ephraim, Woodward, and Mesrobian (7). They claim that the 
logarithm of the rate constant decreases as the dielectric constant of the solveilt increases; 
a plot of their experimental data, however, shows that  there is no significant correlation 
of this kind. These authors also find that deviations from second-order kinetics increase 
as the hydrogen bonding capability of the solvent increases. They propose the mechanism: 

K1a 
2ROH d complex 1 

Kl b 
ROH + solvent F===+ complex 2 

K1, 
ROH + urethane F====+ complex 3 

k?,  
Con~plex 1 + RNCO ---A urethane + ROH 

k?b 
Complex 2 + RNCO - urethane + solvent 

k ? ,  
Complex 3 + RNCO - 2urethane. 

KO mention is made of Baker's argument that  this type of mechaiiism is improbable. 
Studies of ainine-catalyzed alcohol-isocyanate reactions have been reported by Icogon 

(8), Burkus and Eckert (9), and Sato (10) .  

The method used to purify the chemicals used in the experiments was completely described in the 
preceding paper. 

Isocyanates were analyzed using a modification of Stagg's technique (11). The method consists of 
allowing the unlrno\vn isocyanate to react with an excess of a standard solution of dibutylamine in toluene, 
followed by back titration of the excess anline with standard hydrochloric acid to a bromphenol blue end 
point. Isopropyl alcohol is added to  prevent the formation of a second phase during the titration. 

The reaction was carried out in a round-bottomed flask with a ground-glass stopper. X meighecl a m o u ~ ~ t  
of alcohol was placed in the flask, which was put into the thermostat. \Vhen equilibriu~n was reached iso- 
cyanate was added by ~neans  of a hypodermic syringe. The weight of isocyanate was found by weighing 
the isocyanate container before and after addition of isocyanate to the reaction vessel. Five-milliliter 
samples of the reacting ~nixture were withdrawn by pipette a t  regular intervals; the reaction was stopped 
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by draining the pipette into a standard solution of dibutylan~ine. The time a t  which the pipette was half 
empty was recorded; the excess amine was back titrated with standard hydrochloric acid. The rate constant, 
k, was obtained from the integrated expression for a pseudo first-order reaction: 

k = ( l / t b )  ln ( a / a - x ) ,  

where t  is the time, b  the concentration of alcohol, a  the initial concentration of isocyanate, and x  the 
concentration of product a t  time 1. The experimental data were also treated by the differential method 
by plotting log rate vs. log concentration. The slope of the curve gives the order, and the intercept the 
rate constant. 

The results of a typical calorimetric run are shown in Fig. 1. Figure l ( a )  is a curve of electromotive 

t T I M E  

( 0 )  

T l M E  

( C )  

FIG. 1. Typical time-voltage curves: ( a )  chemical reaction, ( b )  integral of the che~nical reaction, ( c )  
electrical heating, ( d )  integral of the electrical heating. 

force vs. time for a chemical reaction, and Fig. l ( b )  shows the integral of this curve with time. The E.RI1.F.- 
vs.-time results for electrical heating are shown in Fig. l ( c ) ;  the integral of this curve appears in l ( d ) .  I t  
is desired to obtain values for the ratio a / x  at  a series of times. The heat evolved from the reaction cell 
from t = 0 to t = t  is the shaded area A in Fig. l ( a ) .  The value of this area A is read directly from the 
plot of area vs. time in Fig. l ( b ) .  The heat .remaining in the reactioll cell a t  time t is evolved in the same 
way that heat is evolved from the system after an electrical heating. Hence the area B under the electrical 
cooling curve from E.RI1.F. = 2, to E.RI1.F. = 0 is a measure of the unevolved heat in the reaction cell a t  
time t .  The sum of A+B gives the total heat produced by the reaction up to time 1. Area B is obtained 
from Fig. l ( d )  by subtracting c  from d.  The ratio of the heat produced a t  infinity to  the heat produced 
a t  time t is a measure of a / x .  This ratio is evaluated a t  a series of times, and the rate constant is calculated 
using the integrated ~ s e u d o  first-order expression. The results for each run are averaged. 

EXPERIMENTAL RESULTS 

The rates of the reactions between normal-, iso-, and secondary-butyl alcohol and 
phenyl isocyanate and the three tolyl isocyanates have been measured a t  a series of 
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temperatures. The data were treated by the integral and differential method to obtain 
the second-order rate constant. The rate constant a t  a series of temperatures and the 
activation energy for each reaction is given in Table I. The rate constants a t  25O C, 
deduced from the calorimetric measurements described in the preceding paper, are given 
in Table 11, where they are compared to the rate constants determined analytically. The 
percentage difference between the two is also given. 

DISCUSSION 

I t  is seen from Table I1 that  all the rate constants deduced calorinletrically are within 
10% of those determined by chemical analysis. These results are satisfactory, as there 
are important sources of error present for which allowance could not be made. These 
are the increase in temperature as the reaction proceeds and the time lag between an  
event occurring in the reaction cell and its appearance as a signal on the recorder. 
Attempts to apply an  empirical correction to  the rate constant obtained in this way were 
unsuccessful. However, if steps were taken to ensure identical conditions of contact 
between the reaction cell and the calorimeter from one run to the next, we believe that  
an  empirical time lag correction could be applied, with a considerable improvement in 
the accuracy of the rate constants so obtained. 

The experimental results are in accord with the previously determined data for alcohol- 
isocyanate reactions and fit the mechanism suggested by Baker and his co-workers (3, 
4, 5). RlIost of the reactions exhibit small deviations froin pseudo first-order kinetics 
toward the end of the reaction. These deviations are probably due to  autocatalysis. 

The only previous worlc which is directly comparable to  the results obtained here is 
that due to  Dyer et al. (6), who ineasured rates and activation energies for reactions of 
phenyl isocyanate with normal- and secondary-butyl alcohols. They report activation 
energies of 8.1 and 9.9 kcal mole-' for normal- and secondary-butyl alcohol reactions 
respectively; the values reported here are 11.5 and 12.5 kcal mole-' respectively. This 
change in activation energy confirlns the observations of Balcer and his co-workers that 
the activation energy increases as the ratio of alcohol to isocyanate increases. The 
reactions reported here were carried out in a large excess of alcohol, while the worlc 
of Dyer et al ,  was in xylene solution. 

For the reactions reported here it was found that  the activation entropies are all in 
the region of -38 e.u. A large negative entropy of activatioil is an indication of an 
activated con~plex in which oppositely charged centers are separated from each other. 
The activated complex of Baker's mechanism is just such a species; i t  is doubtful if the 
formation of an alcohol-alcohol, an alcohol-solvent, or a urethane-alcohol complex, as 
suggested by Ephraiin et  al. (7), could account for this large negative entropy of activation. 

I t  is of interest to note, a t  least for the reaction between n-butyl alcohol and phenyl 
isocyanate, that  the free energy of reaction appears to  be approximately independent 
of the reaction conditions, whereas the energy and entropy of activation are not. From 
the activation energy of 7.5 kcal mole-' in xylene solution reported by Dyer, an activa- 
tion entropy and free energy of -48 e.u. and 22.0 ltcal mole-I are calculated. For the 
same reaction in toluene catalyzed by triethylamine, Burkus and Eckert (9) report 
an activation entropy of -61 e.u. and a free energy of activation of 21.2 kcal mole-l; 
the values reported here are -37 e.u. and 21.9 kcal mole-'. The  increase in activation 
energy as the alcohol concentration increases is probably an indication that  more and 
more hydrogen bonds must be ruptured before the activated co~nplex is formed. The 
increase in the entropy of activation probably indicates a decreasing amount of solvent 
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TABLE I1  
Calorimetric rate constants a t  25' C 

Rate constants (1. mole-' sec-l) 
Percentage 

Alcohol Isocyanate Calorinletric Analytical difference 

i-Butyl Phenpl 2 .98X lo-.' 2 .99XlOW 0 . 3  
s-Butyl Pheriyl l.GOXIO-~l 1 .44X10-" -10.0 
n-Butyl m-Tol yl 2 . 2 8 ~ 1 0 - '  2.50XlO-' 10.0 
i-Butyl m-Tolyl 1.57X10-L 1 .73 X lo-' 10.0 
S-BLI ty I m-Tolyl 8.02X10-" 7.94X10-5 -0.7 
i-Butyl p-Tolyl 1.84X lo-' 1.65X10-' - 10.4 
s-Butyl p-Tolyl 8.40X10-5 7.64X10-6 -9.0 

rearrangement as the activated complex is formed. That  is, the reactants are probably 
already well solvated with alcohol, and the formation requires mainly rearrangement 
of the solvent, and not addition of new solvent molecules. The  lower entropy of activation 
for the amine-catalyzed reaction is probably an indication that the activated complex 
contains the ainine n~olecule. 

I t  would thus appear that all the experimental facts currently available support the 
mechanism proposed by Baker and his co-workers. 

This 117orli was supported by a grant from the Defence Research Board. 
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ABSTRACT 

The system silver-indium-gallium has been investigated by the standard techniques of 
thermal analysis, photomicrography, X-ray photography, and hardness testing. The smallness 
of the heat effects made the determination of the liquid surface indefinite, a t  least in the 
low-temperature region where the pronounced tendency for metastable liquid phase to 
persist rendered all measurements indefinite, but the room-temperature isotherm was deter- 
mined with more certainty. Owing to the co~nplexity of the diagram there is still some uncer- 
tainty about some areas. 

A one-phase area (a phase) exists in the silver-rich region of the ternary isotherm, represent- 
ing the solid solubility of indium and gallium in silver. The silver-rich intermediate phase in 
the system silver-indium, 6, is shown to have a close-packed hexagonal structure and its 
lattice constants have been determined. The structure of y, the corresponding phase in the 
system silver-gallium is more complex and was not determined. 6 and y phases do not form 
a continuous one-phase region. 

Ternary peritectics exist a t  623" C and 600' C (approximately). I t  is possible that  two 
peritectics exist a t  the latter temperature, in close proximity. 

The ternarl- eutectic lies a t  14.j0 C and has an  approximate con~position of 2Yo silver, 
Z-i',, indium, ancl 747, ga l l i~~m.  

The system silver-indium-gallium has not been investigated previously; i t  is of interest 
because certain of the alloys can be used in transistors. In the present investigation, the 
liquidus surface and the location of the ternary peritectics and eutectics were investigated, 
as well as the room-temperature isotherm. Therinal analysis, X-ray and photomicro- 
graphic methods, as well as hardness testing, were used. A coinplete investigation of the 
system would involve the determination of the regions of stable existence of all phases 
a t  all teinperatures and this would require quenching techniques. As two of the component 
binary systems are quite complicated the amount of worli involved would be considerable. 
We did not uildertake this, because the room-temperature condition is the most important. 

The literature deals only with the coinpoilent binary. systems, as  follows. 
1. Gallium-indium: The first iilvestigation was by de Boisbaudron ( I ) ,  the discoverer 

of gallium. Other workers are French, Sidney, Saunders, and Ingle (2); Denny, Hamilton, 
and Lewis (3). The latest investigation is that  of Svirbely and Selis (4), who investigated 
the systein in its entirety from a study of the electrical resistivity of alloys over a range 
of temperature. All investigators agree that  the system is of the eutectic type. 

2. Silver-gallium: This systein was studied in detail by Weiblce, Meisel, and Weigels 
(5). Their results are shown in Fig. 1. 

Investigations by Hume-Rothery and Aildrews (6) indicated that  /3 phase decomposes 
peritectically a t  611' C and that  /3 phase has a hexagonal close-packed structure. I t  
transforms eutectoidally into cr and 7 phases a t  378' C. 

3. Silver-indium: Weiblce and Eggers (7) carried out a systematic investigation of this 
system, using all the conventional techniques. Their results are shown in Fig. 2. 

Frevel and Ott  (8) report the following phases: a cubic phase rich in silver, a hexagonal 
phase, a pseudohexagonal phase, a face-centered cubic phase, and a tetragonal phase 
(in order of decreasing silver content). Presumably these correspond to a, 6, e, and 7 
phases and solid solution of silver in indium. 

'Holder of N.R.C. Bwrsary, 1959-60. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 19GZ 

S Y S T E M  A g -  G a  

Hallner and Laues (9) report the following indium-silver phases (by X-ray methods): 
AgzIn, cubic; AgIn2, tetragonal; Ag31n (hexagonal). Goldschmidt (10) reports that A g 3 k  
(6) has a hexagonal close-packed structure, with cell dimensions c = 4.76 A, a = 2.95 A, 
c/a = 1.626. Hume-Rothery (11) and associates agree with Weibke and Eggers (7) about 
the solid solution of indium in silver. 

EXPERIMENTAL 

The individual metals were of the highest purity, as  follows: ( I )  silver (Johnson, Matthey, Ltd.) 99.995y0; 
(2) indium (Consolidated Mining and Smelting Company of Canada) 99.9959;; (3) galliu~ll (United Mineral 
and Chemical Corporation) 99.99y0. 

The alloys were prepared by fusion in an  induction furnace a t  a temperature of approximately 1100' C. 
T o  prevent oxidation, the metals were sealed in evacuated pyrex tubes. This nlethod was originated by 
Campbell, Wood, and Slcinner (12), when studying the iron-tin system. The glass retains a complete 
vacuum, despite the fact that it softens a t  600' C, if it is supported in the crucible so that it cannot run. 
The sealed tubes were heated in alundum crucibles packed with powdered a lundu~n to  provide the necessary 
support for the glass. In this way, the alloys could be melted and resolidified with fornlation of only a thin 
scum of oxide on the surface. 

The alloys were allowed to  cool in the furnace from 800' C to  100' C, over a period of about 30 hours. 
They were then further annealed in an  oven a t  100' C for 1 week, then left for a week a t  room temperature, 
before thermal analysis and preparation of polished sections were carried out. 

Liquid was always present ( to  some extent, a t  least, metastably) in the lower-melting alloys, even after 
the above annealing treatment. Attempts were made to  bring these alloys into true equilibrium by further 
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CAMPBELL .AND REYNOLDS: Ag-In-Ga SYSTEM 

annealing them a t  temperatures ranging between 50' C and 300" C, for periods of 3 weeks,fbut no decrease 
in the amount of liquid was ever noted. 

The techniques used were those of ther~ual analysis, photomicrography, X-ray photography, and Rockwell 
hardness testing. 

Those alloys which were cotnpletely solid a t  temperatures above 600" C were submitted to thermal 
analysis by the ordinary method of cooling, but the fact that gallium and gallium-rich alloys have a pro- 
nounced tendency to supercool makes this form of thermal analysis i~seless below 600" C. We therefore 
resorted to a controlled heating process, i.e., the temperature of the furnace was caused to  rise as a straight- 
line function of the time. The furnace, consisting of a pyrex tube wrapped with asbestos paper and nichrome 
wire, was placed in a copper container packed with asbestos powder. This container was immersed in an 
ice-salt mixture to provide the necessary cold environment. The temperature was controlled by a "Variac", 
which was co~~tinuously adjusted by a geared-down electric motor. This gave a constant rate of voltage 
increase and a nearly constant rate of temperature increase (about 1" per minute). 

The extreme hardness of gallium, despite its low melting point, renders polishing and etching of the 
metal difficult. The procedure adopted was as  follows: The mounted speci~nen was polished on a series of 
successively finer sheets of emery paper, grades 2, 1, 0, and 00. Further polishing was done on a special 
polishing paper with a surface of alternate rows of fine abrasive and hollow spaces. The washed and dried 
specimen was then polished 011 a felt-covered wheel, using a paste of magnesium oxide as  abrasive. When 
no scratches were visible to  the naked eye, the polishi~~g cloth was replaced by a velveteen cloth. Using 
levigated alumina as  a h e  polishing agent, the ~lletal  was polished until it had a mirror-like finish. The 
washed and dried spccimen was examined under the nlicroscope for scratches. If no scratches were visible, 
the alloy was etched with the following etchant: 98% H2.501, 5 ml; IC2Cr~07 (saturated solution), 100 ml; 
NaCl (saturated solution), 2 ml. This solutioo was diluted in the proportion of 1 part of etchant to  9 parts 
of water. 
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40 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

For the X-ray work a 57.3 mm Debye X-ray powder photography camera was used. Powder specimens 
were obtained in the following manner. The ingot was first cut and then a cleaned file was rubbed against 
one of the freshly cut surfaces. The second cut surface was then filed. Surface filings were discarded and 
only subsurface filings were kept as samples. An X-ray tube with copper anticathode and nickel filter was 
used. Measurements of "d" values gave a consistency of about 1% or better. Intensities were estimated 
visually. 

Specimens for hardness testing were about 5 mm thick and had two parallel flat surfaces. A Rockwell 
hardness tester was used. 

EXPERIMENTAL RESULTS 

Table I reproduces all the experimental data, as obtained. A selection of the photomicro- 
graphs is given (Figs. 3-5). Figure 6 represents the room-temperature equilibrium diagram 
of the silver-rich region. The X-ray photographs are not reproduced, since most of them 
were used primarily for identification. In Table 11, however, the interplanar distances 
and line intensities of alloys 5, 11, 14, and 15 are given, since these refer to pure, or allnost 
pure phases, of, however, different compositions. 

6 phase is shown to have close-packed hexagonal structure. For alloy 15, the lattice 
dimensions are c = 4.725 a, a = 2.942 a, and c/a = 1.606. This agrees with the theo- 
retical c/a  = 1.633 for hexagonal close-packed and with the results of Goldschlnidt (10) 
for AgJn. Table I11 gives a suinmary of the results of photoinicrography and (or) X-ray 
photography, together with hardness, of those alloys which were used for the definition 
of phase boundaries. 

Hardness was used to delineate the regions of existence of 6 and 7 phases. Both phases 
showed nearly constant hardness throughout their regions of existence; there was no 
gradual transition in hardness from one phase to the other. The 7 phase is quite hard, 
B-78 as compared with B-86 for mild steel. The hardness of the two phases is the inore 
remarkable when one considers the relative softness of a phase. 

FIG. 6. Room temperature equilibrium diagram of the Ag-rich region. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



I'rc. 3. ( ( 1 )  .-\lloy I.  This ;~lloy is pure a phase. Tote  the existence of large gra i~ is  of slightly dil'fereut 
coloring clue to oric~itcd grain lustre. 

( 1 1 )  :\lloy 3. This alloy co~ltailis a ((lark) ancl 6 (light) in approximately the same quantilies. 
( c )  :\11oy 1. 'I'llis alloy is Ga-rich a phase. Again the grains show a variety of coloring. 
( d )  Xllov 5. This allov is ourc 6 r,hase. ill thc :AT-111 binarv. . . 
( 2 )  ~ l l o $  1'7. This alloy is'e phase with slight a1;loullts of & phase. ?'he + phase has a pitted appearance 

I~ecause it is niuch softer tlinli e phase alicl is worn away by polishilig. 
(f') Alloy 25. 'l'llis alloy colltains 6 (light) alitl e (mott led) phase. 
Sum: 7'hc magi~iticatioli of 1;igs. 3, 4, and 5 is 120X. 
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FIG. 4. (a)  Alloy 6. This alloy contains a (dark) phase with a consitlerable amount of 6 (light) phase. 
( b )  Alloy 21. This alloy contains only 6 phase. 
(c)  Alloy 14. This alloy is pure -y phase. Its dark ant1 mottlecl appearance illdicates that  is delinitely not 

the same as 6 phase. 
(d) Allo!. 12. This alloy contains approximately equal amounts of ancl 6 and -y phases. .l'his alloy definitely 

appears heterogeneous, i~ldicating 6 and -y are not the same phase. 
( R )  Alloy 19. This alloy contains 6 phase with medium-sized inclusiolls of -, phase. 
(f) Alloy 18. This alloy contains 6 and a phases and possibly slight inclusions of -y phase (dark specks). 
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I:I(;. 5 .  ( ( 1 )  Alloy 22. 'This alloy contains y and  a phases with possible inc lus io~~s  of 6 phase. The  similarity 
i l l  appearance between a a n d  6 phase makes it difficult to be certain. 

( b )  Alloy 59. 'This alloy definitely contains 3 phases: y (mottled, clarl;), 6 (light), ant1 a ( m e d i ~ ~ t n ) .  'This 
tlelinitely establishes the existence of a ternary three-phase triangle. 

(c) .Alloy 8. This alloy cor~taios a phase with slight ir~clusions of 6 phase. 
(d)  Alloy 23. This  alloy contains approximately equal amounts of a allcl ; phases. 
( 1 , )  .Alloy 28. This  alloy apparently cor~tains e (mott led) and  6 phases. 
(1') .Alloy 8. This shows a polished section from alloy 8 after  lengthy n ~ ~ n e a l i n g  a s  described in t h e  test. 

Sotice the similarity to (0. 
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Cr\MPBELL A N D  REYNOLDS: Xg-In-Ga SYSTEM 

TABLE I 

Results of thermal analysis 

Colnpositio~l as weighed ( O / b )  Thermal analysis 
Alloy A~~alysis 

Yo. -kg I n  Ga ( O j ,  Ag) InRec. points (OC) Halt points ("C) 

1 94.90 5.10 - 94.98 937 - 
2 82.00 18.00 - 81.91 830 - 
3 77.47 22.53 - 77.52 785 693 
4 92.79 - 7.21 92.60 869 - 
5 70.17 29.83 - 70.28 693 693, 658 
6 84.8'2 8.16 7.02 84.85 793 - 
7 83.53 12.52 3.95 83.44 842 - 
8 83.56 14.02 2.50 83.68 85 1 - 
9 87.52 5.00 7.48 87.39 827 - 

10 77.51 9.98 12.51 77.54 674 625, 602 
11 79.02 - 20.98 79.16 613 - 
12 74.98 11.24 13.78 74.87 623 623, 596 
13 87.98 7.46 4.56 88.01 87 1 - 
14 76.48 5.04 18.48 76. 60 603 - 
15 71.97 18.03 10.00 72.01 620 - 
16 81.00 8.99 10.01 81.14 726 623, 602 
17 63.40 36.60 - 63.46 632 - 

18 75.79 16.95 7.26 ;::::} 685 643, 619 
19 74.09 16.53 9.38 74.22 685 643, 619 
20 78.06 14.53 7.41 78.17 73 1 635, 613 
21 72.55 22.51 4.94 72.51 663 660, 613 
22 79.06 5.00 15.94 
23 83.30 2.50 14.20 ii:;:} 657 613 
24 80.01 15.50 4.49 79.96 783 648, 618 
25 66.67 33.33 - 66.70 654 166 
26 50.10 - 49.90 - - 324, 26 
27 59.33 40.67 - 59.38 592 167 
28 66.50 31.00 2.50 66.62 637 - 
29 55.13 25.12 19.75 - 55 1 - 
30 17.51 55.02 27.47 - 520 14.5 
3 1 17.49 42.60 39.91 - - 106-100, 14.5 
32 17.48 30.02 52.50 - - 14.5 
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CANADIAS JOURNAL OF CI-IEMISTRY. VOL. 40. 1062 

TABLE I1 

S - R a y  crystallographic data 

Alloy Interplanar Line 1 Alloy Interplanar Line 
No. distance intensity No. distance intensity 

0.943 1 
0.921 1  
2 . 3 1  (-j phase) 1 

DISCUSSION O F  RESULTS 

Figure 7 indicates the positions of the peritectic troughs in the high-temperature region. 

FIG. 7. Positions of peritectic troughs. 
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CAMPBELL A N D  REYNOLDS: Ag-111-Ga SYSTEM 

TABLE I11 
Results of microscopic, X-ray, and hardness studies a t  25' C 

Phases present 
Alloy -- 
No. i\.Iicroscopy X-Ray Rockwell hardness 

1 a a - 
2 a a - 
3 a +6 - - 
4 a a - 
5 Y 6 B-42 
6 LY+~ - F-52 
7 a +6 a+6 - 
8 a+6 a F-58 
9 a4-6 - - 
10 -?+a Y +6 -- 
11 - Y - 
12 -/+A Y +6 B-52 
13 a - - 
14 Y Y B-78 
15 r +6 6 B-41 
16 ~ + Y + A  - - 
17 E+(D - - 
18 6 - - 
19 Y +a - - 
20 a-kr4-6 - - 
21 6 - B-40 
22 a4-y-l-6 - ~- 

23 a+6 - - 
34 a+6 a+6 - 
35 6+e 6+e - 

27 e + v  - - 
28 a t - e  - - 

59 a + r + 6  - - 

There are apparently three peritectic troughs and two ternary peritectics a t  623It2" C 
and 600It4" C. The  exact temperature of the second peritectic was indefinite, since 
decon~position appears to  occur over a temperature range. Perhaps, there are two ternary 
peritectics in close proximity. Alloys on the indium-rich side of the co~npositioil triangle 
tend towards a peritectic or series of peritectics in the temperature region 100 to  118" C. 
Usually, during thermal analysis a long semihalt was observed over this temperature 
range, with an irregular series of breaks, alternating with halts. Alloys 52 and 53 gave 
halts a t  118", 110°, and 104" C. Alloys in the center and on the gallium-rich side gave 
the same results a s  for peritectics. This  indicates the existence of a "hump" in the liquidus 
surface on the indium-rich side of the diagram. When heated, alloys in this region usually 
showed a halt corresponding t o  eutectic melting a t  14.5" C, a change of slope in the 
region 22" t o  30" C ,  and a halt a t  30" to  32" C. T h e  lack of success in thermal analysis is 
no doubt due to  the smallness of the heat effects associated with the various ternary 
reactions. 

T h e  temperature da ta  of Table I are plotted on Fig. 8 for the liquidus points a s  a 
function of silver concentration. Essentially this represents a projection of the liquidus 
surface upoil the isopleth for equal gallium and indiuin concentration. 

T h e  cross-hatched line represents the outline of the liquidus in the system Ga-Ag, 
while the plain line gives the outline for the  systein Ag-In. Figure 9 shows isothermal 
lines on the liquidus surface. These two diagrams outline the shape of the  liquid surface 
down t o  about 400" C (without giving the  peritectic troughs in the surface). 

Liquidus poi~l ts  below 400" C were not obtained with any  degree of certainty and the  
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FIG. 8. Liquidus points as a function of silver concentration. 

Ag 

In 

FIG. 9. Isothermal lines on liquidus surface. 

peritectic troughs did not show up during thermal analysis. The temperatures of the 
ternary peritectic halts were obtained, but without a knowledge of the trough leading to 
the peritectic, it is not possible to specify the composition. 
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CAMPBELL A N D  REYNOLDS: Ag-In-Ga SYSTEM 45 

The ternary eutectic temperature is 14.5" C and the ternary eutectic alloy results 
when 27, silver is added to the binary eutectic indium-gallium. 

More success was obtaiiled with the low temperature (25") isotherm. Our data show 
that the 6 phase of the Ag-In systein is different fro111 the y phase of the Ag-Ga system. 
Figure G represents the 25" isotherm of alloys colltaining more than 507, silver: each 
point on the figure is given a number which refers to Table 111. There is no ambiguity 
about this part of the diagram. The diagram is drawn with a break in the line outlining 
the regioll of existence of a phase where the line touches the three-phase triangle. This 
break was not found experimentally, but  theoretically it must occur. I t  is thermo- 
dynainically necessary that the extellsion of boundaries of solid solution inust lie either 
both within the triangle or both within the adjoining two-phase regions (13). This 
means that of four possible coinbinations of phases within the three-phase triangle, two 
are therinodyna~nically impossible. 

The 6 phase has been shown to be hexagonal close-packed. The y phase structure could 
not be characterized by X-ray powder techniques but it lllust be nearly hexagonal since 
well-formed crystals in the shape of a six-sided star were visible to the naked eye in alloys 
of pure y phase. 
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REACTION O F  IODOMETHANE WITH 

TERTIARY ARSINE MERCURIC IODIDE COMPLEXES 

M. M. BAIG, W. R. CULLEN, AND D. S. DXIVSON 
Tlze Cltcmislry Department, University of Br i t i sh  Colzrn7bia, Va'ancoirr~er. B1,itisk Colzrntbia 

Received September 27, 1961 

ABSTRACT 
The reaction of 1:l tertiary arsine mercuric iodide co~nplenes mith iodo~nethane gives 

arsonium derivatives of t r i iodo~nerc~~ry (11). 

DISCUSSION AND RESULTS 

The reaction of iodoarsines with alkyl iodides in the presence of lnercury has been 
found to yield arsonium derivatives of triiodo~nercury (11) ( I ) ;  for example: 

RzAsI + Hg + 2CH3I -+ RzAs(CH3)zHgIs 

I t  has been suggested (1) that such reactions proceed through the formatioil of I : I  
tertiary arsine mercuric iodide colnplexes as  intermediates which then react further 
with the alkyl iodide to give the arsonium derivative; for example: 

In the present investigation the plausibility of the second part of this reaction sequence 
has been investigated. 

I t  has been found that the 1 : l  mercuric iodide co~nplexes of dimetliylphenylarsine, 
methyldiphenylarsine, dimethyl-a-naphthylarsine react with excess iodomethane to give 
the corresponding arsonium triiodomercury (11) derivatives: for example: 

(CeHs)zr\sCH~. HgIz + CH3I ( C ~ H ~ ) Z A S ( C H ~ ) Z H ~ I ~ .  

The reaction of the 1 : I  complex of triethylarsiile and inercuric iodidegwith iodoinethane 
gives two products, triethylmethylarsoniuil~ triiodomercury (11) and bis(triethylmethy1- 
arsonium) tetraiodoinercury (11). The 1 : 1 triethylarsine complex is unstable in solution 
with respect to the 2:3 complex [ ( C ~ H S ) ~ A S ] ~ [ H ~ I ~ ] ~  (2) and the tetraiodoillercury (11) 
derivative is most probably formed froill reaction of the 2:3 complex with iodomethane 
rather than from reaction of the 1 :1 complex. Iodoethane and trifluoroiodoillethaile do 
not react with the 1 : 1 triethl.larsine complex a t  20"; however, a t  100" soine reaction 
with trifluoroiodomethane takes place producing diethyltrifluoromethylarsiile in low 
vield. This con~pound is also produced by the reaction of triethylarsine with trifluoro- 
iodomethane a t  100' (3) and reaction in the case of the I :  I complex may be due to dis- 
sociation or disproportionation of the complex to produce triethylarsine. 

Coates and co-workers (4) have found that in acetone solution iodomethane reacts 
with some 2:1 tertiary arsine inercuric iodide complexes to give bisarsoiliuin tetraiodo- 
mercury (11) derivatives, and in the present work it has been foui~cl that the 2:l  complex 
of triphenylarsine reacts similarly giving bis(methyltrip11eilylarsonium) tetraiodoillercury 
(11). The tripheilylarsiile complex does not react with trifluoroiodomethane a t  20° but  
does react slowly with iodoethane. Presumably the product from the latter reaction is 
the tetraiodoinercury (11) derivative, though this was not established. 

Similar reactions are known for tertiary phosphine mercuric iodide coinplexes (4, 5) 
and also for disubstituted sulphide inercuric iodide complexes (6). The mercuric iodide 
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complexes are labile and reactions of this sort most likely proceed through addition of the 
alkyl iodide to the coinplexing ligand produced by the dissociation of the complex; for 
exan1 ple : 

R3Xs. HgI? $ R3As + HgI?, 

R3As + CH3I --t R ~ A S C H ~ I ,  

R ~ A s C H ~ I  + HgI? --t RaAsCHsHgT3. 

Direct formation of the arsonium iodide froin the tertiary arsine and iodomethane is 
known to occur a t  20' for all the arsines involved in the above reactions, except tri- 
phenylarsine (7). However, the presence of mercuric iodide as an iodide ion acceptor 
could be expected to facilitate the forination of onium derivatives even when the onium 
iodides are not easily formed by direct reaction. An alternative n~echanism involving 
"addition" of the alliyl iodide across the, say, As-Hg bond seems inucl~ less liltely. 

Two new 1 : 1 mercuric halide complexes of dimethyl-a-naphthylarsine were also prepared 
during this investigation. These are the compounds CIOH7As(CHa)?.HgX2 (X = C1, in.p., 
233-235', X = I ,  n~ .p . ,  192-195'). Attempts to prepare the corresponding 2: l  adducts 
froill hot alcol~olic solutions of the components resulted only in the isolation of the 1 :1 
complexes. Anderson and Burrows (8) found similar difficulties in isolating the 2:1 
mercuric halide complexes of dimethylphenylarsine. The 1 : l  complex of dimethyl-a- 
naphthylarsine and mercuric iodide has a significantly low molecular weight when it is 
determined by the Rast method. This is probably due to dissociation. The corresponding 
inercuric chloride complex is insoluble in camphor so no measureinent of its nlolecular 
weight was made. 

EXPERIMENTAL 

Except where other\vise indicated reactions were carried out a t  20' and i r ~  sealed tubes in the a b s e ~ ~ c e  
of air and moisture. Volatile reactants and products were manipulated in a vacuum syste~n.  

Reaction of the 1:1 Cornpler of i l fetkyldiphe~~y1ar.sinc and  11fe1.czwic Iodide  w i th  Iodolizethane 
hIetliyldiphe~~ylarsine was prepared by the reaction of phenylmagr~esiu~n bromide on diioclomethylarsi~ie 

(9). On mixing hot alcohol solutions of the arsine (1  mole) and nlercuric iodide (1  mole) the 1 : l  complex was 
obtained, 1n.p. 117' (lit. value 116' (8)). Acetone solutions of the complex (0.7 g) and iodomethane (0.8 g), 
on mixture in air, gave a yellow precipitate (0.8 g),  1n.p. 122'. The arsine complex (0.8 g) was soluble in 
iodornethane (14.5 g)  but after 7 days a yellow precipitate had appeared. The unreacted iodomethane was 
removed ~ ~ n d e r  vacuum and the remaining yellour solid melted a t  122". The products f r c~n  both these 
reactions \\'hen recrystallized from alcohol melted a t  131' and were identified as dimethyldiphenylarsonium 
t r i iodo~nerc~~ry (11) (1n.p. 131' (1))  on the basis of their melting points and mixed melting points with an  
authentic sample (undepressed), and their S - ray  powder photographs. 

React ion of the 1 : l  Conzpler of Dimelkylphenylars ine  and  ilfer.czti.ic Iodide  w i th  Iodolnethane 
The arsine \\.as prepared from phenylmagnesiurn bromide and iododimethylarsine (0). The 1:l  arsine 

mercuric iodide complex was prepared by mixing hot alcohol solutions containing molar proportions of the  
arsine and mercuric iodide. The yellow precipitate which \\.as obtained gave two fractions on fractional 
crystallizatio~i from alcohol: one, the major product, consisted of orange-yellow needles of the 1:l  complex, 
m.p. 144" (lit. value, 144" (a)), the other, small pale yellow needles, m.p. 89". The 1:l complex (5.4 g) 
was soluble ill excess iodomethane but after 13 days a yellow precipitate had appeared. The excess iodo- 
methane was removed under vacuum, leaving a yellow solid. This solicl 011 recrystallization from acetone- 
alcohol was ideritified as tr imethylphenylarsoni~~m triiodomercury (11) on the basis of its melting point 
128-120" (lit. value. 128" (1)) and the identity of its infrared spectrum and S - ray  powder photograph with 
those of an  authentic sample. 

Reaction of the  1 : l  Cowzples of Tr.iet1tylar.sine and  Mercuric  Iodide  w i th  Iodon~ethane 
Triethylarsine was prepared from ethylrnagnesium bromide and arsenic trichloride (10). The 1:l arsine 

mercuric iodide complex was prepared using the procedure of i\/Iann ct a l .  (2). The complex so obtained 
melted a t  89' (lit. value, 88-89"). The complex (3.10) was s o l ~ ~ b l e  in 22.3 g of iodomethane. The solution 
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slowly deposited a j.ellow oil and after 30 days the volatile contents of the tube were removed under vacuum. 
The residual oil (3.98) slowly solidihed and the solid melted a t  68'. On crystallization from acetone-alcohol 
two fractions were obtained. The less soluble pale yellow fraction (1.5 g )  melted a t  253'. The inore soluble 
yellow fractioll melted a t  61" after further recrystallization (0.9 g). For the identification of these products 
reference compounds were prepared froin triethylmethylarsonium iodide and mercuric iodide. Triethyl- 
methylarsonii~m iodide was prepared by direct reaction between triethylarsine and iodomethane. The 
arsonium iodide was recrystallized from alcohol and nlelted a t  273' (lit. value, 270"). Triethyl~~retlt~~larsoniz~t~z 
triiodomercztry (11) ,  1n.p. 64", and bis(trietlzylmetkylarsotziut~z) tetraiodornercz~ry (11),  m.p. 253", were prepared 
by mixing hot alcohol solutions of the arsonium iodide and mercuric iodide in the calculated proportions 
(1:l and 2:l respectively); the products were recrystallized fro111 alcohol. Anal. Found: C, 11.3; H, 2.39; 
Hg, 26.OqL; mol. wt., 793. Calc. for C7Hl8 AsHgI3: C, 11.1; H ,  2.37; Hg, 26.5%; mol. wt., 759. Found: 
C, 15.9; H ,  3.34; Hg, l8.6yO. Calc. for C14H36As?HgI~: C, 15.8; H, 3.38; Hg, 18.970. 

Comparison of the melting points and X-ray powcler photographs of the products from the origiiial reaction 
with those of the reference compounds showed that the least soluble fraction, m.p. 253", was the arsonium 
tetraiodomercury (11) compound and the other fraction, m.p. 61°, was the arsonium triiodomercury (11) 
derivative. 

Reaction of the 2:1 Conlpler of Tripkenylarsitte and ilfercz~ric Iodide with Iodometlzatte 
The 2:l  adduct was prepared by reacting together alcoholic solutions of triphenylarsine (2  nloles) and 

mercuric iodide (1  mole). The  product was purified by crystallization from alcohol. I t  melted a t  198" (lit. 
value, 197" (2)). The complex (2.0 g )  and iodomethane (9.7 g )  were left for 7 days. The  volatile contents 
of the tube were removed under vacuum and a yellow residue (2.1 g, m.p. 174") was left in the tube. The  
product was expected to be bis(triphenyl?rzet1zylarso~tiz~~~z) tetraiodontercury (11) so this compound, m.p. 
175", was prepared by reacting alcoholic solutions of coinmercial triphenyln~ethylarsoniuni iodide and 
mercuric iodide in correct proportion. The complex was recrystallized froin alcohol. Anal. Found: C, 34.1; 
H,  2.64; Hg, 14.470. Calc. for C38H36As2HgII: C, 33.9; H, 2.67; Hg, 14.9y0. Comparison of the infrared 
spectra and melting points of the reference compound and the product of the reaction suggested that they 
werc identical. Confir~nation was obtained froin an undepressed mixed melting point. 

Reactions of Tertiary Arsine iVIercz~ric Iodide Co~ttplexes with Other Alkyl  Halides and Trifluoroiodonzethane 
(a)  The 1:1 cotriplex of triethylarsine and ~nercz~ric iodide witk iodoet1zane.-The con~plex (3.5 g )  and iodo- 

ethane (6.4 g )  were left for 28 days. The volatile contents of the tube were removed under vacuum, leaving 
a yellow solid, n1.p. 50". The X-ray powder photograph of this sample showed it to be mainly the starting 
material and showed the absence of detectable amounts of te t rae thylarsonin  triiodomercury (11) and 
bis(tetraethylarsonium) tetraiodomercury (11). 

(b) The 1:1 conzples of trietlzylarsine a d  nzercuric iodide with triflz~oroiodonzetkane.-The complex (3.6 g )  
was soluble in trifluoroiodomethane (16.595 g). After 40 days the volatile contents of the tube were taken 
into the vacuum system where trap-to-trap distillation showed that only trifluoroiodomethane (16.525 g)  
was present. The complex (7.3 g )  aiid triRuoroiodomethatle (16.3 g )  after 48 hours a t  100' gave diethyl- 
trifluoro~nethylarsi~~e (0.202 g) identified by its infrared spectrum (11), and unreacted trifluoroiodolnethane 
(15.9 g). 

(c) The 2:1 conzpler of tripkenylarsitze and ntercz~ric iodide witk iodoetkatte.-When the conlplex (2.7 g)  
and iodoethane (9.097 g )  were left for 25 days 0.223 g of iodoethane was consumed. The  solid product 
(2.8 g )  melted in the range 89-97', By recrystallization fro111 alcohol, two products were obtained. The  
first consisted of 0.914 g of a colorless substance identified as  the starting material by comparison of its 
infrared spectrum, X-ray powder photograph, and melting point (found, In.p., 202" (fro111 acetone); lit. 
value, 197" (2)). The second product, after further recrystallization, melted a t  88' and analysis indicated 
that it was still impure as  the results do not corresponcl to any  liltely reaction product. Found: C, 29.5; 
H, 2.87; Hg, 20.3%; mol. wt., 751. 

Reaction of the 1:1 Conzples of Ditnethyl-or-tzaphtkylarsine and ilfercuric Iodide with Iodornetkane 
Dimethyl-or-naphthylarsine was prepared from iododimethylarsine and or-naphthylmagnesium bromide 

(9). The product was purified by distillation in a nitrogen atmosphere; the colorless liquid boiled a t  178-180' 
(24 mm). The arsine reacted directly with iodomethane a t  20' to give trimethyl-or-naphthylarsollium iodide, 
m.p. 238" (lit. value, 230"). Anal. Found: C, 42.0; H, 4.35%. C I ~ H I ~ A S I  requires: C, 41.8; H ,  4.31%. Mixing 
hot ethanolic solutions of the arsine (1  mole) and mercuric chloride (1  mole) gave the colorless 1:l  adduct,  
1n.p. 233-235". Anal. Found: C, 29.2; H,  2.89; As, 15.3; CI, 14.5; Hg, 37.3y0. Calc. for C12H13AsCI?Hg: 
C, 28.7; I-I, 2.60; As, 14.9; CI, 14.1; Hg, 39.9y0. 'The same product was obtained on mixture of hot alcoholic 
solutions of the arsine (2 ~noles) and mercuric chloride (1  mole). 'The 1:l  arsine mercuric iodide co~nplex 
was sin~ilarly obtained as  a yellow solid, soluble in hot methanol, m.p. 192-195'. A d .  Found: C, 21.2; 
H ,  1.88; Hg, 28.9%; mol. wt., 438. Calc. for C I , H ~ ~ A S H ~ I ~ :  C,  21.0; H ,  1.91; Hg, 29.2%; mol. wt., 687. 
Attempts to prepare the 2:l arsine mercuric iodide complex from hot alcoholic solutions gave only the 1:l 
adduct. On mixing hot alcoholic solutions of trimethyl-or-naphthylarsonium iodide (1 mole) and mercuric 
iodide (1  mole) yellow crystals of trimethyl-or-naphthylarsonium triiodomercury (11) were obtained, m.p. 
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183-185". Anal. Found: C, 19.0; H, 1.95; Hg, 24.4%; 11101. wt., 829. Calc. for C13H1~.4sHgI3: C, 18.8; 13, 1.93; 
Hg, 24.27,; rnol. wt., 850. The same cornpound was obtained when the 1:l co~nplex of dimethyl-a-naphthyl- 
arsonium iodide and mercuric iodide was left in contact with excess iodomethane in a stoppered flask 
(12 days). The p r o d ~ ~ c t  was identihed by its melting point of 184-186" and its infrared spectrum. 

T h e  a u t h o r s  wish to acknowledge  financial assistance fro111 t h e  N a t i o n a l  Research 
Counci l  of C a n a d a .  One of us (M. M. B.) expresses  t h a n k s  for  a scholarship received 
u n d e r  t h e  auspices  of t h e  Colonlbo P l a n .  Microai lalyses  were  carried o u t  by D r .  Alfred 
B e r n h a r d t .  
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THE STRUCTURE OF LICHENIN: SELECTIVE ENZYMOLYSIS STUDIES1 

A. S. PERLIN AND S. SUZUKI~ 
Prairie Regional Laboratory, ~Vational  Research Council of Canada, Saskatoorz, Saskatchewan 

Received Septe~iiber 13, 1961 

ABSTRACT 

Lichenin, the p01y-p-D-gl~l~all of Cetraria islandica (Iceland moss), is f o ~ ~ n d  by enzy~nic 
degradatio~i to  differ in fine structure from the poly-fi-D-glucanS of cereal grains. Enzymolysis 
has been carried out with a cellulase and a laminarinase preparation, the former yielding 
mainly O-p-~-glu~0pyral10sy1-(1 -+ 3)-O-P-~-gl~~0pyran0syl-(1 --t 4)-a-D-glucose, and the 
latter mainly 0-8-D-glucopyranosyl-(1 --t 4)-O-p-~-glucopyra1iosyl-(1 -+ ~ ) - ~ - D - ~ ~ u c o s ~ .  Di- 
and tetra-saccharides are produced in small proportions. Steric aspects of these enzymic 
degradations are discussed. The basis constitution of lichenin is represented by a tetrameric 
unit in which two adjacent ( 1  4 4 )  linkages alternate with an isolated (1  + 3 )  linkage; 
occasionally four consecutive inonolners are linked by (1  -+ 4) bonds. The glucans of cereal 
origin differ mainly in possessing a higher proportion of the latter struct~lral  sequence. Despite 
their close chemical similarity to cellulose, all of these glucans are soluble, a property that  
appears to be related to the even distribution of 8-(1 + 3 )  bonds along the chains, with a 
resulting disruption of linear orientation effects. 

Lichenin, a major polysaccharide component of Cetraria islandica (Iceland moss) is 
composed of P-D-glucopyranose units linked in a linear manner by (1 --t 4) and (1 --t 3) 
glycosidic bonds (1, 2, 3). The only other known source of polysaccharides of this type 
is the Gramineae fanlily (notably oats and barley). Careful chemical examination (3) 
has shown no distinct structural difference between these polymers isolated from such 
widely divergent botanical origins. In recent studies on the P-glucans of oats and barley 
(4) it was found that each of two enzyrnes-a cellulase and a laminarinase-degrades the 
P-glucans extensively in a highly selective fashion. Hence, it appeared that a study of the 
colllparative behavior of the same enzymes on lichenin might indicate to what degree 
this polymer resembles the cereal p-glucans.* 

The lichenin was isolated by the procedure of Peat, Whelan, and Roberts (3), and 
purified via the derived acetate. Based on periodate uptake the ratio of (1 --t 4) to (1 --t 3) 
linkages present in lichenin, as well as in the cereal glucans (2, 3 ,4) ,  is reported to be about 
7 to 3. In the present study, overoxidation of the lichenin prevented an accurate measure 
of this ratio and, in parallel experiments, the oat and barley glucans were found to be 
overoxidized similarly. However, a comparison of the data (experimental section) indi- 
cated that lichenin consumes about 1Oy0 less of periodate, and that the iilcidence of 
(1 --t 3) linltages in this polymer is perhaps whereas in the cereal polysaccharides it 
is closer to 25%. 

When the lichenin was treated with a cellulase from Stre$tomyces sp. QM B814 (5) 
the products were found by paper chromatography to consist of a ~ilixture of cellobiose 
together with tri- and tetra-saccharides. This mixture was readily fractionated by pre- 
parative paper chromatography. By far the major product was the trisaccharide 
O-P-D-glucopyranosyl-(1 --t 3)-O-0-D-glucopyranosyl-(1 --t 4)-D-glucopyranose (I),  which 
accounted for about GOY0 of the polymer (Table I). Previously this trisaccharide had 
been characterized as the derived undecaacetate (3, 4) but the crystalline a-anorner of 

'Issued as N.R.C.  No. 6587. 
Presented at the 44th Conference of the Chenzical I?zstitute of Canada, il!fo?ztreal, Qz~e., Az~gz~s t  2-5, 1961. 

?iVntional Research Coz~ncil of Canada Postdoctorate Fellow, 1960-1961. 
*This  s tz~dy was nzade possible throz~glt the kind co-operation of Dr. E. T .  Reese, who prouided the elzeynze 

preparations. 
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'TABLE I 

Products from the enzy~nolysis of polyglucans 

Initial polymer Dilner Tr in~e r  Tetramer Trimer 
( W )  (%I (mg) (mg Tetralner 

A. By cellulase 
Lichenin 24.4 
Oat elucan 20.4 
BarlGy glucan 23.0 1 . 5  11.7 4 . 8  2.4 

B. By lanlinarinase 
L,icheni~l 24.4 3 . 4  13.4 3 .7  3.  G" 
Oat gluca11 21.5 2 . 6  10.2 6 . 8  1.5"' 
Barley glucan 21.1 3 . 4  10.2 5 . 5  1.8* 

*These ratios are minimal values since the tetramer fractions, particularly that from lichenin, contained a 
substantial proportion of material travelling on the chromatograms a t  a slightly slo\ver rate. 

the free sugar has now been obtained. As found earlier with the cereal glucans, the tetra- 
saccharide fraction co~itaiiled a t  least two coiaponents. These were not separable chroma- 
tographically but their presence was detected by selective degradation (4) to a mixture 
of two different triitols. One of the tetrasaccliarides, which subsequently crystallized 
from the mixture, was found to be 0-0-D-glucopyranosyl-(1 --, 4)-0-P-D-glucopyranosyl- 
(1 --t 3)-0-P-D-glucopyranosyl-(1 + 4)-D-glucopyranose (II) ,  the structure of which had 
been deterniined previously with an amorphous saiiiple derived froin barley glucan (4). 
By seeding, the latter sample now has beell crystallized also. A minor component of the 
mixture was ~ - P - ~ - g l ~ ~ o p y r a l l o ~ y l - ( l  + 3)-0-~-~-glucopyral1osq-1-(1 --, 4)-o-P-D-glucopy- 
ranosyl-(1 --t 4)-D-gl~icose (I1 I )  (4). 
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The inail1 product formed fro111 lichenill by the laminarinase of RIzizopz~s arrhizus 
QivI 1032 (6) was also a trisaccharide, 0-P-D-glucopyranosyl-(1 + 4)-0-P-D-glucopyranosyl- 
(1 --t 3)-D-glucose (IV), accounting for about 55% of the polysaccharide (Table I). This 
trisaccharide has now been obtained as the crystalline a-anomer, being characterized 
previousl~~ as an undecaacetate." Other products of the enzymic degradation, detected 
chromatographically, corresponded to laminaribiose, tetrasaccharide, and higher oligo- 
saccharides, but all of these were minor products and pure fractions of the111 were not 
isolated. Cunningham and Manners have also found recently (private communication) 
that the degradation of lichenin by preparations of lainiilarinase yields mainly tri- 
saccharide IV. 

Peat, Whelan, and Roberts (3) concluded on the basis of data fro111 partial acid 
hydrolysis that an iinportant type of structural unit in lichenin is one in which four 
P-D-glucopyranosyl units are linked by a (1 + 3) bond and two collsecutive (1 + 4) 
bonds, as in V. The present data clearly support their conclusio~l and show, in fact, that 
sequence V likely represents the major proportion of the lichenin molecule, just as found 
earlier with the cereal glucans (4). Such a structure is co~lsisteilt with the formation in 
high yield of trisaccharide I (by cleavage a t  (a)) and of trisaccharide IV (by cleavage a t  
(b)), talting into consideration the ratio of (1 + 4) to (1 + 3) linkages in the polymer, 
and the evidence available as to the specificity of the two enzymes (4, 9). Since I and IV 
each contains a (1 -+ 3) bond and hence accounts for a high percentage of such bonds 
present, liberation of these trisaccharides must involve mainly the scission of (1 + 4) 
linlrages. Thus, attack a t  (a) by the cellulase appears to be related to a "(+ 4) (1 + 4)" 
bonding arrangement of the P-D-glucopyranosyl unit (to the left of (a) in V). The second 
unit engaged in forming linkage (b) is itself not 4-substituted, which presunlably accounts 
for its laclr of susceptibility to cellulase. However, this unit is 3-substituted, an arrange- 
ment consistent with the idea that the laminarinase action involves cleavage a t  (b) 
(4, 9). 

Forlnation of tetrasaccharides I1 and I11 by cellulase is indicative of the occurrence 
of structural units such as VI, in which a single (1 + 3) bond alternates with three con- 
secutive (1 + 4) bonds, as noted with the cereal glucans (4). However, sequence V has 
relatively ~nuch  greater promineilce in the licheilill structure than in the cereal glucans, 
since the ratio of trisaccharide (representative of V) to tetrasaccharide (representative 
of VI) is much higher with lichenin (Table I ) ,  i.e., a value of 4 as against 2.3 (average) 
for the cereal glucans. This difference was detected also with laminarinase, which pro- 
duced trilner and tetramer from lichenin in a ratio of 3.6 to 1, and from the oat and barley 
glucan in a ratio of 1.7 (average) to 1 (Table I).  Consistent with these findings is the 
iildication from periodate oxidation data that  licheili~l coiltains the higher proportion of 
(1 + 3) linlrages. Other differences between these polysaccharides are reflected in the fact 
that cellulase produces more of tetrasaccharide I1 than of I11 from lichenin, whereas the 
reverse is true for the cereal glucalls; also, 3'-0-cellotriosyl-D-glucose (4) is a inajor product 
of laminarinase action on the cereal glucans, whereas with licheilill nluch less tetramer 
(not identified) is produced and higher oligosaccharides are relatively more prominent. 

Therefore, although lichellill closely resembles the cereal glucans i t  can readily be 
differentiated from them in terms of fine structure. The oat and barley polysaccharides, 
however, must be regarded, on the basis of the data available, as  indistinguishable fro111 
each other. 

*Two different sets of fihysical constants have been reported for the acetate of this trisaccharide (3, 4,  7 ) .  Titis 
complicatio7z has now been resolved by llloscatelli, Harrz, alzd Rickes (81, who find that the different acetates 
represent two nlodifications, probably a7zo?r~ers, of the same Farent trisaccharide. 
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Apparently, the cereal glucans contain minor structural features which were not 
detected in the earlier enzylnic study (4) nor by partial hydrolysis (3). With both these 
nlethods of exainination the presence of only isolated (1 -+ 3) bonds was indicated, but 
other methods have show11 the occurreilce also of two and three consecutive (1 -+ 3) 
linkages (10, l l ) ,  although quantitative data are not yet available. The possibility that 
such sequences are present also in lichenin nlust await further examination. 

In formulating structures such as V and VI no account has been taken of the fact that 
a small quantity of disaccharide (5-13y0) is produced by each enzyme fro111 lichenin as 
well as  fro111 the cereal glucans. For the present purposes of comparing the three poly- 
saccharides these dimers are of little significance. From the standpoint of enzylnic stereo- 
specificity, however, i t  may be noted that the cellulase produces cellobiose whereas the 
laminarinase yields laminaribiose. This pattern of attack on the glucans is characteristic 
of eilzyrnes of these classes isolated from a variety of sources (E. T. Reese, private com- 
munication), and is in agreement with recent suggestions about the specificity of poly- 
glycosidases (9). Accordiilg to this view, cellobiose is a product consistent with cellulase 
action since it is liberated by attaclt on alternate 4-substituted P-D-glucosyl units (which 
become reducing-end units), but the non-reducing end unit in the ditner is itself not sub- 
stituted a t  position 4. In similar fashion, larniilaribiose should be fornled by attaclt on 
alternate P-D-glucose units linked through positions 1 and 3 to  adjacent units, but should 
itself be stable because the non-reducing end unit is not 3-substituted. I t  is not incon- 
ceivable, therefore, that the polyglucails contain a small proportion of sequences such as 

VII, and that cellobiose (VIII) is derived by attaclt a t  (c) (with actual cleavage of a 
(1 -+ 3) bond) whereas laminaribiose (IX) arises from attaclt a t  (d) (with actual cleavage 
of a (1 -+ 4) bond). 

Lichenin and the cereal glucans are closely related in structure to cellulose in that they 
are coinposed pri~narily of (1 -+ 4)-linlted P-D-glucopyranosyl units. As pointed out by 
Hirst (12), these polysaccharides provide a good illustratioil of how slnall variations in 
structure can inarltedly influence the physical characteristics of such polysaccharides. 
The insolubility of cellulose is attributed ~nainly to the high degree of linear orientation 
and strong intermolecular bonding possible with a lnolecule of this type (Fig. l(a)).  
Replacement of a small percentage of the (1 -+ 4) bonds by (1 -+ 3) bonds "converts" 
this alkali-insoluble polymer into one readily soluble in water. This ~narked variation in 
solubility is perhaps understandable when the (1 -+ 3) bonds are seen to be distributed 
uniformly along the chains a t  intervals of three or four units, an arrangement (Fig. l(b)) 
which should greatly miniinize orientation effects such as are obtained in cellulose. 
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1. Representation (Drieding models) of a molecule of (a) cellulose, (b )  lichenin or the 
of oats and barley. 

EXPERIMENTAL 

The cellulase (obtained from Strepto~nyces Qi\I B814) and la~ninarinase (obtained from R. arrhizus Q&I 
1032) preparations were lyophylized powders, prepared by Dr. E. T. Reese. 

Analytical and preparative paper chro~natography was carried out using as  solvents: (A) ethyl acetate - 
pyridine -water (10:4:3) and (B)  ethyl acetate - acetic acid -water (9:2:2). 

Evaporations were carried out a t  40-45'. Optical rotations were illeasured a t  25&2O. Melting points are 
corrected. 

Isolation and Purification of Lichenin 
The isolation procedure was essentially that  described by Peat, Whelan, and Roberts (3).  A commercial 

sample of powdered Iceland moss was extracted exhaustively with 2% potassium carbonate to  remove 
tannins, and then twice with hot water. The water extract was frozen, then thawed, and the suspended gel 
collected by centrifugation. A vigorous!y stirred solution of the gel a t  50' (pH 6.5) was treated wit11 salivary 
amylase to  degrade the isoliche~~in, and the polysaccharide re~nai~l ing was precipitated out with ethanol 
and recovered. Yielcl, 101 g from 1 kg of moss. 

Crude lichenin (20 g )  was suspended in fornlamide (200 ml) with vigorous stirring, pyridine (200 ml) and 
acetic anhydride (100 rill) were added portionwise, and after 4 hours the reaction mixture was poured into 
ice water. The precipitated ~naterial was washed and dried, and reacetylated. Final yield, 24 g. The acetate 
(20 g) was extracted into acetone (600 ml) and fractional precipitation was carried out by gradual addition 
of light petroleum (b.p. 60-110"). Four fractions were obtained: (1) 6.0 g, [ a ] ~  -36"; (2) 2.3 g, [ a ] ~  -32"; 
(3) 1.4 g, [a]D -31'; (4) 4.7g, [a]" -29' (specific rotations ~neasured a t  27% concentration in chloroform). 

The acetates were deacetylated by clissolving them in  acetone and adding excess 0.2 iV potassiu~n 
hydroxide, the free polysaccharide being recovered, after acidification with acetic acid, by precipitatio~~ 
with alcohol. Deacetylated fractions 2, 3, and 4 were white, fibrous ~naterials, readily sol~ible in water a t  
4045". Compared on the basis of glucose content (each 92-95yo), periodate uptake, degree of enzymolysis 
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by cellulase and laminarinase, and chromatographic examination of the enzymolysis products, these fractions 
appeared to be sufficiently similar t o  warrant their recombination for use in the experiments described below. 
Fraction 1 contained a higher percentage of impurities and was less soluble, and was not examined further. 

Conzpariso?~ of Some P~operties of Lichenin with Tltose of Oat and Barley Glucans 
(a) Periodate Oxidation 
Lichenin was treated with two molar equivalents of sodium periodate a t  19' in the darl:. The periodate 

consumption (moles/mole (hours)) was 0.49 (16), 0.57 (40), 0.61 (88), 0.65 (160), 0.67 (208). At 208 hours 
the yield of formic acid was 0.019 moles/mole. 

Oxidized under the same conditions, oat and barley glucalis gave periodate uptake data (moles/mole 
(hours)) similar to those reported earlier (4): for oat glucan, 0.58 (40), 0.61 (88), 0.74 (160), 0.76 (208); for 
barley glucan, 0.59 (40), 0.66 (88), 0.77 (160), 0.79 (208). 

( 6 )  Enzymolysis 
Each polysaccharide (20-25 mg) in water (2  ml) was treated a t  4 j0wi th  the enzyme preparation (cellulase 

or laniinarinase, 5 mg). The copper-reducing power of the digest was esse~itially constant in each experiment 
within 5 hours' reaction time, the values (calculated as percentage of glucose) then being: 

Cellulase Laminarinase 

Lichenin 35.6 27.0 
Oat glucan 37.6  26.9 
Barley glucan 34 .8  29.2 

Each digest was heated on the steam bath for 10 minutes, concentrated, and chroiilatographed on 
Whatman No. 1 paper, using solvent A. The various conlponents detected were eluted with water and 
estimated (Table I )  with Nelson's reagent (13), using as standards cellobiose and trisaccharide I for the 
cellulase experiments, and laminaribiose and trisaccharide IV for the laminarinase experiments. 

Degradatio?~ of Lichenin with Cellulase 
Lichenin (1.0 g)  in water (100 ml) was incubated a t  44' with cellulase (0.12 g) for 5 hours. The digest was 

heated on the steam bath for 10 minutes, filtered, and the filtrate was concentrated and chromatographed 
on Whatman No. 3 M M  paper sheets. The chromatograni was developed, first with solvent B and then 
with solvent A. The major products detected were eluted with water, and the eluates were purified by 
treatment with mixed-bed ion-exchange resins. 

0-8-D-Glucopyranosy1-(1 -+ ~)-O-~-~-g/2rcopyranosyl-(l -+ 4)-a-D-glucopyranose (I) 
The trisaccharide fraction (0.5 g) crystallized and was recrystallized from water-ethanol; m.p. 229-23l0, 

[a]D 18.7' -+ 13.0' (c, 1.4, 1320). Calculated for CISHO~OIS: C, 42.8676; H ,  6.39%; molecular weight, 502. 
Found: C, 42.80%; H,  6.457;; molecular weight (vapor pressure os~lionletry (14), in water), 481. 

On acetylation with acetic anhydride - sodium acetatc a t  95', the compound afforded a derivative, m.p. 
121-123", undepressed by admixture with the 8-undecaacetate of trisaccharide I. 

An amorphous sample of I ,  obtained earlier from oat glucan (4), was induced to crystallize by seeding 
with the current crystalline material, and the identity of the two trisaccharide preparations was shown by 
a comparison of X-ray powder diagrams. 

  he tetrasaccharide fraction (0.15 g) was chromatographically homogeneous. However, degradation of 
a portion of this material by the procedure described previously (4)-involving lead tetraacetate oxidation, 
reduction, and partial hydrolysis-afforded two products, one corresponding chro~natographically to 
2-0-0-D-laminaribiosyl-D-erythritol (major component) and the other to  2-0-8-D-cellobiosyl-D-erythritol 
(minor component). This finding showed that a t  least two tetrasaccharides were present. 

After prolonged storage in water-methanol the tetrasaccharide fraction afforded crystalline material 
(65 mg) which was recrystallized from the same solvent, m.p. 223-226". This product served as seed for 
crystallization of an amorphous preparation of tetrasaccharide I1 ([a]~+19.8"),  characterized earlier (4), 
the identity of the two products being shown by a conlparison of X-ray powder diagrams. Calculated for 
C?4H4202~.H20: C, 42.10y0; H ,  6.48%. Found: C, 41.80%; H ,  6.6570. 

O-8-~-Glzicopyranosyl-(l -+ 3)-0-8-D-glucopymnosyl-(1 44) -0-0-D-glzlcopy~anosyl-(1 -+ ~ ) - ~ ~ - D - ~ ~ Z L C O ~ ~ Y U ? Z O S ~  
(111) 

The supernatant solution remaining after the isolation of 11 afforded a second product which, after three 
recrystallizations from water-methanol, had m.p. 187-188'; this product was found to be the dihydrate of 
111 (4) by mixed melting point and from its X-ray powder diagram. 
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Degradation of Lichenin with Laminari+tase 
Lichenin (0.14 g) in water (15 ml) was incubated a t  44' with la~ninarinase (25 mg) for 6 hours. The digest 

was heated a t  95' for 10 mi~lutes, concentrated, and chromatographed on Whatinan No. 3 M&I paper 
sheets using solvent A. 

O-8-~-Glucopyra+zos~~l-(1 4 4)-0-8-D-glz~copyranosyl-(1 4 3)-or-D-glucose (I V) 
The eluted trisaccharide fraction, after purification with mixed ion-exchange resins, crystallized and 

was recrystallized fro111 water-ethanol; m.p. 236-239",  or]^ 16.5' 4 11.7" (c, 1.5, H2O). Calculated for 
Cl~H32016: C, 42.86%; H, 6.39%; molecular weight, 502. Found: C, 42.81%; H, 6.47%; molecular weight 
(vapor pressure osmometry, in water), 480. The X-ray powder diagram was indistinguishable from that of 
trisaccharide IV, obtained previously as amorphous material from oat glucan (4) but which also has now 
been crystallized (1n.p. 234-237"). 

The authors express their deep appreciation to Dr. E. T. Reese for his kiild~less in 
providing the enzyine preparatio~ls used. They also thanl; Mrs. J.  Nuttall for able 
technical assistance. Microa~lalyses were perforined by Mr. All. Mazurek. X-Ray powder 
diagrains were prepared by RiIiss I. Gaffney and Mr. W. Haid. 
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PHOTOCHEMICAL SYNTHESES 
2. THE IRRADIATION OF ACENAPHTHENE WITH BENZIL 

P. DE MATO AND A. STOESSL~ 
The Departnzent of Clrenlistry, Uttioersity of TVestert~ O~itario, London, Ontario 

Received Septelnber 15, 1961 

The irradiation product of acenaphthene and benzil described by Oliveri-Mandald, 
Giacalone, and Deleo has been sho\v~l to have the structure (111) and not that  of the cyclo- 
butane derivative (11, R = H )  origi~lally proposed. The main product obtained by the action 
of acetic anhydride and sulphuric acid on (111) is not the result of an acetylation process, 
but is the sultone (IV). 

The irradiation of hydrocarbons, which are capable of giving stable radicals by hydrogen 
abstraction, in the presence of carbonyl compounds has been shown to give carbinols 
(2, 3). Cyclohexene and acetone, for instance, give cyclohexenyldimethylcarbii~ol (I). 
The reported irradiation ( I ) ,  ill sunlight, of such a hydrocarbon, acenaphthene, in the 
presence of a dilcetone was, therefore, of some interest. The product isolated had an 
analysis correspo~lding to 1 : l  addition, and structure (11, R = H)  was proposed on the 
basis of diacetate (11, R = Ac) forination on acetylation with acetic anhydride and 
sulphuric acid. Acetic anhydride and pyridine had no action. If correct, this scheme 
could well provide a new route to syntheses in the cyclobutane series. 

The formation of (11, R = H) lvas a priori not unreasonable since the expected initial 
product (111) might well cyclize, such an intramolecular reaction being u~lesceptio~lal 
(4). However, the formati011 of a simple diacetate seemed surprising under conditions 
of such acidity. Such a strained molecule sl~oulcl provide ailiple opportunity for acid- 
catalyzed rearrange~nent and a nuiltber of mechanistica1l~- credible routes call be en- 
visaged. Furthermore, the main product of the acetylatio~l process was a substance for 
which no enipirical formula was proposed and which was orange-red in color. Since no 
simple transformation product of (11, R = H)  should be so colored the preparation of 
the irradiation product was repeated. 

Irradiation of benzil and acenaphthene in benzene solution using, however, an  ultra- 
violet lamp, gave the desired product with properties as previously described (1). The 
structure (11, R = H)  was shown to be untenable since the infrared spectrum revealed 
bands in the carbonyl and hydroxyl region a t  1669 and 3460 cm-I compatible with 
those expected for a benzoin. The alternative structure (111) seemed, therefore, very 
probable and its correctness was established by the followi~lg experiments. 

Reduction of (111) with sodium borohydride gave the corresponding diol showing no 
carbonyl absorptioil in the infrared. This was further characterized as a monoacetate. 
Cleavage of the diol with periodic acid then gave benzaldehyde (characterized as the 
2,4-dinitrophenylhydrazone) and benzoylacenaphthene. The  latter substance had the 
expected absorption in the infrared and ultraviolet. In addition the n.m.r. spectrum 
showed a typical ABX pattern for the three non-aromatic hydrogen atoms. (JAB 17.2, 
JAX 4.7, JBs 7.9 c.p.s.; 7, 6.46, 6.12, and 4.62). However, since the literature (5) records 
a substance purporting to be I-benzoylacenaphthene with a nlelting point differing from 

'Present address: Pesticide Research Institute, Canada Departntettt of Agriczilture, U7ziversity Sub Post 
Ofice, London, Ontario. 
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that of the degradation product by 60°, the ltetone was converted to l-benzylidine- 
acenaphthene identical with a specimen prepared by a Grignard synthesis from acenaph- 
thenone. The structure of the hydrocarbon was confirmed by ozonolysis to benzaldehyde 
(isolated as the 2,4-dinitrophenylhydrazone) and by quantitative hydrogenation to the 
oily 1-benzylacenaphthene, which had the expected spectroscopic properties and yielded 
a crystalline picrate. In addition, heating the benzoylacenaphthene with sodium ethoxide 
a t  180" in the presence of hydrazine resulted in bond cleavage and the forn~ation, by 
dealdolization, of acenaphthene, together with benzoic acid presunlably derived by a 
Canizzaro reaction from the first-formed benzaldehyde. The nature of the earlier sub- 
stance, prepared by the irradiation of benzaldehyde and acenaphthene, remains in 
doubt. No analysis or properties other than the melting point were recorded. 

Treatinent of (111) with acetic anhydride and sulphuric acid gave the orange-red main 
product as described by the Italian workers ( I ) .  We were unable, however, to isolate 
any substance corresponding to the supposed "diacetate" even by chromatography. The 
original isolation involved hand picking of crystals and the recorded analysis for this 
substance (only carbon and hydrogen reported) lies midway between the starting material 
and the main product, as does, indeed, the melting point. I t  is therefore possible that 
it was a mixture. 

The original carbon and hydrogen analysis for the orange-red substance was con- 
finned. No band attributable to a carbonyl group was visible in the infrared spectrum. 
The low value for hydrogen inlinediately suggested that some elen~ent other than carbon, 
hydrogen, or oxygen might be present. In fact, analysis for sulphur established the 
empirical formula C26H1603S. The condition of genesis of the substance suggested un- 
saturated sultone formation (6) and on mechanistic grounds the structure (IV) seemed 
probable. I ts  correctness was established in the following way. 

Hydrolysis of (IV) with aqueous alcoholic sodium hydroxide gave 1 il~olecule equiva- 
lent of benzoic acid together with the sodium salt of a yellow sulphonic acid formulated 
as (V). Its formation may be rationalized as a 8-addition of water to the unsaturated 
sultone followed by either cleavage of the 8-lteto, a-fi unsaturated acid, or dealdolization 
to the mixed anhydride followed by hydrolysis. Ozonolysis of (V) followed by treatmeilt 
with base gave, by condensation of the intermediate 1,5-diketone (VI), the known hydroxy- 
perinaphthenone (VII), which was identified by coil~parison with an authentic speciinen 
(7) and by ozonolysis to naphthalic anhydride (VIII). 

ESPERIMENTAI, 

hlelting points were talien on the ICoRer hot stage. Ultraviolet spectra were determined in 95% ethanol 
and infrared spectra as Nujol mulls. 

Irradiation of Beltzil and Ace~zaplztlzcne 
Benzil(15 g)  and acenaphthene (11 g)  in benzene (50 ml) were irradiated i n  a pyrex flasl; under nitrogen 

with an 85 w HC3 (Hanovia) lamp. After 2 days the precipitate was collected (1.28 g)  and crystallized 
from ethyl acetate to give the adduct, m.p. 237-239" (lit. 234"). Calc. for C.cH?oOa: C, 83.69; H, 5.53%. 
Found: C, 85.33; H,  5.35%. The substance showed A,,, 228 nip ( B ,  64,000) in the ultraviolet. 
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- 

(VI) (VII)  (VI I I )  

Redzlction of tlze Addz~c t  to tlze Diol 
The adduct (102 mg) in dioxan (5 ml) was treated with a solution of sodiuin borohydride (21 mg) in 

methanol (5 ml) a t  10'. After 1 hour, the mixture was poured onto ice water and the product isolated 
with chloroforin containing nlethanol. The combined extracts were washed with water and dried (Na2S04) 
and the solvent removed to give, after crystallization froin methanol, the diol, 111.p. 222-224". Calc. for 
CzaHzz02: C, 85.21; H, 6.05%. Found: C, 85.12; H, 6.3270. The substance showed A,,, 230 lnp ( a ,  64,000). 

Acetylation (acetic anhydride - pyridine a t  5 5 O  for 20 hours) of the diol (29 mg) gave the monoacetate, 
n1.p. (from ethyl acetate) 264-266'. Calc. for CZSH2.103: C, 82.33; H ,  5.92%. Found: C, 81.96; H ,  6.13%. 

Periodate Oxidat io?~ oj the Diol 
T o  the diol (25.4 mg) in ethyl acetate (3 1111) and methanol (6 1111) was added aqueous periodic acid 

(0.4 N; 2 ml) and the mixture allowed to stand overnight. The mixture was then stearn distilled (after 
reduction of excess periodic acid with arsenite) and the distillate treated with 2,4-dinitrophenylhydrazine 
in hydrochloric acid. The precipitate (81 % yield) was identified as beilzaldehyde 2,4-dinitrophenylhydrazone 
(m.p. and mixed m.p. 236-240') by comparison with an  authentic specimen. 

In a similar experiment on a larger scale (120 mg) the oxidizing mixture was allowed to stand 64 hours. 
After dilutioi~ with water the mixture was extracted with benzene and the isolated benzoyl acenaphthene 
crystallized froin methanol and from ethyl acetate (charcoal), with n1.p. 137-138.5'. Calc. for Cl0H140: 
C, 88.34; H, 5.46%. Found: C, 88.56; H, 6.00%. The ketone (36 mg) when heated in a sealed tube a t  
180" in ethanol (1.25 ml) containing sodiuin (85 mg) and hydrazine ( 1  ml) (Wolff-IGshner conditions) 
gave, by isolation with benzene and sublinlation, acenaphthene (12 mg), identified by melting point and 
mixed melting point, with an  authentic specimen. Acidification of the aclueous phase and steam distillation 
gave, after extraction and crystallization from water, benzoic acid (7 ing), identified by n1.p. and mixed 
m.p. 

I-Benzylidine-acenapl~tlzene 
(a )  From I-Benzoylacenaphtlzene 
The ketone (49 mg) \vas reduced with sodium borohydride as described above. The syrupy product was 

transferred to a Dean and Stark apparatus and refluxed overnight in toluene (100 ml) containing p-toluene- 
sulphonic acid (200 mg). After it was washed with sodium hydroxide solution and water, the solution was 
evaporated under reduced pressure and the residue chromatographed on aluinina (Broclcmann Grade 1, 
5 g). Light petroleun~ eluted a gummy fraction (15 ing) which, on hydrogenation, afforded l-benzylace- 
naphthene (see below) identified by infrared spectrum and by m.p., mixed m.p., and infrared spectrum of 
picrate. Further elution of the column with benzene in light petroleum (1:9) furnished a crystalline com- 
pound (25 mg) which, after repeated recrystallization from acetone, was identical in all respects with a 
synthetic specimen of 1-benzylidineacenaphthene. 
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(b )  F ~ o n l  Acenaphtker~o,ze 
Benzyl Grignard reagent was prcpared from Mg (360 mg) essentially as described by Xdkins and Zart- 

mann (8). T o  the cooled ethereal solution was added acenaphthenone (9) (2.1 g )  in cold dry benzene 
(18 rill) and the mixture was stirred a t  ice-temperature (10) for 2 hours, and for a further 1.5 hours while 
i t  was allowed to reach room temperature. The colnplex \\,as decomposed with ice-cold hydrochloric acid 
(6 N; 100 nil) and the product isolated in the usual way as a syrup. A portion (950 n ~ g )  was intimately 
]nixed with boric acid (925 nig) and heated a t  160' for 30 minutes (11). The mixture was extracted with 
light petroleunl and the extracts chro~natographed on aluniina (50 g). 

Elution with light petroleum gave a yellow oil (473 nig) which was retained (fraction I). Elution with 
benzene - light petroleun~ (1:4) then gave an orange oil (fraction 11) (92 mg) which crystallized slowly 
from ethyl acetate. Repeated crystallization from acetone gave a product having a melting point of 98.0- 
98.5". In a siniilar experiment fraction I1 was sublimed i n  Z I ~ C Z L O  a t  110' to  give material which, on crystal- 
lization fro111 acetone, was identical with tha t  obtained by chromatography. Found: C, 93.66; 13, 5.77%. 
Calc. for: C19Hll: C, 94.18; H,  5.827i. The substance showed A,,, 246 mp (e, 27,000) in the ultraviolet. 

I-Benzylacenaphtkene 
( a )  1-Benzylideneacenaphthene (11i.p. 98-98.5') (15.5 mg) in ethyl acetate (5  ml) was hydrogenated in 

the presence of palladized charcoal (5%; 15 mg) with the ~~p ta l ce  of 0.94 niolecule equivalent of hydrogen. The 
resultant oil was idelltical in every respect with that described under (b) below, and gave an identical picrate. 

( b )  Fraction I (473 mg) obtained from the boric acid treatment described above was hydrogenated in 
the presence of palladized charcoal with the uptake of 1 ~nolecule equivalent of hydrogen. The oily product 
was cor~verted, in ethanolic solution, to  the picrate (618 mg) m.p. 81-82" unchanged by further crystal- 
lization from alcohol. Found: C, 63.42; I-I, 4.31; S, 8.90%. Calc. for C?jH1907N3: C, G3.42; H, 4.04; N, 8.88%. 
The picrate (320 mg) was filtered through a colunln of alumina (8 g )  and the column washed with benzene. 
Isolation of the cluted hydrocarbon and sublimatio~l gave benzylacenaphthene as  all oil, A,,, 228 111p 
( t ,  78,500), ? L D ~ ~  1.6409. Found: C, 93.20; H ,  6.45%. Calc. for ClsHls: C, 93.42; H ,  6.607G. 

Ozonolysis of I-benzylidet~eacenapklhene 
The crystalline hydrocarbon (20 nlg) in ethyl acetate (2 1111) was treated with a stream of ozone a t  -10' 

for 10 111inutes and the residue distilled from water containing a few drops of dilute sulphuric acid and a 
little Zn dust. The distillate was treated with 2,4-dinitrophenylhydrazine in dilute sulphuric acid and the 
precipitate (10 mg), purified by chromatography on bentonite-celite (1:l by volume) and crystallization 
from benzene, was identified as  the benzaldehyde derivative by tlielting point and 11iixed melting point. 

Treattnent of the Addz~ct  (111) with Acetic Anhydride 
The adduct (0.49 g )  was suspended in acetic anhydride (3  ml) and sulphuric acid added dropwise with 

shaking until the solid had dissolved (about 10 drops). After 24 hours the precipitate (240 mg; 1n.p. 184- 
190") was collected and crystallized from ethyl acetate to  give the sultone, m.p. 190-191.5". (Oliveri-Mandali 
el al. (1) give 187-188".) Calc. for C26Hla03S: C,  76.45; I-I, 3.95; 0 ,  11.75; S ,  7.85Yo. Found: C, 75.87, 76.26; 
H,  3.72; 4.16; 0 ,  12.30; S, 7.97%. The substance showed A,,, 450, 384, 366, 346, 289, 238 (inf) (e, 6,200, 
14,600, 15,100, 13,900, 11,700, and 14,000 respectively) in the ultraviolet. 

Careful examination of the nlother liquor in the nianner previously described ( I ) ,  and by chro~natography 
failed to  reveal any trace of the substance, m.p. 195-196", reported by Oliveri-Mandald et al. (1). 

I Iyd~olys i s  of the Sultotze ( I V )  
The sulto~ie (999 mg) was rcfluxed in aqueous ethanol (80%; 800 ml) containing sodium hydroxide 

(32 g) until solution was complete (1  hour) and 1 hour further. After acidification the product was isolated 
by ex-tractio~i with ethyl acetate. This was washed with saturated s o d i ~ ~ n ~  sulphate solution and colicen- 
trated to  70 nil. The lower aqueous layer which separatcd \vas then further extracted with ethyl acetate 
and the organic phases dried over sodi~nn sulphatc,2 evaporated to  dryness, and added to  a silica column 
(50 g )  in benzene. Elution with chloroform gave benzoic acid (317 mg, 1.06 iiiolecule equivalent) identified 
by  melting point and niixecl tilelting point and infrarcd s p e c t r ~ ~ m  with an authentic specimen. 

Elution of the colunui with ethanol-chlorofor~n (1:4) gave a crystalline mixture. This was extracted 
with boiling ethyl acetate and the residue crystallizcd froni ethanol to  give the sulphonic acid sodium 
salt (V), m.p. 280' (deconip.). Calc. for C1~H1303SNa.:H~O, C, 64.56; H,  3.99; S ,  9.07; Na2S04, 20.117;. 
Found: C, 64.16; 11, 3.93; S ,  8.92; ash (sulphated), 20.12%. The substance showed A,,,,, 350, 343, 328, 
314, 264, 251, 233 mp (e 6,700, 6,700, 13,900, 9,200, 3,600, 2,800, 30,600 respectively) in the ultraviolet. 

Oeonolysis of the Sulpkonic Acid,  S o d i u n ~  Salt ( V )  
The sodiulil salt (49.5 nig) in ethanol (5  nil) was treated with a strealii of ozone a t  -20' until the yellow 

color was discharged (about 10 minutes). I-Iydrogeli peroxide (30%; 0.25 ml) was added, followed by 
sodi~lm hydroxide solution (10YG; 1 nil) and the mixture refluxed 30 111inutes. After acidificatioli the orange- 
yellow precipitate (18.4 ~ n g ,  m.p. 218-221") was rccrystallized froni ethyl acetate to give 3-hyclroxy-2- 
phe~iylperiliaphtheno~le, m.p. 219-22l0, undepressed 011 admixture with all authentic specimeli. The infra- 
red spectra \\.ere superposable. 

2 T l ~ e  sulphonic acid, being a strong acid, exchanged with the sodium szdphate, probably on drying. 
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Ozonolysis of S-Hydrosy-2-phenylpe1.inapIztIzenol2e 
'I'he perinaphthenone, 18.4 mg, in alcohol (10 rill) mas treated with ozonized oxygen a t  ca. -25' until 

just colorless. Water (100 ~ n l )  containing sodium hydroxide (80 nlg) and hydrogen peroxide (30%; 0.2 ml) 
was added and the solution was concentrated on the steam bath to ca. 5 n ~ l ,  cooled, and acidified. The 
precipitate was collected and crystallized from acetic acid containing a drop of acetic anhydride to furnish 
naphthalic anhydride (9.0 mg), m.p. and mixed m.p. 270-271°, further identified by the infrared spectrum. 

The aqueous filtrate from which the naphthalic anhydride had separated was extracted with ether 
(3x10  ml). Evaporation of the extracts and sublimation of the residue followed by recrystallization from 
water gave benzoic acid (3.5 mg), n1.p. and mixed m.p. 120-122'. 
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METAL OXIDE ALKOXIDE POLYMERS 
PART IV. T H E  HYDROLYSIS OF SOME TANTALUM ALKOXIDES' 

D. C. B R A D L E ~  AND H. HOLLOWAY~ 
Tlze Departlnent of Chemistry, Birkbeck Colle,oe, London,  W . C . l ,  England 

Received June 21, 1961 

ABSTRACT 

Ebulliometric studies on the hydrolysis of tantalum pentaallcoxides Ta(OR)o, where 
R = Me, Prn, Bun, and Bu" have furnished important data on the polymeric nature of 
tantalum oxide allroxides. It  is shown from the variation of number-average degrees of 
polymerization as a function of degree of hydrolysis that the polynlers conform to certain 
structural models. The structural models involve 6-co-ordinated tantalum. 

INTRODUCTION 

Recent work on the controlled hydrolysis of the tetraallcoxides of titanium (1, 2) and 
zirconium (3, 4) has revealed that  the polynleric metal oxide alkoxides thus formed 
conform to certain structural models based on octahedral 6-co-ordination of the metal. 
These structural models give rise to unique equations describing the dependence of the 
number-average degree of polylllerization on the degree of hydrolysis. A remarkable 
feature of these series of co-ordination - condensation polymers is that  for a given degree 
of hydrolysis the number-average degree of polymerization is independent of the distribu- 
tion of polymer sizes. The fundamental nature of these structural models was fore- 
shadowed by our results on the products of hydrolysis of tantalum pentaethoxide in 
which the quinquevalent metal also appears to assume a co-ordination number of six. 
The introduction of a single parameter, namely the proportion of tantalum atoms con- 
forming to  one of the two appropriate structural models, was sufficient to define the 
number-average degree of polymerization as a function of degree of hydrolysis over a 
considerable range of hydrolysis. In order to  test further the validity of the theory we 
have extended the worlt to include the hydrolysis of other tantalum pentaalltoxides 
which were amenable to study by the ebulliolnetric technique. We now report the results 
of the hydrolysis of the followiilg alkoxides: Ta(OR)5, where R = Me, Pr", Bu", and Bus. 

EXPERIMENT-AL AND RESULTS 

Preparation of Tantalum illkoxides 
The pentaallcoxides were prepared using previously described procedures (6, 7) based 

on two methods: (i) the reaction involving TaCl5 and the appropriate aicohol in the 
presence of excess of ammonia, (ii) alcoholysis of a lower alkoxide. We found that  tantalum 
penta-sec-butoxide could be synthesized by the alcoholysis involving tantalum penta- 
methoxide and excess sec-butanol in benzene. Reinoval of the liberated methanol was 
achieved by fractional distillation of the lninilnunl boiling binary azeotrope MeOH/CGHG. 
This result was of interest since Bradley et al. (8) have reported that  tantalum penta- 
isopropoxide cannot be obtained by alcol~olysis of the pentalnethoxide because the reaction 
ceases with the formation of the stable mixed alltoxide Ta(OMe)(OPri)4. 

'For  Part  111, see ref. 4. 
?Present address: T h e  University ~f Western Ontario, Lolzdon, Ofzlario. 
3Present address: Post Of ice  Research Station, Dollis H i l l ,  London,  N. W.2, Englaizd. 
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BRADLEY AND HOLLOWAY: METAL OXIDE ALKOXIDE POLYMERS. IV 

Drying of the Alcohols 
I iWethano1 

i Absolute methanol was refluxed over magnesium inethoxide for 4 hours and distilled. 
The distillate was kept in contact with "molecular sieve" granules in an all-glass apparatus 

I 

I and samples were withdrawn under an atinosphere of dry nitrogen. 
I 
I Propanol 
I Commercially available n-propanol was dried and purified by "azeotropic drying" 

after the addition of benzene. The water was removed as the ternary minimum boiling 
azeotrope PrnOH/C6H6/H20, b.p. 69" C, and then the benzene as the binary azeotrope 
PrnOH/C6HG, b.p. 89" C. Fractionation was carried out a t  a very high reflux ratio in a 
Podbielniak column (150 cm long) with an efficiency of approxin~ately 80 theoretical 
plates. The pure n-propanol was stored in contact with inolecular sieve (Linde type 4A, 
previously dried a t  210" C a t  0.01 inin for 16 hours). The molecular-sieve drying apparatus 
consisted of a glass column (120 cm X2.5 cm diameter) surmounted by a reservoir (approx. 
1 liter) and fitted with a grease-free ground-glass tap a t  the base of the column. 

n-Butanol and sec-Butunol 
Since these alcohols do not form ternary azeotropes with benzene and water the 

I "azeotropic drying" was effected by the addition of ethanol, followed by fractional 
distillation to remove, in turn, the ternary azeotrope EtOH/C6HG/H20, b.p. 65" C ;  the 

I 

I binary azeotrope EtOH/CBHG, b.p. 68" C ;  and the remaining benzene, b.p. 80" C. Finally 
the butanol was distilled into a molecular-sieve colunln and dispensed under dry nitrogen. 

The water content was shown in all cases to be less than 0.005% by the Karl Fischer 
method. 

Ebz~lliometric Technique and Results 
An all-glass ebullio~neter using a differential water thermometer was used as described 

in Part  I1 (5). The alkoxides were freshly distilled in  vacz~o immediately prior to the 
ebulliometric hydrolysis. 

Tuntalum ildethoxide 
Three separate experiments, each involving several additions of solute, were carried 

out on the determination of the molecular weight of tantalum pentamethoxide in boiling 
methanol. The elevation of the boiling point was a linear function of solute conceiltration 
within the probable experiinental error over a wide concentration range (0.0195-0.330 
g-mol./kg methanol). The three values for the number-average degree of polymerization, 
1.78, 1.75, 1.74, gave an average of 1 .76 f  0.02. This value is significantly higher than 
that reported earlier (6). 

The results of the ebulliometric hydrolysis of tantalum inethoxide in two seperate 
experiinents are reported in Table I ,  where n is the observed number-average degree of 
polymerization of the tantalum oxide methoxide of degree of hydrolysis h (number of 
g-11101. 1H20 per g-atom Ta).  No precipitation was observed in these experiments, which 
were terminated when the elevation of the boiling point became too low to be ineasured 
with reasonable accuracy. 

Tantalz~m n-Propoxide 
Two separate determinations of the molecular weight of tantalum penta-n-propoxide 

in n-propanol, each involving several additions of solute over a range of concentration 
(0.02-0.12 g-mol./kg), gave values of 1.62 and 1.57 for the number-average degree of 
polymerization for the alkoxide. The average value 1.59f-0.03 was taken. There was no 
evidence of concentration dependence of the molecular weight over the wide range of 
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TABLE I 
-- - - 

Initial concentration of Tan(O+Ie)lo = 0.157 g-mol./kg 

h 1.34 1.43 1.51 1.65 1.74 
2 12.0 14.3 19.9 20.5 20.9 

Initial concentration of Ta?(OMe)io = 0.165 g-mol./kg 
h 0.082 0.169 0.299 0.424 0.530 0.625 0.747 0.875 
n 1.83 1.98 2.23 2.53 2.83 3.09 :3.67 4.4 ' i  
n 1.85 1.98 2.30 2.47 3.75 3.06 3.59 4.38 

concentrations studied, although the non-integral value of n shows that  more than one 
species nlust be present. The results of two ebullio~netric hydrolyses are recorded in 
Table 11. No precipitation was observed but the experiments were terminated a t  h > 1.6 

TABLE I1 

Initial concentration of Ta?(OPrn)lo = 0.075 g-mol./kg 

h 0.161 0.423 0.677 0.847 1.061 1.395 1.55 
n 1.73 2.10 2.67 3.27 4.49 7.01 7.20 
I 1.73 2.10 3.64 3.27 4.49 

Initial concentration of Tap(OPrn)lo = 0.0745 g-mol./kg 

when characteristic fluctuations in the thermometer reading indicated the presence of 
traces of water. 

Tantalum sec-Butoxide 
Two separate deter~ninations of the molecular weight of Ta(OBuY5 in boiling sec- 

butanol gave number-average degrees of polyn~erization of 1.08 and 1.06. The mean 
value of 1.07&0.01 was talten for subsequent calculations. The measure~nents were made 
over a concentration range of approximately 0.0073-0.052 g-mol./kg and no evidence 
for a concentration dependence of molecular weight was detected. The results of two 
ebullio~netric hydrolyses are recorded in Table 111. No precipitation was observed but 
fluctuatio~ls of the thermometer reading a t  h > 1.6 indicated the presence of traces 
of water. 

TABLE I11 

Initial concentration of Ta(OBua)5 = 0.0982 g-mol/kg 

Initial concentration of Ta(OBu8)5 = 0.0861 g-mol./kg 
h 0.130 0.269 0.412 0.540 0.660 0.833 
IZ 1.22 1.39 1.54 1.70 1.90 2.26 
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Tantal~im n-Butoxide 
Separate determinations of the molecular weight of Ta(OBun)6 over the concentration 

range 0.00398-0.0308 g-mol./kg gave values of 1.34 and 1.37 for the number-average 
degree of polymerization, with no indication of concentration effects. The average value 
of 1.36A0.02 was taken. In the ebulliometric hydrolysis of Ta(OBu7q5 it was found that 
the addition of aqueous 12-butanol to the boiling solution of the tantalum compound 
caused an immediate increase in the elevation of the boiling point (AT). This was followed 
by a slow decrease in AT until a steady value mas reached which was lower than the 
original value. This behavior was probably due to the partition of water between solution 
and vapor phases, coupled with a slow hydrolysis of Ta(OBu7')s. In the early stages of 
hydrolysis the time required to reach a steady value of AT after an increinent A12 - 0.2 
was about 45 ininutes but in the later stages hydrolysis was slower and over 90 minutes 
was required to  reach a steady AT. The ebulliometric measurelnents in boiling 12-butanol 
were less accurate than in the other alcohols due to technical problems caused by the 
high boiling point of n-butanol. Elaborate precautions against heat loss by the ther- 
mometer were required. Also, the water thermometer was so sensitive a t  this temperature 
that  random fluctuations in the temperatures of the two bulbs made accurate reading 
difficult. The results for two ebulliometric hydrolyses are recorded in Table IV. No 

TABLE IV 

Initial concentration of Ta(OBun)s = 0.0617 g-mol./kg 
h 0.300 0.659 0.838 1.26 1.46 1.71 1.95 
n 1.45 1.75 2.02 2.84 3.36 3.59 3.74 
n,,], 1.46 1.74 1.93 2.58 

Initial concentration of Ta(OBun)6 = 0.0798 g-mol./kg 
k 0.142 0.264 0.409 0.633 0.907 1.15 1.54 1.74 
IZ 1.37 1.41 1.50 1.59 1.90 2.36 3.33 3.51 
n 1.36 1.44 1.53 1.72 2.01 2.37 

precipitation was observed but a t  h > 2 addition of water produced an increase in 
AT which persisted for over 2 hours and indicated the presence of water. 

DISCUSSION 

Tantalzim Oxide Methoxides 
I t  is clear from the plot of n versus h in Fig. 1 that for h = 0-1.15, the tantalum 

oxide methoxides conform substantially to the bilinear polymer series based in structural 
model 11, as was found for the tantalum oxide ethoxides (5). However, it is also evident 
from the lower number-average degree of polymerization for tantalum pentamethoxide 
compared with the pentaethoxide that  a higher proportion of monomer species must be 
present in the tantalum oxide methoxide system. Following the procedure developed in 
Part I1 (5) we have talten all of the data from h = 0 to 1.15 inclusive and determined 
by the method of least squares the best fit for n-1 versus h. The equation n-I = 0.5721- 
0.3920h was thus derived and the coefficient of variation for the percentage error in 
n, U ,  = d [ Z  (1006n/n)2/(nz--l)] (where 6n = nCnlc-n, and nz is the number of points), 
for the 19 points was f 2.8y0. There were 13 changes in sign in 6n, showing tha t  the linear 
equation was statistically valid. Values of nCnlc from the least-squares equation are given 
in Table I. Examination of the errors (672 = ncnlc-n) showed tha t  the major contribution 
was caused by the last 3 points ( h  = 1.00, 1.13, and 1.15) and tha t  the coefficient of 
variation for the first 16 points was A1.6570, which is close to  the error (+1.270) in 
determining the molecular weight of tantalum methoxide. Moreover, extrapolation of 
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FIG. 1. The variation of n with h for tantalum oxide methoxides and oxide 11-propoxides: 0 ,  tantalum 
oxide ~nethoxides (Table I ) ;  0, tantalum oxide methoxides (Table 11); 0, tantalum oxide n-propoxides 
(Table 111); 9, tantalum oxide 11-propoxides (Table IV); curve 11, n = 6/(3-2h); curve IV, n = 2/(2-A). 

the least-squares equation for the tantalum oxide methoxides to lz = 0 leads to a value 
for no, the number-average degree of polymerization of tantalu~n methoxide, of 1.75, 
compared with the experimental value of 1.76~k0.02. Let us now consider the problem of 
which polymer series based on the solvated monomer Ta(OR/Ie)5,MeOH is present with 
model 11. The intercept n-l = 0.5721 (h = 0) shows that  a, ,  (5), the proportion of 
metal ato~lls in the dimer series, is equal to 0.856 (cf. 0.908 for the tantalunl oxide ethox- 
ides) but  this does not determine which monomer series is present. However, the slope 
d(n-l)/dlz is determined by which monomer species is present. Thus we showed for the 
tantalum oxide ethoxides (5) that  for a system involving a nlixture of the dirner series 
  nod el I1 with the monomer series model I11 the predicted slope was -0.3334, but  for the 
mixture of model I1 and the monomer   nod el IV the slope was - (0.5000-0.16(i7aII). 
Substituting the value of a,, in the last expression gives a calculated slope of -0.357 to 
be compared with the slope -0.393 obtained for the least-squares equation. Clearly the 
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experimental slope favors the inodel I1 - inodel IV system for the tantalum oxide meth- 
oxides. For values of h > 1.3 it is evident from Fig. 1 that  orI1 is decreasing as solvation 
becoines more extensive and inodel IV is favored. This type of behavior has also been 
noted in the oxide alkoxides of titanium (1, 2) and zircoiliurn (3, 4) and is believed to be 
due to the decrease in molar coilceiltratioil which results from the forination of higher 
polyn~ers. An interesting feature of the ebulliometric experiments on the hydrolysis of 
tantalum methoxide was the absence of precipitatioil even up to h = 1.94. Thus the 
inodel I1 polymer series predicts infinite polymers a t  h = 1.5 and these would presumably 
be insoluble. As in the case of the tantalum oxide ethoxides a t  h > 1.5 we suggest that  
disproportionation may be taking place, so that  h for the species in model (hII) is < 1.5 
(i.e. gives soluble species) while h Iv  > 1.5. The limitation will be that  h Iv  must not 
reach 2.0 since this inodel gives an infinite polyn~er a t  h Iv  = 2. I t  is noteworthy that  the 
deviations of the experimental points from curve I1 become very marked a t  around 
h = 1.6 and it seems liltely that  for h > 1.6 the hydrolysis is incomplete due to the forina- 
tion of Ta-OH bonds which are stable in solution. The presence of traces of water in 
this system would not cause the characteristic fluctuations of the thermometer readings 
noted in experiments involviilg the higher alcohols and would thus not be detectable. 

Tantalum Oxide n-Propoxides 
In Fig. 1 it can be seen that  the number-average degrees of polymerizatioil for tantalum 

oxide n-propoxides are between the values calculated for the dimer and moiloiner models 
from h = 0 to 1.06. However, the lower value of no (1.59, cf. 1.76 for the methoxide) 
suggests that  there should be a sillaller proportion of inodel I1 species than was found in 
the oxide methoxides. This low value of no is probably due to  the higher boiling point of 
n-propanol coinpared with methanol since it has been suggested (1, 2, 3, 9) that  a higher 
teinperature causes depolymerizatioil of the metal alkoxide co-ordination polymers and 
the metal is forced to maintain its higher co-ordination by the solvation mechanism. The 
experimental data  for n = 0-1.06 were treated by the method of least squares to  deter- 
mine the best straight line for the variation of n-' with h. The equation n-' = 0.6382- 
0.3838h was obtained and there were six changes of sign of 6n when the 11 points were 
arranged in ascending order of k ,  showing that the straight line was statistically valid. 
The values of n,,,, are given in Table 11. The coefficient of variation for the percentage 
errors in n was f1.83Y0, which is near the probable experimental error. From the intercept 
a t  h = 0 a value for no = 1.57 was obtained which is in good agreement with the value 
1 .59 f  0.03 obtained from the measurements on tantalum penta-n-propoxide. The inter- 
cept also corresponds to orI1 = 0.724 for the proportioil of model I1 species in the system. 
This value of orI1 leads to a calculated value of -0.379 for the slope d(n-')/dh, assuming 
that  the structural model IV is present with model 11, whereas for model I11 and model 
I1 the slope must be -0.3334. The least-squares value of the slope is -0.384, in good 
agreement wit11 that calculated for the participatioil of inodel IV. I t  appears from the 
data in Fig. 1 that  for 72 > 1.06 increasing solvation (decrease in orII) becoines quite 
marked and is greater than that  found in the tantalum oxide methoxides. The behavior 
of the therinoi~leter a t  72 = 1.6 indicated the presence of traces of water and there seems 
little doubt that  hydrolysis is incolnplete a t  h > 1.6. 

Tantalum Oxide sec-Butoxides 
Tantalum sec-butoxide was of special interest because it is practically monomeric in 

both benzene (no = 1.06) (7) and sec-butanol (no = 1.07). Since benzene could hardly 
be regarded as a good donor solvent it is assulned that  polyn~erization of the alltoxide 
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is prevented by the steric effect of the bulky alkoxide groups. Thus the tailtaluin penta- 
sec-butoxide has its tantalum predonzinantly in the 5-co-ordinated form in boiling benzene 
and this might still be true in boiling sec-butanol. However, in the latter solvent it  is 
possible that the inonoineric species is solvated as T ~ ( O B U " ~ , B U ~ O H  and the tantalum 
is 6-co-ordinated because steric effects are smaller in the solvated monomer than in the 
dimer. This is evident froin the drawings in Fig 2. For example, in the dimer the steric 

FIG. 2. Ta2(OR)lo and Ta(OR)5,ROH: 0,  Ta. 

effects are strongest in the bridging alkoxide groups 2 and 5 since they are equidistant 
froin six neighboring alkoxide groups. Next in steric effect are the four apical groups 7, 
8, 9, and 10, which are each equidistant froin five neighbors, while the least steric inter- 
action is experienced by the four terminal groups 1, 3,  4, and 6, which have oilly four 
nearest neighbors. In the solvated monomer the steric interaction must be considerably 
less because each alkoxide group has only four nearest neighbors. However, as a result 
of hydrolysis and the formation of T a . O . T a  groups (condensation polymerization) the 
alkoxide groups are progressively removed and the steric effects in the tantalum oxide 
sec-butoxides will be smaller than in the penta-sec-butoxide. In Fig. 3 we depict polymers 

FIG. 3. Ta606(OR)ls and '~a~02(01<)G,(ROl-I)~:  @, 'l'a; 0,  oxygen attached to Ta only. R g r o ~ ~ p s  onlittecl 
from OR groups. 

froill the dimer series nlodel I1  Ta606(OR)18, and the monomer series model I V  TasO?- 
(OR)6,(ROH)2, both having the same value of 12. Comparing first the moclel I1 polymer 
(Fig. 3) with the diiner (Fig. 2) we note that the proportion of highly hindered bridging 
alkoxide groups (2 and 5) is reduced from 1/5 in  to 1/9 in T ~ G O ~ ( O R ) ~ ~ .  
Moreover, the apical groups 7, 8, 11, 12, 13, 14, 17, and 18 have only four nearest- 
neighbor alkoxide groups and groups 9, 10, 15, and 1G have only three nearest neigh- 
bors comparecl with the apical groups in the dimer Tag(OR)lo, which have five. Also, 
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tlie terminal alltoxide groups 1, 3, 4, aiid 6 in Ta606(OR)18 liave only three iiearest- 
neighbor altoxides whereas in Ta2(OR)lo tlie teriiiiiial groups liave four iiearest iieigh- 
bors. Evideiitly the steric hiiiclraiice per alkoxide group to the foriliation of Ta0O6(OR),, 
will be coiisiderably s~naller than in Ta2(0R)lo and this release of steric strain is cuiiiu- 
lative as the degree of hydrolysis increases. There is also a decrease in steric iiiteractioii 
on passing from Ta(OR)5,ROH (all OR groups have four nearest neighbors) to the model 
IV polyiiier Ta202(OR) 6, (ROH) (all OR groups have three nearest neighbors). I t  was 
clear from this analysis of steric factors that the polyiiieric nature of the tantalulil 
oxide sec-butoxides might show some novel features. 

The variation of n with h for these coiiipounds is shown in Fig. 4 where it is clear 

, , , , , , , , , , , , , , , , , , ,  
0 0.1 0.2 0.3 0.1 0.5 O l i  a7 O a  0.9 10 1.1 1.2 0 I* 1.5 L 6  la Le 1.9 W 

k 
FIG. 4. The variation of n with R for tantalurn oxide sec-butoxides: A, frorn Table V; A, from Table VI ;  

curve 11, n = 6/ (3- -2R);  curve IV, n = 2/(2-h). 

that experimental points deviate away fro111 curve IV as h increases. A plot of n-I against 
h showed curvature a t  tlie lowest and also a t  the highest values of h, with an inter- 
mediate region (h = 0.3 to 1.3) which was approxiniately linear. 

Applyiiig the iiiethod of least squares to the data between h = 0.357 aiid h = 1.30 
inclusive gave the equation n-I = 0.857-0.494h. Extrapolatio~i to h = 0 for no resulted 
in the value of a11 = 0.286. Hence for a system consisting of models I1 and IV the 
calculated value of d ( r l ) / d h  is -0.45 compared with the least-squares slope of -0.49 
and the calculated slope of -0.33 for a systeiii consisting of models I1 and 111. Accord- 
ingly we conclude that over the range h = 0.36-1.3 the polymers conforin to the 
structural models I1 aiid IV. Values for a,, were then calculated for each value of n 
from h = 0 to 1.61 aiid the results are shown graphically in Fig. 5 .  The rapid initial 
increase in a11 is quite striking and suggests strongly that the increase in the proportion 
of the model I1 polymers is due to tlie relief of steric hindrance as the branched alltoxides 
are removed in the hydrolysis. The continued steady rise in a11 over the rest of the range 
is not surprising, since our analysis of the steric interactions in the iiiodel I1 series of 
polymers showed that the steric hindrance beconies steadily less with increase in the 
degree of hydrolysis. However, i t  would be expected that as  the bilinear polymer became 
large the steric factor would gradually become constant. Unfortunately our ebullio- 
metric investigations were limited by the detection of water in the system a t  h > 1.6 
presuiiiably due to irico~iiplete hydrolysis. 
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FIG. 5. The  variation of a11 with h  for tantalum oxide sec-butoxides. 

Tantalum Oxide n-Butoxides 
Tantalum penta-n-butoxide is dimeric in boiling benzene whereas in boiling n-butanol 

no = 1.36f 0.02. I t  seems reasonable to  assume tha t  the lower value in the alcohol is 
a result of solvation and tha t  a considerable proportion of the mononler species is 
present. The results shown graphically in Fig. 6 indicate tha t  the tantalum oxide 

FIG. 6 .  The variation of n with k for tantalum oxide n-butoxides: ., from Table 1/11; 0 ,  fro111 Table 
VIII;  curve 11, n = 6 / ( 3 - 2 h ) ;  curve 111, n = 3 / ( 3 - h ) ;  curve IV, n = 2 / ( 2 - h ) .  

n-butoxides contain a considerable proportion of polymers based on the model I11 or 
model IV series together with the model I1 polymers. However, a plot of n-1 versus h 
showed some unusual features. For example, there was pronou~lced curvature a t  both 
ends of the graph whilst in the middle section the scatter in the points was rather marlted, 
with the values from one experiment following a slightly different path from that followed 
by the data  from the second experiment. The curvature a t  high values of h is typical 
and is probably caused by incomplete hydrolysis bu t  the curvature a t  low values of h 
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is perplexing since it is in the opposite sense to that observed in the hydrolysis of 
T ~ ( O B U " ~ .  Thus it appears that the degrees of polylnerization of the tantalunl oxide 
n-butoxides are abnormally low in the region h = 0-0.2 and two alternative possible 
explanations seen1 worthy of consideration. Firstly, there might be some specially 
preferred species with an abnornlally low degree of poly~nerization which is formed in 
the early stages of hydrolysis. For example a stable metal-oxygen double bond might 
give rise to a G-co-ordinated tantalum species such as 0=Ta(OR)3,(ROH)2. Unfortu- 
nately this would require the presence of monomeric species a t  h = 1.0 and this is not 
found to be the case. The second possibility is that, for technical reasons, the hydrolysis 
may be incolnplete in the very early stages of the experiment. This might well be the 
case due to the high boiling point of n-butanol (see the experimental section), which 
causes a considerable fraction of the added water to assume the vapor state and thus 
slows down the rate of hydrolysis. If the rate of hydrolysis is some function of the con- 
centration of water in solutioll then the approach to the true degree of hydrolysis will 
obviously increase with increasing h. Since the hydrolysis is cumulative the error due 
to incomplete hydrolysis will become less as h becomes greater. This might also explain 
the scatter between the results of the two separate experiments. Nevertheless a least- 
squares fit of n-' versus h for all the points from h = 0 to 1.26 gave the line rt-' = 

0.778-0.310h, with a coefficient of variation u, = f 5%. The calculated values of n are 
listed in Table IV. From the intercept no-' (h = 0) a value of a,, = 0.44 for the pro- 
portion of dinler species was obtained. Using this value of a,, leads to a calculated 
value of the slope d(n-l)/dh of -0.426 for a mixture of model I1 and model IV polymers. 
However, the least-squares slope of -0.31 is clearly in much closer agreement with the 
predicted value of -0.33 required for a nlixture of model I1 and model I11 polymer 
species. 

CONCLUSIONS 

1. The polymeric nature of the products of hydrolysis of tantalum pentaalkoxides 
can be rationalized in terms of structural models based on 6-co-ordinated tantalum. 

2. The number-average degrees of polylnerization of tantalunl oxide n-alkoxides 
T a O z ( O R ) ~ ~ - 2 z ~ ,  where R = NIe, Et ,  Pr", and Bun, are accurately described over a con- 
siderable range of degrees of hydrolysis by simple linear equations of the form n-' = 

a - bh. Fro111 the llulnerical values of the constants a and b,  deductions have been made 
concerning the participation of different structural models. When R = Me, E t ,  or Prn, 
the polylllers are predominantly based on an unsolvated lllodel I1 which is related to  
the dillleric alkoxide Taz(OR)lo with smaller proportions of either models I11 or IV, 
which are related to the solvated monomer Ta(OR)s,ROH. When R = Bun the polylners 
favor nlodel 111. 

3. The tantalulli oxide sec-butoxides show an interesting behavior which can be inter- 
pretecl in terms of the changes in steric hindrance to polylllerization as the degree of 
hydrolysis is increased. 

4. The s t ruc t~~ra l  models which explain the polylneric nature of tantaluln oxide 
alltoxides are directl~. related to the ones which were used to explain the behavior of 
the oxide alltoxides of titanium and zirconium. I t  appears, therefore, that these structures 
are of fundamental significance to metal oxide alltoxides in general. 
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ABSTRACT 

I t  is observed that ignited berylliun~ oxide was soluble in concentrated aqueous solutions 
of berylliunl sulphate to the extent of 1 mole of oxide per 2 moles sulphate, saturation being 
virtually complete within 6 hours a t  180' C. Since the molar solubility of aluminum oxide 
is much lower under similar conditions, it is suggested that partial resolution of oxide lnixti~res 
might be made on this basis. 

INTRODUCTION 

The majority of processes for the preparation of beryllium colnpounds from berylliuin 
minerals employ a fusion of the mineral, with or without a flux, giving a inixture of 
oxides which can be taken into solution, usually with sulphuric acid (1, 2). Because 
beryllium oxide is more slowly dissolved by acids than are the oxides of aluminum, iron, 
and other accompanying metallic elements, standard procedures involve complete solution 
of all the metallic constituents, followed by addition of a succession of reagents to remove 
these until only beryllium compounds remain in solution, a t  which point beryllium is 
precipitated as an hydroxide. A solvent having a selective action on beryllium oxide 
would seem to have potential application by simplifying the chemical metallurgy of 
beryllium, provided, however, that its net cost were not so great as to wipe out a n y  
economies which might be brought about through its use. 

Aqueous solutions of beryllium salts are known to dissolve considerable quantities of 
the carbonate and hydroxide. Some time ago, Sidgwick and Lewis (3) found that upon 
addition of beryllium carbonate to a concentrated solution of beryllium sulphate, followed 
by boiling of the mixture to remove carbon dioxide, there is an increase in the solubility 
of beryllium sulphate. A polynuclear species was postulated in accordance with the data 
that 1 rnolecule of salt dissolved for every 4 n~olecules of oxide added. This suggested to 
us the possibility that some equivalent cornpound could be formed between beryllium 
oxide and soluble beryllium salts. Such a reaction, should i t  be possible to be brought 
about, promised to be relatively specific with respect to attack of beryllium oxide in a 
mixture of metallic oxides, provided no highly basic oxide were present. 

EXPERIMENTAL 

Both the "nuclear grade" berylliun~ oxide, supplied by A. D. MacICay, Inc., and the beryllium sulphate 
tetrahydrate, supplied by Fisher Scientific Co., were analyzed by standard procedures (4, 5) t o  confirm 
the absence of any significant amount of foreign material. A solution of beryllium sulphate tetrahydrate, 
saturated a t  22.5' C (0.002704 ~nole  BeSOa/g of saturated solution or 28.41 g BeS04/100g saturated 
solution), was prepared and it was verified that the ratio of equivalents of beryllium and sulphate was 
unity. The beryllium oxide was ignited to 900' C to insure that no hydroxide would be present. 

About 0.5 ml of beryllium sulphate solution and an amount of ignited beryllium oxide slightly in excess 
of the amount that,  from preliminary work, was anticipated t o  dissolve, were weighed into a piece of 
heavy-walled Pyrex glass tubing about 1 X I 0  cm O.D. and sealed on one end. The excess of solid phase 
in all runs was taken as an indication that supersaturation effects were unlikely. After a tube was filled the 
second end was sealed with a flame and the tube placed inside a short length of iron pipe, which was then 
closed by screwing on perforated caps. The pipe was, of course, intended for the protection of personnel. A 
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number of these assemblies were then placed in an air thermostat, whose regulation was about & l o  C 
and then withdrawn after an  appropriate tinle interval. 

After cooling, the tubes were broken and the contents washed onto a filter with the aid of distilled 
water. The undissolved berylliu~n oxide was collected on the filter, ignited to 900" C, and weighed. This 
mass, when used in conjunct io~~ with the masses of the liquid and solid reactants and the known analysis 
of the beryllium sulphate solution, permitted a calculation of the ~uole ratio of beryllium oxide dissolved 
per mole of beryllium sulphate in the original charge. 

Studies were made to  show ( a )  the effect of temperature on the amount of beryllilun oxide dissolved, as 
su~n~uar ized by the upper curve in Fig. 1, (b )  the effect of time on the amount of berylliuln oxide dissolved, 
as  sunltnarized by the upper curve in Fig. 2 ,  and (c) the effect of the concentration of beryllium sulphate 
011 the amount of beryllium oxide dissolved, as summarized in Fig. 3. The essential data on which these 
curves are based are tabulated in Tables I ,  11, and 111. 

TABLE I 
The effect of temperature on the number of moles of beryllium oxide and on 

the number of moles of alu~ninum oxide dissolved per mole of beryllium sulphate 
(The beryllium sulphate solution was saturated a t  22.5' C and the time in all 

cases is 6 hours) 

Moles beryllium oxide Moles aluminum oxide 
Temperature dissolved per mole dissolved per mole 

(" c )  berylliu~n sulphate berylliun~ sulphate 

TABLE I1  
The effect of time on the nunlber of n~oles of beryllium oxide and on the ~ ~ u n l b e r  

of moles of aluminum oxide dissolved per mole of beryllium sulphate 
(The beryllium sulphate was saturated a t  22.5' C and the temperature in all 

cases is 180" C)  
-- 

Moles beryllium oxide Moles alumil~um oxide 
Time dissolved per mole dissolved per mole 

(hours) berylliu~n sulphate beryllium sulphate 

FIG. 1. The effect of t empera t~~re  on the number of nloles of beryllium oxide and oil the number of 
moles of aluminum oxide dissolved per mole of b e r y l l i ~ ~ n ~  sulphate. The beryllium sulphate s o l u t i o ~ ~  was 
saturated a t  22.5' C and the time in all cases is 6 hours. 

FIG. 2. The effect of time oil the number of nloles of beryl l i~~m oxicle and on the number of moles of 
a l ~ t ~ n i ~ i ~ u u  oxide dissolved per mole of berylli~nn sulphate. The beryl!ium sulphate was saturated a t  2'2.5' C 
and the temperature in all cases is 1SO0 C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



B E N N E T T  .4ND BIERMANN: BERYLLIUM O X I D E  75 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

9 

60 % 70 % 80% 90 % 100% 

BeS04 Percentage o f  S o l u r o t i o n  

FIG. 3. The effect of the concentration of berylliun~ sulphate solution on the number of moles of beryl- 
l iu~n oxide which will dissolve per inole of beryllium sulphate a t  180' C in 6 hours. 

TABLE 111 

The effect of the concentration of beryllium sulphate solution on the 
number of moles of beryllium oxide which will dissolve per mole of 

beryllium sulphate a t  180' C in 6 hours 

Concentration, relative Moles B e 0  dissolved per 
saturation a t  22.5' C = 100.0 mole BeSOd 

Because aluminum and beryllium generally occur together in nature, and because of the general chemical 
similarity of this pair, ignited aluminum oxide was used as the solid reactant in a second series of deter- 
minations designed to give some indication of the amount. of separatio~l that could be expected. The lower 
curves of Figs. 1 and 2 summarize the effect of time and of temperature on the solubility of aluminum 
oxide in beryllium sulphate solutions. The numerical data on which these curves are based are contained 
in Tables I and 11. 

DISCUSSION 

The data collected indicate that the optimum conditions for dissolving beryllium oxide 
in beryllium sulphate solutions are 180" C and a time of G hours; a high concentration 
of beryllium sulphate increased the rate of reaction considerably. Figures 1 and 2, and 
also some isolated runs not included here, indicate that some species with an empirical 
formula 2BeS04. Be0.xH20,  very stable in solution, is formed, the rate of formation 
being favored by high temperatures. The region of stability of this compound must be 
fairly extensive since highly diluted solutions obtained in washing the undissolved beryl- 
lium oxide onto a filter show no tendency to reprecipitate the dissolved beryllium oxide, 
even when allowed to stand for several i~lonths a t  room temperature. I t  seeins unlikely 
that  this apparent stability can be explained in terms of the inertness solneti~nes observed 
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with polynuclear species. Further studies of the chemical nature of this compound will 
be undertaken on the basis of inherent interest from a chemical, if not metallurgical, 
viewpoint. 

The limited solubility of aluillinum oxide is most likely due to  its having a basicity 
similar to that  of beryllium oxide and simply displacing some of the aquoberyllium ions 
froin solution, the displaced beryllium then entering into polynuclear formation. 

With the existence of a preferential solvent for beryllium oxide and suitable experi- 
mental conditions for its use established, this study will be continued by examining 
specific metallurgical situatioi~s in which i t  appears useful. One of the most obvious 
situations, of course, would be the partial resolution of the oxide mixture obtained when 
beryllium is fused and quenched. 
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ABSTRACT 

I t  has been shown that the ~nag~letically anisotropic double bond in bicyclic Diels-Alder 
adducts exerts a paramagnetic effect on protons in an ezo conf ig~~rat io~l  and a diamagnetic 
effect on protons in an  endo configuration. Thus the configuration of a proton or proton- 
bearing substituent can be ascertained by observing the change in its chemical shift when 
the double bond is removed by hydrogenation. However, caution  nus st be used in applying 
the method to compounds in which the double bond bears a magnetically anisotropic sub- 
stituent. 

The Diels-Alder reaction between cyclic dienes and derivatives of ethylene inay produce 
either of two diastereomeric adducts, the endo or the exo isomer. In nlost instances the 
endo isomer predominates in accordance with Alder's rule (I).  However, exceptions to 
this rule have been observed (2, 3) so that  each new adduct synthesized requires proof 
of its stereochemistry. Several chemical methods have been employed to establish the 
configuration of Diels-Alder adducts (4). Lactonization (5), iodolactonization ( G ) ,  and 
titrimetric analysis (4) have been used for this purpose with carboxylic acid derivatives 
of bicyclo[2.2.l]hept-2-ene. The first two suffer the disadvantage that rearrangements do 
occur under the reaction conditions. Classical degradative procedures (7) are often 
unambiguous but  exceedingly arduous. 

The use of physical methods obviates both of these difficulties. Alder and co-workers 
(3) have employed infrared spectroscopy to assign configurations to the two 5-cyano- 
bicyclo[2.2.2]oct-2-enes forined from cyclohexadiene and acrylonitrile. Nuclear nlagnetic 
resonance has already proved itself capable of differentiating between diastereoisomers 
in cyclol~exanes (8) and cyclopentanes (9) and between geonletrical isomers ill inany 
olefin derivatives (10, 11). I t  therefore seeined worth while to investigate the ability 
of n.nl.r. to be used in assigning structures to  diastereomeric Diels-Alder adducts. 

I t  has already been found that in the cai11phane-2,3-diols (12), in a and a' chloro- 
cainphor (13), and in 3,8-c~~clocampl1or (14) the inagnitude of the coupling of a n  exo 
proton with the adjacent bridgehead proton is larger (4-5 cycles/sec) than when the 
proton is endo (0-1 cycles/sec). Thus when such a proton is well separated fro111 the 
rest of the absorption pattern, the size of its spin-spin interaction with the bridgehead 
proton will establish the configuration of the compound. A inore general method would 
be possible if the chemical shift of a proton could be correlated with its endo or exo 
position. T o  explore this possibility we have exanlined the spectra of five derivatives 
of bic~~clo[2.2.l]hept-2-ene whose configurations had been previously established (22). 
These are the two diastereoineric adducts of a-methacrylic acid and c>-clopentadiene, the 
two adducts of trans-crotonic acid and cyclope~itadiene, and the eso aclduct of methyl 
methacrylate and cyclopentadiene. After reilloval of the double bond by hydrogenation, 
the spectra of the five dihydrocoinpounds were also measured. 

' T h i s  paper was presented at the 44th Annual Conference of the Chenzical Institzrte of Canada, il/lontrr,al, 
Que., Aug.  3-5, 1961. 
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FRASER: DIELS-ALDER ADDUCTS 79 

The spectra of 5-endo-1nethylbicyclo[2.2.l]hept-2-ene-5-exo-carboxylic acid (I) and its 
dihydro derivative (11) are illustrated in Fig. I. The assignments in A are as  follows. The 

FIG. I. (A) Spectru~il of 5-endo-methylbicyclo[2.2.~]hept-2-ene-5-exo-carboxylic acid (I). (B)  Spectrum 
of 5-c~~do-methylbicyclo[2.2.l]heptane-5-xo-carboxylic acid (11). T h e  chemical shifts are given as r values. 

multiplet a t  low field has a T value of 3.86, characteristic of protons attached to a carbon- 
carbon double bond (15). The two broad peaks a t  (5.96 and 7.18 T are assigned to the 
two bridgehead protons a t  C4 and C1 (lj), although the reverse assignment is not ex- 
cluded. quartet centered a t  7.55 T represents a proton coupled by 12.0 and 3.8 
cycles/sec with two other protons. One of these must be the proton a t  9.18 T ,  which 
also possesses a 12.0 cg~cles,/sec splitting. The second must be one of the bridgehead 
protons, as  is indicated by the pronounced skewness of the two doublets a t  7.53 T. The 
peak a t  7.55 T is assigned to the proton in the exo C6 position and the peak a t  9.18 T 

to the proton in the endo C6 position. This accounts for the large 12.0 cycles/sec ge~ninal 
coupling constant (1G) and the exo bridgehead coupling constant of 3.8 cycles/sec. Under 
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very slow sweep each portion of the doublet a t  9.18 T appeared to be further split illto 
a triplet of spacing 1.0 cycle/sec. This suggests that the endo C6 proton is weakly 
coupled with a proton two carbolls removed, in addition to being coupled slightly with 
the bridgehead proton. Similar long range coupling has been observed in this ring system 
previously (12). The remaining pealts a t  8.53 and 8.85 T are assigned, on the basis of 
their relative intensities, to the hydrogens a t  C7 and the methyl group a t  Cg respectively. 
The proton on the carboxyl group occurs a t  -2.45 and is not shown in the figure. 

The spectrunz of the hydrogenated adduct (11) shows fewer well-resolved pealts. The 
two pealts a t  7.50 and 7.75 T are assigned to the protons a t  the bridgehead positions. The 
ex0 protoil absorption is liltely obscured by one of these, presumably the more intense 
band a t  7.75 T .  This assumption is supported by the spectrum of I1 in benzene, in which 
solvent a part of the exo inultiplet is visible between the two bridgehead pealts. The 
only other identifiable bands are the methyl absorption a t  8.73 T and the band due to 
the endo C6 proton a t  9.13 T .  This is a pair of doublets of spacings 12.0 and 1.0 cycles/ 
sec. The spectra of the other four adducts and their dihydroderivatives were examined 
and the assignments for individual protons were made in. the same way. The chemical 
shifts of the protons in each of the coinpounds is given in Fig. 2. Blank spaces are present 
wherever the proton was not sufficiently separated to allow an una~nbiguous assignment. 

Compound Olefinic Bridgehead Hx Hn CjH2 CH, 

a,"' COOH 

COOH 

"&: COOH 

FIG. 2. The chemical shifts of all identifiable protons in compounds I-X. 
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From the beginning it was recognized that the absolute T value of a proton could not 
be used to assign its configuration. However, ~nuch is now known about the neighboring 
anisotropy effect from a study of aromatic rings (10, p. 176) and Jacknlan (17) has cited 
evidence indicating that a double bond also possesses an appreciable anisotropy. By this 
effect the absorption frequency of protons wlzich lie above the plane of a double bond" 
are shifted upfield whereas a downfield frequency shift is experienced by protons which 
lie in the plane of the double bond (17). Figure 3 illustrates this diagrammatically. There- 
fore, because it is anisotropic, the double bond in any Diels-Alder adduct will provide 

FIG. 3. A diagrammatic illustration of the magnetic anisotropy of the olefinic bond in ethylene. I n  the 
presence of a strong field H, the proton s i t ~ ~ a t e d  above the plane of the sp2 bonds experieilces a diamap- 
netic shielding. The proton a t  the right in the sp2-bond plane is deshielded by the double bond. 

a contribution to the total shielding of all neighboring protons, which will depend in 
magnitude and in sign upon the spatial position of the proton with respect to the double 
bond. In the bicyclo[2.2.l]hept-2-enes an exo proton is in a position approximately in 
the plane of the double bond and should therefore be shifted downfield by it. When the 
double bond is removed by hydrogenation the chemical shift of this exo proton should 
now be a t  higher field. In other words, if the T value for the proton in the adduct is 71, 
and in the dihydro adduct is 72, then AT = 72-71 represents the change in chemical 
shift upon hydrogenation and should be positive for an exo proton. Since the endo proton 
lies well above the plane of the double bond i t  should experience a negative AT upon 
hydrogenation. From the data in Fig. 2, all the AT values observable for protons in the 
exo and endo positions are compiled in Table I. I t  can be seen that when the proton or 

TABLE I 

Change in chemical shift ( A T )  on hydrogenation 

Compounds Hmao Hem CH3 ,,do CH3 e m  

I + I 1  - .05 - .12 
111 + I V  f.18 

V + V I  +. 14 f.22 
V I I  --, V I I I  - .12 
I X + S  - .03 - .13 + .O5 (ester methyl) 

proton-bearing methyl group is exo then AT is positive, when the proton or methyl 
group is endo then AT is negative. 

*The "plane of the double bond" refers lo the plane passing throzigh the two carbon atoms of tlze double bond 
and tlze four atoms bonded to them. 
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The theoretical relation of Acr, the contribution of anisotropy to the total screening 
of the proton, with the distance R of the proton from the center of the double bond and 
the angle e which the line joining the proton to the center of the double bond maltes 
with the plane of the double bond can be written An = k(l/R3)(1-3 cos2 e), where k is 
a constant proportional to the difference in the magnetic susceptibilities in the plane 
of and perpendicular to the double bond (10, p. 178). From Barton models e,,, was 
estimated to be 25", eerrdo 60". The ratio R,,,/Rm,d, was ineasured and fouild to be 1.26. 
From these estimates Acr,,,/Aa,,d, is calculated from the above relatioilship to be -3.0. 
This is in reasonable agreement with the observed ratio of A T ~ ~ ~ / A T , , ~ ~ ,  which was 
0.14,'-0.04 = -3.5. This provides further justification for the reliability of our results. 

We have used the method to establish the coilfiguration of the nitro group in &nitro- 
norbornene. This compound was prepared by the addition of nitroethylene to cyclo- 
pentadiene following the procedure of Roberts and co-workers (18). The spectra of 
5-nitronorbornene and 5-nitronorbornane are reproduced in Fig. 4. In  the 5-nitronor- 
bornene spectrum the peaks a t  3.87, 5.07, 6.47, and 7.01 T are assigned to the olefinic 
protons, the proton on C5, and the two bridgehead protons, in that order. The multiplet 
a t  higher field represents the remaining four protons. The proton a t  Cg appears as a 
quintet of spacing 3.9 cycles/sec. I ts  structure is attributed to strong coupling (7.8 
cycles/sec) with the exo proton a t  C6 and weak coupling (3.9 cycles/sec) with both 
the endo proton a t  C6 and the bridgehead proton a t  C4. The magnitude of the C4-C5 
proton-proton coupling constant indicates that the proton on C5 is ex0 and that the 
nitro group is therefore endo. The fact that this quintet is shifted upfield upon hydro- 
genation by 12 cycles/sec (AT = +0.2) corroborates this conclusion. Thus Robert's 
tentative assignment of the nitro group to the endo position (18) is confirmed. 

I t  is interesting to note that the endo and exo adducts of benzyne to bicycloheptadiene 
show the same behavior in their n.m.r. spectra. Simnlons (19) has recently published 
the spectra of both adducts and their hydrogenation products. His data shows that 
when the aromatic ring is exo, AT = +0.05 for the aromatic protons, and when the 
ring is endo AT = -0.20. The application of this method need not be confined to the 
bicyclo[2.2.l]1~eptane system. In fact we have observed the same behavior in the bicyclo- 
[2.2.2]octane system (20). The main limitation to its use will be the ability to observe 
and identify the desired protons in the spectra of both the adduct and its hydrogenation 
product. I t  should be noted that,  if the double bond bears a substituent other than 
hydrogen, the method will not necessarily be applicable, especially if the substituent 
possesses an appreciable magnetic anisotrop!-. I n  this case the change in position of 
this substituent on hydrogenation coulcl produce a greater effect than the removal of 
the double bond. 

ESI'EKI A,LI<S'I'XL 

All spectra \irerc recorded on a Varian 1'-4302 high-resol~rtion n.m.r. spectrometer operating a t  a radio 
frequency of 60 hIc/sec. All spectra were measured on 10% (\v/v) solutions i l l  carboll tetrachloride con- 
taining I?;, of tetramethylsilane a s  a n  internal standard. Calibrations were performed by thc sitle-band 
tech~iique (10, p. 74). i l l 1  T values which were employed in calculating AT'S are the average of six dcter- 
minations and are accurate to 3 ~ 0 . 6  cycles/sec. Thc  remaining T values are the average of two determinations 
and are probably accurate to within 1 cycle/sec. 

With the exception of the imethyl esters described below, all the compounds were prepared by  Alder's 
procedure (22). The  nitroethylene usecl in the preparation of 5-nitronorbornene \\.as prepared a s  previously 
described (21). 

5 - e n d o - M e t h y l - 5 - e x o - c a r b o l n e t ~ ~ o x y b k y c - e n  ( I X )  
To  a solution of 1.3 g of 5-endo-n1ethylbicyclo[2.2.l]hept-2-ene-5-exo-carboxylic acid in 5 ml of ether 

was added an  ethereal solution of diazomethane until the yellow color of diazomethane persisted. The  
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FIG. 4. (A) Spectrum of 5-nitronorbornene. (B)  Spectrum of 5-nitronorbornane. 

excess of diazomethane and ether was re~noved by tlistillation and the residue, 1.3 g, was distilled under 
reduced pressure to give 1.05 g of liquid, b.p. 62", 5 Inm. Both the infrared and n.1n.r. spectra of this liquid 
showed no trace of an  inlpurity and were cotnpletely consistent with the structure IX. Calc. for CloHlrOz: 
C, 73.2; H ,  8.5. Found: C, 71.0, 70.8; H, 8.3, 8.1. Repeated arialysis gave consistently low C and 1-1 values, 
which is attributed to the very high volatility of this co~i~pound. 

5-e~1do-1lIethyl-5-e.vo-carbometl1ox~bi~~~clo[2,2.l]lzeptanc~ (S) 
A solution of 293 mg of 1); in 7 1111 of ethyl acetate was atlded to 7 ml of ethyl acetate containing 29.5 mg 

of prehytlrogenated platinum dioxide in a hydrogenation apparatus. The mixture was stirred a t  room 
temperature until the uptake of hydrogen had ceased. The catalyst was removed by filtration through 
celite and the ethyl acetate was distilled off. The residue, 290 mg, was distilled in a capillary  under a 
reduced pressure of 7 mm. The infrared spectrum of the distillate did not absorb above 3000 c~n-l. Calc. 
for C ~ O H ~ G O ? :  C, 71.4; H, 9.6. Found: C, 71.8; H,  9.5. 

ACI<NO\YLEDGSI ENTS 

The author wishes to express his thanlts to the Imperial Oil coin pan^- of Canada 
for a grant in aicl of this research. The financial assistance of the Natioilal Research 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



84 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 40. 1902 

Council of Canada is also acknowledged. The technical assistance of Mrs. L. Westland 
and Mrs. N. Stojanac was of great aid to this work. Microanalyses were determined by 
Miss E. Busk. 

REFERENCES 

1. K. ALDER and G. STEIN. Angew. Chem. 50, 510 (1937). 
2. M. SCHWARZ and M. MAIENTHAL. J .  Org. Chem. 25, 449 (1960). 
3. K. ALDER, I<. HEIMBACH, and R. REUBKE. Ber. 91, 1516 (1958). 
4. H. STOCKMANN. J .  Org. Chem. 26, 2025 (1961). 
5. S. BECKMANN and H. GEIGER. Ber. 94, 48 (1961). 
6. C. S. RONDESTVEDT, JR.  and C. D. VER NOOY. J .  Am. Chem. Soc. 77, 4878 (1955). 
7. K. ALDER and S. SCHNEIDER. Ann. 524, 189 (1936). 
8. R. U. LEMIEUX, R. K. I~ULLNIG, H. J. BERNSTEIN, and \V. G. SCHNEIDER. J .  Am. Chein. Soc. 80, 

6098 (1958). 
9. D. Y. CURTIN, H. GRUEN, and B. A. SHOULDERS. Chem. & Ind. 1205 (1958). 

10. J .  A. POPLE, W. G. SCHNEIDER, and H. J .  BERNSTEIN. High resolution nuclear magnetic resonance. 
McGraw-Hill Book Co.. Inc.. New York. 1959. D. 238. 

11. L. M. JACKMAN and R. H. WILEY. J .  Chem. SOC; 2881 (1960). 
12. F. A. L. ANET. Can. J .  Cheln. 39, 789 (1961). 
13. W. D. I~UMLER, J .  N. SHOOLERY, and F. V. BRUTCHER, JR.  J .  An]. Chein. Soc. 80, 2533 (1958). 
14. E. J .  COREY, M. OHNO, S. W. CHOW, and R. A. SCHERRER. J .  Am. Chem. Soc. 81, 6305( 1959). 
15. G. V. D. TIERS. N.M.R. summary. Minnesota Mining and Manufacturing Co., St. Paul, M~IIIL.  

1958. 
16. H. S. GUTOWSI<Y, M. KARPLUS, and D. M. GRANT. J .  Chem. Phys. 31, 1278 (1959). 
17. L. M. JACKMAN. Applications of nuclear magnetic resonance spectroscopy in organic chemistry. 

Pergamon Press, New York. 1959. p. 129. 
18. J .  D. ROBERTS, C. C. LEE, and W. H. SAUNDERS, JR.  J .  Am. Chem. Soc. 76, 4501 (1954). 
19. H. E. SIMMONS. J .  Am. Chem. Soc. 83, 1657 (1961). 
20. R. R. FRASER and S. O'FARRELL. Unpublished results. 
21. R. R. FRASER. Can. J .  Chem. 38, 2226 (1960). 
22. K. ALDER and W. GUNZL. Chem. Ber. 93, 809 (1960). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



INFRARED ABSORPTION OF FORMALDEHYDE AT LOW TEMPERATURES 
EVIDENCE FOR MULTIPLE TRAPPING SITES IN AN ARGON MATRIX 

K. B. HARVEY AND J. F. OGILVIE~ 
The  Depnrtnzent of Clzemistry, University of British Columbia, Vancouver, British Col7cmbia 

Received September 22, 1961 

ABSTRACT 
The infrared absorp~ion of formaldehyde in both the polycrystalline and the 111onomeric 

form has been measured a t  4' I<. In the latter case the molec~~les were suspended in an inert 
matrix of Ar or Nz. The fine structure of the matrix spectra is discussed from the point of 
view of rotation of the monomers but this interpretation is ruled out in favor of one based 
on multiple trapping sites in the matrix. 

INTRODUCTION 

In the past few years, the matrix isolation technique has become established as one 
of the principal aids in the investigation of free radicals and other cheinically reactive 
species (1, 2, 3). More recently, however, interest has arisen i n  the physical aspects 
of the matrix environment particularly as related to the spectra of the trapped n~olecules. 
Milligan and his co-workers have published infrared evidence for the rotation of H20, 
DzO, HDO (4); and N H S  (5) in inert-gas matrices and were able in the latter case to 
assign the rotational transitions. Glasel (6) placed the same interpretation on fine struc- 
ture observed in the 0-H stretching region of H 2 0  in matrices of Xe and Ar. In the field 
of electronic spectroscopy, Robinson and McCarty have explained the spectrum of 
trapped N H 2  radicals in terms of rotation (7), and have achieved also coilsiderable success 
in the theoretical interpretation of spectral shifts using a Lennard-Jones (6-12) potential 
function to represent the interaction between the trapped atoills or simple illolecules 
and the matrix (8). The present high-resolution infrared study was undertalten with a 
view to providing further information on the interactions which talie place between 
the matrix and trapped molecules. In particular, it provides optical spectroscopic evidence 
for n~ultiple trapping sites, a feature which has also been investigated by electron spin 
resonance (9, lo). 

EXPERIMENTAL 

The low-temperature cell constructed for this worlc is basically of the Duerig-Mador type (11) equipped 
with optical windows of cesium iodide. The  only major modification is a rotatable liquid helium chamber 
which makes it possible to  spray the gaseous sample onto the trapping surface from the side rather than from 
below. A Au-Cu:Ag-Au thermocouple mounted directly below the cesium iodide trapping surface enables 
us to measure the approximate temperature of the sample during warmup. 

Gaseous mixtures to  be investigated were prepared in 5-liter bulbs in ratios determined by the  partial 
pressures of the components. I t  is interesting that ,  even though the dilute coinponent was introduced first, 
proper mixing of the coinponents was not a trivial consideration. I t  was found necessary to  heat parts of the 
bulb to  produce convection currents to  ensure effective mixing, and even then care had to  be exercised to  
mafie certain that no poclcets of pure formaldehyde were trapped in side arms etc. No attempt was made 
to  measure absolute flow rates during the deposition of the sample, but reproducible conditions could be 
obtained through pressure measurements on the low-pressure side of the controlling needle valve. 

The formaldehyde vapor was produced by heating paraformaldehyde (polyoxymethylene) until the  re- 
quired pressure of vapor was obtained in the bulb. Considerable care was talcen to  mal<e certain that  the 
paraformaldehyde contained a minimum of water, as indicated by its infrared spectrum. The  purest material 
was that  precipitated from a basic formalin solution (12) and then well dried under vacuum. Absorption in 
the 0-H stretching region was very weak and since the  0-H units terminate the chains, we were led to  

'Present address: Department of Physical Chemistry, University of Cambridge, Cambridge, England. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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the conclusion that the polyiner units were quite large. This was further substantiated by the very weak 
intensity of the band attributable to  the C-0 stretching mode of the methoxyl group, also a t  the end of 
the chain. The matrix materials, Ar and X?, were analyzed mass spectrometrically and contained less than 
40 p.p.m. impurities. They were admitted directly from the gas cylinders, through an evacuated capillary, 
to  the sample bulb to  avoid the introduction of imp~~ri t ies  through the use of a gas regulator. 

Spectroscopic measurements were carried out on a Perkin-Elmer 112G spectrometer with a modified 
source unit. Calibration was effected through established grating spectra and the reported frequencies are 
estimated to  be precise to f 2 cm-I. Spectral slit widths are indicated on the individual spectra. 

RESULTS 

In addition to the matrix isolatioil spectra, we examined the spectrum of polycrystalline 
formaldehyde a t  4" K and 77" K. Figure 1 shows the inore interesting spectra, and the 

FIG. 1. The fundamentals u?,  u4, and vc. Upper spectra are of normal associated CHZO a t  77' I< and 
4" I<, lower spectrum is that  of monomer dispersed in argon matrix a t  4' I<. 

observed bands are sunln~arized coillpletely in Table I along with the gas phase measure- 
ments of Blau and Nielson (13) and previous low-temperature spectra of Schneider and 
Bernstein (14). Our results differ significantly froin those of the latter authors in the fine 
structure observed in some of the bands, probably because of the higher resolution and 
lower temperatures used in our work. None of these lines coincide with those of the higher- 
temperature modification reported by Schneider and Bernstein, nor did we observe any 
effects to indicate the presence of two crystalline forms. On the other hand, our filins 
were probably deposited much inore slowly and we did not extensively investigate the 
effect of tenlperature on the spectrum. Our primary interest was in obtaining spectra 
of associated inolecules a t  low temperatures for conlparison with the matrix spectra. 

With regard to the matrix spectra, our chief coilcern must be to estimate the degree 
of isolation attained. This can be done in a number of ways, all of which lead us to the 
conclusion that  the matrix spectra are those of isolated monomers. Tha t  little or none 
of the nornlal associated species is present is confirined by an inspection of the funda- 
nlentals vl and vs. In these cases, the shifts from polycrystalline solid to nlatrix are quite 
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HARVEY AND OGILVIE: IXFRARED ABSORPTION 87 

TABLE I 
Infrared absorption of formaldehyde (frequencies in cm-I)* 

This work 
Blau and Schneider and 
Neilson Bernstein Matrix 

Mode gas 77" K 77" K 4" K Ar N2 

*The approximate relative intensities are quoted after the frequencies of absorption according to the following abbreviations: 
vs = very strong, s = strong, m = medium, w = weak, vw = very weak; sh = shoulder. 

large and ally associated species in the niatrix would be readily detected. The presence 
of smaller polyiner units (dimers, trimers, etc.) was investigated by varying the matrix 
ratio or rate of deposition, and by observing the spectrum of the deposit as it warmed. 
The mixture used in most cases was Ar/CH?O = 300 but if this were reduced below 100 
or so, then spectra of the type shown in Fig. 2 were observed. In the warmup spectra, i t  
will be seen that the lines assigned to monomers disappear as the broadened bands due 
to absorption by polymers grow in intensity. We may, therefore, assume with reasonable 
certainty that the absorption of interest is due to monomers. 

DISCUSSION 

Polycrystalline Solid 
There are several possible explanations for the fine structure observed in the spectrum 

of the crystalline solid. The fundamentals v 2  and v 3  both become considerably narrower 
as the temperature is lowered from 77" K to 4' K, suggesting a rotational envelope 
decreased in width by the depopulation of upper rotational levels. This interpretatio~l is 
ruled out, however, by the n.m.r. spectrum a t  77' K.:'; Alternatively, some of the wealter 

*These spectra were very k ind ly  r u n  for u s  by M r .  D. Gilson o n  sa7rzples of fornzaldehj'de specially prepared 
by double distillalio~r. T h e  observed doublet splitting was  of the order of 7 gauss, 17zuclr larger than  the 3 gauss  
expected i f  the proton pair in CHpO were rotating. 
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FIG. 2. Behavior of v, fundamental during warmup of the deposit. Lowest spectrum is that  of monomer 
a t  4" K dispersed in argon and uppermost is that  of normal associated CH20 a t  77" I<. The middle two arc  
matrix spectra a t  intermediate tenlperatures (about 35 and 50" I<). 

lines inay be due to the presence of the isotopic species Cl3H2O, which has a natural abun- 
dance of about 1%. The expected shifts may be readily estimated for the two vibrations of 
species bl using the FG matrix method and introducing the appropriate symmetry 
co-ordinates. The calculated shifts were found to be - 12 cm-I and -9 cm-I for vr  and vs 
respectively. For the out-of-plane bending mode v6,  the calculated shift was - 12 cm-l. 
I t  is possible then, that the weak lines a t  llG7.5 cm-I and 1241 cm-I are due to the presence 
of C13H20. The lack of a corresponding line for v4  might be due to the low relative intensity 
of this mode. On the other hand, even if this assignment to isotopic species is correct, a 
number of lines remain unassigned. These are liltely due to interinolecular effects, but 
since the crystal structure of formaldehyde is unknown, little can be done in the way of 
interpretation. They might arise, for example, from the existence of crystallographically 
non-equivalent illolec~~les in the unit cell. 

!l{atrh Spectra 
Dealing with the argon matrix spectra first, it is noted that for four of the six funda- 

nlentals a triplet structure is observed. Only v 3  and vs lack this structure and in these 
two cases, the shift v , , ~ , ~  to v,,, is very small. Furthermore, the shapes of these bands are 
such as to suggest a closely spaced, unresolved fine structure. These observations alone 
tend to rule out rotation as the cause of the fine structure but this call be shown even 
more convi~lcingly by considering the spectruill to be expected in the case of rotation. 
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HARVEY A N D  OGILVIE: INFRARED ABSORPTION 8'3 

Using the rotational constants of Lawrence and Strandberg (15), and treating the 
forinaldehyde molecule as a prolate symmetric top (l6),  one may calculate the first few 
rotatioilal energy levels. These are listed in Table I1 along with the appropriate Boltzmann 

TABLE I 1  

Rotational energy levels of formaldehyde 
-. 

Boltzmann factors 

factors. If thermal equilibrium obtains, then only the two lowest levels are significantly 
populated a t  4 O  I< so that the number of observable transitions is severely limited. For 
parallel bands (vl, v2, v3) the selection rules are: AK = 0, AJ = 0, f 1 if K + 0 and 
AK = 0, AJ = f l  if  I< = 0;  and three transitions R(O,O), R(1,0), and P(1,O) are per- 
mitted. In the case of perpendicular bands (v4 and vg), AK = f 1, AJ = 0, f l  SO that a 
Q branch is allowed and the transitions would be Q(l,O), R(0,0), and R(1,O). The remaining 
vibration, v6, while of a different symmetry, may also be considered a perpendicular 
band in this approximation. Thus, if the trapped forinaldehyde inolecules were rotating, 
we might expect to see fine structure, as illustrated in Fig. 3. 

FIG. 3. Calc~~latetl  rotational structure of parallel and perpendicular bands of CH20 in thermal 
equilibriu~u a t  1' I<. 

Con~parison of the calculated fine structure with that  observed reveals no agreement 
other than the fact that they are both triplets. Not only are the observed spacings far 
too large, but v l  and vs, which are of the same symmetry, do not exhibit the same band 
structure. A number of refinements might be considered in the theoretical treatment 
but these only serve to worsen the agreement. If, for example, the selection rule ortho +B 

para were not violated during the freezing process, then a state of thermal non-equilibrium 
would be expected in which the (1,l) and (2,l) levels would also have a significant popula- 
tion. (These levels correlate with levels of species B in the more accurate asymmetric 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



90 CANADIAN JOURNAI, O F  CHEMISTRY.  VOL. 10, 1902 

rotor treatment while the (0,O) and (1,O) levels are of species A.) The main effect of this 
on the calculated spectra would be to introduce a Q branch into the parallel band and a P 
branch into the perpendicular band, giving more lines than observed. A similar situation 
would obtain if some of the selection rules were violated or if the rotational temperature 
were higher than 4" K. Alternatively, if the motion of the ~nolecule were hindered in 
such a way that rotation about only one axis were allowed, the band structure would be 
like that  of a linear or diatomic molecule. This would be a series of lines with a regular 
spacing of about 2.5 cm-1 or 18 cm-I depending on the axis of rotation. Such an inter- 
pretation, like the others discussed, fails to account for the observed spectra so we must 
rule out rotation as the cause of the fine structure. 

On the other hand, a strong argument can be presented for multiple trapping sites. 
In the three best-resolved bands, v l ,  vs, and vq,  it is seen that  the strongest lines are 
nearest to  the gas phase absorption frequency while the weaker lines are shifted in the 
direction of the frequency of absorption in the polycrystalline solid. This suggests tha t  
the lnolecules are trapped in three types of holes of different sizes. The majority of the 
~nolecules occupy the largest type of hole and, being least perturbed, absorb a t  a frequency 
closest to that  observed for the gas. A lesser number of niolecules are present in somewhat 
smaller holes where the packing is more like that  existing in the polycrystalline solid. 
From the small size of the gas-to-solid shifts for v3  and v b  i t  can be deduced that these 
vibrations are least perturbed by the close-paclced environment of a solid. Hence the 
triplet splitting in the matrix spectrum should be small in these cases, in agreement with 
observation. 

In speculating on the nature of the trapping sites, i t  is interesting to compare the present 
work with that  of Foner et al., who reported the trapping of hydrogen atoms on both 
substitutional and interstitial sites in inert-gas matrices. Specifically, they proposed that  

' 

in these cubic close-packed structures, hydrogen atoms occupy substitutio~lal sites and 
octahedral holes in both argon and xenon and possibly also tetrahedral holes in xenon. 
The sizes of these holes in argon are 

so tha t  a hydrogen atom may apparently squeeze into a hole considcrabl>r smaller than 
its own van cler Waals radius (1.2 A). The fact that the size of the tetrahedral hole in 
xenon is about the same as that  of the octahedral hole in argon suggests that this is about 
the minimum size of hole which can accom~nodate a hydrogen atoru. Taking into account 
the much larger size of the formaldehyde ~llolecule it  seems extremely unlikely that  i t  
could be accommodated in anything smaller than the environment of a substitutional 
site in argon. The distortion required to accolnlnodate a formaldehyde molecule in an 
octahedral hole would likely be so large that the site would simply lose its identity as an 
octahedral hole and become a substitutional site. I t  is proposed, therefore, that  the lines 
a t  2809.5 cm-I, 1732 cm-I, and 2880 cm-I in v l ,  v2,  vi, respectively, be assigned to absorp- 
tion by formaldehyde molecules replacing a single argon atom in the cubic close-packed 
structure. The remaining lines must be assigned to absorption by formaldehyde ~nolecules 
occupyiilg larger holes, presuinably those in which two and three argon atoms are dis- 
placed. The environnlent of these sites would be such as  to prevent rotation while still 
allowing greater freedom of vibration. 

The spectrum exhibited by formaldehyde in a nitrogen ~nat r ix  is less complex than that 
in argon. This was not unexpected since others have reported similar phenomena (4) 
and we have observed it ourselves for Hz0 and D20. On the basis of the observed spectra, 
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i t  would appear that  two types of sites are occupied but  i t  is difficult to specify what these 
might be. In solid a: nitrogen, which is the stable form below 35" K,  the arrangement 
of the molecule centers is face-centered cubic with the axes of the ~nolecules inclined a t  
the tetrahedral angle to one another (17). The cylindrical substitutional site with a 
radius of about 1.5 A and a length of approxinzately 4 A, could probably accommodate 
a forinaldehyde molecule with a small amount of distortion of the Nz lattice. The other 
hole would have to be larger and likely corresponds to the case in which a formaldehyde 
inolecule replaces two Nz molecules. 
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RBSUMG 

On a mesurk l'absorption infrarouge de forinaldkhyde 2 4" K dans l'ktat polycristallin 
e t  de fornle ~nono~nkrique. Dails le dernier cas, les inolCcules ont C t k  suspendues dans 
une matrice inerte d'argon ou d'azote. Les fondamentales des monomi.res ont une structure 
qui sugg6re une rotation des molCcules, mais cette interprktation est A kcarter en faveur 
d'une explication baske sur l'existence de plusieurs emplacements diffkrents dans la 
matrice. 
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THE DIELECTRIC BEHAVIOR AT LOW TEMPERATURES OF SEVERAL 
GASES ADSORBED UPON POROUS VYCOR GLASS 
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ABSTRACT 

The complex dielectric constants of several systems comprisir~g a gas adsorbed on Vycor 
glass have been measured a t  temperatures between 0" C and -180" C and freq~lencies between 
3 kc/sec and 4 bIc/sec. The real and i!uaginary parts of the dielectric collstant of the adsorbed 
phase have been conlp~~ted.  Loss Illaxlllla occurring a t  low tenlperatures are observecl for some 
of the matter in the rllonolayer and are assunled to be due to complexes fortr~ed between the 
gas first admitted and hydrosyl groups which are covalently attached to the surface of the 
glass. The co~llplexes may be considered either as dipoles having two equilibrium positions, or 
as highly damped oscillators. Ethyl chloride adsorbed in the first molecular layer and not 
bonded to  OH behaves as an oscillatory system for which no loss is observed in the frequency 
and temperature ranges studied. Ethyl chloride adsorbed in the multilayers behaves sirrlilarly 
but shows a slightly greater temperature coefficient of E'. Both these types of adsorbed ethyl 
chloride interact mith the conlplexes and reduce the threshold tenlperature a t  which loss is 
observed in the complex. Methyl chloride interacts mith OH groups in a similar fashion, 
but n-butane does not. 

INTRODUCTION 

The investigation of the dielectric properties of gases adsorbed upon solids can provide 
a useful lnealls of investigating the modes of motion of molecules held upon the surface 
and in subsequent layers. In particular, the variation of the dielectric constant of the 
adsorbed phase with temperature and with frequency (especially in the dispersion region) 
can give useful information in the case of polar adsorbates. For such adsorbates the 
temperature coefficient of the dielectric constant will be negative if the molecule is free 
to rotate in three dimensions in an applied field (1) or, as  McIntosh, Rideal, and Snelgrove 
(2) have shown, is free to rotate in a plane having random orientation in the field. Further, 
dipolar molecules in the liquid state and free to align themselves with the field, or dipoles 
in solids which may exhibit several orientations relative to the field, will reveal a character- 
istic dielectric dispersion, as Debye ( I )  and Frohlich (3) have shown. The temperatures 
and frequencies a t  which dispersion occurs are dependent upon the nature of the mole- 
cules. The variation of dispersion with frequency or temperature will be different froin 
that  dispersion known as resonance absorption. Frohlich (4) points out that resonance 
absorption is expected for rotational oscillators undergoing dispersion. Adsorbed oscil- 
lators should reveal a small temperature coefficient of the dielectric constant as Kurbatov 
(5) and Snelgrove and McIntosh (6) have demonstrated. 

In this investigation the real and imaginary parts of the dielectric constant of systems 
consisting of gases adsorbed on porous Vycor glass have been measured over a wide range 
of temperature, from O0 C to -180' C, and of frequency, from 3 kc/sec to 4 Mc/sec. 
The real and imaginary parts of the dielectric constant of the adsorbate were calculated 
using the extended Bottcher treatment discussed by earlier workers (2, 7, 8).  Allowance 
had to be made for the losses, both in the adsorbate and adsorbent, and, due to the com- 
plicated nature of the equations so obtained (see NIcCowan and McIntosh (9)), the 
results were computed on the IBM 650 computer. The value of the dielectric constant 
of the adsorbed ethyl chloride was approximately 7 for amounts less than monolayer 
coverage in the range of temperature where there were no losses. This value agrees 
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quite well with results of other workers (2, 7, 9) when one considers the very different 
temperatures and frequencies employed in the various assemblies. The major part of 
this work was undertaken using ethyl chloride. iVIethy1 chloride and n-butane were also 
employed to test various hypotheses but were not investigated extensively. 

The findings may be summarized as follows: 
(1) A negative temperature coefficient of the dielectric constant was found for ethyl 

chloride in the monolayer. I ts  value was approximately one-sixth that  of the bulk liquid. 
For matter adsorbed in the multilayers the coefficieilt was one-third that of the bulk 
liquid. These values were established for adsorbate a t  temperatures above -130' C 
where the losses in the adsorbate were negligible. 

(2) Broad loss maxima were obtained a t  temperatures below -130" C for ethyl and 
methyl chlorides adsorbed in quantities less than the monolayer. A corresponding decrease 
in the real part of the dielectric constant was also observed. Over the narrow range of 
temperature within which loss maxima could be observed, it  was found that the maxin~a 
of the loss curves did not change with change in temperature. The losses persisted in 
the region corresponding to capillary condensation but were not due to the quantities of 
gas adsorbed after the monolayer. I t  was possible to show further that the losses were 
due only to a part of the total gas adsorbed in the monolayer. Interaction between the 
material first adsorbed and that adsorbed a t  higher relative pressures was revealed by 
the fact that the temperature a t  which losses became observable was reduced with in- 
creasing amounts of adsorbate. 

(3) No losses other than those already present for the glass alone were detected when 
a small quantity of n-butane was adsorbed. The  computed values of 6' for n-butane 
were approximately constant over the entire range of temperature and agreed well with 
the values for liquid butane. 

During the preparation of this paper an excellent study of the dielectric properties of 
small amounts of ammonia adsorbed upon a similar Vycor glass has been described by 
Fiat, Folman, and Garbatski (10). As the procedure employed by them to calculate 
molar polarization of the adsorbed matter differs from that employed here, some dis- 
cussion of their paper will be given. 

E X P E R I M E N T A L  

T h e  adsorbent used in this investigation was a tube o f  porous Vycor glass, Code No. 7Y30, obtained from 
the Corning Glass Works,  Corning, New York.  I t  weighed 8.751 g in aaczbo and measured 10.00 cm in 
length, 1.50 cm O.D., and 1.19 cm I.D. T h e  glass was cleaned b y  being boiled in a 30% nitric acid solution 
and heated in distilled water with repeated changes o f  water. T h e  glass was then heated in the cell t o  300' C 
and pumped t o  a pressure o f  m m  Hg. T h e  adsorbates were obtained from the Ohio Chemical Co., and 
were purified b y  repeated trap-to-trap distillation under vacuum. Their purity was checked b y  vapor 
pressure measurements. 

T h e  test cell was made o f  Invar steel, o f  the same coefficient o f  expansion as the glass, and consisted o f  
two coaxial cylinders which fitted around the glass tube and acted as the plates o f  a condenser. T h e  inner 
or high-frequency voltage plate was insulated from the outer or ground plate b y  a glass spacer. T h e  cell 
fitted into a thin-walled Monel tube which acted as a cell housing and was attached t o  the system as shown 
in Fig. 1. T h e  cell could be heated to  350" C without leaks developing in the indium gasket at the top o f  the 
housing. The  high-potential lead was brought into the housing through a metal-glass seal. T h e  cell housing 
was further surrounded b y  a Monel jacket which could be evacuated to  reduce heat transfer from the cell. 
This jacket was cooled with liquid air which enabled temperatures as low as -180" C to  be reached in the 
cell. Higher temperatures were obtained b y  means o f  a heating coil wound on the  cell and regulated using 
a Variac. T h e  temperature o f  the cell was measured with a calibrated copper-constantin thermocouple, 
and was controlled b y  a vapor pressure thermometer which operated a switch in the heating circuit. 

The  frequency range 3 kc/sec to  100 kc/sec was covered using a modified Schering bridge of  standard 
design. Frequencies above 100 kc/sec to 4 Mc/sec were covered b y  a resonance system described in detail 
in other papers (7). 
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A B C D E 

FIG. 1. Cell assembly and system for temperature co.~trol. 
A = to relay H = liquid air 
B = to storage I = cell housing 
C = to variac J = thermocouples 
D = to systerll I< = 0.020-in. WIonel 
E = I-IF lead L = copper turnings 
F = to vacuum systeni i\iI = 2-mm copper tubing 
G = Dewar N = heating wire 

A correction of the capacitance readings due to the gap (estimatecl as 0.002 in.) between the glass tubes 
and the electrodes of the cell had to be made. This involvecl a consideration of the potentials across the tn.0 
air gaps and the glass ill the cell. The capacitance reading co~~lcl  then be directly related to the dielectric 
c o ~ ~ s t a n t  if the radii of the sections in the cell were I;no\v~i: 

where c is the capacitance per unit length, n, b,  c', and d refer to the distarices of glass, etc., from the center 
of the coaxial system. The magnitude of this correction was about 5'7;. Although the clinlensional changes 
of the adsorbent due to a phase change of the adsorbate are not known, Hodgson and iLIcllltosh (11) have 
observed expa~lsioil when adsorbed water freezes. From the magnitude of this expansio~l it tnay be estimated 
that  the gap would not change by more than 4x10- j  in., that  is, about 2%. Such a variation would be 
undetectable through the dielectric measurements. After each addition of gas, the system was investigated 
throughout the entire frequency and temperature range possible. Twenty-four hours elapsed between 
frequency ineasurenlents after a temperature change and no evidence of temperature hysteresis was ever 
found. 
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RESULTS 

The dielectric constant of a systenl such as ethyl chloride and Vycor glass is a function 
of three variables-the volume adsorbed, temperature, and frequency. The variation of 
E or cell capacitance with each one of these variables, the other two being kept constant, 
is used to sumnlarize the data. 

(i) If one plots the change in cell capacitance with volume of material adsorbed (Fig. 2) 

15- 

n c  1,- 

w w f  

FIG. 2. Plot of change in cell capacitance against volume of gas adsorbed (cc a t  N.T.P.). 

two linear sections result. The second has a lesser slope than the first, which confirms 
the observations of previous worlters (2, 7, 9). T o  calculate the dielectric constant of the 
adsorbed phase the extended Bottcher formulae were used (2). The appropriate terms of 
equation [2] and the analogue of equation [4] were made con~plex in the program used 
in computing the results on the IBivI 650 computer, and typical results are given in 
Table I both for the primary data for the composite material and the con~puted values 
for the adsorbed phase. 

Values of the dielectric constant corresponding to points along the second section of 
Fig. 2 were, as expected, when computed in this way, lower than for points along the first 
section, and grew progressively smaller as  Inore gas was adsorbed. This latter result was 
due to the method of using equation [2], where 6$ is the volume fraction of free space, to 

con~pute the results. The reason may be understood by considering an example using data 
which are not complex. In that event the tern1 ( ~ ~ - 1 ) / ( 4 a C ~ )  would be the intercept 
of the plot of the left-hand side of equation [2] against E -  €0. The plot would consist of 
two linear sections, and the slopes of these sections would yield the respective values of 
CP for the two regions of adsorption. If, however, the equation is solved analytically for 
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TABLE I 
-- .- -- .- 

Amount e' of t" X lo? 
adsorbed 'l'emperat~ire composite of coinposite C'  el' 

(cc a t  N.T.P.)  ("c) dielectric dielectric of glass of glass 

NOTE: true cell capacitance = 22.2 ppf; end capacitance = 2.0 ppf; frequency = 50 kc/sec. 

each point along the second linear region, while retaining the value of the intercept 
(to- l)/(4rC1) as one point, and the value of the point on the second section as  the other 
quantity defining the line, varying and progressively lesser values of C2 would be obtained. 
This is essentially what is done in the procedure employed in using the computer. Previous 
worlters had avoided this difficulty by using the values of the slopes of the two sections, 
and had thus obtained unique values of the dielectric constant for material corresponding 
to the first section (assumed to be monolayer) and the second section (assumed to be 
multilayer). In order to calculate the dielectric constant of the material in the region 
aclsorbed in the inultilayer ( € 2 ~ ) ~  the polarization/cc (C2) calculated for the total adsorbed 
material was assumed to be made up of contributions from the monolayer (Cpl) and the 
multilayer (Cz2), which were further assumed to add on a volume fraction basis: 

where V1 represents the voluine of material required to complete the monolayer and V2 
is the voluine of material in the multilayer. Hence CP? call be evaluated and €22 calculated 
from the equation 

Some results for different temperatures, and amounts of gas adsorbed, are given in Table I1 
and coinpared with results obtained graphically by plotting the left-hand side of equation 
[2] against (E-€0) and obtaining two straight lines of which the second slope gives Cz2 
and hence €22. Results were not a function of frequency for temperatures above - 130" C. 
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TABLE I 1  

Ilielectric constant of adsorbate frorn eqiration [3] and graphically 
-- 

Volirme adsorbed Temp. Eqiration Temp. Graphical 
(CC a t  N.T.P.) ( " 0  131 ("C) rnethod* 

- 
NoTa: frequency = 10 kc/sec. 
*Since the graphical method is based upon the slope of the second linear section of plots such as Fig. 2, the 

value of r?' is independent of amount adsorbed. 

(ii) Figure 3 shows the variation of cell capacitance with temperature for glass and for 
various quantities of adsorbed ethyl chloride. I t  can be seen that  there is a negative 

FIG. 3. I'lot of cell capacita~lce against temperature with, and without, adsorbed ethyl chloride. 

temperature coefficient for the glass alone, which was attributed t o  the presence of OH 
groups on the surface of the glass. Infrared studies by Folman and Yates (12) and Sidorov 
(13) have indicated the presence of these OH groups. 
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Treatment of the glass with a 3% aqueous solution of NH4F, which reduced the con- 
centration of the surface OH groups by replacing them with F ( la ) ,  showed that the tem- 
perature coefficient was reduced. The effect of the OH groups on the dielectric constant 
can be estiinated by extrapolating e to high temperatures. When ethyl chloride is added, 
in quantities less than those that correspond to the monolayer, the curve virtually 
parallels that for glass alone down to - 130" C. Quantitative treatment of the data shows 
the teinperature coefficient to have about one-sixth the magnitude expected for liquid 
ethyl chloride. However, as the low-temperature measurements and infrared studies (15) 
show, hydrogen bonding occurs between the surface OH groups and the ethyl chloride. 
We might, therefore, consider the OH-ClC2Hs coinplex as an entity and evaluate its 
variation of € 2  with temperature using the baseline value of E for the glass without OH 
groups. The teinperature coefficient now increases to about one-half that of liquid ethyl 
chloride but more significailtly the value of p ,  the dipole moment, calculated using € 2  of 
the complex and the Onsager (16) equation is still much lower than expected, namely, 
1.66 D as coinpared with 2.0 D, which is the value of the dipole moment of ethyl chloride 
in the gaseous state. In the multilayer region, the temperature coefficient (from values of 
E Z ~  which were calculated by equations [3] and [4]) is about twice that in the monolayer. 

Below - 130" C Fig. 3 indicates dispersion both for the glass and the complexed ethyl 
chloride. A plot for glass plus n-butane (not shown), however, parallels the curve for glass 
alone and therefore shows no dispersion and evidence of adsorbate-adsorbent interaction. 

(iii) In the low-temperature region below -130" C the real part of the dielectric 
constant E' decreases and E" increases with increasing frequency for the glass and glass- 
chloride systems. Broad peaks are discernible for these latter systeins and do not change 
in height as  the temperature changes (see Fig. 4 and Table 111). The behavior with either 

TABLE 111 

Frequency e? ' *  ea"* e 2 ' t  e Z r ' t  

NOTE: amount  adsorbed in cc at N.T.P. = 109.2. 
*Temperature = - 170.4' C. 
'(Temperature = - 183.9' C. 

of the chlorides clearly shows the interaction of the adsorbate with the adsorbent, since 
in Fig. 3 the second curve crosses the first in the low-temperature region. This is due to 
the presence of the complex, which has a different dielectric dispersion behavior than do 
the OH groups alone on the glass. Methyl chloride, which is a lighter molecule than ethyl 
chloride, also showed the saine effect, but because of its lnolecular weight, the inception 
of loss occurred a t  a lower teinperature than for ethyl chloride. Beyond about one-quarter 
of the inonolayer coverage (on the assunlptioil that inonolayer coinpletion is revealed by 
the sudden change of dielectric constant with amount adsorbed), further addition of 
ethyl chloride does not increase the loss. 
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DISCUSSION 

The loss peaks shown in Fig. 4 resemble Debye-type curves in that the amplitude and 
width appear coilstailt over the narrow temperature range in which peaks could be defined. 

Loo FREQUENCY ICPSI 

Loo FREQUENCY ICPSI 

1 FIG. 4. Plot of c" for cth) I chloride against log frequency (c.p.s.1. 

However, it was not possible to obtain a typical Cole-Cole plot (17), which is usually 
taken as a criterion of Debye-type behavior. This failure could be due to the uncertain 
absolute values of E?'. As already stated, the temperature coefficient calculated for the 
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complexed ethyl chloride was s~llaller than expected. However, if one talces the form of 
the loss curves as a sufficient criterion of Debye-type behavior in the dielectric, a mech- 
anism can be advanced based on a model having two positions between which the complex 
malces rotational transitions ( 1 ) .  As Frohlich ( 3 )  points out, this leads, in the presence 
of a field, to an exponential approach to equilibrium and hence to the Debye equation. 
In particular, the well-know11 equation 

may  be applied if values of w,,, and T are known. Table IV below gives values of 7 0  and H 

TABLE IV 

Volu111e adsorbed H 
(cc a t  N.T.P.) T O  (I;cal/molc) 

76.6 6 X loL3 4.47 
100.2 1 X 10" 4.30 
132.1 5 X loL8 6 .72  

calculated from Fig. 4. As can be seen the consistency between different doses of gas is 
illoderately good, although the value of T O  is somewhat higher than expected; the small 
teinperature range and the broad maxima of the pealis make the accuracy doubtful. 

The two-position theory is the best available to explain Debye-type losses. A treatment 
based on an  order-disorder theory as discussed by Frohlich ( 1 8 )  cannot be valid in this 
case. One of the deductions of this latter theory is the decreasing value of the low- 
frequency value of € 2 '  with decreasing temperature and no evidence of this was observed 
for adsorbed ethyl chloride. The fact that  such n differentiation between theories is 
possible is due to a linowledge of E q ' ,  which can also provide n value of the temperature 
coefficient and dipole moment. This emphasizes the deficiencies in some of the work 
done on adsorbent-adsorbate systems, in which not on11 is no attempt made to calculate 
values of E2' and EZ" for the adsorbate itself, but values of E' for the conlposite dielectric 
are sometimes not reported. 

If the low value of temperature coefficient of the complesed ethyl chloride is considered 
too low for the Debye behavior discussed immediatel\, above, the entit!- could be coil- 
siclered as an oscillator. This would require an explanation of the low frequency a t  which 
losses appear when the natural frequency (wo) would be close to 101~sci l la t ioi~s/sec.  
The shape of the dispersion curves would also be anomalous if resonance absorption were 
advanced to explain the dielectric behavior. Von Hippel ( 1 9 )  gives the equation 

which results from the differel~tial equation of  notion 

d2z  d z  e 
7+2a -+ wo2z = - E', 
d t  d t  M 

where II is the mass of the oscillator, e the electronic charge, etc. I11 equation [5] ..I is 
the coiltribution of oscillators wit11 natural frequencies very different from that of the 
species of natural frequency wo. The measuring frequency is w and a is the damping co- 
efficient. Since w << w" ,  rationalization shows that E' decreases continuously with w ,  and 
E" goes through a maximum as a function of w provided a is sufficiently large. Experi- 
mental finding may therefore be interpreted on the basis of the assumption of large a. 
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Although the followii~g procedure does not provide an independent check of this inter- 
pretation, i t  was considered instructive to attempt to evaluate a from the known energy 
dissipation in the dielectric. The energy dissipation is given in ergs sec-I by w E o 2 ~ " /  
8n, where Eo is the applied field. The number of coinplesed ethyl chloride inolecules 
has been estiinated as 6 X 1021 per cc and E" may be taken as 0.5 a t  l G 5  cycles/sec. Thus, 
the ergs dissipated per ~nolecule per second is 1 X One may relate a to this by means 
of the expression [ma(dz)/(dt)] X [d/t], where m is the weight of one inolecule and (dz)/(dt) 
and d/t are tlie same quantity, namely, the distance inoved by a molecule in 1 second. 
Froin the estimated size of the complex, namely 9 X cm, one complete revolutioll 
would be about 5X10-7 cm. The distance turned by each molecule was evaluated on 
the assumption of a dielectric constant of about 12 in a field of about 10 volts cnl-l, 
giving a moment per cc of 0.03 e.s.u. Assuming a moment of 2.6 D for the complex, 
each molecule turns about 2X10-6 of a revolutioil each half cycle. Thus, in 1 second a 
distance of cm is traversed by each molecule, so that a = 10-20/(10-?2X10-14) = 

1016 and w a  = 1016 XG X 10" lo2< This is about the correct order of magnitude. 
Thus it can be seen that a sufficiently large value of the damping coefficient will rational- 

ize the shape of the absorption pealc and also will predict a gradual decrease in the real 
part of the dielectric co~lstant with frequency. 

As already indicated, ethyl chloride, in greater quantity than about one quarter of 
the unimolecular la\.er capacity, does not enhance the losses. I t  is not only loss free but  
alters, towards lower temperatures, the condition for which loss is detected in the corn- 
plexes which have formed. This situation is also recognized in the multilayer region. If 
the volume polarizability method of calculating the dielectric constant is extended to 
the region of loss, the added material in the multilayer appears to have a negative loss, 
which indicates that the condition for which loss was originally found in the monolayer 
has altered. There is, therefore, clear evidence of interaction between matter in the 
first and subsequent adsorbed layers. 

The observation that an adsorbate may interact with the substrate yielding an un- 
expectedly low €2' could provide a second explanation for the pl~enomenon shown by 
Fig. 2. The lower dielectric constants in the nlultilarer region have previously been 
thought to be due to the location of the adsorbate in a region where the internal field 
is wrongly assessed by the Bottcher treatment. However, it coulcl also be explained 
on the basis of interaction of the adsorbate and adsorbent through which the polarizatioil 
of the substrate is reduced. However, in contrast with the matter adsorbed a t  the lowest 
relative pressures, the matter adsorbed in this range of pressure shows no dielectric 
loss, and there is, therefore, no positive evidence of interaction between adsorbate and 
adsorbent. 

Since about three quarters of the ethyl chloride which enters the first molecular layer 
shows 110 loss and a low temperature coefficient, it would seein reasonable to consider 
the motion of this matter as oscillatory. Losses would presumably not be sl~own for 
such oscillators until much higher frequencies (20). Loss is also absent in matter going 
into tlie inultilayer so that the behavior of these nlolecules does not resemble that of 
bullc liquid, on the presumption that bulk liquid would show losses a t  low temperatures 
and a frequency of 4 Mc/sec. 

The recent paper bl- Fiat, Folman, and Garbatski ( lo) ,  which deals with the adsorption 
of small amounts of ammonia on porous Vycor glass, should be discussecl in relation 
to the present worl;. Fiat, Folman, and Garbatski calculate the molar polarization of 
the adsorbed ammonia by assuming that the heterogeneous dielectric may be considered 
as a solution, and the specific polarization of each constituent was added in proportion 
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to  its volun~e fraction to yield the specific polarization of the colnposite dielectric. This 
polarization is related to the dielectric coilstant of the coinposite dielectric by the Oilsager 
(15) equation. A somewhat similar solution treatment was given by Chamen and 
McIntosh (8), but was not considered preferable by them. For example, ammonia 
adsorbed upon rutile showed a inoinent of 0.55 D ,  sulphur dioxide 0.0 D ,  ethyl chloride 
0.55 D ,  in contrast with the gaseous moments of 1.47 D, 1.61 D, and 2.02 D ,  respectively. 
Miss Shiinizu (21) employed the Onsager equation and the weight additivity of polari- 
zation in another attempt to treat these systems as solutions. Values obtained by Miss 
Shimizu were critized by Benson, Channen, and McIntosh (20). Nevertheless, in the 
present situation, when the evaluatioil of the property of the adsorbate must still be 
coilsidered as solnewhat empirical, the suitability of a given procedure must be judged, 
a t  least partly, by the apparent reasonableness of the values. On this basis Fiat, Folman, 
and Garbatski can report an excellent value for the dielectric constant of the glass 
alone. Differential inolar polarizations of the adsorbed ammonia are considered satis- 
factory by them in view of the bonding with hydroxyl groups. Whether temperature 
variations of polarization are consistent with the calculated value of the moment is not 
demonstrated, however. 

In general, the question remains as to whether an adsorbed lnolecule should show 
an increased or diminished value of the orientational polarizatioll in comparison with 
bulk matter. This problem has been touched upon by Benson, Channen, and McIntosh 
(19). I t  was pointed out by them that a dipolar n~olecule which had created in it, by 
induction due to the surface field, an additional moillent equivalent to one-half that 
of its moment in the gaseous state, would contribute no more than an additional 3% 
to the norinal orientational polarization. Admittedly, the model discussed was one in 
which the dipole diminished with displacemeilt from the position of minimum energy 
when no applied field was operating, but a t  the same time, the lnolecule was considered 
as free to rotate and the restoring force to the original positioil was ignored. Thus, an 
unrealistically large orientational polarization was calculated. In the present instance, 
Fiat, Folman, and Garbatslti apparently calculated the moment on the basis of the 
molar polarization and the relation P = 4 / 3 ~ N [ a ' + ( ~ ' ) ? / ( 3 k T ) ] ,  which i~nplies a form 
of the orientational polarization which may well not be valid. As i11 the case of ethyl 
chloride bonded to hydroxyl, reported above, until a realistic inodel of the adsorbed 
entity call be analyzed, the deduction of values of dipole lnolnents is open to serious 
doubt. In the experin~eilts with ethyl chloride it has been shown that the increase of 
dielectric constant with quantity adsorbed is linear. Thus, the polarization of bonded 
ethyl chloride must be that of physically adsorbed ethyl chloride in the first layer. This 
latter material does not have a large contribution to the polarizatioll froin orientation 
if the value of the dielectric constant of 7 is accepted and the Onsager equation is used 
to calculate the dipole moment. The dipole moment (1.66 D) is less than that of the 
gaseous molecule. Such an assignment of a dipole lnoment is clearly unwarranted in 
view of the fact that no account has been taken of the mode of motion of the adsorbed 
n~olecule. 

One further collllnent is indicated. A positive temperature coefficient of the polarization 
is observed a t  low coverages of ammonia by Fiat, Folman, and Garbatski. A similar 
result was found by McCowan and McIntosh (9) for very much higher measuring 
frequencies, and evidence of dispersion or loss was found associated with the positive 
temperature coefficient. One would expect losses for conditions in which the rotation 
of n~olecules is hindered, but the measuremeilt of loss was not feasible with the device 
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and procedure employed by Fiat, Folrnan, and Garbatslii. Interesting results should be 
obtained in the frequency and temperature ranges einployed by them. 

In summar),, it  appears that co~nplexes form between the first quantities of adsorbed 
ethyl chloride and lzydroxyl groups. To explain the losses of this species a t  low tem- 
perature the con~plexes inay be considered either as dipoles having two equilibrium 
positions relative to the field, or as highly damped oscillators. Ethyl chloride adsorbed 
in the first molecular layer and not bonded to OH behaves as an oscillatory system 
for which no loss is observed in the frequency and temperature ranges studied. Multi- 
layer ethyl chloride behaves similarly, but shows a slightly greater temperature co- 
efficient of E?' .  Both these types of adsorbed ethyl chloride interact with the complexes 
0HCIC2H6 and reduce the temperature a t  which loss is observed. 
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ABSTRACT 

Catalposide extracted from the lunripe fruit of Catalpa orala affords bisdesoxyaucubin 
on reduction with lithiun~ in liquid ammonia. The  reduction is accompanied by the shift of 
a double bond. From this and other evidence, two possible structures are proposed for the 
compound. 

Claassen (1) in 1888 extracted a colorless crystalline compound from unripe fruit of 
Catalpa bignonoides Wal., and named it catalpin. The compound was renamed catalposide 
by Colin, Tanret, and Chollet (2) because it was hydrolyzed by emulsin and hence was 
probably a p-glucoside. This was recently confirmed by Bobbitt, Schmid, and Africa (3), 
who obtained glucose on acid hydrolysis and P-hydroxybenzoic acid on alkaline hydrolysis 
of catalposide. From the analytical data for the compound and for 12 crystalline deriva- 
tives, they calculated for it the formula C22H26012. 

Our own investigations, started some time ago, have been carried out with catalposide 
isolated froin the fruit of Catalpa ovata. This material after prolonged drying a t  110' 
analyzed as C22H26012, but when dried a t  64' analyzed as a monohydrate, C22H28OI3 
Acid hydrolysis afforded glucose, identified by paper chromatography, and an insoluble 
black solid, while alkaline hydrolysis afforded P-hydroxybenzoic acid. The latter com- 
pound was also obtained il l  small yields by the pyrolysis of catalposide. I t  has previously 
been obtained by treatment of the fruit of Catalpa bignonoides with dilute acid (4). 

The close similarity in the ultraviolet absorption spectra of catalposide and of ethyl 
p-hydroxybenzoate in neutral and alltaline solutioil (Fig.1) shows the phenolic hydroxyl 

Wavelength (my)- 

FIG. 1. Ultraviolet absorption of catalposide, ethyl p-hydroxybenzoate, heptaacetylcatalposide, and 
ethyl p-acetoxybenzoate. 

(a)  Catalposide: ---- i l l  95% ethanol; - - in 0.01 N NaOH in 95% ethanol. Ethyl p-hydroxyben- 
zoate: . . . in 957" ethanol; - . in 0.01 IV NaOH in 95% ethanol. 

( b )  Heptaacetylcatalposide: - i l l  95% ethanol. Ethyl p-acetoxybenzoate: . . . in 955h ethanol. 

'Holdel. of N.R. C. Stztdentships 1058-61. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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L U S N  ET AL.: CATALPOSIDE 105 

of the p-hydroxybenzoyl group to be free. Titration of the phenolic group in catalposide 
nlonohydrate with sodium hydroxide in 10yo aqueous ethanol indicated a pK of 8.35, 
as conlpared with a pK of 8.45 for ethyl p-hydroxybenzoate, and an equivalent weight 
in good agreement with the formula C22H28013. 

Acetylation of catalposide afforded a dimorphous compound which analyzed as a 
heptaacetate. Bobbitt et al. (3) reported obtaining a hexaacetate. The ultraviolet absorp- 
tion of this compound was, as  expected, very similar to that of ethyl p-acetoxybenzoate 
(Fig. 1).  

Alltaline hydrolysis of catalposide yielded, besides p-hydroxybenzoic acid, a crystal- 
line compound, catalpol, C15H22010. This compound also gave a heptaacetate. The 
analytical results suggested that catalpol might be a hl-droxy derivative of aucubin, 
C15H2209 (I ,  R = ~-glucosyl = CGHTO(0H)a; X = H) (5, 6, 7, S), a possibility supported 
by a close similarity in the infrared spectra of the compounds. A close relationship was 
shown by reducing catalposide with lithium in liquid ammonia, using various alcohols 
as proton donors, to give bisdesoxyaucubin (11, R = C6H70(0H),), isolated in low 
yields as the tetraacetate. This compound had previously been obtained by Grimshaw 
and Juneja (6) by a sinlilar reduction of aucubin. 

111 a preliminary colnmunication (9) the structure I (R = C,H70(0H),; X = 

0COC6H40H) was proposed for catalposide, on the basis of this evidence, on the assump- 
tion that the double bonds of catalposide have the same position as in bisdesoxyaucubin. 
However, this structure is excluded by a conlpariso~z of the nuclear magnetic resonance 
spectra of catalposide and several derivatives with those of aucubin and the corresponding 
derivatives. All compounds showed a highly characteristic quartet a t  low field (T = 3.45 
for aucubin, 3.39 for catalpol, both in D 2 0 ;  3.83 for hexaacetylaucubi~l (S), 3.65 for 
I~eptaacetylcatalposide, 3.62 for heptaacetylcatalpol, all in CDCl?) which must be due 
to the C-3 proton (8, lo ) ,  coupled strongly with the C-4 proton (J34 =: 5.9 c.P.s.) and 
wealcly with the C-5 proton ( J 3 5  =: 1.5 c.P.s.). However, aucubin and hexaacetylaucubin 
showed conlplex peaks (T = 3.93 and 4.20 respectively) due to the olefinic proton a t  the 
7-position (8) which were absent from the spectra of catalposide and its derivatives. 
This indicates that the second double bond of the latter compounds must be a t  the 
AB position, as shown in formula IV, and that formation of bisdesoxyaucubin (11) in the 
Birch reduction of catalposide involves a AS -+ A7 double-bond shift via the ~llesonleric 
anion 111 (11). Further evidence for this position of the double bond colzles from the 
pealcs a t  highest field. Whereas hexaacetylaucubin has three complex pealts a t  6.24, 
6.81, and 7.16, which have been ascribed to the protons a t  C-5 and C-9 of the aglycone 
and C-5' of glucose (S), heptaacetylcatalposide (T = 6.18 and 7.27) and heptaacetyl- 
catalpol (T = 6.18 and 7.32) have only two pealcs in this region, and hence must lack a 
proton a t  C-9. 

The oxygen functions elinzinated in the Birch reduction  nus st be allylic to a A7 or AB 
double bond ( l l ) ,  and call only be a t  the 6, 7, and 10 positions in view of the 1l.nl.r. 
evidence for a proton a t  the 5-position; coilfir~nation for the locatio~l of an oxygen a t  the 
10-position comes from the failure to detect a C-methyl group in I<uhn-Roth oxidations. 
Catalpol is accordingly IV (R  = CsH70(0H)4;  R' = R" = H).  large shift in molec- 
ular rotation in going from catalpol ([MI,  -443") to catalposide ( [ A l l ,  -841") indicates 
that the p-hydroxybenzoyloxy group of the latter is probably attached to the 6- or 7-, 
rather than to the non-asymmetric 10-position, and that catalposide is either IV (R = 

CGH70(0H)4; R' = COC6H,OH; R" = H) or IV (R = C6H70(OH),; R' = H ;  R t t  = 

COCGH {OH). 
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HO OR' 

OR' OIZ' OR' 

R"0- 
C-- 

HOC HOC OH 

Confirmation of the A8 positioil of a double bond colnes from the properties of catal- 
pogenin, the amorphous but chromatographically homogeneous aglycone given by 
hydrolysis with eillulsion. This formed a crystalliile bis-2,4-dinitrophenylhydrazone, 
C3,H26014Ng, which had a broad, flat absorption peak centered a t  about 367 mp ( 6  43,300). 
A peak a t  this position and of this shape must be due to the merging of two sharper 
peaks due to 2,4-dinitrophenylhydrazone chromophores derived from a saturated aldehyde 
(A,,,,,, 348-360 111p (12)) and an a,@-unsaturated aldehyde (X,,:,, 366-88'7 111p (12)). This 
is in accord with the expected structure VIII. However, the structure of catalpogenin 
itself is not given by the dialdehyde forillula VI, because of the absence of aldehyde 
C-H stretching peaks in the 2700-2800 cm-' region (13), nor by the formula V, be- 
cause of the absence of a vinyl ether peak a t  about 1650 cm-' (13). The formula VII 
(R" = COC6H.,OH) is one of several possible formulae, derived by cyclizatioil from the di- 
aldehydeVI, permitted by the infrared data. Catalpogenin formed an amorphous triacetate. 

The treatment of catalposide in liquid ammonia with lithiuni and various alcohols 
gave, besides bisdesoxyaucubin, either catalpol or an isomer (isocatalpol), isolated as 
their heptaacetates. The formation of catalpol by attack of alkoxide ion on catalposide 
requires no comment; the formation of isocatalpol inay possibly be explained by base- 
catalyzed epiiuerizatioil a t  the 1-position. A sinlilar base-catalyzed epimerizatioil was 
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observed by Wolfrom and Husted (14), who found that the /3-forms of the pentaacetates 
of gluco-, manno-, and galacto-pyranose could be converted to the a-forms by sodiunl 
hydroxide in anhydrous dioxane or ether. This formulation for isocatalpol is in accord 
with the infrared and 1l.m.r. spectra of its heptaacetate, which are very sinlilar to those 
of heptaacetylcatalpol a ~ t d  indicate the same functio~lal groups to be present in both 
compounds. 

EXPERIMENTAL 

Ultraviolet absorption spectra, except where otherwise noted, are for solutions in 95Yo ethanol. Nuclear 
magnetic resonance measurements were made a t  60 Mc/sec and peak positions were n~easured relative to  
an  internal tetraiuethylsilane reference. Microanalyses were carried out by A. Bernhardt (Mulheinl, 
Germany) and C. DaesslC (hlontreali. 

Isolatio?~ of Catalposide 
The procedure was modified slightly fro111 that of Claassen (1). The green beans of C. ooata growing on 

the McGill campus were stripped of their outer coverings, covered with 95% ethanol, and simmered for 1 
hour in the presence of a trace of calcium carbonate. The ethanol was poured off, the extraction repeated, 
and the combined extracts concentrated a t  reduced pressure to  a small volun~e. The green solution was 
then washed with ether and left in the refrigerator for 1 week. The solid which separated was taken 11p in a 
small volume of e t h a ~ ~ o l  and precipitated with chloroform. I t  was redissolved in e t h a ~ ~ o l  and filtered through 
charcoal. The residue from evaporation of the s o l v e ~ ~ t  was recrystallized several t in~es  from water, giving 
fine white needles (0.26-0.30% yield). These when dried a t  64O a t  0.1 mm melted a t  about 160°, resolidified, 
and melted again a t  209-211° (decomp.); A,,, 260 mp, em,, 18,200; in 0.01 N sodium hydroxide in ethanol, 
AX,, 225, 305 mp, ttmo, 11,000, 30,100; ~2::: 3540 s,sh, 3400 s, 2910 w,  1708 s, 1654 w, 1613 s, 1597 In, 
1519 m, 13'38 111, 1355 nl, 1315 nl, 1290 s, 1257 m, 1232 m, 1177 nl, 1105 s ,  1090 s, 1074 s, 1055 s, 1015 s ,  
994 s, 905 s, 921 w, 906 w, 880 w, 874 w, 855 m ,  840 m ,  813 \xr, 772 s, 735 w, 704 nl, 689 w, and titi5 w 
cm-I. 'I'his material a~lalyzed as  a 1t1onokydrate: calc. for C?jH?aOi3: C 52.80, H 5.64%; found: C 52.93, 
H 5.65%. When dried a t  l l O o a t  0.1 nlnl catalposide melted a t  209-211° (decomp.), [cY]D" -174" (c, 2.11 in 
ethanol). Calc. for C Z ~ H ? ~ O , ? :  C 54.77, H 5.43, 0 30.80%; found: C 54.74, H 5.38, 0 39.10%. 

Except where otherwise noted, the catalposide used in the experiments described below was dried a t  
room temperature a t  15 mm. Such material contailled 4-5 nlolecules of water of crystallization per C I J I ~ ~ O ~ Z ,  
a s  shown by combustioll analysis and titration, alld melted ~ ~ n s h a r p l y  a t  about 80°, resolidified, and melted 
again a t  about 211" (decomp.). The purity of the cotnpound was checked by ascending chromatography 
on Whatman No. 1 filter paper with the butanol- acetic acid - water solvent system of Partridge (15). I t  
gave rise to  a well-dehed black zone (RI 0.80) when the dried chromatogram was sprayed with 50% 
aqueous sulphuric acid and warmed gently. I t  was shown to  be essentially free fro111 aucubin (RJ 0.27-0.30), 
which gave rise to a blue zone when the chromatogram was sprayed with a solution of p-dimethylan~ino- 
benzaldehyde in acidic ethanol (10); the sensitivity of this chromatographic method was such that  less 
than 0.2% aucubin in catalposide could be detected. 

Titration of Catalposide 
Aliquots (1.00 mI) of a solution of catalposide monohydrate (132.0 mg) in ethanol (10.0 ml) were diluted 

to  10.0 ml with distilled water, and the solutions titrated with 0.196 N sodium hydroxide in a Radiometer 
(Copenhagen) continuous automatic titrator. A sigmoid titration curve was obtained; the pK of the com- 
pound was obtained from the pH value for the midpoint of the curve. Calc. for C?zH?a013: equivalent 
500.5; found: 496, 496, 504. 

Acid Hydrolysis of Catalposide 
When heated to  100° for 2 hours, a solution of catalposide (220 ing) in 2 N sulphuric acid (3 ml) darkened 

and deposited a s  infusible black solid. The  solution was neutralized with bar iun~ hydroxide, centrifuged, 
and the clear brown supernatant was concentrated to  2 ml. Analysis by paper chromatography, using the 
solvent systems butanol- acetic acid - water (15) and pyridine - amyl alcohol -water (17) and a developing 
spray of aniline acid phthalate (15), showed the presence of a substance developing the same brown color 
and having the same Rl values as  glucose. 

Alkali?~e Hydrolysis of Catalposide 
Hydrolysis of air-dried catalposide (3 g) in 0.1 N barium hydroxide (50 ml) was followed by observing 

the change in absorption of aliquots diluted with 0.01 N sodium hydroxide. After 23 hours A,,, had changed 
from 305 mp to  280 mp, characteristic of p-hydroxybenzoic acid (18). The solution was slowly acidified 
with 5 N sulphuric acid with cooling and then extracted with ether. Removal of the ether from the dried 
(magnesium sulphate) extract left a residue (690 mg) which crystallized from acetone-hexane-benzeue in 
needles, m.p. 213-214", identified as  p-hydroxybenzoic acid by mixed melting point. 
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The slightly acidic aqueous solution was neutralized with barium carbonate and filtered, and the water 
evaporated a t  reduced pressure a t  room temperature. A solution of the residue in a few drops of water was 
diluted gradually with acetone over a period of several days, yielding several gummy crops and finall!; 
a colorless crystalline solid. This was recrystallized several tinles from small volumes of water by addition 
of acetone, giving stout white needles of catalpol (321 mg); m.p. 207.5°-2090 (decamp.); [a]D" -122' (c, 0.82 
ill 90% (v/v) aqueous ethanol); v!:::: 3360 s, 2925 m,sh, 2880 m, 1659 111, 1465 w,sh, 1435 w, 1386 111,1340 w, 
1313 m, 1281 w, 1260 w,  1238 111, 1150 nl,sh, 1130 nl,sh, 1104 s, 1084 s, 1053 s,sh, 1040 s, 1014 s, 989 s, 961 
w,sh, 914 m, 900 ~n,sh ,  887 w,sh, 861 w, 836 m, 762 m,sh, 754 m, and 736 m cm-I. Calc. for CllH22010: C 
49.71, H 6.12%; found: C 49.64, 49.92, H 6.27, 6.29%. 

By ascending chromatography on Whatrnan No. 1 filter paper and spraying with 50% aqueous sulphuric 
acid, catalpol gave single, well-defined blacli zones with the following solvent systems: butanol - acetic 
acid - water ( l 5 ) ,  R j  0.31; phenol saturated with water, Rj 0.77; pyridine - ethyl acetate - water (1:2:2 
(vol.)), Rj 0.83. The Rj  values of catalposide with these solvent systems were 0.80,0.78, and 0.93 respectively. 

Pyrolysis of Caialposide 
A flask containing catalposide (1.5 g) under a pressure of 0.1 lnln was heated by immersion in an oil bath, 

the temperature of which was raised from 170' to 260' C. At the higher temperature a green oil distilled 
over into a cold trap, and white crystals (70 nlg) for~ned in the neck of the flask. The latter on crystallization 
from acetone-hexane-benzene had m.p. 213-214' C, undepressed by ad~nixture with authentic p-hydrosy- 
benzoic acid, and having an identical infrared spectrum. 

Heptaacetylcaialposide 
A solution of catalposide (2 g) ill pyridine (6 ml) and acetic anhydride (5  ml), after standing overnight 

a t  room temperature, was diluted with a large volurne of hexane. An oil precipitated which solidified on 
washing with hexane. The solid crystallized from aqueous isopropanol in white silky needles (2.08 g) ;  m.p. 
112.5"113.5" C;  X,,,238 mp, em,, 17,700; v::;: 2946 w,  2900 w,sh, 1750 s, 1720 s,sh, 1654 ni, 1606 m ,  1508 rn, 
1435 In, 1373 s, 1275 s,sh, 1247 s,sh, 1220 s, 1193 s,sh, 1164 s, 1100 s, 10GC5 s, 1040 s, 1015 s, 972 m ,  932 s, 
910 m ,  870 w, 845 w, 763 w, and 700 IV cm-I. Calc. for C ~ ~ H ~ O O L ' J :  C 55.66, H 5.19%. Found: C 55.77. H 
5.29%. 

Later preparations of this conlpound afforded needles, m.p. 142.5"-143.5" C, identical otherwise (ultra- 
violet and infrared spectra) with lower melting form; ja]~ -108' (c, 1.28 in chloroiorm). 

Hepiaaceiylcatalpol 
( a )  From Catalpol 
A solution of catalpol (127 mg) in pyridine ( 4  ml) and acetic anhydride ( 1  ml) was left overnight a t  room 

tem~erature ,  and then diluted with a larrre volume of hexane and left a further 24 hours. The Dreci~itated - . . 
solid was washed with hexane and crystalli~ed from aqueous isopropanol to give large white needles (108 nlg); 
m.p. 14') 5'-141.5'; [ a ] ~ ? ~  -87O (c ,  1.83 in chloroform): v:::: 2950 In, 2900 w,sh, 1748 s, 1G57 rn, 1439 m, 
1381 s, 131G w,sh, 1248 s,sh, 1234 s, 1172 w,  1149 w, 1128 w, 1100 w,sh, 1072 s,sh, 1050 s,sh, 1042 s, 1019 s,sh, 
984 m, 971 w,sh, 956 w,sh, 934 m, 921 In, 910 m, 882 w, 868 w, 840 w,sh, 768 m, 745 111, 699 w, G86 w,sh, 
and 670 w cm-I. Calc. for C?'~H36017: C 53.04, H 5.53, CHpCO 45.88%; found: C 53 27, 53.15, H 5.74, 5.71, 
CH3C0 45.52, 45.37%. 

( b )  From Catalposide 
Catalposide ( 2  g) in absolute ethanol (40 ml) was rapidly addecl dropwise with stirring to a ~niuture of 

l i thiu~n (2.5 g),  liquid am~nonia (600 ml), and ethanol ( 8  ml) cooled in an  acetone - dry ice bath. After 20 
minutes the cooling bath was removed and the s o l ~ ~ t i o ~ i  left overnight to allow the ammonia to evaporate. 
Iiemoval of volatile liquids was completed a t  reduced pressure, and then the residual brown solid was 
suspended in pyridine (250 ml) and treated with acetic anhydride (100 1111) with stirring and cooling. After 
standing overnight, the ~nixture was filtered to remove lithium acetate. The filtrate was concentrated a t  
reduced pressure to 200 ml, diluted with water, and further concentrated to 25 1111. Dilution with water 
precipitated a viscous oil which was triturated with water, dried a t  room temperature a t  0.1 mm, triturated 
with hexane, and then left under hexane overnight. The brown solid thus formed was dissolved in methanol, 
filtered through charcoal, recovered by evaporatio~l a t  reduced pressure, and recrystallized from aqueous 
isopropanol. White needles of heptaacetylcatalpol were obtained, m.p. and mixed 111.p. 139"-140.5" C, 

-84O (c ,  1.64 in chloroform), infrared spectrum identical with that of the colnpound described above. 

Catalpogenin 
Optical rotations of an  aliquot of a solution of catalposide (3  g )  and elnulsin (300 mg) in water ( 1  I.), 

clarified by filtration through celite, decreased for 2 days and then became constant. The solution was 
concentrated to about 60 1111 a t  reduced pressure and diluted with acetone to precipitate e~nulsin and some 
glucose. The mixture was filtered through celite, and the filtrate talcen to dryness a t  reduced pressure. The 
yellow residue was dissolved in butanol saturated with water (30 ml) and passed through a column of 
Whatman cellulose powder (60 g)  packed with the same solvent. Elution with water-saturated butanol 
(250 ml) removed the yellow color from the column. The eluate, taken to dryness a t  reduced pressure and 
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LUNN E T  AL.: CATALPOSIDE 109 

dried a t  0.1 mm, gave a solid yellow foam (1.98 g). Paper chromatography of this solid, using butanol- 
acetic acid -water as irrigating solvent and an aniline hydrogen phthalate spray (15) ,  revealed a single 
yellow spot of R, 0.90 and no glucose. The solid could not be crystallized and so a portion of it (774 mg) in 
acetone solution was filtered through charcoal, recovered by evaporation, taken up in isopropanol, and 
deposited by rotary evaporation on celite (2.5 g). After drying a t  0.1 mm, this solid was extracted with 
anhydrous ether in a Soxhlet apparatus for 3 days. Catalpogenin (365 mg) was obtained as  a pale yellow 
amorphous solid on evaporation of the ether; A,,, 260 Inp, em,, 14,400 (based on formula C16H1007); v:::: 
3440 s, 2950 s, 2886 m,sh, 1712 s, 1692 s, 1614 s, 1604 s, 1599 s,sh, 1519 m, 1468 m,sh, 1451 In, 1350 m, 
1311 m, 1282 s, 1217 s,sh, 1170 s, 1112 s, 1068 s, 1030 s, 975 s,sh, 925 m,sh, 895 w, 852 m, 815 w, 773 m, 
700 m cm-'. All attempts to crystallize this solid failed, but on paper chromatography it gave rise to a 
single, well-defined spot. 

Triacetylcalalpogenin 
A so l~~ t ion  of catalpogenin (180 rng) in pyridine (4  ml) and acetic anhydride (1  ml), after standing over- 

night, was diluted with a large volunle of hexane. The brown gum which separated became solid after 
repeated trituration with hexane, and was taken up in methanol and filtered through charcoal. The  colorless 
residue (60 mg) fro111 the filtrate could not be crystallized, and so was dissolved in carbon tetrachloride, 
filtered through celite, and recovered by evaporation as  an  anlorphous solid; v:::: 3060 w, 2940 nl, 1752 s, 
1719 s, 1604 m, 1506 m, 1436 m, 1416 m, 1372 s, 1240 s,sh, 1217 s,sh, 1200 s, 1164 s, 1115 s, 1100 s,sh, 
1041 s, 1016 s, 975 m,sh, 914 s, 862 n ~ ,  806 w, 764 m, 705 m, and 674 w cm-'; r::i4: 1757 s, and 1723 s cm-1. 
Calc. for C??H?2010: C 59.20, H 4.97%; found: C 58.64, H 5.45 %. 

Cafalpogenin bis-2,4-DinitrophenylIcyd~azone 
A warm solution of 2,4-di~litrophenylhydrazine (260 mg) in ethanol (5.3 ml) - sulphuric acid (1 ml) -water 

(1.7 ml) was added to a warm solution of catalpoxenin (135 mg) in ethanol (3  ml). After 2 hours a t  room 
temperature, the mixture was diluted with water (20 ml) and kept for 4 hours in the refrigerator. The 
yellow-brown solid removed by filtration was washed with water until acid free and then talcen up in a 
small volume of ethyl acetate. Dilution of this solution with boiling ethanol precipitated several crops of 
brown gum, which were removed by filtration through celite, and finally yellow needles of catalpogenin 
bis-2,4-dinit~ophe?tyl/~yd~azo~te (40 mg); 111.p. 166.5"-167.5" C (decomp.); [ff]DZ3 -378' (c ,  0.460 in ethyl 
acetate); AX,,, 258, 367 mp, eemqx 37,100, 43,300 (in ethyl acetate) ; r::: 3430 s,w, 3290 s, 3100 w, 1700 in, 
1666 s, 1593 s,sh, 1516 s, 1126 m, 1334 s, 1310 s,sh, 1275 s, 1225 in, 1165 m, 1140 s, 1100 s, 1058 w,sh, 
925 w, 852 w, 834 nl, 772 w, 744 m, and 724 w cm-l. Calc. for C?sHz,OltNa: C 49.42, H 3.56%; found: C 
49.59, 49.40, H 3.90, 3.89%. 

Redziction of Catalposide with Lithium i n  Liquid A?n?izonia 
(a )  TVit/z Ethanol as Proton Sozrrce 
Catalposide (2.5 g) in warm absolute ethanol (45 ml) was added to  liquid ammonia (320 ml), followed 

by lithium (10 g) in small pieces over a period of 15 minutes, giving a blue solution with a bronze phase. 
After 40 minutes, ethanol (25 ml) was added dropwise over a period of 20 minutes, during which the bronze 
phase disappeared; after another 40 minutes, the addition of more ethanol (20 ml) led to  the disappearance 
of the blue color. The  solution was worked up a s  described above for the preparation of heptaacetylcatalpol 
from catalposide, yielding a yellow gum (1.39 g) which was chronlatographed on Woelm neutral alumina 
(42 g, activity 11). Elution with hexane-benzene, 1:3,  removed a solid (60 mg), which after crystallization 
from aqueous methanol melted a t  132'-134.5' C, and was identified a s  tetraacetylbisdesoxyaucubin by  
melting point, mixed meltirig point, and infrared spectrum; ~2%': 2920 w, 2865 w,sh, 1709 s, 1659 w, 1440 w, 
1370 m, 1224 s, 1158 nr, 1070 s,sh, 1056 s,sh, 1037 s, 996 w,sh, 965 m, 952 w,sh, 920 w,sh, 910 w, and 881 \xr 
cm-1. (Authentic bisdesoxyaucubin was prepared by a similar reduction of aucubin, isolated by Mr. I. 
Puslcas from Auczrba japoltica leaves (16).) 

Elution with benzene containing increasing amounts of ether removed a gum which crystallized from 
ether-hexane in white needles (53 mg) of Itepfaacetylisocatalpol; m.p. 127"12S0 C ;  [a]D2' -12l0,  -120" 
(c, 2.21,2.09 in chloroform); ~:",::2950 w, 2883 w,sh, 1751 s, 1655 w, 1433 w, 1369 In, 1221 s, 1160 w, 1125 w, 
1062 m, 1038 In, 1010 w,sh, 955 w, and 905 w cm-l. Calc. for C29H36017: C 53.04, H 5.53, CHIC0  45.88%; 
found: C 53.06, 53.06, H 5.79, 5.71, CHICO 44.51, 44.93%. Larger amounts of organic material were 
obtained as intractable gums on elution with ether containing 0-3y0 acetic acid. 

(b)  With i ~ ~ e t l ~ n o l  as Proton Sozrrze 
Catalposide (2.5 g) in a~ihydrous methanol (28 ml) was added to  liquid ammonia (600 ml), followed by 

lithium (2  g) over a period of 2 hours. The blue color persisted while the mixture was agitated for a further 
2 hours, but disappeared after the addition of methanol (22 ml) over another hour. Ammonium sulphate 
(70 g) was added, and the mixture left overnight. The  solid residue was dissolved in water (150 ml) and the 
solution evaporated a t  reduced pressure to  yield a near-white residue which was powdered and extracted 
several times with boiling anhydrous ether, followed by warm methanol. The methanol extract was filtered 
through charcoal, concentrated, and the residual gum dried and treated with pyridine (10 ml) and acetic 
anhydride (8 1111) overnight. Dilution of this solution with water precipitated a gum (1.86 g) ,  which was 
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chromatographed on Woelm neutral alumina, activity grade I1 (60 g). Elution with hesane-benzene, 1:3 
(v/v), removed tetraacetylbisdesoxyaucubin, which, after crystallization from aqueous nlethanol, melted 
a t  134.7-137.0" (15 mg), [a]~-139 '  (c, 0.491 in chloroform), infrared spectrum identical with that of 
authentic material. Elution with benzene-ether, 9 : l  (v/v), removed heptaacetylisocatalpol, which after 
crystallization from ether-hexane had m.p. and mixed n1.p. 127-128' (225 mg). 

(6) With Isopropanol as Proton Source 
Lithium (3.6 g) and isopropanol (27 ml) were added to catalposide (0.8 g) in isopropanol (16 ml) -ammonia 

(200 n ~ l )  over 90 minutes. Ten minutes later the blue color disappeared and a m m o n i ~ ~ m  sulphate (35 g )  
was added. The reaction was worked LIP as in (b) above to give tetraacetylbisdesoxya~~c~~bin (3 nig), m.p. 
132-134", followed by heptaacetylcatalpol (30 mg), lll.p. 140-141°, and then heptnacetylisocatalpol (about 
30 nlg). 
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ABSTRACT 
The infrared frequencies and intensities of the fundamental stretching vibration of the 

hydroxyl group have been measured for a number of ortho-alkyl phenols in the vapor phase 
over a range of temperatures. Both quantities have been shown to  depend on internal steric 
and environmental factors. The differences in enthalpy between the cis and trans isomers of 
several 2-tert-alkyl phenols have been measured, and it is concluded that the latter are not 
significantly stabilized relative to  the former by solvatioli in non-polar solvents. 

INTRODUCTION 

The presence of two fundamental hydroxj.1 stretching bands in the infrared spectra 
of o-t-alkyl phenols has been reported recently by several workers (1, 2, 3, 4). The two 
bands are almost certainly due t o  geometrical isomerism of these phenols, i.e. t o  cis and 
trans structures in which the hydroxyl group-coplanar with the ring-points respectively 
towards and away from the alkyl substituent. In contrast to  the related isomerism in 
which intramolecular hydrogen bondiilg occurs between the o-substituents and the 
hydroxyl group, the trans isomer predominates in o-t-alkyl phenols. We have recently 
measured the differences in free energy and enthalpy between the two isomers in carbon 
tetrachloride and hexachlorobutadieile for several different t-alkyl groups (1, 2). We 
suggested that these values might be appreciably higher than the values which would 
be obtained by measurements in the vapor phase, owing t o  the increased stabilization 
of the trans isomer as  a result of its interaction with the solvent ( 5 ) .  The present work, 
in which the differences in enthalpy were measured in the vapor state, was therefore 
undertaken to estimate the stabiliziilg effect of the solvents used in the previous measure- 
ments. Moreover, enthalpy differences in the vapor are of greater theoretical importance 
froin the point of view of non-bonding interactions in sterically hindered molecules. I t  
was also hoped that  the resolution of the two bands would be improved in the vapor, bu t  
this was found not to  be the case, the resolution being about the same as  in carboil tetra- 
chloride a t  room temperature. 

EXPERIMENTAL 

The spectrometer and slit conditions have been described previously (1). A simple heated cell was con- 
structed of quartz with a path length of 10.1 cm and a total volullle of 207 cc. The  temperature of the cell 
could be read and rontrolled to  about 3.~2" C. T o  eliminate traces of air and moisture from the samples 
the following procedure was used. The cell was heated to  300" C and evacuated overnight, following which 
it was cooled to  roo111 temperature and filled with purified helium. I t  was then momentarily removed from 
the gas handling system and a previously weighed quantity of the phenol was dropped in. The cell was 
re-evacuated for 2 minutes and then sealed off under vacuum. The quantity of the phenol added was sufficient 
to  give a concentration in the vapor of about mole/liter. 

At room temperature none of the phenols showed any absorption in the O-H region. As the temperature 
was raised the O-H band appeared and increased rapidly in intensity until the phenol was all in the vapor 
state, after which the maximum band height decreased rather slowly with increasing temperature. Measure- 
ments were made in this region a t  20' C intervals. In three cases, only one measurement was made since 
the temperature had to be raised to  about 300" C to get these phenols entirely into the vapor state. No 
measurements were recorded above 300" C since all the phenols examined above this temperatitre were 
apparently deco~uposing quite rapidly. 

'Issued as N.R.C. No. 6611 
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RESULTS 

Although the main interest in this work was centered on relative band intensities it  
was found that, if these were obtained from the product of the apparent half-band width 
and the nlolecular extinction coefficient, they could differ by as much as 10yo froin the 
relative intensities obtained by graphical integration. For this reason, the intensities 
relative to phenol (A) recorded in Tables I and I1 were obtained by integratio~~ over 
the entire absorption band. They are probably correct to within f 5 % .  The integrated 
intensities are independent of temperature within the accuracy of the measurements, a 
decrease of about 1-2% every 10" C in the maxinlum band height, (loglo Io/I,), being 

by an increase in the apparent band width. This supports the view that 
the decrease in intensity with increasing teinperature observed previously in solutioll (2) 
was due to expansion of the solvent. The primary effect of solvent expai~sion is to decrease 
the quantity of material in the cell. A secondary effect is that, as the solvent density 
decreases, phenol-solvent interactioll is also decreased. The intensity therefore decreases, 
tending towards its smaller value in the vapor phase as the temperature is raised. Thus, 
the absolute intensity of the OH band of phenol obtained by integration, as far as the 
flat wings of the band using loglo (Io/I)  and not applying a wing correction, was found 
to be 0.18XlO1 mole-I liter cm-? in the vapor compared with 0.43sX104 in carbon 
tetrachloride a t  room temperature (I).* The increase in frequency of the band maximum 
(v,) with increasing temperature in solution was also attributed to this secondary effect, 
which is confirmed by the fact that v,, is indepelldent of tenlperature in the vapor state. 
Values of A and v,, the latter accurate to about f l  cm-l, are recorded in Table I for 
those phenols which do not contain just one o-t-alkyl substituent. V, for phenol, which 
has a very pronounced flat top to the band, is actually the frequency of the band center 
(v,). In illost cases v, does not differ froin v, by more than 1 cm-1, but in benzyl alcohol 
and 4-CHO phenol it is 2 cm-I lower than v, and in 4-Me phenol and 2,G-(EtjC)2-4-RiIe 
phenol it is 2 cm-I higher than v,. Benzyl alcohol, a fairly typical alcohol (G) ,  is included 

I in Table I and Fig. 1 for conlparative purposes. 
The band shapes of those phenols which are included in Table I show very marlied ~ differences in the vapor phase which are not apparent in solution. Forexanlple, loglo (Io/I,,,) 

1 increases and the band width decreases with increasing mass of the 4-substituent. Some 
typical band shapes are shown in Fig. 1. The bands have all been corrected to a concen- 
tration of mole/liter and to a teinperature of 230" C. The band shapes have also 

I been indicated in Table I by including the apparent half-band widths (Avt), the ratio 
of the apparent one-quarter- to three-quarter-band widths (Avi/Avi), and loglo(Io/Im) 
under these conditions. These values were obtained by extrapolation when necessary, 
e.g. with 2-sec-dodecyl-4-Me phenol, 2,4,6-A11lJn phenol and 2,6-Oct~"-4-CHO pheno1,t 
for all of which only a single high temperature rneasurenlent was made. 

The bands of some of the substituted phenols show slllall irregularities which are 
perhaps due to the presence of overlapping hot bands. The contribution these irregulari- 
ties make to the values of A obtained by integration over the whole band are probably 
not significant compared to the accuracy with which A can be measured. Therefore, no 
correction was applied for these irregularities. With 2,G-BuP1-4-C1 phenol and 2,6-BuZ1- 
4-CHO phenol irregularities appeared on the low frequency side of the band a t  tempera- 
tures above 270" C. They were attributed to the partial decoinposition of these phenols 
involving the loss of one of the t-butyl groups. 2,G-(Et3C)2-4-Me phenol showed a similar 

*This  value i s  incorrectly recorded as 4.35 X104 i n  reference 1. 
t T h e  Octtt or 1-1-octyl grozcp i s  (CH~)~CCH?(CHJ)~C-.  
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INGOLD: ORTHO-ALKYL PI-IENOLS 113 

TABLE I 
Frequencies and intensities of phenols in the vapor state 

Phenol substitl~ents log (101 Im) * 
or vm, Ava,* ~llole/liter, 

cornpound 2s A ~111-1 cni-I Avt/Avt" 10.1 cnl path) 

Benzyl alcohol 0 .36 3659.5 49 2.45 0.123 
Phenol 0.00 1 .00 3655 37 1.58 0.457 
4-i\Ie -0.17 0.98 3659 30.5 1.82 0.549 
4-0ct" -0.19 0.97 3655 14.5 3.07 0.980 

'At 250' C. 

FIG. 1. The 0-H vibration bands of benzyl alcohol and sotne phenols a t  250' C and ~l~ole / l i ter ;  
path length = 10.1 cm. 

irregularity even a t  the lowest experimental temperature (265O C) (Fig. I). If this irregu- 
larity is also due t o  the partial loss of one of the  ortho-alkyl groups the intensity recorded 
in Table I for this phenol is probably too low. 
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Phenols containing a single o-t-alkyl substituent show the expected double band, but  the 
s~ l~a l le r  of the two bands isrelatively twice as  large as  it is in solution in CC14. The bands 
are shown in Fig. 2a t  mole/literat the lowest temperaturesatwhich they were n~easured 
so as  to  show the maximunl resolution achieved. Values of total intensity, v,,, Avi, etc. are 
given in Table 11. With the exception of the total intensity, these values are not as 
accurate as  those in Table I ,  owing to the problem of separating the two bands. 

t i .  2. The 0-1-1 \-ibration bancls of ortho-terl-allq.l phcrlols a t  ~nole/liter; path length = 10.1 cm. 

I;reclue~~cies and intel1sitie.s of a-l-alkyl phe~~ols  i n  thc vapor state 
-- -- - --- - 

log (I"/I!,) * 
Total A v,", ~ 1 1 1 - I  mole/l~ter, 

Phenol v,, (meas.) Av;,* 4 10.1 CIII path 
substituents 20 Meas. Calc. Meas. Calc. -v,,, (calc.) cm-I Avl* length) 

DISCUSSION 

.(i) Phenols Not Containing a Single Ortho-t-alkyl Group 
I t  has been shown previously (7) that v,, A ,  and Av+ for the fundamental 0-H stretching 

mode of 4-substituted phenols and 4-substituted-2,Ci-di-t-butyl phenols can be correlated 
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INGOLD: ORTHO-.-\LKYL PHENOLS 115 

in solutio~l with the Hammett  u constants of the 3-substituents. Figure 3 shows the cor- 
relations which are obtained for V, and '1 in the vapor state,  the u constant of an ortho 
substituent being assumed equal to that  of the same para substituent."' The  error in this 
assumption (8) is negligible in view of the small a-para constai-lts of alkyl substituents. 
Because of their double hydroxyl band, phenols with a single o-t-alkyl substituent have 
not been included. For the phenols which do  not have two ortho-t-alkyl groups, the 
points have been plotted against the total u for all the substituents, i.e. XU. The  points 
for 2,6-di-t-butyl and 2,6-di-t-t-octyl phenols have been plotted against the u constant 
of the 4-substituent only so as to make comparisons with the simple 4-substitutecl phenols 
easier. 

FIG. 3. Variation of A and v,,, with u: phenols 0; S,6-Bu2' phenols a; 2.6-Octs" pherlols X.  

I11 carbon tetrachloride a l ~ d  1,2 dichlorethane a straight line was obtained by plotting 
. I  against u for phenols and 2,G-di-t-butyl phenols with a slope p = 0.37 (7).t  I11 a similar 
plot in Fig. 3 the intensities of 2,G-cli-t-butyl and 2,G-di-t-t-octyl phenols have all been 
~iiultiplied by 0.98/2.08 so tha t  the *I  values of their 4-illethyl derivatives coincide with 

*A figz~re showing the relation bekdeen Avb and u has not been included becaz~se, ,in the vapor. stale, the injfztence 
of a sz~bstilzient on  Av.;. i s  primarily dzie t i  changes ,in the relative nlomcnls of inertia of the phenol. and only 
secondnrily due to the-electronic qffect of the sz~bstitz~ent. W i t h  4-substitz~ted 2,6-BusL and 2,6-OctsLt phenols, 
zvlzere changes i n  the monzents of inertia can be neglected, Av$. decreases with a n  increase in u, as toas f o l d  i n  
solutiol~ (7 ) .  Avh for silizple 4-szibstitz~ted phenols also slzows a decrease with increasing u zvlzen allou~ance i s  
made for the effict of changes i n  tlze nzosnents of inertia. Th is  trend i s  i n  the opposite direction to that obserued 
i n  so1,z~tion (7).  A decrease i n  Av; with a n  increase i n  u i s  probably connected with a n  increase i n  the depth 
of 11112 coplanar potential energy wells resulting frotn increased resonance of the hydroxyl group zvith electron- 
attracting 4-sz~bstitz~ents. W i t h  nort-hindered phenols i n  solz~tion this effect i s  71zore thnn offset by increasing 
solz'e?zt interaction 7vith the hydroryl groz~p. , 

tit lzas recently been sz~ggested (9 )  that A", rather than A ,  shnzlld be plotted against u. The present resz~lts 
do ?tot show any  significant i~nprouemeizt wlzen plotted against A* and 1uue therefore been plotted against A to 
jncilitnte conzparison zvitlz our preuioz~s work. 
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4-Me phenol. The points for most 4-substituted phenols, methyl-substituted phenols, 
2-sec-dodecyl-4-hlIe phenol, and 2,6-di-t-alkyl-4-substituted phenols fall close to a single 
straight line with a slope of 0.27.* This indicates that the orientation of the hydroxyl 
group is the same for all these phenols (7), i.e. if the hydroxyl is coplanar with the ring 
in phenol it  is also coplanar in 2,6-di-t-alliyl phenols. This conclusion receives further 
confirmation from the parallel lines obtained with pheilols and di-t-alkyl phenols in the 
v, versus a plots. Moreover, the high intensities of all the di-t-alkyl phenols compared 
with a typical alcohol (benzyl alcohol) also suggest a coplanar hydroxyl, since the intensity 
would be expected to decrease to a value similar to that of an alcohol if  the hydroxyl 
were twisted out of the plane by the alkyl groups. 

In  the plot of v, against a three straight lines have been drawn to pass through the 
v,, values obtained for the 4-Me and 4-CHO derivatives of phenol, 2,6-Bu2' phenol and 
2,B-0ct2" phenol. The lines are nearly parallel with slopes of -11.5, - 11.5, and -12.5 
cm-I respectively, which are slightly lower than the slope of -13.7 cm-' obtained with 
the first two phenols in CC14 (7). The lower slopes in the vapor are to be expected as  a 
result of the elimination of solvent interaction with the hydroxyl group (7). The diver- 
gence of multi-alkyl substituted phenols from this line may be partly due to a saturation 
of electronic effects owing to  the large number of electron-releasing groups attached to 
the ring. However, since Am;, B U ~ ~ ,  and 2-sec-dodecyl-4-Me phenols are further from 
the line than Me5 phenol the divergence is probably mainly due to interaction of the 
hydroxyl with the alkyl groups. The results suggest that v,, is more se~~si t ive than to 
such interactions. 

In a previous publication (1) the differences between measured values of v,,, and in 
CC14 for 2,6-dialkyl phenols and the values calculated from the Hammett equations 
were plotted against the difference in free energy between the cis and trans isomers of 
the corresponding o-alliyl phenols, i.e. Av,,, and AF1 were plotted against A G .  I t  was 
pointed out that although this procedure cannot be justified directly, the values of Av,, 
and AFl for di-o-alkyl phenols must be related in sonle way to the steric interaction of 
the alliyl groups with the hydroxyl group and the magnitude of this i~~teract ion is some 
function of AG.  The original plots are reproduced in Fig. 4 with the addition of the Av,,, 
and A.4 values for the vapor state plotted against the slightly different values of A G  
found in the vapor (see below). The general shapes of the curves are similar in the vapor 
and in solution. discontinuities between the methyl phenols and the t-alkyl phenols 
indicate that o-alliyl groups have two different effects on the hydroxyl; the relative magni- 
tudes of the two effects varying with the size of the substituents. The solution curves 
were tentatively explained on the basis that mild steric interactions narrowed the potential 
energy well of the 0-H stretching vibration, while stronger steric effects tended to 
polarize the hydroxyl bond (1). However, the present results suggest that  changes in the 
environment around the OH group produced by alkyl substitution play an equally 
important role in determining Av,, and A . 4 .  The frequency of a "free" phenolic hydroxyl 
group (e.g. phenol) increases as the surrou~~ding medium is changed f ron~ CC14 to  a hydro- 
carbon to the vapor, and its illtensity decreases (see Table I in reference 2). Alkyl sub- 
stitution in both ortho positions changes the environment of the hydroxyl to one similar 
to that encountered by the OH group of phenol in a hydrocarbon. Provided the steric 
interaction between the OH and alkyl groups is small the enviro~lrnental change produced 

"The  ditrergence of 4-chlorophenol from this plol may  be dzre to the presence of some 2-chlorophenol since 
this zons a n  zinpziri$ed commercial prodzict. The divergence of B u ~ ~  and A m J n  phenols i s  probably dzie lo the 
inleraclion of the ortho-alkyl grozips with the hydroxyl. Th is  interaction raises A towards its apparenlly limiting 
aalz~e of slightly more than 2.0, which i s  reached i n  di-o-t-alkyl phenols (Fig.  4 ) .  
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by alkyl substitution suggests that Av, will be positive in CCla and negative in the 
vapor while the reverse should be true of A A .  The Av, and A.4 values of 2,G-Me2 and 
2,3,5,G-Me4 phenols show the expected changes in the vapor and in CCla, although the 
intensities do not seein to be as sensitive as the frequencies to environmental changes. 
The sudden increase in A to a virtually constant value on the substitution of two o-t-alkyl 
groups may be due to the complete enclosure of the hydrogen atom of the hydroxyl group 
by the alliyl substituents; that is, the OH is no longer "free" whatever the orientation of 
the alkyl substituents, and its environment should therefore be very similar to that 
encountered by the OH group of phenol in hexane. This environmental siinilarity is 
einphasized by comparing the absolute intensities of phenol in hexane with the absolute 
intensities of di-t-alkyl phenols in the vapor (Table 111; the hexane values have been 
calculated froin Table I ,  reference 2)." The positive values of A-4 observed with di-t-alliyl 
phenols in CCll and liexane, and the small increase in Ail on going from di-t-hutyl to 
di-t-t-octyl phenol, are probably both connected mainly with steric effects. Specific solvent 
interactions inay also play a part in these changes in A A ,  since the illtensities of these 
phenols are virtually constant in carbon disulphide solution (2). 

Con~parison of V, and A in hexane and vapor 

Absolute intensity, 
v m  (vapor) lo4 mole-' liter cm-2 

-vm (hesane), 
Substituents cm-I Vapor Hexane 

None (phenol) 
Me5 
2,6-Buzt-4-WIe 
2.6-Am?l-4-Me 

~ : B L I ~ - ~ : R / I ~  
Trans 
Cis 

The increase in Av, from 2,6-Me2 phenol to 2,6-Buzl phenol is probably connected with 
a narrowing of the 0-H potential energy well because of the increased steric repulsioil 
between the hydroxyl and alkyl groups. The decrease in Av,, above 2,G-Buz' phenol is 
interesting in that it  exactly parallels the decrease in the frequencies of these phenols in 
hexane (see Table 111). The cause of the decrease must therefore be intrainolecular in 

A 

origin. A possible explanation would be that the C-0-H angle starts to increase as the 
t-alkyl group beconles larger than t-butyl, this would tend to decrease the 0-H bond 
strength and hence v,. 

B u ~ ~  and Amjn phenols appear to provide a hydrocarbon type environment around the 
hydroxyl without the simultaneous introduction of large steric effects; that is, their steric 
effects are probably not much greater than those produced by two ortho-methyl groups, 
but their Av,, values are -15.5 cm-I and -1G cm-l respectively, and their A A  values 
are 0.16 and greater than or equal to 0.20 respectively. There is no value of A G  which will 
allow either of these phenols to be placed on both the Av, and A A  curves in Fig. 4. These 
phenols therefore provide additional evidence that both the frequencies and intensities of 

*The  calcr~lated absolute intensity of all the d,6-di-t-alkyl-4-ittethyl plzenols in Aexane (based o n  phenol and 
all asszr~ned p value of 0.30 in hesane) i s  0.33. 
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A G ( k  c a l  /mo le )  

FIG. 4. Differences between measured and calculated freq~~ericies, and intensities, of 2,6-dialkyl phenols 
plotted against AG: in CCI, solution 0; in vapor @. 

2,G-dialkyl phenols are determined by environmental as well as by steric factors. I t  is 
impossible on the basis of the present work to estimate how the relative importance of 
these two factors changes with changes in the structure of the alkyl substituents. 

(ii) Pltenols Containing a Single Ortho-t-alkyl Gro~ip 
- The double hydroxyl bands of o-t-alkyl phenols (Fig. 2) are similar to those found in 
solution (2), that is, the smaller band always occurs a t  the higher frequency. In solutioil 
the larger band was attributed to the trans (to t-alkyl) isoiner and the smaller to the cis' 
isonler because the frequencies of the two bands were quite close to the frequencies of 
phenol and the corresponding 2,G-di-t-alkyl phenol, respectively. I t  can be seen from the 
results in Table I1 for the measured values of v, and for the values calculated from the 
syn~metrically substituted phenols by the Haminett equation that  this is far from being 
the case in the vapor. In particular, the calculated vmls for the cis configuration of 2-Aint- 
4-Me, 2-Et,C-4-Me, and 2-0ctL1-4-Me phenols are lower than the v,,, values calculated for 
the trails isoiner (based on 4-Me phenol). This suggests that the identification of the 
smaller, high frequency, band with the cis isomer might be incorrect. However, the 
measured and calculated values of V, are in the expected order for 2-But-4-Me, 2-But-6-Me, 
and 2-Bui-5,G-Mez phenols, the calculated v, of the trans isoiner being based on 4-Me, 
2,4,6-Mea, and 2,3,5,6-Me4 phenols. R/Ioreover, the measured total intensities of the 
double bands are in good agreement with the values calculated on the assumption that 
the smaller band correspoilds to the cis isomer (Table 11). The calculated intensities were 
obtained by adding the products of the theoretical iiltellsities of the trails and cis isomers 
-calculated by the Hainmett equation from the A values of the respective symn~etrically 
substituted phenols-and the fraction of each isomer present in the mixture a t  a given 
temperature (see below). The agreement between measured and calculated -1's would 
not be achieved if the opposite assignlnents were made, and therefore the smaller, high 
frequency, band will henceforth be attributed to the cis isomer. 
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The relative intensities of the two bands of o-t-alkyl phenols were estimated a t  each 
temperature by a graphical method for 2-t-alkyl-4-Me phenols and 2-But-6-Me phenol. 
The true ratio of the concentrations of the two isomel-s, i.e. [trans]/[cis], were obtained 
by multiplying these relative intensities by a factor which takes account of the intrinsic 
differences in the intensities of the two isomers. The derivation of this factor froill the 
intensities of the corresponding symmetrically substituted phenols has been described 
previously (1). Since the -11 values of 2,6-di-t-alkyl-4-Me phenols are nearly constant, and 
since the =I values of 2,4,6-Me3 and 2,3,5,6-Me4 phenols are very close to their calculated 
values (see Figs. 3 and 4) ,  the factor is virtually the same for each phenol. A11 average 
correction factor of 2.32 was therefore used in each case. The graphical procedure could 
not be used to separate the two bands of 2-But-5,Ci-Me2 phenol because they are of nearly 
equal height. This [trans]/[cis] ratio was therefore obtained by multiplying the ratio of 
the measured band heights by the correction factor. 

The differences in enthalpy ( A H )  and entropy ( A S )  between the two isomers can, in 
principle, be obtained by plotting loglo [trans]/[cis] against 1/T (OK). These plots are 
shown in Fig. 5. In view of the difficulties involved in separating the two bands and the 
comparatively small temperature range that was covered the points are not sufficiently 
accurate to determine AS. The straight lines through the points have therefore been 
drawn to pass through the origin; that is, i t  was assuilled that A S  = 0 and A H  = AG, 
which means that the concentrations of the two isomers become equal as  T + a. The 
points measured a t  high teinperatures for sonle phenols deviate appreciably from these 
lines, probably because soille decomposition has occurred. The values obtained for A H  
in the vapor are given in Table IV together with the values of AG obtained previously a t  
room temperature in CC14. A H  for 2-Me and 2,3-Me? phenols was obtained by difference. 
The agreement between the two sets of data  is surprisingly good in view of the expected 
stabilization of the trans isomer relative to the cis in CC14. If this stabilization was 
appreciable, A H  in the vapor would be smaller than AG in solution. Tha t  such stabilization 
cannot be very large is indicated by the fact that the increases in V, for the cis and for 
the trans isomers on going from CCll to the vapor never differ by more than 10 cm-l. 
For example, the frequency increase with 2-But-4-Me phenol is 36 cm-I for the trans and 
27.5 cnl-I for the cis isomer, a difference of only 8.5 cm-l. These differences are recorded 
for all the o-t-alkyl phenols under 6v, in Table IV. 

Cis-trans isolners in o-t-alkyl phenols 

AH AG 
Phenol 6 v m ,  (vapor), 

c111-1 
(CCI*), 

substituent kcal/mole kcal/mole 

I t  is quite possible that the values of A H  have been overestimated owing to an over- 
estimation of the intrinsic intensity correction factor; that is, the data  in Table I1 show 
that V,'S for the trans isomers of 2-t-alkyl-4-Me phenols are about 15 cm-I below the 
values calculated from 4-Me phenol. A similar, though smaller, effect was observed 
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FIG. 5. Eff 'ect  o f  tcmperatllre o n  loglo [ trans]/[cis]  for ortho-tert-allcyl phenols in vapor:  2-But-5,6-&Ies X ; 
3-Bu'-6-&Ie + ; 3-But-4-Me 0 ; 2 - A m f - 4 - M e  ; 2-Et3C-4-Me V ; 2-Octl'-4-Me A. 

previously in solution (1, 7). I t  was attributed either to van der Waals attraction of the 
lone pairs of electro~ls on the oxygen b\. the trans-t-alkyl group ( I ) ,  or to a steric enhance- 
ment of resonance owing to the 0-H group being held more rigidl)~ in the plane by the 
trans-t-alltyl group (7). Since a silnilar effect will pi-obably also be operative in decreasing 
the v,, values of 2,6-di-t-alkyl phenols it may explain why the ~lleasured values of V, for 
the cis isomers of 2-t-alkyl phenols are larger than the values calculated fro111 the di-t-alkyl 
phenols by a roughly equal amount (9-15 c~n-I). The directions in which the frequencies 
of the cis and trans isomers differ from their calculated values ilnply that  the intrinsic 
intensity oi the trails isomer will be larger than calculated a i d  that of the cis isomer 
smaller than calculated. This means that  the intrinsic intensity correction factor has 
Gobably been overestimated.'" The values of AH recorded in Table IV are therefore 
maximum values. Since this source of error is larger in the vapor than in CC14, to judge 
by the differences in the measured and calculated values of v,, in these two systems, the 
present results would not be inconsistent with a stabilization energy due to solvation by 
CC14 of a few tenths of a kilocalorie per mole for the trans isomer. 

Carbon tetrachloride has been reported to stabilize the trails isonler of o-iodophenol 
(6v, = 23 cm-l) by 1.4 Itcal/inole with respect to the vapor (5). The present results suggest 
that  this stabilizatioil energy has been overestimated and that  much of the observed 
decrease in the relative intensity of the trails isomer in the vapor is due to a decrease 
in its intrinsic intensity. If it is assuined that  this decrease is of the same illagilitude as 
the decrease observed with phenol in this work (i.e. 0.435/0.18 = 2.4) and that the 

* I f  the 717easztred v, values of tlte cis and t ~ a n s  iso?~ters are used to derive u constatzts for the two isomers from 
the vm V E ~ S Z L S  u plot, and zf these u values are tkelz zlscd to derive intrinsic intensities, the correction factors and 
A H ' S  are reduced b7~t the calculated total intensities are ?to lo~tger ,in good agreevtent with the lneasz~red valz~es 
(e.g. ~ O Y ~ - B I L ~ - ~ - A C ~  phenol the correction factor = 1.29, A H  = 1.0 kcal/ntolc, but tlze total calcr~lated A = 1.39). 
T h i s  agailz s f ~ g f e s t s  that .freql~e?tcies are i7I.fllL~ZC~d ltzore thult inte?zsit.ies by ortho s ~ b s t i t z ~ ~ ~ t t s .  
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intrinsic intensit). of the cis isonler is unaffected by the medium, the stabilization energy 
only anlounts to about 0.5 lccal/mole, which is in better agreenlent with the present results 
and with the small value 6v,,. 

On the basis of the measured steric repulsion of the hgldroxyl group by an a-t-butyl 
group (-1.6 kcal/mole) and a dielectric measurement of the internal rotational barrier 
of the OH group in 2,4,6-Bu3' phenol (2.8 Iccal/mole (10)) we have previously estimated 
the rotational barrier in phenol to be >4.4 kcal/mole (I) .  Evans (11) has recently calcu- 
lated a barrier height of 3.37 from the complete infrared spectrum of phenol vapor. If all 
these values are assumed to be reasonably accurate, it implies that two o-t-butyl groups 
not only raise the coplanar potential minimum of the hydroxyl by 1.6 lccal/mole but  also 
raise the barrier height by about 1.0 Iccal, i.e., 4.4 kcal represents the barrier to rotation 
from the trans to the cis position of the hydroxyl group in 2-t-butyl phenol. 

CONCLUSION 

The frequency and intensity of the fundamental hydroxyl stretching band of a 2-alkyl 
or 2,G-dialkyl phenol are determined by internal steric a ~ l d  environmental factors in 
addition to the normal inductive and resonance effects described by the Hammett 
equation. 2-Alkyl phenols exist as cis and trans isomers both in the vapor and in solution. 
The trans isonlers are not significantly stabilized relative to the cis by solvation in non- 
polar solvents such as carbon tetrachloride. X 2-tert-alkyl group (but probably not a 
2-methyl group) can affect the hydroxyl even when the latter points away from it. This 
interaction may be due either to an attraction of the lone pairs of electrons on the oxygen 
b ~ .  the allcyl substituent or to a steric enhancement of resonance between the hydroxyl 
group and the benzene ring. 
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ACID-CATALYZED REACTIONS OF VINYL COMPOUNDS 
PART I. PRELIMINARY STUDIES O N  VINYL ESTERS AND BENZENE1 

J .  M. PEPPER, B. P. ROBINSON, AND G. W. SCHWANBECK 
The Dekartn~ent of Cltentistry, University of Saskatchewan, Saskatoon, Saskatchewan 

Received July 26, 1961 

ABSTRACT 

A detailed study of thc nature, and the mechanism of formation, of the products of the 
aluminl~rll chloride catalyzed reaction of vinyl esters and benzene has been initiated. Using 
vinyl acetate the forlilation of the previously reported acetophenone, 1,l-diphenylethan< 
and 9.10-dimethvlanthracene has been confirmed. Bv means of both column chrornatoccra~hv 
and thermal distillation, a similar carbonyl-contai;iir~g fraction was obtained whicG, as 
result of a gas chromatographic study, has been shown to be a mixture of six con~pounds. Of 
these, the two major components have been identilied as acctophenone and k-ethylaceto- 
phenone, the lattcr previously ~~nrepor ted as a product of this reaction. 

The reaction of vinyl formate and benzene has been studied for the first time. High yields 
of 9,lO-dimethylanthracene were obtained but no carbonyl-containi~lg compounds. A study 
of the effect of a variation in molar ratio of benzene to vinyl acetate indicated that a maxirnuxn 
yield of 9,lO-dimethylanthracene was obtained using a 6: l  molar ratio. 

The significance of these results is discussed. 
A method has been devised for an  improved synthesis of 9,lO-dimethylanthracene. The 

generality of this procedure for the synthesis of other substituted polynuclear cornpounds is 
indicated. 

Some years ago, Hopff, in a patent clisclosure ( I ) ,  indicated that  the acid-catalyzed 
interaction of vinyl acetate and benzene gave rise to 2-phenylethyl acetate. The possibility 
thereby arose whereby this condensation followed by hydrolysis of the ester could provide 
a convenient nlethod of synthesis of 2-phenylethanol, a perfume ingredient. Attenlpts to  
repeat the initial condensation were not successful, but  the products that  were obtained 
were of sufficient interest to warrant further study regarding their nature and mechanism 
of formation. In 1946, Korshak, Samplavskaya, and Gershanovich (2) reported the 
identification of acetophenone (I) ,  1,l-diphenylethane (11), and a compouncl believed 
to be 9,10-dimethy1-0,10-dih~~droanthracene (111) in the reaction product of vinyl 
acetate and benzene in the presence of aluminum chloride. They proposed a mechanism 
involving the initial formation of I ancl acetaldehyde. Acetaldehyde then reacted further 
with benzene to procluce 11, two molecules of which subsequently gave rise to  one molecule 
of I11 and two molecules of benzene. Some support for this theory was obtained by 
showing that  acetaldehyde and benzene did react to yield these same compounds and 
also that  I1 gave rise to  I11 in the presence of aluminum chloride. I t  was also noted t ha t  
the yield of I11 increased with increasing time of reaction. Evidence had been given much 
earlier for this mechanism. In 1895, Radziewanowski (3) showed that  in the absence of 
benzene, aluminum chloride catalyzed the conversion of I1 to  111, and in 1931, Bodendorf 
(4) reported tha t  acetaldehyde, benzene, aluminum chloride, and hydrogen chloride a t  
0" gave rise to ethylbenzene, 11, and 111. 

A review of the literature indicated that  the acid-catalyzed interaction of vinyl com- 
pounds and benzene has been the subject of several reports since as  early as  1884. The  
interaction with vinyl bromide was reported to  yield 1-bromo-2-phenyletl~ane and 1,4-di- 
(P-bromoethy1)benzene by Hanriot and Guilbert (5) in 1884; ethylbenzene, 11, and I11 
by Angeblis and Anschiitz (6) in 1884. These latter workers suggested the additiol~ of 

IPresented at Lhe &Lh A7z7zual Conference, Chemical 17rstitute of Canada, at iPIontrea1, A Z L ~ Z L S L  3-5, 1.961 

Canadian Journal of Chemistry. Volume 40 (1962) 
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PEPPER ET hL.: VINYL COMPOUNDS 133 

hydrogen bromide to vinyl bromide to give 1,l-dibromoethane, which reacted with ben- 
zene to give I1 and 111. Later in 1886, Anschiitz (7) reported the formation of some 
styrene, ethylbenzene, 11, and I11 from a similar reaction. 

Vinyl chloride and benzene in the presence of a catalyst made from mercuric chloride 
and aluminum gave rise to I1 and I11 according to Boeseken and Bastet (8) in 1913 and 
similar products plus ethylbenzene were reported by Davidson and Lowy (9) in 1929. 
The former worlcers first postulated the fornlation of styrene to which benzene added to 
give 11. However, styrene as a reactant did not give the same products, so other mech- 
anisms were suggested including that  proposed earlier by Angeblis and Anschiitz (6) 
and one involving the intial production of 1-chloro-1-phenylethane, which reacted with 
benzene to give 11. However, no such intermediate was isolated. Schranlnl (10) had in 
1893 reported that  1-chloro-1-phenylethane reacted with benzene to give ethylbenzene, 
11, and 111. The latter investigators showed that  styrene could not be an internlediate 
and also that the major product a t  0-5' was I1 with only traces of 111, whereas a t  60-70' 
the yield of I1 decreased and that  of I11 increased appreciably. In 1946, Korshak, 
Samplavskaya, and Gervanovich (2) also reported co~npounds I1 and 111 and showed 
that  the yield of I1 decreases while that  of I11 increases as  the time of reaction is increased. 
These same two products along with some ethylbenzene and styrene were claimed by 
Malinovskii (11) in 1949 to  be formed by the reaction of vinyl chloride and benzene. He 
claimed that I11 arises from 1-chloro-1-phenylethane in the presence of the aluminum 
chloride catalyst. The reaction of benzene with three other vinyl ethers has also been 
reported. Using vinyl-n-butyl ether, Korshak et al. (2) in 1946 reported small yields of 
n-butylbenzene and a polymer of the vinyl ether, whilst, in 1938, Hopff (1) claimed that  
vinyl ethyl ether and acrylic acid reacted with benzene in the presence of an acid catalyst 
to give p-phenylethyl ether and P-phenylpropionic acid respectively. The interaction 
of three substituted vinyl conlpounds with benzene in the presence of aluminu~n chloride 
has also been studied. In 1930, Gibson and Johnson (12) reacted (CHCl=CH)2AsCl to 
yield a compound C16H14 (yellow plates, m.p. 179-180'); in 1950 Kirk (13), in a patent, 
claimed that  C(CH2)2=CHY gave C6I-14(C(CH3)2CH2Y)2 (Y = AC or COOH) ; and in 
1952, Hurd and Gershbein (14) reported that  isopropenyl acetate gave rise to  aceto- 
phenone (I). 

The structure of the polynuclear product reported in these investigations as  9,lO- 
climethyl-9,lO-dihydroanthracene (111) had been questioned and finally proved incorrect. 
As early as 1885, Friedel and Crafts (15) believed this product to be 9,lO-dimethylanthra- 
cene (IV). Later in 1926, Barnett and Matthews (16) suggested that  the product obtained 
by Anschutz (7) was really IV because it had a relatively high melting point, formed a 
picrate, and was identical with the product obtained by the reaction of methyl nlagnesium 
iodide and 9-methylanthrone. The relationship was finally proved when in 1941, Badger, 
Goulden, and Warren (17) effected a sulphur dehydrogenation of authentic 9,lO-dimethyl- 
9,lO-dihydroanthracene to produce a yellow, fully aromatic compound, m.p. 180-182O, 
identical with the conlpound I11 obtained as  described above, and when, in 1950, Badger, 
Jones, and Pearce (18) performed a similar dehydrogenatioll with aluminum chloride. 
This last observation suggests the route by which 9,lO-dimethylanthracene was formed 
in all the reactions described earlier. 

I t  was decided, therefore, to reinvestigate the aluminum chloride catalyzed reaction 
of vinyl derivatives and benzenoid hydrocarbons in an attempt to establish more com- 
pletely the nature of the products of the reaction and, if possible, to  suggest a plausible 
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mechanism for their formation. In a series of exploratory experiments"' I ,  11, and I11 
were confirmed as the major components of the product of reaction of vinyl acetate, 
benzene, and aluminum chloride. Compound I11 was identified by comparison with an 
authentic samp1e.t Other acids, including zinc chloride, zirconium tetrachloride, sulphuric 
acid, boron trifluoride, hydrogen fluoride, and alun~inunl chloride sulphate, were in- 
vestigated but only zirconium tetrachloride was found to be equivalent to aluminum 
chloride for this reaction. Both nitromethane and carbon disulphide were studied as 
diluents. In the former case, product yields were decreased but with the latter solvent 
higher 1,ields and less resinous material were obtained than if  it had been omitted. The 
presence of acetophenone (I) suggested a mechanism involving attack by the acetylium 
ion (CH,{CO+). I t  was of interest therefore to investigate the products of reaction in 
which vinyl formate replaced vinyl acetate. In this case no acetophenone, no benzalde- 
hyde, nor, indeed, ally carbonyl-containing fragment was detected. However, good 
yields of 9,lO-dimethylai~tl~racei~e (111) were again obtained, indicating that the forma- 
tion of this compound involved the vinyl part of the ester molecule. I t  was further shown 
that in reactioils involving vinyl formate, carbon monoxide was eliminated as determined 
by the color tests described by Fiegl (19) using phosphoinolybdic acid and palladium 
chloride. 

Conflicting reports have been noted regarding the possible intermediary role of styrene 
in this reaction. I t  may be conceived that styrene could arise as a result of the attack 
by the vinylium ion, CH2=CH+, on benzene, the product of which then may dimerize 
to 9,10-dimethyl-9,l0-dihydroanthracene, which, as has been show11 experimentally, 
may be dehydrogenated by aluminurn chloride to give the final product 9,lO-dimethyl- 
anthracene. Under the conditions used, styrene, in the presence of benzene and aluminum 
chloride, gave rise oilly to a polymeric substance, indicating the inadequacy of this 
mechanism. Similarly P-phenylethyl acetate was tested as a possible intermediate but 
in this case no anthracene derivative was detected but, instead, appreciable yields of 
1,2-diphenylethane were obtained. 

These preliiniilary observatioils oilly emphasized the need for a more thorough study 
of the interaction of vinyl derivatives and aromatic hydrocarboils to clarify the relation- 
ship of reaction coilditions to the nature of the products and to establish a mechanism 
for their formation. Furthermore the ease of synthesis of 9,lO-dimethylanthracene 
suggested that the method may be capable of development as a general one for the pre- 
paration of 9,lO-dialkyl-substituted polyn~iclear hydrocarbons and their derivatives, 
depending on the choice of the unsaturated and beilzenoid substances. In particular, this 
method of synthesis of 9,lO-dimethylanthracene is an improvement over that involving 
the aryllithium intermediate as reported by iv1ilchailov and Kozminskaya (20), either 
of those involving a Grignard reaction as described by Sandin and Kitchen (21) and 
Barnett and Matthews (16), and over that in which metallic sodium is used as described 
by Bachmann and Cheinerda (22). 

Initially the emphasis has been on the yield and nat~ire of the products of reaction of 
vinylacetate and beilzeile in the presence of aluminum chloride. Tlle reaction procedure 
was essentially that described by I<orshak et al. (2) and gave a crude reaction product 
in the form of a brownish yellow paste. Chromatographic separation of this crude product 
on alumina effected a partial separation, as show11 in Table I. 

*Carried orit as a n  zindcrgradziate thesis repuirenzent by A .  Francis (1955), H. Ford (1957), and A .  iVotation 
(1958) for the B.E. degree, and i n  part by A .  Cz~rrie (1954) for the 114.A. degree. 

tAzrthenlic sample of 9,10-di~izetJzyla?ztWracelte kindly szipplied by Dr. R. Sandin,  University of Alberta. 
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PEPPER ET AL.: VINYL COMPOUNDS 

TABLE I 
Chromatographic separation of reaction product of vinyl acetate and benzene* 

Vol. of 
Eluent eluent (ml) Nature of ~ r o d u c t  Remarlcs 

Light petroleum 200 Colorless oil 
100 Oil and solid 
200 Pale yellow solid 
100 I'ale yellow solid 
100 Yellow oil 1 Carbonyl-co~~taining 

Light petroleu~n: 1100 Yellow oil fraction (1.94 g) (3GyO) 
benzene (1 :1) GOO Yellow solid "Hydrocarbon fraction" 

Benzene 400 Yello,v solid ] (0.49 g) (9.1%) 
Benzene:Et?O (1: 1) 800 Viscous oil 
Methanol 2500 Dark residue 

*Crude reaction product (5.83 g); alumina (200 g). 

The pale yellow crystals obtained in the light petroleuiii eluate were identified as  9,lO- 
dimethylanthracene and a study of the yield of this product is reported later. Tlie product 
designated as  "hydrocarbon fraction" was crystallized from carbon tetrachloride, then 
methanol, to  give white crystals, lll.p. 190-210°, which have not been further investigated. 

The carbonyl-containing fraction gave a negative aldehyde test but  a strong haloforill 
reaction. Attempts were made t o  separate further the components of this fraction by 
thermal distillation and rechroiiiatograpli~~. In neither case were pure compounds obtained 
since subsequent gas chromatographic separation using a Beckman, 6-ft silicolie column 
sliowecl that  all such fractions were mixtures. I t  was later found that  an initial distillation 
under reduced pressure (90-140' a t  12 111111) of the crude reaction product permitted of a 
separation of a fraction containing the same components and in the saliie relative abun- 
dance as  the carbonyl-containing fraction obtained by coluliin chromatography. Using 
gas chromatography, and by repeated injections and collections of the compound re- 
presented by its peak of the chromatogram, a saliiple of three of the compounds was 
obtained. Rechroiiiatograpliy, followed by distillation, gave analytically pure samples, 
the analytical da ta  of which are given in Table 11. 

'TABLE I1 

Gas chromatographic separation of carbonyI-containing products'" 

Analyses 
Iietention timc % of B.p. a t  12 mm -------- 

Co~npound (min) injected salnplet ("C) c (%I H (%I 

*Six-foot silicone column. Beckman KO. 17.440; temperature 220'; Ilelium gas 0.91 cc/min; each injection 
Inn ,I. -. . - ~ .  

?Total recovery 64.87,. 
tCalc. for acetophenone: C. 79.97; H. 6.7170. 
5Calc. for  p-ethylacetophenone: C, 81.04; I-I. 8.16%,. 
(ICalc. for C1zHle0: C. 81.77; H. 9.157,. 

Compound 3 was readily shown to be p-ethylacetophenone by its oxidation to tere- 
phthalic acid, and by formation of the oxime, semicarbazone, and 2,4-dinitrophenyl- 
hydrazone derivatives. Tlie retention time of an authentic saliiple of P-ethylacetophenone 
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was also 13 minutes. This is the first report that this compound coilstitutes a major part 
(18.5aJ0) of the products of the aluminum chloride catalyzed reaction of viilyl acetate 
and benzene. Compound 4 has an analysis correspoi~ding to a diethyl acetophenone and 
its identificatioil is under study. 

At this stage it  becaine evident that  the reaction, as  performed, led to a coinplex 
inixture of products. T o  facilitate a mechanistic study it would be desirable to modify 
the reaction conditions to illiiliinize the initial number of products and later to determine 
the nature of any secondary reactions. To  this end a study was made of the effect of 
variation in nlolar ratio of benzene to  vinyl acetate under conditions of excess threefold 
molar ratio aluminum chloride to vinyl acetate. For coinparisoil the following yields 
were determined: total product; 9,10-dimethylanthrace11e; a distillate, b.p. + 150" a t  
12 inm; a distillate, b.p. 150-175" a t  0.17 111111; and the residue. I t  had been found that  a 
simple washing of the crude reaction product with methanol pernlitted an effective 
separation of the slightly soluble anthracene derivative (O.laJo soluble) from all other 
reaction products. The methanol was evaporated from the resulting solution and the 
residue distilled. The results of this series of experiments are given in Table 111. 

TABLE 111 

Effect of ratio of benzene:vinyl acetate in aluminlun chloride catalyzed reaction* 

Distillate 
-- 

Molar ratio Reaction product 9,10-Dimethyl- -+ 150" 150-175" 
benzene: vinyl anthracene a t  12 mill a t  0.17 m111 R e s i d ~ ~ e  

acetate (6) (%) t (%It (%It (%): (%I: 

*Each run: vinyl acetate (8.0 g. 0.1 mole); aluminum chloride (-10 g. 0.3 mole). 
tBased on  a calculated yield of addition of 2 moles benzene to 1 mole vinyl acetate. 
IPercentage of total product. 

Sonle observations regarding the mechanism of this reaction may be nlade from these 
data. There is a parallel relationship to be found between the variatioil in \.ield of 9,lO- 
dimethylanthracene and that of the higher-boiling distillate iraction, the former going 
through a inaximunl and the latter a minimum a t  a inolar ratio of benzene to viilyl 
acetate of about 6: l .  The relative constancy of the yield of the lower-boiling distillate, 
which has already been shown to be the carbonyl-containing fraction, suggests that the 
coinpo~lents of this fraction arise by a reactioil involvillg the acetoxy part of the ester, 
whereas the higher-boiling fraction and the anthracene derivative are related by a reaction 
involving the vinyl part. The observation, too, that the yield of 9,lO-dimethylanthracene 
decreases with dilution greater than a molar ratio of 6:l  supports the belief that this 
product results by a dimerizatioil of two primary products, and not by a mechanism in 
which the final step iilvolves reaction with benzene. On the other hand the increasing 
yield as the ratio varies from 2:l to  6:l  is difficult to interpret a t  this time but may iilvolve 
the availability of the aluinin~im chloride - vinyl acetate complex. Further identification 
of the reaction products will aid in the understanding of this reaction. 
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PEPPER ET AL.: VINYL COMPOUNDS 

EXPERIMENTAL 

Alunzinunz Clzloride Catalyzed Reaction of V i n y l  Forw~ate and  Benzene 
Vinyl formate (7.2 g, 0.1 mole) (obtained from Monomer-Polymer Inc., Leominster, Mass.) was added 

slowly over a period of 1 hour to a well-stirred mixture of benzene (78 g, 1 mole) and sublimed anhydrous 
aluminum chloride (40 g, 0.3 mole) in a 200-ml X-neclced flaslc equipped with reflux condenser, dropping funnel, 
and mechanical stirrer. Both the condenser and dropping funnel were fitted with calcium chloride drying 
tubes. Throughout the addition, the flask was cooled in an  ice bath and the color changed from colorless 
through yellow to orange. The reaction mixture was allowed to warm to room temperature, during which 
time the color deepened to a brown, and then refluxed for 3 hours, after which the mixture was red cclored. 
Pouring this mixture into a mixture of concentrated hydrochloric acid (75 ml) and crushed ice (75 g) resulted 
in the formation of a pale yellow precipitate (4.9 g), m.p. 182-185". A mixed melting point with an  
authentic sample of 9,lO-dimethylanthracene showed no depression. 

Aluvzinunt  Chloride Catalyzed Reacf ion of 8-Pltenylethyl Acetate a n d  Benzene 
In a manner similar to that described above, 8-phenylethyl acetate (27 g, 0.16 mole) was added dropwise 

to a mixture of benzene (100 ml) and aluminum chloride (22 g,  0.16 mole) over a period of 0.5 hour. After 
hydrolysis, the benzene layer was separated and the aqueous layer extracted twice with benzene. The com- 
bined benzene extracts were evaporated to yield a pale yellow oil. When the oil was cooled, crystals separated 
which were removed by filtration and washed with ethanol; yield, 6 g, m.p. 45-46'. Recrystallization from 
ethanol gave white crystals, n1.p. 50-51". A mixed melting point with an  authentic sample of dibenzyl, 
m.p. 50-51' (prepared by the Clemmensen reduction of benzoin (23)), showed no depression. 

Aluminunz  Chloride Catalyzed Reaction of V i n y l  Acetate a n d  Benzene 
A typical procedure involved the addition of vinyl acetate (8.6 g,  0.1 mole) to benzene (78 g,  1.0 mole) 

and sublimed, anhydrous aluminum chloride (40 g,  0.3 mole) followed by treatment as described above. 
A modification involved washing the benzene extract first with sodiuln hydroxide (lo%), then with water, 
before drying it over anhydrous sodium sulphate. After removal of the solvent, a se~nisolid product remained 
(16.4 g). A portion (5.38 g) of this crude product was chromatographed through alumina (200 g) using 
successively, light petroleum, light petroleum - benzene (1:1), benzene, benzene - diethyl ether ( l : l ) ,  and 
methanol, collecting 100-ml fractions. 

In the series of runs involving varying ratios of benzene to vinyl acetate a similar procedure was used. 
In all cases except those involving the 100:l and the 2:l ratios the crude product solidified to 'a yellow- 
colored paste. The product was washed from the reaction flask using methanol (15 ~ n l )  and filtered. The 
resulting yellow solid, 9,lO-dimethylanthracene, was washed again with methanol (5  ml). Two such samples 
of crude product melted a t  176-181° and 180-184"; reported, 180-181' (21). 
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SYNTHESIS OF POTENTIALLY PHYSIOLOGICALLY ACTIVE 
@-PHENYLETHYLAMINES 

PART I. 3,4,5-TRIMETHOXY-a-AMINOMETHYLBENZYL ALCOHOL AND 
4-ACETOXY-3,s-DIMETHOXY-a-AMINOMETHYLBENZYL ALCOHOL DERIVATIVES' 

R. A. HEACOCK AND 0. HUTZINGER 
The Psychiatric Research Unit ,  University Hospital, Saskatoon, Saskatckewan 

Received July 24, 1961 

ABSTRACT 

The preparation of several 3,-1,5-trisubstit~1ted-~-hydroxy-~-phenykthyli1es related to  
mescaline, by the reduction or reductive alkylation of the corresponding nitroalcohols, is de- 
scribed. 

Mescaline (I) has been l;no\\in for n1a11y years to produce ~narlted psychological changes 
in human subjects (see ref. 1 for some of the more i~l iporta~l t  references), and many 
chenlically similar substances have been prepared and examined for psycl~opl~armaco- 
logical activity (cf. ref. 2). However, little attention, so far, seems to have been given 
to the preparation or pliysiological activity of mescaline-like compounds with a hydroxyl 
group in the side chain on the carbon atom adjacent to the aromatic ring (i.e. as in 
adrenaline). As yet, only two compounds of this type have been described, but as far 
as  the authors are aware, there are no reports in the literature of studies on the psycho- 
logical activity of either of these two substances. 

:3,4,;5-Trirnethox~~-a-a111i110111etl~~ lbenzyl alcohol (11: R, = Rz = H) was first prepared 
in 1931 by the catalytic reduction of 3,4,5-trimethosybenzoyl cyanide ( : 3 ) .  Twentj- years 
later, it was shown that  (11: R1 = R? = H) could also be obtained by reduction of the 
corresponding aryl cyanoh~~clrin (or aroyl cyanide) with lithium aluniinuni hydride 
(4, 5). The N-methyl analogue (11: R1 = CH3; Rz = H) has been prepared by the cata- 
lytic hydrogenation of w-(N-benz~~l-iV-methyl)-amino-3,4,5-tri1~~etlios~~be1~zophe1~01~e (6). 

This communication describes <I simple methocl for the synthesis of co~npounds of 
this nature by the reduction or reductive alkylation (cf. ref. 7) of suitable a-phen1.l-(3- 
nitroethanol derivatives. (These nitroalcol~ols are readi1~- available b ~ -  the method of 
Heacock, Hutzinger, and Nerenberg (8).) 

The reduction of a-phe11yl-(3-nitroethanol derivatives with sodium amalgam ancl dilute 
acetic acid to  the correspolldillg a-phenyl-6-aminoethanol was first described by Rosen- 
lnund (9). Later, Kana0 obtained 3,4-diacetoxy-a-a111i1io1iieth\,lbenz)~l alcohol from the 
reduction of 3,4-diacetoxy-a-nitromethylbenzyl alcoliol with zinc and dilute acetic acid 

' T h i s  investigation was supported by grants from the Governvrent of Saskatchewan (Departinent of Pz~blic 
Healtlz) and the Department of National Health and Welfare, Ottawa. 
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(10). This author also reported several reductive alliylatio~ls of 3,4-diacetoxy-a-nitro- 
metl~ylbenzyl alcohol with zinc and dilute acetic acid in the presence of about one illole 
of a suitable aldehyde (10). Recently, Axelrod et al. prepared 04-benzylnorn~etanepl~rine 
by the catalytic hydrogellatioil of 4-benzyloxy-3-methoxy-oc-nitromethylbenzyl alcol~ol 
(11). 0'-Acetylnormetanephrine and 0'-acetylmetanephriile have recently been obtained 
from 4-acetoxy-3-methoxy-mitromethylbenzl alcohol by catalytic reductioil and 
reductive alkylatioi~ respectively (12). 
3,4,5-Trimethoxy-a-amii~o1~~etl1ylbenz)il alcohol (11: R1 = R2 = H) has been obtained 

in high yield (as the hydrochloride or oxalate salt) by catalytic hydrogenation of 3,4,5- 
trirnethoxy-a-nitromethylbenzyl alcohol in aqueous suspension. If the hydrogenation 
was carried out in the presence of 1 equivalent of fornlaldehyde, reductive alkylation 
occurred with the for~llatioil of the mono~~~e thy lan~ i i~o  derivative (i.e. 3,4,5-trimethoxy-a- 
i~~ethyla~~~ii~on~ethylbenz~~l alcohol; 11: RI = CH3; R2 = H);  reduction in the presence of 
3 to 4 equivalents of formalclehyde lead to the formation of the dimethylamino derivative 
(i.e. 3,4,5-trimethoxy-oc-dii~lethylailiioietlylbeizyl alcohol; 11: R1 = Rz = CH3). 
4-Acetoxy-3,5-dii~~etl~oxy-a-a1~1ii1o11~et1~~~lbeizyl alcohol (111: R1 = R2 = H) aitd the 
correspoiiding N-methyl (111: R1 = CH3; R2 = H) and N,N-dirnethyl (111: R1 = Rz 
= CH3) derivative coulcl be obtained (as the oxalates) in an analogous n~anner from 
4-acetoxy-3,5-din1etl~oxy-a-nitromethylbei~zyl alcohol. 

In view of the possibility of an interillolecular cj-clization reaction of the Pictet- 
Spengler type (cf. ref. 13) occurring during tlle reductive alkylations which would have 
presuinably led to the fori~lation of tetrahydroisoquiiloline derivatives, a sample of the 
product assumed to be 3,4,5-trimethoxy-a-di1~~ethy1ai~1in01etllbenzyl alcohol (I1 : 
R1 = R2 = CH3) was oxidized with aqueous alkaline potassiun~ permanganate. 3,4,3- 
Trimethoxybenzoic acid was obtained, indicating that cyclization had not occurred, 
since a phthalic acid derivative would have beell expected froill the permailgaitate 
oxidatioil products of the tetrahydroisoquinoliile ring system. 

Further synthetic work in this field is underway and the pl~ysiological activity of this 
group of substances is under investigation. The results will be reported elsewhere in 
due course. 
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TABLE I 
3,4,5-Trimethoxy-a- 

aminomethylbenzyl alcohol derivativesa 

Substance prepared Reagelit employedb Properties 

Formaldehyde YieldC 
solution in water 

RI  Rz Salt Acid component (36%) g % M.P. 

H H Oxalated - 

H H Hydrogen oxalated - 

H H Hydrocliloride" 3.81111 h' HCI 

- - - 190-191 
(decomp.) 

- - - 188-189 
(decomp.) 

- 0.75 73 202-203 

H CHs Hydrogen oxalate 0 .5  g oxalic acidf 0.33 rnl 0 . 5  30 202 
( = 1 mole) (decomll.) 

H CHI Hydrochloride 3.81111 N HCI 0.33 ml 0 .5  46 172 
( = 1 mole) 

CHa CHI Hydrogen oxalate 0 .5  g oxalic acidf 1 ml 0 .4  30 154--155 
( = 3 moles) (decamp.) 

CH J CI-I J Hydrochloride 3.81111 N HCI 1 ml 0 . 8  70 201 
( = 3 moles) 

"In all cases the preparation and properties of the DL-miuture of optical isomers are described. 
b ~ h e  hydro$enations were carried out in water (150 ml). The quantities of reagents given are for the reduction or reductive 

alkylation of 1 g of the nitroalcohol. 
CThe yields given are based on the reduction or reductive alkylation of 1 g of the nitroalcohol. 
dPrepared from base and calculated amounts of oxalic acid. (Hydrogenation in the presence of 1 or 2 moles of oxalic acid in- 

variably led to the formation of mixtures of the neutral and acid oxalates, whicll proved to be difficult to separate by recrystal- 

TABLE I1  
4-Acetoxy-3,5-dimethoxy-a- 

aminomethylbenzyl alcohol derivativesa 

Substance prepared Reagent employedb Properties 
-- -- 

Formaldehyde YieldC 
solution in water 

RI  R2 Salt Acid component (36%) 6 % 

H H Oxalate 0.22 g oxalic acidd - 

H H Hydrochloride 3.41111 N HCI - 

H CHa" Oxalate 0.22 g oxalic acidd 0 .3  ml ( - 1 mole) 0 . 8  73 

CHJ CHa Hydrogen oxalate 0.44 g oxalic acidd 0 . 9  ml ( = 3 moles) 0 .4  76 

CH r CH J Hydrochloride 3.41111 N HCI 0 .9ml  ( -  3 moles) 0 .6  53 

aIn all cases the preparation and properties of the DL-mixture of optical isomers are described. 
b ~ h e  11ydrog;nations were usually carried out in an ethanol/water (1:2) mixture (150 ml). The quantities of reagents given 

are for the reduction or reductive alkylation of 1 g of the nitroalcohol. 
CTl~e  yields given are based on the reduction or reductive alkylation of 1 g of the nitroalcohol. 
dOxalic acid dihydrate was used in all these preparations. 
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HEACOCK AND HUTZINGER:  8-PHENYLETHYLAMIhTES. I 

Analysis 
-- - 

of purified product Found Calculated 

M.p. reported in 
Crystalline form literature (OC) C H N CI C H N C1 

Colorless needles from 95'35 
ethanol 

Colorless needles from 
ethanol 

Colorless plates from 
ethanol 

Small colorless plates from 
95% ethanol 

Colorless prisms froni 
isopropanol 

Colorless prisms from 5% 
light petroleum 
(b.p. GO-80°) in ethanol 

Colorless prisms from 
isopropanol 

lization.) 
eThe corresponding free base (i.e. 3.4.5-trimetlioxy-a-aminometliylbenzyl alcoliol) was prepared by treating a solution of the 

hydrochloride with strong alkali, extracting with benzene, and recrystallizing the product from toluene, m.p. 141°. (Previously 
reported m.p.'s: 138O (4). 141-14Z0 (5). 144O (3). Analysis: Found: C, 58.20; H. 7.66. Calc. for CIIHLIOIN: C, 58.13; H ,  7.54%.) 

fOxalic acid dihydrate was used in all these preparations. 
OIncorrectly named as 3,4,5-trimethosy-a-aminomethylbenzyl alcohol hydrochloride in Chem. Abstr. 47, 8036 (1953). 

Analysis 

of purified product Found Calculated 
-- - -- - 

M.P. (OC) Crystalline form C M N CI C H K C1 

211-212 
(decomp.) 

172 
(decomp.) 

177-178 

Small colorless plates from 52.18 6.11 4 .GO - 52.00 6 .05  1 . 6 7  - 
95% ethanol 

Small colorless prisms from 49.18 6.22 4.55 12.18 19 .40  6.22 4 .81  12.15 
ethanol 

Small colo~less prisms from 53.36 6 .36  4 .18  - 53.50 6 .41  4 .45  - 
ethanol 

Colorless needles from 51.36 6.28 3 .71  - 51.47 6.21 3 .75  - 
ethanol 

Colorless prisms from 52.49 6.91 4 4  10.83 52 .58  6.94 4 11.08 
MEK' 

'It was not possible to prepare a pure sample of the Iiydrochloride salt of 4-acetos~-3.5-~limethosy-o-metliylaminometli~~l- 
benzyl alcoliol, either from attempts to prepare the salt directly by hydrogenation in the presence of hydrochloric acid or by 
treatment of the corresponding osalate with calcium chloride. Two different substances, m.p.'s 207-209' and 150-151' respectively. 
were obtained, but  in neither case could a completely satisfactory analysis for the desired product be obtained. 

f M E K  = methyl ethyl ketone. 
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EXPERIMENTAL 

General Procedzrre for Reduction and  Redz~cti-Je Alkylat ion* 
A suspension of the nitroalcohol (prepared by the method of Heacoclc, Hutzinger, and Nerenberg (8)) 

containing one third of its weight of a palladium catalyst (5% on charcoal), all acid component, and 
formaldehyde (where applicable, see tables), was shaken ill the presence of hydrogen a t  atn~ospheric 
pressure until the calculated amount was talcell LIP. After filtration of the reaction ~nixture,  the product 
was concentrated to dryness in vaciro (below 40') and the residue was recrystallized from a suitable solvent. 

Oxidat ion of 5,~,6-Trimetlzoxy-cu-dimethylat~tino~~tetltylbenzyl Alcohol Hydrochloride 
A solution of 3,4,5-trimethoxy-cu-dimethyla1~1i1~01~~eth~~lbenzyl alcohol hydrochloridet (0.2 g) in 17, 

aqueous sodium hydroxide (10 ml) was oxidized with potassium permanganate (0.G g), the solution being 
maintained a t  90' C for 2 hours. Thc reaction mixture was acidified with dilute sulphuric acid, after filtration, 
and the white solid which separated was recrystallized from aqueous ethanol. Colorless needles, m.p. 171- 
172", were obtained, which were identical in all respects (no depression of melting point and identical 
infrared spectra) with an  authentic sample of 3,4,5-trinlethoxybe11~0ic acid. 
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" T h e  speci$c quant i f ies  of reagents trsed i n  each case aye given. in Tables I and  I I .  
t o n e  esample  of a s t~bs fance  prepared b y  reductive alkylat ion of the nitroalcolzol w a s  clzose?~ arbitrarily l o r  

as idat ion.  I t  w a s  assz~nled that the other conzpozr~tds Prepared in  this  fashion uotrld behave s in~i larby art oxidation. 
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SYNTHESIS OF POTENTIALLY PHYSIOLOGICALLY ACTIVE 
e-PHENYLETHYLAMINES 

PART 11. 3,4-METHYLENEDIOXY-a-AMINOMETHYLBENZYL ALCOHOL DERIVATIVES1.? 

R. A. HEACOCK, 0. HUTZINGER, AND C. NERENBERG~ 
The Psychiatric Research Uni t ,  University Hospital, Saskatoon, Saskatchewan 

Received July 24, 1961 

ABSTRACT 

The preparation of 3,4-methylenedioxy-or-aminomcthyle~zyl alcohol and a number of its 
N-alkyl and N,N-diallcyl derivatives by the reduction or reductive alkylation of 3,4-methylene- 
dioxy-or-nitron~ethylbel~zyl alcohol is described. 

As a prerequisite for an examination of the physiological activity of several groups 
of compounds related to adrenaline, the preparation of a number of substituted cr-amino- 
inethylbenzyl alcohols has been undertal<en. The methg7lenedioxyphenyl group is present 
in many naturally occurring physiologically important substances and a series of N- 
substituted derivatives of 3,4-i11etl1ylei1edioxy-cr-arninoi11etl1ylbei1z~l alcohol has been 
prepared in order to study the effects of variation of the N-substituent on the physiological 
activity of this particular series of compounds. 

3,4-Metl1ylei1edioxy-~-i11etl1ylamiethybenzy alcohol (I :  R1 = CH3; Rz = H) was 
the first member of this series to be described ( I )  and was obtained by the action of 
methylamine on 3,4-methylei1ediox~~-(~-broinoi~iethyIbei1zyl alcohol. The diinethylaillino 
analogue (I :  R1 = R2 = CH3) was obtained a few years later by a siillilar route (2). The 
analogous primary ainiilo compound, 3,1-i11ethylei~ediox~~-~-ai11ii1ometl1ylbei1z~l alcohol 
(I :  R1 = Rz = H),  was prepared, several years later, b57 the reduction of piperonal 
cyanohydrin with sodium amalgam in dilute acetic acid (3). Subsequently several authors 
have repeated and improved the afore-mentioned procedures (4 ,5 ,6 ,7 ,8 ) .  3,4-Methylene- 
dioxy-a-amii~oi~~ethylbei~zyl alcohol (I :  RI = RZ = H) has also been obtained by the 
catalytic reduction of (a )  3,4-met11ylenedioxybei1zoyl cyanide (9) (reported to give better 
yields than reduction of the corresponding cyanohydrin), and of (b) w-nitro-3,4-~nethylene- 
dioxyacetophenone (10). Two further methocls have been described for the preparatioll 

' T h i s  investigation was supported by gra?tts front the Gover~t71te~tt of Saskalchewa?~ (Deparl~~zent  of Public 
Health) and the Depart~~renl of National Health and Welfare, Ottawa. 

2Part I. Can. J .  Chenr. Tltis isslie. 
3Present address: Rescarclt Division, Colzunbris Psychiatric Instilute and Hospital, Ohio State Uni-dersity 

Health Center, Coltrtl~bus 10, Oltio, U . S . A .  

Canadian Journal of Chemistry. Volume 40 (1962) 
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of con~pouilds in this series. Firstly, by the decarboxylation of suitable 3,4-inethylene- 
dioxyphenylseriile derivatives ( l l ) ,  which are readily available by the condensation of 
piperonal with an allrylglycine derivative (12), and secondly, 3,4-methylenedioxy-a- 
methylaininobenzyl alcohol ( I :  R1 = CH3; R? = H)  has been obtained by the acid 
hydrolysis of 3-i~~ethyl-5-(3,~-i~~ethylei~edioxyphei~yl)-2-oxazolido~~e (13). 

The preparation of a-aminomethylbenzyl alcohol derivatives by the reduction or 
reductive alkylation of the corresponding a-phenyl-p-nitroalcohol derivative has been 
discussed in Part I of this series (14) and these general procedures have been extended 
to the synthesis of 3,4-methylenedioxy-a-an~ii~01nethylbenzyl alcohol and a ilumber of 
its N-alkyl and N,N-dialkyl derivatives. 

I 

H ,C CH? 
I 
h' (CH 2R) 2 

3,4-RIIethylenedioxy-cu-nitron~etl~ylbe~zyl alcohol was reduced catalytically with 
hydrogen in aqueous suspension, a t  atillospheric pressure in the presence of 1 illole of 
oxalic acid; 3,4-methylenedioxy-a-aminomethylbenzy alcohol was isolated as  the 
"neutral" oxalate salt after the calculated quantity of hydrogen had been taken up. The 
presence of oxalic acid enabled the product to be isolated easily, as the oxalate salt 
crystallizes well. I t  should be noted that  the neutral oxalate was invariably obtained 
irrespective of the amount of oxalic acid present. The hydrogen oxalate of 3,4-methylene- 
dioxy-a-aminon~etl~ylbenzyl alcohol had previously been reported (7, 10) and it  was 
claimed that  i t  could be recrystallized from water (10). During the present investigation, 
however, it was only found possible to obtain the acid salt by treatment of the neutral 
oxalate with an excess of oxalic acid in absolute ethanol, followed by recrystallization 
of the product from a cold, saturated solution of oxalic acid in absolute ethanol. Attempted 
recrystallization of the acid oxalate from water always led, in our hands, to  the formation 
of the neutral salt. 

The catalytic hydrogellatioil of a number of similar a-phenyl-p-nitroalcohols usinga 
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HEACOCK ET AL.: 8-PHENYLETHYL.~MINES. 11 135 

5% palladium-on-charcoal catalyst i l l  the presence of oxalic acid had previously been 
reported to  give the corresponding a-hydroxylamino~nethylbenzyl alcohol derivatives 
(16). The formation of the hydroxylamino derivatives requires the uptalte of 2 molecules 
of hydrogen as opposed to the 3 nlolecules required for the total reduction of the nitro 
group. We have found that with the 3,4-methylenedioxy-a-1~itromethylbe1zyl alcohol 
the reaction proceeded to completion easily. However, i f  the uptake O F  hydrogen was 
arrested after approximately 2 ~nolecules of hydrogen had been absorbed, 3,4-methylene- 
dioxy-a-hydroxyla~~~i~~o~~~ethylbenzyl alcohol could be obtained (as the oxalate salt). All 
attempts to isolate 3,4-methylenedioxy-a-hydroxylamino1ethlbe1zyl alcohol as the free 
base from the oxalate salt were unsuccessful. This type of hydroxylamine derivative is 
known to be unstable in alltali and to rapidly for111 the corresponding N-(P-hydroxy-0- 
phenylethy1)-isobe~~zaldoxi~ne (cf. ref. 16). I t  would thus appear that in the present 
case attempts to prepare the hydroxylamine derivative as the free base led to  the fornla- 
tion of N-(~-hydroxy-~-(3,4-1~~etl~ylenedioxyphenyl)-ethyl)-3',4'-1~~etl~ylenedioxyisobe1~z- 
aldoxime (11). 

Our earlier experiments were carried out with oxalic acid rather than a ~lli~leral acid 
to avoid the possibility of w-nitrostyrene formati011 by dehydration of the ~litroalcohol 
(cf. ref. 15) prior to its reduction. However, it was subseque~ltly found that  this did not 
occur readily and the hydrochloride salts could be prepared directly. 

The reductive alkylations were carried out with 1 mole or 3-4 moles respectively of 
the desired carbony1 component, the products usually being the mono- or di-alkylamino 
derivatives respectively. In cases where steric hindrance could be a factor (e.g. when 
the carbonyl co~npou~ld was a branched-chain aldehyde or a ketone, i.e. in the cases 
studied: acetone and isobutyraldehyde) even in the presence of a large excess of the 
carbonyl component, only the monoalkyl derivative was obtained. 

When the reductive alkylation was carried out in the presence of 1 mole of oxalic 
acid, usually the mono- and di-alkyl derivatives were obtained as the hydrogen oxalate. 
111 the only case studied (i.e. the N-monomethyl derivative) the neutral oxalate was 
obtained in the presence of a $ mole of oxalic acid. The N-monoethyl derivative behaved 
anon~alously, giving the neutral oxalate under all conditions investigated. The free bases 
could be obtained by treating the crude reduction ~nixtures with strong aqueous alltali 
followed by benzene extraction. In general, the monoalkyl derivatives were solids and 
the dialkyl derivatives oils a t  room temperature. 

In lnost cases, the hydrochloride salts can be obtained directly (i.e. hydrogenation 
in the presence of hydrochloric acid) or by treatment of the free base with 1 equivalent 
of aqueous hydrochloric acid and removing the solvent in vacuo below 40". Attempts 
to obtain the hydrochlorides by treating the base in dry ether (or dry benzene) with 
gaseous hydrogen chloride (or a saturated solution of hydrogen chloride in absolute 
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ethanol) sometimes led to anomalous results. (NIicroanalysis often suggested that the 
product contained two chlorine atoms.) The lability of the side-chain hydroxyl group 
in compounds of this nature is well known (cf. ref. 17), particularly when under the 
influence of the 3,4-dialkoxy substitution in the benzene ring. However, the exact nature 
of this phenomenon is still not fully understood and will be subject to further investiga- 
tion. Unsuccessful attempts were made to  effect reductive alkylation using 1,3-dihydroxy- 
acetone, furfuraldehyde, and benzaldehyde as the carbonyl component. In all cases 
the unalkylated primary amino derivative was obtained. (Kanao (18) prepared the 
N-benzyl and N-furfuryl derivatives of 3,4-diacetoxy-a-ai1~i11oi1~etl~ylbei~z~l alcohol b17 
the reduction of 3,4-diacetox>--a-nitromethylbenzyl alcohol with zinc and acetic acid in 
the presence of benzaldehyde and furfuraldehyde respectively.) 

In view of the possibilit>- of an intermolecular cyclizatioil reaction of the Pictet- 
Spengler type (cf. ref. 19) occurring during the reductive alliylation, which would have 
presumably led to the formation of tetrahydroisoquii~oline derivatives, a sample of the 
product assumed to be 3,4-methylenedioxy-a-~z-propylai~~ii~oinethylbeizyl alcohol" was 
oxidized with aqueous al1;aline potassium permanganate; piperonylic acid was obtained, 
indicating that cyclization had not occurred, since a phthalic acid derivative would 
have been expected from the permanganate oxidation products of the tetrahydroiso- 
quinoline ring system. 

The physiological activity of these compounds will be the subject of a further study 
and the results will be reported elsewhere in due course. 

EXPERIMENTAL 

3,~-il/letltyle~tediosy-or-nitro1tzetIty1betzzyl Alcohol 
3,4-Methylenedioxy-or-nitromethylbenzy alcohol was prepared by the method of Heacocli et al. (26). 

Redi~ction and Reductive Alkylatiott of 3,4-il/lethyleftedioxy-or-~titror~relItylbe?~zyl Alcolrol 
An aqueous suspension j of the above nitroalcohol, together with one third of its weight of a 5 y 0  palladiunl- 

on-charcoal catalyst, oxalic acid (or hydrochloric acid) (1 mole), and where applicable, 1 or 3-4 moles of 
the desired carbonyl compound, was shalten in hydrogen (atmospheric pressure; room temperature). After 
the hydrogen uptake was complete (4-6 hours), the reaction ~nixtllre was filtered and the filtrate was con- 
centrated i n  vacuo, below 40°, and the residue recrystallized from a suitable sol\-ent. 

For the preparation of the free base, 40% acl~~eoous sodiu111 hydroxide was added to an  aqueous solution 
of the oxalate or hydrochloride salt (or the filtrate fro111 the crude r ed~~c t ion  mixture), and the free base 
extracted with benzene. After concentration of the dried (Na-30,) extract to dryness the crude product was 
purified either by distillation in high vacuum or by recrystallization from a suitable solvent. In some cases 
where difticulties were encountered in crystallizing the oxalates or hydrochlorides, the picrates \\,ere prepared 
for the accurate characterization of the bases. In the case of the iV,iV-divaleryl base, no crystalline salts 
could be obtained, but  the free base had a satisfactory analysis. 

F1111 details of the compounds prepared are given in Tables I ,  11, and 111. 

Oxidatiof~ of 3,4-i1/lethyle1tediosy-a-~i-propylantinonzetI~ylbenzyl Alcohol Hydrochloride 
A solution of 3 , 4 - m e t h y l e n e d i o x y - a - n - p r o p y l a m i ~ z y l  alcohol hydrochloride (0.2 g) in water 

(10 ml) and aqueous sodium hydroxide (2 N: 0.6 ml) was oxidized with potassium permanganate (0.6 g) a t  
90" for 2 hours. After filtration, the reaction mixture was acidified with dilute sulphuric acid and the white 
solid that was obtained recrystallizetl froin aqueous ethanol. Small colorless needles of piperonylic acid, 
m.p. 230°, were obtained \\ hich \\ere iclentical in all respects (i.e. 110 depression of melting point and identical 
infrared spectra) with a sample of allthentic piperonylic acid. 

*One compound, dz~ring the preparation of zuhiclt a cyclization of this type cozdd 1ta.te occurred, was chosen 
arbitrarily for oxidation. It was considered jz~stijiable to assunze that other szlbstances prepared in a similar 
manner woz~ld belmve sinzilarly on oxidation. 

?Water proved to be the nrost satisfactory solaen! for the red~~ct ions  and reductive alkylalions. Several pre- 
l iminary runs were made i n  nzetlm?rol bz~l the reaction was +nuch slower, possibly dz~e  to the relatively low solubility 
of some of the oxalate salts in ntetltanol. W i t h  ?nethano1 as a solvent a considerable anrount of the product was 
adsorbed onto the catalyst and z~nless !he catalyst was repeatedly extracted with hot zoaler the yields obtained were 
very low. 
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'rr\RLE I 
3,4-Methylenctliosy-a-amin~nlcth~lbenzyl alcohol derivatives (salts)° 

OH 
I 

- .. -- --- 

Rcage~rts employedb IJro~>erties of  ore cornpourid Z 
-- - . -- 

--A 

m 
3. 

S~rbstarlce ~,repareil ~ i c l d "  n 
---- Carbony1 M.p. reportetl ill 

Colnl>ou~icl R I  Rz Salt Acid coni~~oneut  co~nponelrt (g) (Yo) M.1). ('C) Crystalline forrn literature (OC) 3 
1 I1 I I Oralate 0.3 g osalic acidC - 0 . 7  51 .5  2-18-2-19 Thin colorless plates from - : 

(decom~.)  water 4 

2 I1 1-1 I-Iydroge~r osaIate rl - - 202 Colorless prisrrrs froln a 180 (10) 
r' 

(deconrp.) saturated solution ol  197 (7) 
osalic acid in etlra~rol 

f 
3 I1 I I Elyclrochloride 4.7 1111 X I~ICI -- 0.5  -18.5 I92 Colorless prisms froni 176 (3); 181-182 (8);  

etlianol 182-183 (7); 192 (9) 
4 H H Ilydrogen tartrate 0.7 g tartaric acid - 0 . 8  51 16-165  Small colorless prisms lrorn - 3 

ethanol 
m e z 

5 13 C I1 J Oxalate 0.3 g oxalic acid 0.4 nrl I-ICIIO O:1 35 178-l7!J S~rrall colorless ~>risnrs from -.. 

(36U/o iin 1-110) ( ~ C C O I I I I )  ethanol 8 > 
0 I1 CIIa IIydroge~l oxalate 0.1; g osalic acid 0.4 nll IICHO 0 . 3  22 168 Srrrall colorless prisms f r o ~ n  - 

(36% in Hz0) (dccomp.) ethanol 
5 

7 11 CI-IJ I-I)~drcchlorirle - - e - 13(il Colorless needles from lii3-165 (8)1 
5 
p 

etlrarrol/MEIi" - - 
8 CI-la CH 3 IIydroge~r osaIate 0.6 g oxalic acid 1.2 ml IICl-10 1 . 0  71 130-132 Colorless 11ris111s lro111 - 

(36% ill 1.120) ethanoljbenzene 
9 CI-18 C 1-1 3 I Iydroclrloride -1.7 1n1 N I-ICI 1.2 ml I-ICI-I0 0 . 6  52 175-176" Srnall colorless prisnrs lrorrr 151-153 (2)" 

(36% ill 1320) etharrol/benzene 

10 1-1 CIMG 0s;lIate 0.3 g osalic acid 0.27 ml 0.45 37 .5  21.1-215 Small colorless prisms from - 
CI-IJCHO (deco~nl~.)  95% etlranol 

11 H CzIIs I-lydrochloridr 4.7 ml AT I-ICl 0.27 rnl 0 .4  31 . 5  l ( i 4 - 1 ~ 5 ~  Colorless prisms fronr - 
CI-IaCNO isopropanol 

1'2 C2Hs ~ ~ 1 1 ~ ~  Ilsdroclrloride J.7 n11 JV IICI 0.8 mI 0.6 'lii 138-139 Small colorless plates from - 
CIIJCIIO isopropa~rol/ether 
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a T l ~ e  properties of the compou~lds described here will be those of DL-mixtures of the two possible optical isonlers. 
bTlle quantities of reagents used and the yields obtained are for the reduction or reductive alkylation of 1 g of 3.4-metl1ylenedioxy-a-11itro111etl1ylbe11zyl alcohol. 
COxalic acid dihydrate \\'as used in all these preparations. 
dTlle hydrogen oxalate was prepared from the neutral oxalate by treatment with an excess of oxalic acid in ethanolic solution. 
eThe hydrochloride was prepared from the free base and the calculated amount of aqueous hydrochloric acid, followed by concentration of the reactioll mixture ir t  vactlo below 40'. 

- - 
/All attempts to prepare this hydrocllloride directly by carrying out the reductive alkylation in the presence of hydrochloric acid were ~~nsuccessful. Dialkylation invariably occurred and r;: 

3 4-methylenedioxy-a-dimethylaminometl~ylbenzyl alcohol hydrochloride was always obtained. 3.4-Methylenedioxy-a-metl~ylaminometl~ylbenzyl alcollol hydrocllloride (m.p. 13G0) was $ 
hepared  by treatment of the free base with 1 equivalent of hydrocl~loric acid in asueous solution. A white crystalline solid (m.p. 156-157' with decomposition) was obtained from a n  attempt 0 
to  prepare this hydrochloride by passage of dry hydrogen chloride gas into a solution of the free base in dry benzene. Analysis of this compound indicated tha t  it probably contained two 0 
chlorine atoms per molecule (found: C. 49.0'3; H ,  5.13; CI. 27.GO%). Adityachaudhury and Chatterjee report a melting point of 163-165' (wit11 decomposition) for 3.4-methylenedioxy-a- % 
metl~ylaminometl~ylbenzyl alcohol ll).drochloride, prepared by  the action of hydrogen chloride gas on a solution of the free base in ether. I n  view of the proximity of this melting point t o  
tha t  obtained by the authors for the "chlorohydrochloride". it is possible tha t  Adityachaudhury and  Chatterjee did not, in fact ,  have the true hydrochloride, although they do report a ? 
satisfactorv analysis for this sal t  (8). 

OMEK = ~ e t h ~ l  ethyl ketone. 
*As in the case of the monomethylamino derivative. 3.4-methylenedioxy-a-dimethylaminomethylbenzyl alcohol hydrochloride (m.1). 175-176') was prepared in aqueous solution. Attempts 

to  prepare this salt by passage of dry hydrogen chloride gas into a solution of the free base in dry benzene (or dry ether) gave a white crystalline solid, m.p. 151-152O (with decomposition). 
Analysis of this compound indicated tha t  it probably contained two chlorine atoms per molecule; probably the 6-hydroxy group in the ethylamine side chain had been replaced by chlorine 
to  give 3 4-metl~~lenedioxy-a-dimethylaminomethylbenzl chloride hydrochloride. Found: C. 49.88; H. 5.78; N. 5.37; CI. 26.74. Calc. for CLIHI~OZNCIZ:  C. 50.02. H 5.73. N 5.31. C1 
26.857 +he same substance was obtained by treating the free base with thionyl chloride in dry benzene (a reaction known to  lead to the replacement of the side->hAn 1 1 ~ d r & ~ l  g;oul; 
by  chltiine (cf. 21)). I t  is interesting to note tha t  Pyman reported the melting point of 3.4-methylenedioxy-a-dimethylaminomethylbenzyl alcohol hydrochloride as 151-153", i.e.. a melting 
point very close to that  obtained in the current investigation for the anomalous hydrochloride; however. Pyman reported a satisfactory analysis for the true l~ydrocllloride (2). 

iAn attempt to  prepare this hydrocllloride by treating a solution of the free base in benzene with saturated alcoholic llydrogen chloride gave a crystalline product, m.p. 156-157° (wit11 
decomposition), which probably contained two chlorine atoms per molecule (found: C. 50.46; H. 5.78; N, 5.34; CI. 24.1770). 

'It was not possible under any circumstances to  obtain a crystalline oxalate of 3.4-methylenedioxy-a-diethylaminomethylbenzyl alcohol. However, the picrate of 3 ,4-methylenedi0x~-~-  
diethylaminometl~ylbenzyl alcohol was prepared by  addition of picric acid to  the free base, both in benzene solution; yellow flat prisms from 95% ethanol, m.p. 148-150° (with decompo- 
sition). Found: C 49.03. H 4.81. N. 11.80. Calc. for C ~ B H Z T O I O N ~ :  C. 48.93; H. 4.75; N, 12.01%. 

kAn attempt t d  prepa;e t'he hyhrochloride by treating a solution of the free base in benzene with dry hydrogen chloride gas gave a substance, n1.p. 139.5' (with decomposition), wllicll 
probably contained two chlorine atoms per molecule (found: C. 58.19; H. 7.20; CI, 24.89%). 

ZLP = light petroleum (boiling range 60-80') (B.D.H. AnalaR grade). 
mThe picrate of 3,4-methylenedioxy-a-di-n-~rop~laminometh~benz~l alcohol was prepared by addition of oicric acid to  the free base, both in benzene solution; yellow needles from 

ethanol, m.p. 144O (with decomposition). Found: C, 50.88; H, 5.45; N ,  11.40. Calc. for CZIHZ~OIONI: C, 51.01; H, 5.30; N, 11.33%. 
'&The picrate of 3,4-methylenedioxy-a-di-n-butylaminometh~lbenzy alcohol was prepared by  addltion of picric acid to the free base, both in benzene solution; yellow prisms from 

ethanol/benzene, m.p. 101' (with decomposition). Found: C. 53.04; H ,  5.89; N. 10.52. Calc. for CZ~HSOOIONI: C, 52.87; H. 5.78; N. 10.72%. 
ONo crystalline salts could be isolated bu t  a satlsfactory analysis was obtained for the free base prepared from this reaction mixture (see Table 111). 
PThe picrate of 3.4-methylenedioxy-a-isopropylaminomethylbeyl alcohol was prepared by addition of picric acid to  the free base, both in benzene solution; yellow prisms from 

ethanol/benzene, m.p. 142-144' (with decomposition). Found: C, 47.88; H ,  4.47; N, 12.41. Calc. for CI~HZOOIONI: C, 47.79; H ,  4.46; N, 12.39%. 
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TABLE I1 
Analysis of 3,4-methylenedioxy-a-aminomethylbenzyl alcohol derivatives (salts) 

Found Calculated 
-- 

Compound C H N Cl C H N CI 

S,~-il~et~tylenediosy-a-Ityd~'o.~yla~~zi~to~~~et~tylbenzyl Alcoltol Osalate 
Employing the procedure described by Allais for the preparation of similar compounds (16), all aqueous 

suspension of 3,4-methylenedioxy-a-~~itromethylbenzyl alcohol (1 g),  a p a l l a d i ~ ~ n ~  catalyst (0.3 g ;  5% on 
charcoal), and oxalic acid dihydrate (0.3 g) was shaken in the presence of hydrogen a t  at~nospheric pressure 
until the calculated quantity (i.e. 2 moles) had been taken up. The reaction mixture, after filtration, was 
concentrated to dryness i n  vacuo, below 40°, and the resulting white solid recrystallized exte~~sively from water 
and aqueous ethanol, affording 3,4-n1ethylenedioxy-a-hydroxylan1inomethylbenzyl alcohol oxalate in color- 
less prisms, m.p. 173-174'. (Found: C, 51.06; H, 5.33; N, 6.00. Calc. for C ? O H ~ ~ N ? O I ~ :  C,  51.28; H, 5.15; 
N, 5.98%.)* 

Attempted Preparation of 3,4-ikTethylenediox-y-a-Iz~~droxylaminomethylbenzyl Alcohol as  the Free Base 
( a )  An aqueous solution of the oxalate was made allialine with 40% aqueous sodium hydroxide and the 

reaction mixture continuously extracted with benzene for 10 hours. After being dried (Na2S04), the benzene 
extract was concentrated to small bulk; small colorless prisms (m.p. 175') were obtained when the concen- 
trated extract was cooled. 

(b )  The alkaline reaction mixture, prepared as described above, was repeatedly extracted with ethyl 
acetate; concentration of the dried (Na?S04) extract gave a white solid, yielding small colorless prisms 
(1n.p. 181-182") on recrystallization from benzene. 

( 6 )  An aqueous solution of the oxalate was stirred, under nitrogen, for 3 hours with an  excess of calcium 
carbonate, in the presence of ethyl acetate. The ethyl acetate layer was removed and the remaining aqueous 
suspension, after filtration, was further extracted with ethyl acetate. On concentration, the combined, dried 
(Na2S04) extracts gave a white solid, affording small colorless prisms on recrystallization from benzene 
(m.p. 179'). 

*Considerable dificulty was encountered i n  obtaining a satisfactory analysis for this contpound. Several 
estimations on different samples for carbon, hydrogen, and nitrogen all reported a small amount of a n  incombustible 
residue, men  when i t  was intpossible to contprehend how the contanzination with inorganic ntaterial coz~ld occur. 
T h e  above jigz~res are calcz~lated after making allowance for the incombt~stible residue, i t  being assz~med that 
co~>zplete combz~stion of this prodz~ct i s  d<ficult to accomplish. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TABLE 111  
3,4-Methylenedioxy-a-an1i110111ethyIbenzyl alcohol derivatives (bases) 

OH 

-- 

Properties of pure compound Analysis 
- - 

Base prepareda M.p. reported Found Calculated 
- M.p. B.p. in literature -- z 

("c) ("c) C I 3  N C H 
m 

RI R ? ("c) Physical state P n 
n 

S~nal l  colorless prisms 
from benzene 

Small colorless prisms 
from water or benzene 

Colorless prisms solidified 
after distillation 

Small colorless pris~ns 
from water or benzene/ 
LPb  

Pale yellow oil 

Small colorless prisms 
from ethanol/water or 
benzene/LPb 

Pale yellow oil 

Colorless plates from 
ethanol/water 

Pale yellow oil 

Fine colorless plates from 
ethanol/water 

Pale yellow oil 

Colorless plates from 
benzene/LPb or 
ethanol/water 

Colorless plates from 
ethanol/water 

Oil (3, 8) 
75 (9) 

Oil (1, 4, 7) 
95-96 (6) 

Oil (2) 

- 

- 

- 

- 

- 

- 

- 

- 

- 

- 

T h e  free bases were prepared from the corresponding osalate, or llydrocl~lqride salts or the crude reaction mixtures by treatment with strong alkali; extraction with benzene; and 
purification either by distillation in high vacuum or crystallizat~on from a su~table  solvent. w 

bLP = light petroleum (boiling range 60-80') (B.D.H. AnalaR grade). CL 
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(d) 3,4-Methylenedioxy-ol-nitromethylbe~~zy alcohol (1 g) was dissolved in 95y0 ethanol (150 ml) and 
shaken with hydrogen in the presence of a pa l l ad i~~m catalyst (0.3 g ;  5y0 on charcoal) until 2 nlolecules 
of hydrogen had been absorbed. Concentration of the filtered reaction mixture gave a white solid, giving 
small colorless needles (n1.p. 183-185") on repeated recrystallization from ethanol. 

Comparisons of infrared spectra and mixed melting point determinations showed the identical nature of 
the substances prepared by the four methods described above. This substance which appeared to  crystallize 
from benzene in small colorless prisms and from ethanol in small colorless needles (m.p. 183-185") is probably 
N-fl-hydroxy-fl-(3,4-n~ethylenedioxyphenyl)-ethyl-3',4'-iethle1edioxyisobe1zaldoxi1e (cf. Allais (16)). 
(Found: C,  62.10; H ,  4.60; N,  4.25%; 11101. wt., 329. Calc. for CI,HljOsN: C, 61.99; H ,  4.59; N,  4.25%; 
mol. wt., 329.3.) 
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AMINO NITRILES 

111. REACTION OF AMINO NITRILES WITH ISOTHIURONIUM SALTS1 

M.-E. KRELING AND A. F. MCKAY 
The L. G. Ryan Research Laboratories of Monsanto Canada Limited, LaSalle, Que. 

Received September 25, 1961 

ABSTRACT 

N-Substituted-N1,N"-di-(2-cyanoethy1)-gundines have been cyclized with the elinlination 
of acrylonitrile to 2-imino-3-substituted-4-keto-hexahydropyrimidines. These pyrimidine 
derivatives also were prepared by treating 1-substituted-3-(2-cyanoethy1)-S-methyl iso- 
thiuronium iodide salts with ammonia. 1-(3,4-Dichlorobenzy1)-3-(2-cyanoethy1)-urea was 
cyclized in the presence of absolute ethanolic hydrogen chloride to 2,4-diketo-3-(3,ii-dichloro- 
benzyl)-hexahydropyrimidine. 

A series of N-substituted-N1,N"-di-(2-cyanoethy1)-gnidines (I) (Table IA) was 
prepared froill the corresponding thiourea (Table IB) in order to study their propensity 
for cyclization. The desired bicyclic derivatives (11) were not obtained. Under the reaction 

I I 
C 

I 

R-6' \ N H  R-N 
I I . H X *  I I .HX + RNHC(NH)NH(CHz)?COOCzH6.HX 

O=C CHz O=C CH, 

"c," 'c/ IV 
H 2 H 2 

conditions employed, the guanidine derivatives (I) lost 1 inole equivalent of acrylonitrile 
and the inonocyclic 2-imino-3-substituted-4-keto-hexahydropyriiidines (111) were 
formed together with N-substituted-N1-(2-carbethoxyethy1)-guanine (IV). When 
N-(3,4-dichlorobenzyI)-N1,N11-di-(2-cyanoethyl)-guanidine (I, R = 3,4-CI?C6H3CH2) or 
its hydrochloride or hydroiodide salts were refluxed in absolute ethanol for 8 hours, the 
original compounds were recovered unchanged. 

l-Phenyl-3-(2-cyai~oethyl)-S-methyl-isothiuroiiui iodide (V, R = CGH6) on treatment 
with anhydrous an~inonia in ethanol or anhydrous a-aminoisobutyronitrile gave 2,4- 
diimino-3-phenyl-hexahydropyrimidinium iodide (VI, R = CGH6). When aqueous 

'Contribution No. 33. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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KRELING .4ND McKAY: AMINO NITRILES 145 

I aq. NHI 

I 1 1  + RNHC(NH)NH(CH?)?CN. HX 

VI I  

ammonia was einployed in the same reaction, then the corresponding 2-imino-3-sub- 
stituted-4-keto-hexahydropyrimidinium salts (111) were isolated. Treatment of 1-(3,4- 
dichlorobeiizyl)-3-(2-cyanoethyl)-S-inethyl-isothiuroi1iun iodide (V, R = 3,4-C12C6H3- 
CH2) with aqueous aminonia gave a mixture of 2-imino-3-(3,4-dichlorobenzy1)-4-lteto- 
hexahydropyrimidiiliuin iodide (111, R = 3,4-C12C6H3CH2) and N-(3,4-dichlorobenzy1)- 
N'-(2-cyanoethy1)-guanidinium iodide (VII, R = 3,4-C12C6H3CH2). When l-inethyl-3- 
(2-cyanoethy1)-S-methyl-isothiuronium iodide was heated under reflux in anhydrous 
ethanolic ainmonia solution, it  gave N-methyl-Nf-(2-cyanoethy1)-guanidinium iodide 
instead of the expected 2,4-diimino-3-methyl-hexahydropyrimidiniun iodide (VI, 
R = CH3). 

In order to obtain the 2,4-diimino-3-substituted hexahydropyriinidine salts (VI) 
strictly anhydrous conditions inust be employed. The presence of moisture during 
reaction or during crystallization will convert these salts (VI) into the corresponding 
2-imino-3-substituted-4-keto-hexahydropyrnidie salts (111). Also, crystallization of 
l-(3,4-dichlorophei~yl)-3-(2-cyanoethyl)-S-ethyl-isothiuroniun iodide (V, R = 3,4-C12 
C6H3) from ethanol-ether solution gave some 2-l~eto-3-(3,4-dichlorophenyl)-4-ii~iiiio- 
hexahydropyriinidiniuin iodide. 

Attempts (1) to cyclize 1,3-di-(2-cyanoethy1)-urea and 1-(2-~yai1oetliy1)-3-(cyaiio- 
methyl)-urea by refluxing in ethanol solution were unsuccessful. Now 1-(2-cyanoethy1)- 
3-(3,4-dichlorobenzy1)-urea has been cyclized by heating with anl~ydrous ethanolic 
hydrogeil chloride. In the presence of 9.5 mole equivalents of hydrogen chloride an 83% 
yield of l-(3,4-dichlorobenzyl)-3-(2-carbethoxyethyl)-urea and an 11.9yo yield of 2,4- 
dil~eto-3-(3,4-dicl~lorobenzyl)-hexahydropyrimidiie were obtained. The latter coiiipound 
was obtained in 65yo yield when the hydrogen chloride was reduced to 1.2 inole equivalents. 

Infrared Sfiectra 
The pyriinidiiles which are reported here have been described as hexahydropyrimidine 

derivatives. Spectral evidence (2, 3) a t  present favors the ketonic structures for 2- 
hydroxy-, 4-hydroxy-, and 2,4-dihydroxy-pyrimidines. Moreover, the spectra given in 
Table I1 indicate that the 4-an~ino group in this series of 2,4-diamino- and 2-lteto-4- 
amino-dihydropyriinidines exists in the iiniilo form. The amino group in position 2 of 
the dihydropyriinidines probably exists in the ainiiio forin but no conclusion can be 
drawn from the present spectral data. In this investigation the infrared spectra were used 
mainly to confirin the forination of cyclic reaction products. A number of the band 
assignments in the 1500-1750 c111-~ region for pyrimidines are still regarded as tentative. 

The C = N stretching band between 2250 and 2265 cmrl is a weak band and it  disap- 
pears completely with soine of the salts where the general absorption is high in this region. 
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TABLE I1 0 

Infrared absorption band (cnl-I) assignments* > 
5 
u 

Stretching modes s 
Bending modes 2 

Compounds N-H CeN C=O C=N N-H C 
0 c 

2,4-Diimino-3-phenyI-he~ahydropyrimidi1ium chloride 3100 (br) 1674, 1638 1615,1555,1540 
2,4-Diirnino-3-(3,4-dichlorobenzyl)-hexahydropyrimidii~iuin chloride 3120 1672,1627 1568,1557 
2-I~eto-3-(3,4-dichlorophenyl)-4-imino-hexahydropyrimidinium iodide 3340, 3180 168.3 1745 1608 $ 
2-Imino-3-phenyl-4-keto-hexahydropyrimdiiun chloride 3180 1730 1680 1613 o 7 
2-11nino-3-(3,4-dichlorobenzyl)-4-keto-hexahydropyrinidiium chloride 3290, 3180, 3080 1730 1677 1607 D 

2,4-Dilceto-3-(3,4-dichlorobenzyl)-hexahydropyritnidine 3245,3100 1725 1600 1570 z 
l-(3,4-Dichlorobenzyl)-3-(2-carbethoxyethyl)-urea 3350 1726, 1619 1583 r;l 

3'345,3300 2260 1560,1508 
Z 

1-Meth yl-3-(2-cyanoethy1)-thiourea - 
2260 

m 
1-(3,4-DichlorophenyI)-3-(2-cyai~oethyl)-thiourea 3400,3310 1555,1515 ri 
N-Phenyl-N1,N"-di-(2-cyanoethy1)-guandnium chloride 3245 164'2 1604,1567 0 -C 
N-(3,4-Dichlorophenyl)-N',N"-di-(2-cyanoethyl)-guanidiniun~ chloride 3220,3150,3050 2255 1660 1578,1553 
N-Methyl-N'-(2-cyanoethyl)-guanidiniu iodide 3380,3240,3175 16'38 1620,1567,1545 3 
N-(3,4-Dichlorobenzyl)-N'-(2-cyanoethyl)-guaiidi~iun iodide 3320,3240,3170 1647 1615,1542 
l-Metl~yl-3-(2-cyanoethyl)-S-methyl-isothiuroniun iodide 3450,3260,3160 2265 1613 1560, 1528 P 

3170 
0 

l-Phenyl-3-(2-c~~a1~oethyl)-S-n~ethyl-isothiuro1ium iodide 2250 1608 1589,1517 - 
w 

'Nujol mulls of the crystalline compounds were used for spectral analyses. N 
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KRELING A N D  McKAY: AMINO NITRILES 147 

EXPERIMENTAL? 

I-Szrbstituted-S-(2-~~~a~toctltyl)-thiozrrcas 
All of the 1-substituted-3-(2-cyanoethy1)-thioureas which are listed in 'l'able 1B were prepared by the 

following procedure for the preparation of 1-1nethyl-3-(2-cyanoethyl)-thio~1rea. 
A solution of methyl isothiocyanate (5.4 g,  0.075 mole) in benzene (20 ml) was added slowly to a stirred 

solution of 3-aminopropionitrile (5.2 g ,  0.075 mole) in benzene (15 1111) while the temperature was main- 
tained a t  20-30'. After addition was complete, the stirring was continued a t  roorn temperature for 1 hour. 
The thiourea was recovered by filtration and the product was p~~ri f ied  by crystallizing from ethanol. 

l-Phe~tyl-3-(2-cyanoetIzyl)-S-nzetlzj~l-isotlziz~~o~ziu~~z Iodide 
Methyl iodide (7.4 g,  0.052 mole) was added over a period of 5 minutes to  a refluxing solution of l-phenyl- 

3-(2-cyanoethy1)-thiourea (9.73 g, 0.047 mole) in absolute ~nethanol (75 ml). After the heating under retlus 
had been continued for 3 hours, the solution was evaporated to dryness i n  oac~ro. The oily product crystallized 
on trituration with acetone (50 ml), yield 15.1 g (92.6'k). Three crystallizations from absolute ethanol - 
ether (3:l)  solution raised the melting point from 152-159' to 165-167'. Anal. calc. for C I ~ H , ~ I N ~ S :  C 38.04, 
H 4.06, 136.55, N 12.10, S 9.23yA; found: C 38.07, H 4.12, 1 36.40, N 12.07, S 9.05%. 

A picrate (m.p. 139-141") was formed in 72% yield in the L I S L I ~ I  manner in aqueous solution. Anal. calc. 
for C17HlbN607S: C 45.53, H 3.60, 9 18.74%; f o ~ ~ n d :  C 45.83, H 3.87, S 18.51%. 

l-Methyl-3-(2-cya~zoetlzyl)-S-~netIzyl-isothiu~oniutz Iodide 
1-Methyl-3-(2-cyanoethy1)-thiourea (9.3 g, 0.065 mole) was methylated by the procedure described 

above for the methylation of 1-phenyl-3-(2-cyanoethy1)-thiourea with the exception that the reflux period 
was 1 hour. After evaporation of the solvent i n  naclro, the residual colorless oiI was triturated with absoIute 
ethanol. The crystals (rn.p. 10'3-113') were recovered by filtration, yield 4.3 g (30.2%). Three crystallizations 
from absolute ethanol raised the melting point to 116-117'. Anal. calc. for CGHI?IN~S:  C 25.27, H 4.24, 
144.50, N 14.73, S 11.25%; found: C 25.16, H 4.39, 144.34, N 14.61, S 11.25%. 

1-(S,4-Dichlo~oplzenyl)-S-(2-cya~zoethyl)-S-methyl-isotlziu~onium Iodide 
l-(3,4-DichlorophenyI)-3-(2-cyanoethyl)-thio~~rea (10.95 g,  0.04 mole) and methyl iodide (6.25 g, 0.044 

mole) in methanol (75 rill) were heated under reflux for 3 hours. Evaporation of the solvent i n  nacuo gave 
16.5 g (99.5YG) of a semicrystalline product. Since this product lost methyl mercaptan readily it was 
used without further purification for the next reaction. 

An attempt to purify a sample (8.25 g)  of the sen~icrystalline product by crystallizing fro111 ethanol-ether 
(5 : l )  solution gave 2.1 g of a white crystalline product melting a t  176-288". This product did not contain 
sulphur and several crystallizations from ethanol raised the melting point to 301-301.5° decon~p. (evac. cap.). 
Anal. calc. for C~OHIOCI~IS~O:  C 31.11, H 2.61, N 10.88, total halogen 51.25%; found: C 31.43, H 2.67, 
N 11.04, total halogen 50.74%. This product was identified by analyses and infrared spectrum as 2-keto-3- 
(3,4-dichlorophenyl)-4-imino-hexahydropyrimidine. 

1-(S,4-Dichlo~obenzyl)-~-(d-cyanoethyl)-S-nzethyl-i.~otIzizrroniz~nz Iodide 
1-(3,4-Dichlorobenzyl)-3-(2-cya11oethyl)-thio~1rea (7.35 g,  0.025 lnole) and methyl iodide (3.62 g, 0.025 

mole) in absolute methanol were stirred a t  room te~nperature for 1 hour. The temperature was increased 
to 45' and the stirring was continued for 15 minutes. On the addition of ether to the cooled solution, crystals 
(m.p. 127-128") separated, yield 6.3 g (57.5%). The melting point was not changed by recrystallization. 
Anal. calc. for CI~H14C121N3S: C 33.51, H 3.28, total halogen 16.00, N 9.77, S 7.45%; found: C 33.50, 
H 3.40, total halogen 45.56, N 10.06, S 7.38%. 

A sample of the hydroiodide salt in ri~ethanol solution \\Tas converted into its picrate (111.p. 122.5-123.5") 
in the usual manner. Anal. calc. for C I B H ~ ~ C I . ' S ~ O ~ S :  C 40.69, H 3.04, Cl 13.35, N 15.82, S 6.03%; found: 
C 40.74, H 3.25, C1 13.38, N 15.58, S 6.147;';;. 

N-Substituted- N ' ,  N"-di-(2-cyanoethy1)-gzranidines 
The N-substit~1ted-S',N"-di-(2-cyanoethyl)-guanidines listed in Table IA were all prepared by the 

following general procedure. 
l-(3,4-Dichlorophenyl)-3-(2-cyanoeth~~l)-S-111ethyl-isothi~1ro~~i~11~~ iodide (8.32 g, 0.02 mole) and 3-amino- 

propionitrile (1.4 g, 0.02 mole) were heated under reflux in absolute ethanol (50 ml) for 3 hours after which 
the evolution of methyl mercaptan had ceased. Evaporation of the solvent gave a crystalline residue which 
was purified by crystallizing from absolute ethanol. 

A picrate (m.p. 218.5-219') was prepared in 79.8% yield from aqueous solution in the usual manner. 
I t  was purified by crystallization from water. 

Conversion of the guanidiniun~ iodides into their corresponding hydrochlorides or free bases was accom- 
plished by one of the followi~~g methods. 

? A l l  melting points are z~ncorrected. i l l icroannlyses were perfor?ned b y  iVIicro-Tech Laboralories, Skok ie ,  
Il l inois.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



148 CANADIAN JOURNAL OF CLIEMISTRY. VOL. 40. 19G2 

illelhod A .  A solution of N-(3,4-dichlorophenyI)-N',N"-di-(2-cya1oethyl)-g~aidi1i~ iodide (2 g ,  
0.0046 mole) in absolute ethanol (30 ml) was passed through a column of I l iA 400 resin (25 n ~ l  in the 
chloride forin). The  resin was washed with nietha~iol (50 ml) and the combined washings and eluate were 
talten to  dryness in uaczro. The  crystalline hydrochloride was obtained in 80% (1.26 g)  yield. I t  was crystal- 
lized froin ethanol-ether (3:2) solution. 

il~etlaod B. Ii solutioil of N-(3,4-dichloropheny1)-N1,N"-di-(",- iodide (0.32 g, 
0.0007 mole) in absolute ethanol was treated with 1.5 mole eqi~ivale~lts of 4% aqueous sodium hydroxide 
solution a t  0'. I t  was then held a t  room teinperature for 15 minutes after which the solution was diluted 
with water. The  aqueous solution was extracted with chlorofornl. After the cornbilled chlorofor~n extracts 
had been washed with water, the chloroforin layer was treated with excess 1 iV hydrochloric acid. A11 oil 
separated which crystallized inimediately, yield 0.19 g (76.970). 

The  free base was obtained by passage of a solution of the iodide salt (0.62 g)  in absolute ethanol (45 ml) 
through a.  c o l u n ~ ~ ~  of IRA 400 resin (in the hydrosyl forin). The  resin colunii~ was washed with e tha~iol  
(80 ml) and the washi~igs and eluate were evaporated to dryness in uaczro under nitrogen. N-(3,4-Dichloro- 
phenyl)-N',N"-cli-(2-~);anoethyI)-g~1ai~idine was obtained in 79.3y0 (0.44 g )  yield. 'The free base was 
crystallized fro111 absolute ethanol for a~ialyses. 

2,~-Di~ii~iiizo-S-pheiayl-he.~a1zydropyriitzidiniz~i1z Iodide  
l-Phenyl-3-(2-cyanoethyl)-S-niethyl-isothiuroni~1i~ iodide (3.47 g, 0.01 mole) ill absolute etha~iol (25 1111) 

which had been saturated with arihydrous ammo~lia was heated under reflus for 12.5 hours. After evaporatioi~ 
of the solvent oaczlo, the seinicrystalli~~e product was crystallized from ethanol-ether solution. The  
crystals possessed a double melting point of 162-163" and 192O, yield 2.33 g (73.8%). 

A sample of the hydroiodide salt in ethanol was converted into its picrate (11i.p. 220-231') in the usual 
manner. Anal, calc. for CloHljN707: C 46.05, H 3.62, N 23.50%; fountl: C 46.12, H 3.64, .\T 23.15%. 

Reaction of 1 - P l z e i z y l - 3 - ( 2 - c y a n o e t h y 1 ) - S - i i z e t l a y l - i  Iodide  w i t h  2-Ai?ain.oisobz~tyro~aitrilc 
A solution of l-pl~e11yl-3-(2-c~anoethyl)-S-ineth~l-isothii1ro1iiuni iodide (1.87 g,  0.005 mole) and 2-ami~io- 

i s o b ~ t ~ r o n i t r i l e  (0.45 g, 0.005 mole) in absolute ethanol (25 ml) was heated ~ ~ n d e r  rellux for 7 hours. Since 
a crystalline hydroiodide could not be isolated from the reaction, the crude hydroiodide in ethanol was 
passed through a column of IRA 400 resin (ill the chloride form). The resin was washed with ethanol and 
the combined washings and eluate were taken to dryness in uaczlo. The residual semicrystalline solid 
crystallized on trituration with absolute ethanol, yield 0.6 g (51.7%). Crystallization fro111 ethanol-ether 
(1:'L) solution raised the inelting point fro111 85-216' to 217-218'. This conlpo~u~d gave the correct analyses 
for 2,4-dii1iiii10-3-phe1i~~l-hel(ilhydropyrinidiiii11ii chloride. Anal. calc. for CloH1,CIN.I: C 53.45, H 5.83, 
CI 15.78, N 24.93%; found: C 53.55, H 5.93, CI 16.03, N 24.87%. 

The  picrate ( ~ n . ~ .  225-230') was formed in the usual manner froill the hydrochloride salt in aqueous 
medium. Two crystallizations fro111 water raised the melting point to 229'. This picrate did not depress 
the melting point of 2,4-dii111ino-3-phenyl-hexahydropyrimidii11ii picrate (229-231') formed from the 
reaction of anhydrous ainnlonia with l-phenyl-3-(2-cyaiioethyl)-S-methyl-isothi~1r01ii~1n1 iodide. 

React ion of 1-(S,~-D~iclalorobeia~yl)-3-(2-cya1aoethyl)-.~-i,retlayl-isotlziuronizri1i Iodide  witla Aintrlo?tan 
Concentrated aqueous ammonia solution (5  n ~ l )  was adtled to 1-(3,4-dichlorobenzyl)-3-(2-cyanoethy1)-S- 

~ l l e t h y l - i s o t h i ~ ~ r o n i u ~ ~ ~  iodide (1.83 g,  0.004 mole) in ethanol (4  1111). After the solution had been heated 
under reflux for 10 hours, the solvent was renioved in uaczro. The residual oil partially crystallized on addition 
of a small amount of absolute ethanol. The crystals (m.p. 262-264O, deco~np.) were removed by filtration, 
yield 0.12 g (8.670). Two crystallizations fro111 aqueous ethanol raised the melting point to 267.8-268.6". 
The analytical results indicate tha t  two molecules of 2-imino-3-(3,4-dichlorobenzyl)-4-l.;eto-hexahydro- 
pyrimidine are associated with one ~nolecule of hydrogen iodide. Anal. calc. for C P P H ? ~ C I ~ ~ ~ \ T ~ O ? :  C 39.31, 
H 3.45, total halogen 39.98, N 12.50Yo; found: C 39.40, H 3.84, total halogen 39.92, N 12.39%. 

A sample of the crude product in aqueous sol~ition gave a crystalline picrate (lll.p. 205-207") ill 94.5% 
yield on treatment with aqueous picric acid. One crystallization from aqueous ethanol raised the melting 
point to  206-207'. Anal. calc. for C17H14C1?1\1608: C 40.74, H 2.83, C1 14.15, N 16.77%; found: C 41.04, 
H 3.08, C1 14.00, N 16.74y0. 

The mother liquor from the above crude hydroiodide gave a second crystalline iodide (m.p. 157-159') 
on addition of ether, yield 0.18 g (10.6%). Crystallization froin ethanol-ether raised the melting point to 
163.2-163.8'. This product was identified as N-(3,4-dichlorobenzyl)-N'-(2-cyanoethyl)-g~1anidini~1m iodide 
by elemental and infrared analyses. Anal. calc. for C11HlaCI?IN4: C 33.10, H 3.28, total halogen 49.57, 
N 14.04%; found: C 32.90, H 3.32, total halogen 49.50, N 13.86y0. 

A picrate (m.p. 198-198.5") was formed in 80% yield in the usual Inanner fro111 aqueous solution. Anal. 
calc. for C ~ ~ H ~ S C I P N ~ O ~ :  C 40.80, H 3.02, N 19.60%; found: C 40.95, H 2.97, N 19.74%. 

Reaclion of 1-(S,4-Dichlorobenzyl)-3-(2-cyanoethyl)-S-iiaetlayl-isotlaiuro~aizri~~ Iodide  witla 3-A1?1inopropio?aitrilc 
1-(3,4-Dichlorobenz).I)-3-(2-cya1~oethyl)-S-1etil-isothi~roni~i iodide (6.89 g, 0.016 inole) and 3-amino- 

propionitrile (1.12 g, 0.016 mole) in absolute ethanol (40 ml) were heated under reflux for 4.5 hours. Evapora- 
tion of the solvent in uacuo gave 7 g of semicrystalline residue. 
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A portion (0.5 g)  of the crude product was converted into a picrate (m.p. 60-65') in the usual manner in 
water, yield 0.41 g (677'). Crystallization from aclueous acetone raised the melting point to 156-157'. 
The analyses are in agreement with those calculated for N-(3,4-dichlorobenzy1)-N',N"-di-(2-cyanoethyl)- 
guanidine picrate. Anal. calc. for C?oH~sCleNsO-i: C 43.42, H 3.28, CI 12.82, N 20.25y0; found: C 43.70, 
H 3.42, Cl 12.82, N 20.21%. 

The remainder of the original semicrystalli~ie residue was dissolved in ethanol and passed through a 
column of IRA 400 resin (in the OH form). After the column was \vashed with ethanol, the washings and 
eluate were evaporated to dryness in vacr~o. The oily product 011 solution in ethanol and acidification with 
concentrated hydrochloric acid gave a crystalline precipitate (m.p. 280-285"), yield 0.6 g (12%). One 
crystallization from ethanol raised the melting point to 288-290'. The analytical values for this compouild 
agree with those calculated for 2-imino-3-(3,4-dichlorobenzyl)-4-lceto-hexahydropyri1idini~1n chloride. 
Anal. calc. for Cl1Hl?C13N30: C 42.80, H 3.92, CI 34.46, N 13.62%; found: C 43.06, H 4.16, CI 34.62, N 
13.70%. 

The picrate (m.p. 206-207') was obtained in the usual manner from aqueous solution in 98% yield. A 
sample of this picrate on admixture with 2-imino-3-(3,4-dichlorobenzyl)-4-l~eto-hexahyclropyri1nidine 
picrate (m.p. 206-207') from the reaction of ammonia with 1-(3,4-dichlorobenzy1)-3-(2-cyanoethy1)-S- 
methyl-isothiuronium iodide did not depress its melting point. 

2- Inzino-3-(3,4-dichloropl~e~~yl)-/t-keto-lze.~al~ydropyii1i~idi~ze 
Crude 1-(3,4-dichlorophenyl)-3-(2-cyanoethyl)-S-nethyl-isothi~1ro1i~11 iodide (0.83 g, 0.002 mole) was 

dissolved in ethanol (4 ml) and treated with an excess of concentrated ammonia (5  ml). The solution was 
heated under reflux for 6.25 hours. Crystals (rn.p. 247') separated from the cooled solution in 60.6% yield. 
Crystallization from aqueous ethanol raised the melting point to 262-262.5°. Anal. calc. for CjoH9Cl2N30: 
C 46.52, I1 3.52, C1 27.47, N 16.28%; found: C 46.90, EI 3.53, CI 27.16, N 16.360j0. 

iV-~1~ethyl-N'-(2-cyanoetl~yl)-guanidrrw~ Iodide 
l-Methyl-3-(2-cyanoethyl)-S-metl~yl-isothiuroi~i~1m iodide (2.3 g, 0.008 mole) in saturated absolute 

ethanolic ammonia solution (25 inl) was heated under reflux for 21 hours. Evaporation of the solution to  
dryness in vacrro gave 1.92 g (93.7%) of crystals (double melting point a t  159-160' and 169-170"). Crystal- 
lization froin ethanol-ether (2 : l )  solution gave a product with a double melting point. I t  melted a t  160°, 
resolidihed, and remelted a t  173-173.8'. Anal. calc. for CIH1~IN4:  C 23.63, H 4.36, I 49.95, N 22.05%; 
found: C 23.87, H 4.35, I 50.08, N 22.00C/0. 

1-(3,4-Diclzlorobenzy1)-3-(2-cyanoetlzy1)-r~,.en 
A solution of 3,4-dichlorobenzyl isocyanate (5.02 g, 0.025 mole) in ether (50 1111) was added to a cooled 

ethereal solution of 2-aminopropionitrile (1.75 g, 0.025 mole). The reaction inixture was held a t  room 
temperature for 2 hours after which the crystals (1n.p. 125-127') were recovered by filtration, yield 6.4 g 
(94.5%). The meltiilg point was raised to 133.6-134.2" by crystallizing from aqueous ethanol. Anal. calc. 
for CI1HllC12T30: C 48.55, H 4.07, C1 26.06, S 15.449;; found: C 48.58, H 4.21, CI 26.06, X 15.47%. 

1-(3,4-Dichlorobenzy~)-3-(2-carbetlzoryetlz~~~)-r1rea 
A solution of 1-(3,4-dichlorobei~zyl)-3-(2-c~oetl~yl)-~1rea (2.16 g,  0.008 mole) in ethanolic hydrogen 

chloride (2.8 g,  0.077 mole of hydrogen chloride in absolute ethanol (20 1111)) was heated under reflux for 
3.5 hours. When the solution was cooled, a sinall amount of ammonium chloride separated, yield 0.35 g. 
The filtrate was evaporated to dryness a ~ i d  the seniicrystalline residue was triturated with ethanol (10 ml). 
The crystals (111.p. 183-185") were removed by filtration, yield 0.26 g (11.97;). These crystals were identified 
as 2 , 4 - d i l c e t 0 - 3 - ( 3 , 4 - d i c h l o r o b e 1 i z y l ) - h e ~ i d i e  by a inixed melting point determination. 

The filtrate on evaporation yielded a solid which melted a t  89-93'. Recrystallization from ethanol-ether 
solution raised the melting point to 110.5-111'. The yield of 1-(3,4-dichlorobenzyl)-3-(2-carbethoxyethy1)- 
urea was 2.1 g (8'370). Anal. calc. for C I ~ H I G C I ? N ? O ~ :  C 48.91, H 5.05, CI 22.21, N 8.78(2; found: C 48.96, 
H 5.17, CI 22.20, N 8.90%. 

2,4-Diketo-3-(3,4-dichlorobensyl)-1zerahydropy1"i~~iidi~~c 
1-(3,4-Dichlorobenzyl)-3-(2-cyanoethyl)-~1rea (0.68 g, 0.0025 mole) in ethanolic hydrogen chloride (0.1 g, 

0.003 mole) in absolute ethanol (5  ml) was heated under reflux for 2.3 hours. The reaction m i x t ~ ~ r e  on 
cooling gave crystals (1n.p. 180-183') of 2 ,4-diketo-3-(3 ,4-dichlorobenzyl)-he~dropyri id ie ,  yield 
0.46 g (65%). One crystallization from absolute ethanol raised the melting point to 183.5-185'. Anal. calc. 
for ClIH~oCIgN?02: C 48.37, H 3.69, CI 25.96, N 10.26%; found: C 48.07, H 3.88, CI 26.01, N 10.22%. 

Attempted Cyclization of N-Sz~bstitz~ted-N',N"-di-(2-cyanoetlzgl)-gz~anidines 
Method A. N - ( 3 , 4 - D i c h l o r o b e n z y l ) - N 1 , N " - d i - ( ' 3 -  chloride ( 1  g )  in absolute 

ethanol was refluxed for 8 hours. After concentratioii and cooling of the solution, the starting material was 
recovered unchanged in 81.5% yield. The recovered material was identified by a mixed melting point 
determination. 

Under similar conditioils both N-(3,4-dichlorobenz).l)-S',N"-di-(2-caioethl)-g~1aiidi1e and its hydro- 
iodide salt were recovered ~~nchanged. 
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illcthod B. N-Phenyl-N',N"-di-(2-cyanoethyl)-g~1anidilli~1m chloride (0.97 g, 0.0035 mole) was heated 
under reflux for 2 hours i n  absolute ethanol (7.5 ml) containing hydrogen chloride (1 g, 0.028 mole). The 
reaction mixture was cooled and the crystals (m.p. 280-282") were recovered by filtration, yield 0.43 g 
(54.8y0). 'Two crystallizations from absolute ethanol raised the melting point to 292.4-292.8'. 'This product 
was identified as 2-imino-3-phenyl-4-keto-hesahydropyrirnidinium chloride by elemental analyses and 
infrared spectrum. Anal. calc. for CloHI?CIN30: C 53.21, H 5.36, Cl 15.71, N 18.627;; found: C 53.47, 
H 5.44, CI 15.58, N 18.897;. 

The picrate (m.p. 242-244") \\,as formed in 41% yield in the ~ ~ s u a l  manner from aqueous ethanol. Anal. 
calc. for Cl6HldN608: C 45.94, H 3.37, N 20.09%; found: C 45.83, H 3.39, N 19.73%. 

The mother liquor from the crystals was evaporated to dryness in uacuo. A mixture of oil and crystals 
was obtained, yield 1.14 g. A portion (0.23 g )  of this rl~ixture in absolute ethanol on treatment with aqueous 
picric acid gave a crystalline picrate (m.p. 133.2-133.8'), yield 0.15 g (38.77;). The melting point was raised 
to 134.4-134.8' by two crystallizations from aqueous ethanol. 'The analyses agree with those calculated 
for the picrate of l-phenyl-3-(2-carbethoxyethyl)-g~1a1iidi1e. .Anal. calc. for C I ~ H ? O ~ G ~ ~ :  C 46.54, H 4.34, 
N 18.10%; found: C 46.65, H 4.36, N 18.29%. 

When N - p h e n y l - N ' , N " - d i - ( 2 - c y a 1 l o e t h y l ) - g ~ l  chloride was treated under the same conditions 
as above using approximately 1 mole equivalent of hydrogen chloride instead of 8, the starting material 
was recovered ill 44.3% yield and a 42% yield of 2-imi1~o-3-phe1~yl-4-l~eto-hexahydropyri1nidii1 chloride 
was obtained. 

The infrared spectra were d e t e r m i l l e d  by Dr. C. Sandorfy of the University of Montreal, 
Montreal, Quebec. 
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NOTES 

THE ENZYMIC SYNTHESIS OF 3-0-  AND 6-0-@-D-GALACTOPYRANOSYL-D-GALACTOSE* 

Chemical synthesis constitutes one approach to the proof of structure of disaccharides 
but, in general, only limited success has attended these procedures. The usual method, 
involving the combination of an acetohalogeno derivative (1) of the 11011-reducing moiety 
of the required disaccharide with a suitable blocked derivative of the aglycone residue 
leads, as a rule, to P-linked disaccharides (2). Those disaccharides having a biose linkage 
which engages Cc of a hexose or Cs of a peiltose unit can be synthesized without too 
much difficulty because the necessary acceptor inolecules are easily prepared and the 
reaction proceeds smoothly, giving reasonably good yields (3, 5). On the other hand, 
however, the synthesis of disaccharides whose biose linkage engages CP, C3, or C4 of 
either a hexose (2, 3) or a peiltose unit (4) is much inore difficult because the required 
acceptor inolecules are generally inaccessible and the yields of disaccharide are usually 
poor. 

Certain disaccharides have been obtained as reversion products (6) by the action of 
acid on concentrated aqueous solutions of monosaccharides, and with the advent of 

I chromatographic techniques for separating closely related isomeric substances, this 
I approach has become useful and relatively siinple for the preparatioil of some disaccha- 

1 rides (7). 
Formerly the reversible effect of eilzyines upon glycosidic bonds was put to good 

synthetic use, especially by Bourquelot, for the formation of the (at that time) illaccessible 
p-D-glucosides (8) and more recently Peat and his co-workers (9) have shown that almond 
emulsin can be used to transform D-glucose into the disaccharides gentiobiose, cellobiose, 
laminaribiose, sophorose, and P,P-trehalose. Bourquelot reported that such enzymes 
could be used to generate oligosaccharides. In particular it was found (10) that emulsin 
preparatioils would act on concentrated galactose solutions giving higher molecular 
weight oligosaccharides, and it has since been suggested ( l l ) ,  from a comparison of phy- 
sical properties, that two of Bourquelot's crystalline products were probably identical 
with 3-0-P- and 6-0-P-D-galactopyranosyl-D-galactose. The widespread occurrence of 
P 1 -t 3 and P 1 -t 6 linked galactose units is of special interest in connection with our 
investigation of guins and mucilages, and it was therefore decided to re-examine the work 
of Bourquelot to ascertain the feasibility of using enzymes for synthesizing disaccharides 
and oligosaccharides that are relatively inaccessible by the usual chemical procedures. 

In preliminary experiments the effect of a number of readily available enzyines on 
D-galactose was explored. Accordingly, certain enzyme preparations were incubated a t  
pH 3.6, 4.6, and 6.9 with a 33% aqueous solution of D-galactose, the reaction products 
being examined chromatographically. As a result of these exploratory tests (12), it was 
decided to use a commercial p-D-glucosidase (emulsin) preparation a t  pH 7 (approx.) 
since this gave evidence of producing a t  least three oligosaccharides froill D-galactose, 

1 two of which resembled 3-0- and 6-0-P-D-galactopyranosyl-D-galactose according to 
I partition chroillatographic and electrophoretic tests. 

I *Paper No. 4543, Sc~e+ttijic Jo~rr+zal Series, iliIin+~esota Agricultzrral Experiment Station. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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Production of oligosaccharides from D-galactose with emulsin, the so-called P-D-glu- 
cosidase, appeared to reach a maximum after about 5 days a t  roo111 temperature. The 
reaction was terminated by heating the digest to 100°, and separation of nlost of the un- 
changed D-galactose from the oligosaccharides was effected by passing the solution through 
charcoal. The oligosaccharides adsorbed by the charcoal were selectively displacecl with 
gradually i~lcreasing concentrations of aqueous alcohol. The fraction eluted by 7.5 to  
30% aqueous ethanol, which was richest in oligosaccharides, was further fractionated by 
chromatography on a cellulose column. The mixture of oligosaccl~arides proved to be 
quite complex; a t  least seven components moving faster than 6-0-P-D-galactopyranosyl- 
D-galactose were detected. The two components present in the greatest proportion 
readily crystallized and proved to be 3-0-P-D-galactopyranosyl-D-galactose and 6-0-P-D- 
galactopyranosyl-D-galactose, as  suggested by Weinland (11). I t  is of interest to note 
that both galactose disaccharides have been previously synthesized chemically (13, 18) 
and the latter has been found among the proclucts formed by the action of an enzyme 
from Sacclzaromyces fragilis on lactose (14). 

I t  appears that the enzymatic nlethod shows considerable promise since more suitable 
sources of p-D-galactosidase would nlost liliell- produce purer galactose di- and higher 
saccharides in better yields. The nlinor components from the enlulsin reaction on D-galac- 
tose reported herein nlay represent disaccharides sonle of which, froill their relatively 
high positive specific rotation, may be of the a-type. Clearly the use of an a-D-galacto- 
sidase would be i~lvaluable for the synthesis of galactose oligosaccharides having a-link- 
ages and it seems reasonable to believe that the enzymic method could be applied quite 
generally for the synthesis of oligosaccharicles, many of which cannot readily be synthe- 
sized by chemical means. 

The Effect of Various Ensytrles on Galactose 
Solutions of D-galactose were prepared a t  a concentration of 33% in buffers of varying pH. The solutions 

were brought to  the boiling point and cooled. T o  each of these solutions of galactose (5 ml) was added 
one of the enzynle preparations (20 mg), followed by a few drops of toluene to  prevent nlold growth. The  
containers were stoppered and the solutions kept a t  37". At intervals a paper chronlatographic exanlina- 
tion was 11lade to  ascertain the progress of oligosaccharide synthesis. The synthesis of oligosaccharides 
appeared to  reach a ~l~aximurn after about 5 days. 

The results showed that the best pH was 6.9; a t  lower pH's less synthesis was noted. The enzymes, in 
order of decreasing efficiency, were as follows: "8-glucosidase" (Worthingtor~ Chemical Co.), enlulsin 
(Nutritional Biochenlicals Corp.), enzyme prepared fro111 germinating alfalfa seeds by the procedure of 
Hi11 (12, 15, 16) (enzyme fractions were precipitated with 20% ammonium sulphate, 40y0 an~nlonium 
sulphate, and with saturated anlmonium sulphate; the enzyme precipitates were dialyzed to  renlove 
alnmonium sulphate and freeze-dried), and Cellulase 35 (Rohm and Haas Chem. Co.). Two other enzylne 
preparations, Lactase C and Cellulase 36, kindly supplied along with Cellulase 35 by the Rohm and Haas 
Chenl. Co., Pl~ilaclel~hia, Pa., had little or no synthetic activity. 

Enzymic Synthesis of D-Galaclose Oligosaccharides 
A solution of D-galactose (10 g )  in hot water (30 1111) was cooled to root11 temperature and treated with 

a "8-glucosidase" preparation (70 mg, Worthington Biochemical Corp., Freehold, N.J.). The  solution was 
covered with a layer of toluene to  prevent growth of microorganisllls. After 3 days, paper chromatography 
revealed the presence of two oligosaccharides whose RF values correspo~lded to those of 3-0-8-D-galacto- 
pyranosyl-D-galactose and 6-0-8-D-galactopyranosyl-D-galactose isolated by the graded hydrolysis of Vir- 
gilia oroboides gum (17). Charcoal (3  g )  was added in an  attenlpt to  adsorb the oligosaccharides and thus 
pronlote synthesis. After storage for 10 weeks (a shorter time, e.g. 1 week, would suffice) the reaction 
mixture was boiled, filtered through charcoal (60 g )  contained in a Biichner funnel, and washed with water 
(the combined filtrate and washings anlounted to  350 inl). The  charcoal was then eluted successively 
with 3y0 ethanol (500 ml), 7.5y0 ethanol (500 ml), 10% ethanol (500 ~ n l ) ,  15% ethanol (500 ~ n l ) ,  and 
30% ethanol (500 ml). Chromatography,  sing ethyl acetate:pyridirle:water (10:4:3), of the 7.5y0 eluate 
showed the presence of galactose and oligosaccharides. Galactose was also detected in the 15% eluate. The 
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fractions recoverecl \\ere as follows: I (from aqueous filtrate and washings), 5.45 g ;  I1 (from 3% ethanol 
eluate), 2.19 g ;  and 111 (from 7.5 to 30% ethanol eluate), 0.G5 g. 

Separalio7r oj Oligosacclrarides from Frackio7z III 
Fraction 111 (0.G5 g )  obtained above, which \\!as fount1 to contain Lhc tivo oligosaccharides having RF 

val~rcs corresponding to 3-O-~-D-galact0p]'ran0Syl-D-gala~t0~e and 6-O-~-D-galactopyranosy1-~-ga~actose, 
was put on a cellulose column (4.5XGO c111 pacl;ed dry) ancl eluted with ethyl acetate:pyridine:water (10:4:3), 
the eluate being c-ollected automatically ill 15-ml fractions ever); 30 minutes. 'The results are recorcled 
in  Table 1. 

'TABLE I 

Column chromatographic separation of oligosaccharides synthesized by em~rlsin from D-galactose 

No. 
Rc,,I components 

Wt. --- by electro- 
Fraction 'I'ube No. (mg) Solvent A" Solvent B t  phoresis: Identity of components 

1 35-75 - 1 .00 1 .00 1 D-Galactose 
2 90-129 23 0.59 0 .50  1 Unlanown 
3 130-150 17 0 .59  0.42-0.50 - > Unlcr~o\vn 
4 151-170 74 0 .59 ,0 .50  0 .43,0 .36 2 UIII:IIO\VI~ 
5 171-200 23 0 .50  0 .36 1 0-D-Gal,,( 1 4 3)D-GalP ( A )  
6 201-205 ) 0.50-0.44 0.:36,0.26 2 ) X + ~rnlinown 
7 206-230 ti 0 .44  0 . :3 1 2 Unlinown 
8 240-261 s 84 0 .35 0 .24  1 P-~-Gal,(l 4 B)D-Gal,, ( R )  
9 262-27 1 34 0.35-0.28 0.34-0.15 2 B + iunl;nown 

*Solvent h = ethyl acetate:pyridine:water (10:4:3). 
tSolvent B = ethyl acetate:acetic acid:iormic acitl:\\.ater (18:3:1:4). 
tElectrolyte: 0.1 M borate. 
&Composition of eluting solvent changed to  ethyl acetate:pyridine:water (10:4:5). 

Isolatio?~ of 5-O-~-D-Gnlaclopyrc1?zosyl-D-galactose 
The material from tubes 171 to 205 crystallized sponta~~eously and had m.p. 165" after washing \ \ i th 

methanol and with diethyl ether, [C']D" +84" in water (c, 0.8) (15 n l in~~ tes ) ,  +75" (35 minutes), +G9" 
(1  h o ~ ~ r ) ,  +64" (4 hours, const.). Lit. m.p. 163-17O0, [c']I, +75" (5 minutes) + +GOo (2 hours) in water 
(18). Paper chromatography (1-butanol:acetic acid:\vater) and paper electrophoresis (0.1 111 borate buffer) 
showed that the disaccharide was quite different from 6-0-P-D-galactopyrallosyl-D-galactose prepared from 
V. oroboides ~ L I I I I .  The crystals were dissolved in the mirlimum volume of methanol containing a drop of 

water and were seeded with 3-0-p-D-galactopyra~~osyl-D-galactose (m.p. 200") from V. oroboides gum (17). 
The crystalline material, which separated slowly, h,~cl m.p. 203" and showed no depression when mixed 
with the 3-O-~-D-ga~a~t0pyral10~y~-D-gil~a~I0Se used for n~rcleation. There was, howe~er ,  a depression of 
the ~nelting point when it was mixed \vith -k-O-p-D-gal'l~t~S) I-~-galactose. 

Isolatio?~ of 6-O-p-~-Galnctopyra?1osyl-~-gnlaclose 
'The crystalline material from tubes 240-261 uras recrystallized from methanol, m.p. 136" with previous 

sintering a t  106' (yield 40 mg). This disaccharide which appeared to crystallize with water and !nethano1 
of constitution gave no depression of the melting point when mixed with the 6 -0 -p -~-ga la~ t0pyran0~y l -~-  
galactose prepared fro111 V. oroboides ~ L I I I I  and crystallized from nlethanol(l7). This enzymically synthesized 
disaccharide, which has the same chron~atographic mobility (testecl with two different solvent syste~ns) 
as 6-O-~-~-ga~actopy~i1110s);~-D-gaIactose, showed [a]n18 +24" in water (c, 1) (5 minutes) changing in 5 hours 
to +32' (const. value). Lit. n1.p. 114" ( l l ) ,  [DID +34" (water) (10, 11). Acid hydrolysis of this disaccharide 
gave only galactose and, \vhcn treated with crystalline p-D-galactosidase, only galactose \\las generated. 
\Vhen the cr).stalline disaccharide (20 ~ n g )  \\-as treated with phenylhydrazine in the ~ r s ~ l a l  way, a phenylo- 
sazone was obtained, m.p. 206" (after two recrystallizations from aqueous ethanol). An identical phenyl- 
osazone (1n.p. and mixed m.p.) was protl~rced by the same procedure from the 6-O-P-~-galactopyra11osyl-n- 
galactose obtained from If. oroboides gum. Lit. (13, 17) 111.p. 207". 
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CIS-TRANS ISOMERS OF ASARONE, THEIR LIQUID-GAS CHROMATOGRAPHIC BEHAVIOR 
AND THAT OF CERTAIN OTHER PROPENYLPHENOLETHERS* 

Previously t h e  isolation of t h r e e  c o n ~ p o u n d s  w i t h  h y p n o t i c  p o t e n t i a t i n g  a c t i v i t y  from 

t h e  volatile oil of A C O ~ I L S  c a l a m l ~ s  L., Indial l ,  had  been reported (1). T w o  of these  proved  

to be t h e  cis-trans isomers of 1,2,4-trimethoxy-propenyl benzene,   lamely asarone  

(a-asarone)  a n d  P-asarone (I1 a n d  I).  

OCHs OCHs 
I I 

T h e  cis-trans relat ionship of t h e  asa rones  as well as o t h e r  propenylbenzenepl~enolethers, 
m a n y  of which are c o n s t i t u e n t s  of volat i le  oils, h a s  been well es tabl ished ( 1 , 2 , 3 ) .  A l t h o u g h  

t h e  Auwers-Skita rule  is n o t  s t r i c t ly  appl icable  in t h i s  series of c o m p o u n d s  i t  h a s  been 

utilized (3) in a n  a t t e m p t  to e luc ida te  t h e  a c t u a l  stereochenlical configurat ion in t h i s  

series (4). More recent ly Naves et a l . ,  utilizing infrared spectroscopy,  h a v e  shown t h a t  

one  of t h e  isomer pa i r  of e a c h  of isosafrole ( 5 ) ,  a n e t h o l  (6), isoeugenol, a n d  isoeugenol- 

m e t h y l e t h e r  (7) possesses a character is t ic  absorp t ion  b a n d  i n  a region at 963-967 c~n-1, 

which is in close proxinl i ty  to t h e  absorp t ion  b a n d  of t rans-ethylenic  compounds .  T h e  

o t h e r  isomer does n o t  absorb in t h e  s a m e  region. T h e  presen t  r e p o r t  is  concerned w i t h  t h e  

*This  finper was presented at the 7 th  Canadian Conference on  Pharmacez~tical Research, August 1960. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



154 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

1. M.  ICOENIGS and E. ICNORR. Ber. 34. 957 (1901). 
2. B. HELFERICH and W. I<I,EIN. Ann. 450, 219 (1926). L. J.  HAYNES and F. W. NEWTH. Advances 

in Carbohydrate Chem. 10, 207 (1955). 
3. B. HELFERICH. Advances in Carbohydrate Chern. 3, 79 (1948). 
4. D. V. MYHRE and F. SMITH. J.  Org. Chem. 111 press. 
5. H. BREDERICK. A. WAGNER. H. KUHN. and H. OTT. Ber. 93. 1201 (1960). 
6. E. FISCHER. ~ e r .  23, 3687'(1890). ' 

7. J. C. SOWDEN and A. S. SPRIGGS. J .  Am. Chem. Soc. 78, 2503 (1956). 
8. E. BOURQUELOT, H. HERISSEY, and J. COIRRE. Compt. rend. 157, 732 (1913). E. BOURQUELOT 

and M. BRIDEL. Ann. chi~n. et phys. Ser. 8, 29, 145 (1913). 
9. S. PEAT, W. J.  WHELAN, and I<. A. HINSON. Nature, 170, 1056 (1952). 

10. E. BOURQUELOT. Compt. rend. 163, GO (1916); 164, 443, 521 (1917). 
11. H. WEINLAND. Z. physik. chem. 305, 87 (1956). 
12. K. HILL. Ber. Verhandl. siichs. Akad. Wiss. Leipzig, Math.-phys. KI. 86, 115 (1934). 
13. K. FREUDENBERG, A. WOLF, E. KNOPF, and S. H. ZAHEER. Ber. 61, 1743 (1928). 
14. J. H. PAZUR, C. L. TIPTON, T. BUDOVICH, and J.  M. MARSH. J .  An]. Chem. Soc. 80, 119 (1958). 
15. 1. B. SUMNER and K. MYRBACK (Editors) .  The enzymes. Vol. I. Academic Press, New York. 1950. 

p. 624. 
16. R. L. WHISTLER, W. H. EOFF, and D. M. DOTY. J.  Am. Chenl. Soc. 72, 4938 (1950). 
17. F. SMITH and A. M. STEPHEN. J. Chem. Soc. In press. 
18. D. H. BALL and J. K. N. JONES. J. Chenl. Soc. 905 (1958). 

CIS-TRANS ISOMERS OF ASARONE, THEIR LIQUID-GAS CHROMATOGRAPHIC BEHAVIOR 
AND THAT OF CERTAIN OTHER PROPENYLPHENOLETHERS* 

Previously t h e  isolation of t h r e e  c o n ~ p o u n d s  w i t h  h y p n o t i c  p o t e n t i a t i n g  a c t i v i t y  from 

t h e  volatile oil of A C O ~ I L S  c a l a m l ~ s  L., Indial l ,  had  been reported (1). T w o  of these  proved  

to be t h e  cis-trans isomers of 1,2,4-trimethoxy-propenyl benzene,   lamely asarone  

(a-asarone)  a n d  P-asarone (I1 a n d  I).  

OCHs OCHs 
I I 

T h e  cis-trans relat ionship of t h e  asa rones  as well as o t h e r  propenylbenzenepl~enolethers, 
m a n y  of which are c o n s t i t u e n t s  of volat i le  oils, h a s  been well es tabl ished ( 1 , 2 , 3 ) .  A l t h o u g h  

t h e  Auwers-Skita rule  is n o t  s t r i c t ly  appl icable  in t h i s  series of c o m p o u n d s  i t  h a s  been 

utilized (3) in a n  a t t e m p t  to e luc ida te  t h e  a c t u a l  stereochenlical configurat ion in t h i s  

series (4). More recent ly Naves et a l . ,  utilizing infrared spectroscopy,  h a v e  shown t h a t  

one  of t h e  isomer pa i r  of e a c h  of isosafrole ( 5 ) ,  a n e t h o l  (6), isoeugenol, a n d  isoeugenol- 

m e t h y l e t h e r  (7) possesses a character is t ic  absorp t ion  b a n d  i n  a region at 963-967 c~n-1, 

which is in close proxinl i ty  to t h e  absorp t ion  b a n d  of t rans-ethylenic  compounds .  T h e  

o t h e r  isomer does n o t  absorb in t h e  s a m e  region. T h e  presen t  r e p o r t  is  concerned w i t h  t h e  

*This  finper was presented at the 7 th  Canadian Conference on  Pharmacez~tical Research, August 1960. 
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stereocheinical configuration of asarone and p-asarone asdetermined by infrared spectros- 
copy and the chromatographic behavior of the asarones and other propenylphenolethers. 

From Fig. 1 it may be seen that asarone absorbs a t  964 cin-I in a manner which is 
characteristic of trans-propenyl benzenes and that P-asarone exhibits no absorption in 

FIG. 1. The infrared spectra of (a) asarone and (b)  p-asarone. 

this region. I t  may therefore be concluded (5) that p-asarone (I) possesses a cis- and 
asarone (11) a trans-ethylenic side chain. 

I t  was also found that the isomeric pairs of propenylphenolethers could be separated 
on each of the liquid-gas chron~atographic columns used. The best separation can be 
achieved with a Ucon polar colun~n where the mixture of cis-trans-isosafrole, cis-trans- 
isoeugenolmethylether, cis-trans-isoeugenol, and cis-trans-asarone (P-asarone and 
asarone) can be separated (Fig. 2). I t  will be observed that in each instance the cis 

TRANS-ISOSAFROLE r 4  CIS-ISOSAFROLE 
W 
a 
z CIS-ISOEUGENOL METHYLETHER bP 
0 

a TRANS-ISOEUGENOL METHYLETHER 
W 
L 

d 
TIME 

82.0 60.0 58.5 46.0 39.5 30.5 26.5 22.5 0 

FIG. 2. Separation of certair~ propenylphe~~olethers by liquid-gas chromatography on Ucor~ polar 
co lum~~.  Conditions as in Table I. 
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isolner had a lower retelltion time than the trans (Table I). There is a t  present no evidencc 
to indicate that the higher retention times of the trans isomers were due directly 10 their 

'TABLE I 

'The retention time of certain prope~lylphenolethers 
as  indicated by liquid-gas chromatography 

-- 

ltetention times (min) 

Compounds 

cis-Isosafrole 
trans-lsosafrole 
cis-lsoeugenolmethylether 
trans-lsoeugenoltnethylether 
cis-lsoeugenol 
trans-Isoeugenol 
8- Asarone 
Xsarone 

17ron polar 

22.5 
36 .5  
30.5  
39 .5  
46.0 
58.5  
60.0 
82.0  

Reoples 400 Asphalt 

13.0  15 .0  
17.0  19.0 
20.5  20.0 
24 .5  25.5 
27.5 '70.5 
34.5  26.0 
38.5  34.5  
57.0 50 .5  

SOTE: Coll~mn 10 It X + in. Liquid phases on chromosorb P (35-80 mesh) in a ratio 25/75 
by \\,eight. Temperature: 200' Czk2' C. Outlet flow: 70 ml of helium per minute. 

configuration and not to their higher boiling points. I t  would appear, however, that in 
the prope~lylpl~eilolethers studied, the trails isoiners should exhibit longer retentioil 
tiilles than the cis isomers. I t  is suggestive that this relationship would be applicable 
independent of the relative polarity of the cl~romatograpl~ic column. This method ma17 
allow for the silnultaneous separation and the determination of the quantity and 
geometrical configuration of each iildiviclual cis, trans isoiller in this series. 

Subsequent to the presentation of this data, Stahl and Treililheuser (8) reported on 
the liquid-gas chromatographic separation of the saille propeilylphenolethers. 

EXPERIMENTAL 
Xsarone and 8-asarone were isolated from the volatile oil of Irldian AGO~ZIS cala?izt~s L. (Fritzsche Bros. 

- 

Inc.) by liquid-gas chromatography, using a "Econ" polar column. The  samples emerging from the colum~l 
were collected in acetone and cooled in an acetone - dry ice bath. After the evaporation of the acetone, 
asarone and 8-asarone were purified and identified as  described earlier (1). Cis- and trans-isosafrole, cis- and 
trans-isoeugenol, cis- and tralas-isoeugenolmethylether were generously provided by Dr. Y. R. Naves. 

Infrared Spectra 
The spectra of asarone and 8-asarone (1.5% w/v in carbon tetrachloride) were obtained using a Becl;nlatl 

IR-4 recording spectrophotometer. 

Liquid-Gas Cl~romatography 
An Aerograph X 100-C liquid-gas chromatography unit was utilized. The  co1~11nn temperature was 111ai1l- 

tained a t  200' Ch2O C. Dried helium was used as  carrier gas with a flow rate of 70 ml per minute measured 
a t  the outlet of the apparatus. The sample (3-5 PI) was injected into a column with a 1 0 - ~ 1  Hamilton fixed 
needle syringe. In the case of asarone the sample was dissolved in acetone. 

The solid support ~ ~ s e d  ill the c o l u ~ n ~ l  was chromosorb P, 35-80 mesh. The liquid phase (6 g )  was applied 
to  the solid support in the ratio of 3 to  1 by weight dissolved in a solvent. In the case of Ucon polar (mono- 
ether of a random copolymer of ethylene oxide and propylene oxide, Wilkins Instrument 8: Research Inc.) 
and Reoplex 400 the solvent was acetone (100 n ~ l j  and in the case of asphalt the solvent was petroleum ether 
(100 ml, b.p. 60-80" C). The solution was added to  the solid support (18 g )  and shaken for 3 hours. The 
solvent was removed in  raczlo a t  30' C. After it was dried in a vacuum desiccator the material was packed 
into a 10 f tX{  in. (O.D.) copper column with constant tapping. 

1. R. hI. BASTER, P. C. DANDIYA, S. I .  I<ANDEL, A. OKANY, and G. C. WALKER. Nature, 185,466 (1960). 
2. B. S. RAO and I<. SUBRAMANIAM. J. Chen~.  Soc. 1338 (1937). 
3. E .  GUENTHER and D. ALTAAUSEN. The essential oils. Vol. 11. D. Van Nostrand Co., Inc., New Yorl;. 

1949. pp. 499-546. 
4. I<. V. A n w ~ a s .  Ber. 68, 1348 (1935). 
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FLUORINE PERCHLORATE, INFRARED AND NUCLEAR MAGNETIC RESONANCE SPECTRA 

The preparation of FCIOl has been reported (1, 2),  but spectral data are not available. 
The infrared and fluorine nuclear magnetic resonance spectra of fluori~ie perchlorate 
are reported below. 

Since tlie fluorine resonance appears to shift to low field with increasing electro- 
negativity of an attached atoll1 or group (3, 4a and b),  the fluorine chemical shift of 
fluorine perchlorate was ~neasured in order to deternline the extent of tlie displacement 
of the fluorine resonance to low field. 

The fluorine n.1n.r. spectruln of neat perchloryl fluoride has been reported (3). A low- 
field fluorine chemical shift as well as fluorine-chlorine spin-spin coupling was observed 
in perchloryl fluoride (3).  

Since the method (3) of measuring the chemical shift and tlie standard used were 
different fro111 those used in this laboratory, a comparison among fluorine perchlorate, 
fluorine oxide, and perchloryl fluoride was made using CFC13 ( 5 )  as a standard and solvent. 

The fluorine n.m.r. spectrulil of fluorine perchlorate consisted of a single line, and a 
chemical shift of -225.9 p.p.m. relative to CFC13 was obtained. The chemical shift of 
fluorine perchlorate was not rneasured neat but as a 50% solutio~l in Freon-11. Although 
the perchlorate will detonate in the pure form, in solution fluorine perchlorate appears 
to be stable and the data  was obtained without incident. 

A joyo solution of perchloryl fluoride in Freon-11 was studied in an effort to resolve 
the spcctru~n ol the proposed quartets (3). However, the use of a solvent did little to  
help resolve the spectrum. The center of what appeared to  be a broad doublet was 
-287.0 p.p.nl. relative to CFCI?. The splitting between the peaks was 460 cycles. 

The fluorine chemical shift of fluorine oxide was measured as a gas under 5-atm pressure 
and relative to CFC1.I in a sealed capillar~.. The chemical shift was -250.0 p.p.m. 

The fluorine chemical shifts relative to CFCI, are shown below. 

FOClOI -225.9 p.p.111. 

FOF -250.0 p.p.m. 

FCIO, -287.0 p.p.m. 

The side-band technique (6) was used to measure tlie chemical shifts. Since different 
techniques were used, comparison of presented and published (3) data would be difficult, 
but the chemical shifts of the three compounds FC104, FC1O3, and OFz, appear to  be of 
the right order of magnitude, and are in the order predicted by theory (4). 

The infrared spectrum of fluorine perchlorate was obtained in the sodiu~n chloride 
region only. As the spectruln of fluorine perchlorate has not previously been reported, 
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FLUORINE PERCHLORATE, INFRARED AND NUCLEAR MAGNETIC RESONANCE SPECTRA 

The preparation of FCIOl has been reported (1, 2),  but spectral data are not available. 
The infrared and fluorine nuclear magnetic resonance spectra of fluori~ie perchlorate 
are reported below. 

Since tlie fluorine resonance appears to shift to low field with increasing electro- 
negativity of an attached atoll1 or group (3, 4a and b),  the fluorine chemical shift of 
fluorine perchlorate was ~neasured in order to deternline the extent of tlie displacement 
of the fluorine resonance to low field. 

The fluorine n.1n.r. spectruln of neat perchloryl fluoride has been reported (3). A low- 
field fluorine chemical shift as well as fluorine-chlorine spin-spin coupling was observed 
in perchloryl fluoride (3).  

Since the method (3) of measuring the chemical shift and tlie standard used were 
different fro111 those used in this laboratory, a comparison among fluorine perchlorate, 
fluorine oxide, and perchloryl fluoride was made using CFC13 ( 5 )  as a standard and solvent. 

The fluorine n.m.r. spectrulil of fluorine perchlorate consisted of a single line, and a 
chemical shift of -225.9 p.p.m. relative to CFC13 was obtained. The chemical shift of 
fluorine perchlorate was not rneasured neat but as a 50% solutio~l in Freon-11. Although 
the perchlorate will detonate in the pure form, in solution fluorine perchlorate appears 
to be stable and the data  was obtained without incident. 

A joyo solution of perchloryl fluoride in Freon-11 was studied in an effort to resolve 
the spcctru~n ol the proposed quartets (3). However, the use of a solvent did little to  
help resolve the spectrum. The center of what appeared to  be a broad doublet was 
-287.0 p.p.nl. relative to CFCI?. The splitting between the peaks was 460 cycles. 

The fluorine chemical shift of fluorine oxide was measured as a gas under 5-atm pressure 
and relative to CFC1.I in a sealed capillar~.. The chemical shift was -250.0 p.p.m. 

The fluorine chemical shifts relative to CFCI, are shown below. 

FOClOI -225.9 p.p.111. 

FOF -250.0 p.p.m. 

FCIO, -287.0 p.p.m. 

The side-band technique (6) was used to measure tlie chemical shifts. Since different 
techniques were used, comparison of presented and published (3) data would be difficult, 
but the chemical shifts of the three compounds FC104, FC1O3, and OFz, appear to  be of 
the right order of magnitude, and are in the order predicted by theory (4). 

The infrared spectrum of fluorine perchlorate was obtained in the sodiu~n chloride 
region only. As the spectruln of fluorine perchlorate has not previously been reported, 
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t h e  four observed absorp t ions  at 1298, 1049,  885 ,  a n d  666 cm-I will be briefly discussed. 

T h e  two high-frequency b a n d s  are near ly  coincident  w i t h  those  found  i n  b o t h  a n h y d r o u s  

HClOl (7) and C1207 (8) a n d  are ev iden t ly  associated w i t h  t h e  covalent perch lora te  

g roup .  I n  t h i s  case,  t h e  1298 cm-I band is  assigned as t h e  a p p r o x i m a t e l y  degenerate 
a n t i s y m m e t r i c  C1O3 s t r e t c h e s  and 1049 cm-I as t h e  cor responding  s y m m e t r i c  vibration. 
W i t h  NaC1 pr i sm resolut ion,  t h e  1298 cnl-I b a n d  h a s  no discernible  s t r u c t u r e ,  whi le  a 
P , R  c o n t o u r  is observed at  1049 c111-~. T h e  666 cnl-I absorp t ion  h a s  a similar c o n t o u r  

and i s  consis tent  in  posi t ion w i t h  t h e  s ingly bonded  C1-0 s t re tch .  T h e  s y m m e t r i c  C1-0 
s t r e t c h  in  chlorine monoxide  occurs a t  688 c111-~ (9). T h e  absorp t ion  a t  885 cnl-I h a s  a 
P Q R  s t r u c t u r e  a n d  is assigned as t h e  0-F s t r e t c h ,  corresponding to t h e  symmetric 
v ibra t ion  in fluorine illonoxide a t  928 c111-~ (10). 

Iner t ia l ly ,  C1030F is expected to be siinilar to m e t h a n o l ,  w i t h  s ingly bonded C1-0 
being t h e  ax i s  of a n  a p p r o x i ~ n a t e  syn lmet r ic  top. T h e  1049 and 666 cm-' b a n d s  are there -  

fore expected to h a v e  a P Q R  s t r u c t u r e ,  whereas  a Q b r a n c h  is  n o t  observed.  H o w e v e r ,  

t h i s  is n o t  considered sufficient reason for  reject ion of t h e  above ass ignment ,  since e v e n  

for t r u l y  symmetric tops, t h e  Q b r a n c h  in parallel b a n d s  is f requent ly  unobserved ,  d u e  

to significant differences be tween  upper- a n d  lower-state inert ia l  c o n s t a n t s ,  resulting in 
non-superposi t ion of t h e  Q-branch s u b b a n d s  (11). T h e  P Q R  s t r u c t u r e  of t h e  0-F 
s t r e t c h i n g  a t  885 cm-I is t h a t  expected for a hybr id  b a n d  of a n  a p p r o x i m a t e  symmetric 
top. 

EXPERIMENTAL 

The n.m.r. spectro~neter was a 56.4 Mc instrument, and the side-band technique (6) was used to measure 
the chemical shifts. 

The fluorine oxide could not be measured in sol~~tion but was measured as a gas under pressure. A capillary 
was filled with CFCI3 and sealed. This was inserted into the 5-mm pyrex tube and fluorine oxide was con- 
densed into the n.m.r. tube and the tube was sealed. The chemical shift for fluorine oxide was uncorrected 
for bullc susceptibility. 

The infrared spectra were obtained in the vapor phase using a 5-c~n i\/Ionel cell with NaCl windows sealed 
vacuum tight with Fluorolube wax. 
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NOTES 159 

PREPARATION OF SYNTHETIC GELS FOR CHROMATOGRAPHY OF MACROMOLECULES* 

The introduction of the technique of column chromatography on cross-linked gels (1, 
2) has provided a powerful new tool for the fractionation of complex mixtures of biological 
origin. These gels exhibit both adsorption and molecular sieve properties. Various poly- 
mers, such as dextran, starch, and polyvinyl alcohol, cross-linked in an undisclosed 
manner, have been used for the chromatographic separation of aqueous solutions of 
proteins, dextrans, and similar materials. So far gels which will permit the entry of 
materials with inolecular weights up to 40,000 into the gel matrix have been prepared 
(1, 2). However, i t  has been found in this laboratory that  certain compounds, such as 
pollen pigments, could not be readily desorbed from the dextran gel and that  the gel 
had to be discarded after a single fractionation. 

Two nlodifications of the inethod using dextran gel have recently been described (3) : 
(i) Diethylaminoethyl-dextran gels, functioning by ion-exclusion, have been prepared, 
and (ii) the adsorption properties of dextran gels have been changed by using mixed 
solvent systems, such as acetic acid - pyridine -water, in place of the usual aqueous 
buffer solutions. A technique using agar gel, which is not cross-linked, has also been 
published receiltly (4). 

Alternative methods for the preparatioil of different gels with a wide range of "pore" 
size and adsorption properties were explored in the present study. Polymerization of 
readily available charged and neutral monoiners,$ in the presence of cross-linking agents, 
in water or in nlixed solvent systems, perinitted the syilthesis of gels suitable for the 
fractionation of mixtures of biological materials. The preparation of three different 
polyn~ers, using N,NJ-methylenebisacrylai~~ide as the cross-linking agent, and the pre- 
liminary results of fractionation experiments are described below. 

(1) Acrylamide, a water-soluble monomer, can be easily polymerized in aqueous 
solution to  give hydrophilic gels ( 5 ) .  A suitable coiltent of cross-linking agent gives 
gels which have sufficieilt mechanical stability to serve as  packiilg inaterials for columns. 
Acrylamide$ (4.6 g) and N,N'-methylenebisacrylanlide$ (0.4 g) were dissolved in boiled 
distilled water (98 inl). The initiators, diinethylaillinopropioilitrile (40 followed by 
amnloniuln persulphate (40 mg) were added. The solutioil was stirred gently and covered 
by a layer of heavy paraffin oil to exclude oxygen. The appearance of lllilltiness indicated 
the beginiling of polymerization. Several hours later, a fir111 white gel had formed, which 
was cut up into sluall pieces and washed exhaustively with running tap water to remove 
unreacted monomer. The pieces of gel were forced through a sieve (1-inm mesh) and the 
particles were again washed with water, alcohol, and acetone and finally with distilled 
water, until the ultraviolet-absorbing inaterial ceased to elute froill the solid. The finest 
particles were then removed by decantation or filtration through a sieve (U.S. 50 mesh). 

*This  study was sz~pported by grants froin the ivatiotral Institz~te of Allergy and Infectious Diseases, iVatio?tal 
Institz~tes of Health, Betltesda, Md. ,  a ~ t d  the Natiortal Research Coz~ncil of Canada, Ottawa, Ont. 

tPostdoctoral fello~u of the Artlrritis and Rltez~matistt~ Foz~ndation. Present address: Central Public Health 
Laboratory, Coli?zdale Ave?z~re, London, England. 

$It sltozrld be lzoted that samples of monomer nzay require fractional distillation before polynzerization i s  
possible. 

$These nzaterials were generously supplied by Cyanamid Co. of Ca?zada, Ltd.  

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1 60 CAN:IDIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

(2) A polymer of viilylethyl carbitol" (CH?=CH .0.CH2.CH~.0.CH2.CH2.0.C2H6) 
was prepared using the saine cross-linking agent and initiators. 

Vinyl ethyl carbitol (12.75 g) was mixed with boiled distilled water (42.5 1111) and 
ethyl alcohol (42.5 1111). The solution was treated with Amberlite IR-120 (H+ form) to 
reinove the inhibitor, then sodium bicarbonate (1 g) and N,N'-methylenebisacrylamide 
(2.25 g) were added, giving a turbid solution. Dimethylaminopropionitrile (4 and 
an~monium persulphate (4 mg) were added in turn, with gentle stirring, and the solutioil 
was covered with paraffin oil. In a few hours a firm, rather friable, white gel had formed, 
which was washed and broke11 up as  before. 

(3) Vinyl pyrrolidonet was also polymerized to a gel. Vinyl pyrrolidone (12.75 g) was 
dissolved in boiled distilled water (85 1111) and treated with ion exchange resin, as before, 
and N,Nt-methylenebisacrylainide (2.25 g) was added. The catalyst system was con- 
centrated ammonia solution (0.2 1111) and hydrogen peroxide (0.4 ml, 30%). 

To  evaluate the possible usefulness of these gels for colunin chromatography, some 
preliminary experiments were clone with mixtures of inaterials readily '~vailable in this 
laboratory, such as huinail serum proteins, lysozyme, and the water-soluble componer~ts 
of ragweed pollen, whicli include proteins, polysaccharides, lipids, and pigments. 

Ser~um (0.5 ~ n l )  containing haemoglobin was applied to a column (60 cm X2.5 cin I.D.) 
containing acrylamide gel. 1;or elution, a solution of 0.97, saline and sodium phosphate 
buffer (17.25 g Na2HPOd.7H20 plus 1.417 g NaH2P0 , .H20  per liter) was used, 5-ml 
fractions being collected. From optical density measurenients and fro111 immunocl~einica1 
examination$ of the eluates it was clear that a partial fractionation had been attained. 
The lipid present in the serum clid not appear to be retainecl bj- the gel and appeared 
first in the eluate after the passage of about 60 ml, representing the dead volume of the 
column. Methaemoglobii and several serum proteins eluted immediately afterwards. 
These fractions were virtuallj. free of albumin, which reached maximu~n concentration 
after collection of 90-100 ml of eluate. Lysozyme, when examined in the same waj7, 
reached maximum concentration a t  about 140-150 1111. Aqueous ragweed pollen extract 
on elution with water gave initial fractions containing lipid, followed by protein, and 
then by various pigments. 

Polyvinyl ethyl carbitol uncler the same conditions gave results similar to those 
reported above with ragweed pollen preparations. However, polyvinyl pyrrolidoile 
retained soine of the pigments, .rvhich are derivatives of quercetin, so strongly tha t  
elution of these materials was quite difficult. These findings are in accorclance with the 
ltnown properties of polyvinyl pyrrolidone to  complex with different compounds (6). 

From these preliminary results, it appears that such polyiner gels offer a netv approach 
to adsorption chromatography. Obviously, this principle may be extended to the prepara- 
tion of gels with ion exchange properties conferred by the incorporation of ionic groups. 
such as  diethylaminoethyl, pyridine, and carboxyl groups. 
1 .  J. PORATH. Clin. Chim. Acta, 4, 776 (1959). 
2. Ii7. BJORK and J. POKATH. Acta Chem. Stand. 13, 1256 (1959). 
:3. J. PORATH and -E. B. Nature, 191, 69 (1961). 
4. .A. POLSON. Biochim. et Bio~h1.s. Acta. 50, 565 (1961). 

*Kindly supplied by  Union Carbide Company of Canada. 
tGenerously supplied by Antara Chemical Division, General Anil ine and Film Corporation, U.S .A .  
$The micro-Ouchterlony gel method with a lzorse antihitman serum was used for the deteclion of tlze diferenl 

serzlnt proleins eluted. 
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SOTES 

REACTION OF GROUP V IODIDES WITH IODOlMETHANE AND 
TRIFLUOROIODOMETHANE IN THE PRESENCE OF MERCURY 

The reaction of allcyl- or aryl-iodoarsines with alkyl iodides in the presence of mercurj- 
produces arsoni~im triiodonlercury (11) derivatives (I).  Under similar conclitions using 
perfluoroalkyl iodides the products are trifluoromethylarsiiles (2, 3). I t  has now been 
found that arsenic triiodide does not react with trifluoroiodornethane in the presence of 
mercury to give trifluoromet1~ylarsines and that similar results are obtained for phos- 
phorus, antimon)~, ancl bism~ith triiodides (see Table I).  The reaction of iodomethane 
with these iodides in the presence of mercury produces tetramethylarsoni~im triiodo- 
mercurate (11) ( I ) ;  tetramethylstibonium triiodomercurate (11), m.p. lG7"; the 1 : I  
complex of trimethylphospl~iile and mercuric iodide, (CH3)3P.Hg12, m.p. 19'7--200"; 
together with another unidentified minor product. In  the case of bismuth triiodide a 
low yield of an unstable yellow solid is also produced. 

The phosphine mercuric iodide adduct is a pale yellow solid. Its molecular weight in 
camphor indicates that it is present in solution largely as the monomer. Similar res~ilts 
have been obtained for other I :  I tertiary phosphine mercuric iodide coinplexes (4). The 
reaction of iododimethylarsine with iodoethane in the presence of mercury similarly 

I produces the 1 : l  adduct of ethyldimethylarsine and i~~ercuric  iodide though all other 
reactions of this kind so far investigated produce onium derivatives of triiodomercur>- 
(11) if the reactant is an allcyl iodide (I) .  

Diiodophenylstibine in the presence of nlercury does not react with trifluoroiodo- 
methane, and with iodomethane the main product is methylmercury iodide. This corn- 
pound is also formed as a by-product in similar reactions of iodophenylarsines (I) .  The 
reaction of diiodophenylstibiile with iodomethane also produces a small amount of a 
yellow substance, possibly an onium complex, but  the yield is not sufficient for easy 
isolation ancl identification. The absence of any significant reaction of the pheng-liodo- 
stibine with both iodomethane and trifluoroiodoi~~etllane is surprising in view of the 
sin~ilar behavior of arsenic and antimony triiodides when reacted with iodon~ethane: 
both yield onium derivatives in moderately good yield. 

I t  has been found that when the conlpounds R,AsIa-,, (R = alliyl or aryl, n = 1 or 2) 
are reacted with trifluoroiodoi~lethai~e in the presence of mercury the yield of trifluoro- 
methylarsine decreases as the number of iodine atoms to be substituted increases (2, 3). 
Failure of arsenic triiodide to react with trifluoroiodomethai~e can thus be regarded as 
the limiting case. 

EXPERIMENTAL 
For these experiments commercial phosphorus and bismuth triiodides were used. Arsenic and antimony 

triiodides were prepared by the procedures gikeil in Inorganic syntlzeses (5). Diiodophenylstibine, m.p. 69" 
(lit. kalue, 69") (B), was prepared by reducing phenylstibonic acid with stallnous chloride in the presence 
of sodium iodide. Phenylstibonic acid was prepared by the action of diazotized aniline on antimony tri- 
oxide (6). The reactions reported below were carried out in sealed tubes in the absence of air and light. The 
reaction temperature was 20' ~uiless otherwise stated. Volatile reactants were manipulated in a vacuum 
system. 

Reaction of Group V Iodides with TrifEzroroiodonzetAane i n  tlze Presence of Mercury 
Table I shows the results of these experiments. Mercury (ca. 200 g) was also present in the tubes in 

addition to  the reactants listed. After shalting the tubes for the time shown the volatile contents were talien 
into the vacuum system. Trap-to-trap distillati011 and infrared examination of the fractions isolated 
failed in all cases to  show that  any volatile substance other than trifluoroiodomethane was present. 

I 
I Canadian Journal of Chemistry. Volume 10 (1SB2) 
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TABLE I 

Time CF3I recovered 
Reactants* (days) (g) 

PI3 (18.0), CFsI (82.5) 
As1 3 (9.  O), CFsI (73.2) 
SbI? (14.9). CFrI (54.1) 

*Weight, in grams, of reactants given in parentheses. 
'(No unreacted arsenic triiodide could be extracted from the solid residue 

with alcohol. 

Reactions of Group V Iodides with Iodomethane in the Presence of Mercury 
Phosphorus triiodide.-Phosphorus triiodide (18.5 g),  mercury (215 g), and iodomethane (65 g) were 

shaken for 50 days. The contents of the tube were extracted with acetone and a slightly soluble, pale yellow 
solid was isolated. Fractional crystallization of this solid gave fractions melting in the range 148-162'. 
These were combined and recrystallization from a large volume of ethanol gave two fractions, one a pale 
yellow crystalline solid, m.p. 165-170' (6 g),  and the other a small amount of a yellow waxy solid, m.p. 
85-106". Analysis of the first fraction (found: C 5.86, H 1.57, P 5.16, Hg 36.8, I 49.6y0) (empirical formula 
C2,8H9,1PlHgl.lI~.~) suggested that the substance was mainly the 1: l  adduct of trimethylphosphine and 
mercuric iodide. A sample of the adduct was prepared by reacting trimethylphosphine (1.278 g, 1 mole) 
with mercuric iodide (1 mole) a t  90' for 6 days. No volatile material was present in the tube after this 
time. The yellow solid which remained in the tube was only slightly soluble in hot ethanol or acetone but 
was eventually recrystallized using a large volume of a mixture of ethanol and acetone (2:l by volume). 
The product melted a t  197-200' and its infrared spectrum was identical with that of the product, m.p. 
165-17O0, from the reaction of phosphorus triiodide with mercury and iodomethane. The identity of the 
1:l  adduct was confirmed by analysis. Found: C 6.90, H 1.65, P 5.75, Hg 37.5, I 47.7y0, mol. wt. 565; 
calc. for C ~ H B H ~ I Z P :  C 6.78, H 1.69, P 5.83, Hg 37.8, I 47.8%, 11101. wt. 531. The reaction product melting 
a t  85-106" was also analyzed but the results do not approximate to any reasonable compound. 

Antimony triiodide.-The triiodide (13.9 g), mercury (219 g), and iodomethane (50.3 g) were shaken for 
30 days. Extraction of the contents of the tube with acetone gave, after recrystallization, tetramethylsti- 
bonizmt triiodo?rzercurate (11), m.p. 167' (4170 yield). Anal.: found: C 6.81, H 1.59, Hg 25.6, I 48.8y0; calc. 
for C4H12Hg13Sb: C 6.3, H 1.57, Hg 26.3, I 50.0%. 

Diiodopheny1stibine.-The stibine (8.0 g), mercury (189 g), and iodomethane (31.4 g) were shaken for 
40 days. Extraction of the conteilts of the tube with acetone gave a slightly colored (yellow) solid (15.6 g). 
This, on recrystallization from acetone, was colorless and was identified as methylmercury iodide. Anal.: 
found: C 2.98, H 0.74, Hg 57.6, I 37.4%, mol. wt. 316, m.p. 147-148'; CH3HgI requires: C 3.50, H 0.87, 
Hg 58.7, I 37.0y0, mol. wt. 343, m.p. 152' (7). The yellow impurity was not present in sufficient quantity 
to  enable easy isolation and identification. 

Bisntutk triiodide.-The triiodide (22.2 g), mercury (300 g),  and iodomethane (63.2 g) were shaken for 
14 days. The acetone extract was yellow but on crystallization the product appeared to deco~npose with the 
liberation of mercuric iodide. 
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NOTES 

IMPROVED SYNTHESIS OF N-ALKYL-ASPARTIC ACIDS 

N-Alkyl-aspartic acids can now be prepared readily by nucleophilic addition of primary 
amines to the double bond of inonomethyl maleate according to a technique first described 
by Zilkha and Bachi (1). 

During the preparation of some N-alkyl-aspartic acids, we found that triethylamine 
could advantageously replace pyridine as solvent and catalyst. The yields are about 
200jo higher and the isolation of a much purer product is possible owing to the absence 
of colored secondary products. 

We have extended this reaction to two more primary amines and we have obtained 
good yields of the following derivatives: N-ethyl-aspartic acid P-methyl ester (95%) 
and N-isopropyl-aspartic acid P-methyl ester (750j0). 

We also found that this method is quite general and that other types of amines can 
be used to give new N-alkyl-aspartic-acid P-methyl esters. Piperidine, ethanolamine, 
2-propanolamine, and glycine methyl ester were condensed with inonomethyl maleate 
to give the expected N-alkyl-aspartic acids P-methyl ester with yields of 760j0, 750j,, 
82%, and 75% respectively. 

When 2 equivalents of the amine were used, we obtained the corresponding N,N'- 
disubstituted asparagine: thus N,N'-dibutyl-asparagine and N,N'-dipiperidyl-asparagine 
were obtained. 

Good yields of the N-alkyl-aspartic acids were obtained by hydrolysis of the corre- 
sponding illethyl esters with cold bariuin hydroxide (1). All these amino acids were 
characterized as such except for N-(2-propano1)-aspartic acid, which is hygroscopic and 
was isolated as the copper salt. 

EXPERIMENTAL 

Preparation of N-Alkyl-aspartic Acids 8-il/letlzyl Esters 
NIaleic anhydride (56 g, 0.57 mole) was dissolved in 200 ml of methanol. After the mixture was refluxed 

on a water bath for 30 minutes, excess methanol was distilled off. One hundred milliliters of triethylamine 
was added to the residue, cooled in ice, very slowly and with stirring in order to  avoid side reactions which 
could contaminate the prod~ict with colored by-products. One-half mole of the desired amine was then 
added in one portion. This mixture was stirred over a water bath for an  hour. Usually the product started 
to  crystallize in 20 minutes. The mixture was filtrated and washed twice with hot acetone or ethyl acetate. 
After these washings, the product is usually white and can be used without further purification (see 
Table I). 

If necessary, the ester can be crystallized from a minimum volume of hot water by adding a large amount 
of acetone. 

The addition of piperidine goes sinoothly a t  room temperature and i t  is not necessary to heat the  
solution. However, in this reaction no solid crystallizes o ~ i t ,  and the excess of triethylamine has to  be 
evaporated, because the addition product remains in solution. The residue is talcen in hot isopropanol 
and crystallized in the cold. A further crop of crystals is obtained after the  addition of petroleuin ether. 

I n  the case of glycine methyl ester, 5 g (0.036 mole) of the hydrochloride were mixed with monomethyl 
maleate prepared from 5 g of maleic anhydride. T o  this mixture were added 30 ml of triethylamine and 
5 n11 of methanol. After heating on a water bath for an hour, the  hydrochloride of triethylamine crystal- 
lized in the cold and was eliminated by filtration. The methanol and the excess of triethylanline were 
distilled off. The condensation product was dissolved in water and crystallized by the  addition of iso- 
propanol. 

Preparation of N-Alkyl-aspartic Acids 
The N-alkyl-aspartic acid methyl ester to be hydrolyzed (0.10 mole) was dissolved in 0.125 mole barium 

hydroxide solution and left for 2 hours a t  room temperature. The solution was heated for 10 minutes and 

Canadian Journal of Chemistry. Volume 40 (1062) 
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TABLE I 

N-Alkyl-aspartic acids 8-methyl esters 
CH3-00C-CHr-CH-COOH 

I 

ajd nitrogen 
Yield h1.p. ---- 
( % I  ( "c )  Formula Calc. F o u ~ ~ d  -- 

Ethyl 92 217 C ~ H I ~ N O ,  '7.99 7.Y3 
Isopropyl 75 214 CsH15NO4 7.39 7.35 
Butyl* 80 23 1 CsHl7NO4 6.89 6 .82 
Cyclohexylt 90 216 C~lHlsN01 6 .11 6.16 
AllylS 84 213 CsH,,NO, 7 .48 7 .43  
Ethanol-2 75 198 C7HlaNOj 7.32 7.35 
Propanol-2 82 200 CsH15NOi 6.8'2 6.77 
Piperidyl 76 164 C I O H I ~ N O ~  6.50 6 .41 
Methyl acetate 75 164 CsHlaNOs 6.39 G.57 

then an equivalent of hot sulphuric acid (1.0 M )  was added. The filtrated solution was evaporated to 
30 ml. The arnino acid was usually obtained by the slow addition of 200 to 500.1111 of an  organic solvent 
(see Table 11). 

TABLE I1 

I'reparation of N-alkyl-aspartic acids 
HOOC-CH?-CH-COOH 

I 
SIH 

I 
R 

Solvent used yo nitrogen 
Yield M.p. for - 

I{ (%I ( "c )  F o r i ~ ~ u l a  crystallization Calc. Found 

Ethyl 9 5 190 CsHllNO4 Ethanol 8 .68 8.66 
Isopropyl 98 185 C7H13N04 Ethanol 7 .99 7.92 
Ethanol-2 90 182 C B H I I N O ~  Isopropanol 7 .90  7.85 
Propanol-2* 95 - - - 5.53 5 .37 
Piperidyl 75 185 CsHl,NO, Acetone 6 .95 6 .81 

and ether 
Carboxymcthylt 95 191 CsHsNOs Isopropanol 7 .32 7.22 

*Hygroscopic, characterized as copper sa!t. 
+Reported (2) m.p. 188-199'. 

N,N1-Dipiperidyl-asparaginc 
Fifty-one gr;lms (0.60 mole) of piperidinc (without triethylaminc) were added to 38.2 gr $0.29 mole) 

of monomethyl maleate prepared as  described previously from 29 g of maleic anhydride. I he mixture 
was heated over a water bath for G hours, then dissolved into 150 ml of isopropa~~ol. N,N1-Dipipericlyl-aspara- 
gine crystallized slowly in the cold giving 30 g of white solid, which can be crystallized fro111 ethanol by 
adding petroleum ether. Yield 56%; m.p. 1!12". Calc. for CLIH.'JY?O~: N, 10.43%. FOLIIICI: 1, 10.52%. 

N,iVt-Dibzrtyl-aspnragilte 
To the methyl maleate obtained from maleic anhydride (21 g, 0.21 mole) and metha1101 were added 

40 g (0.55 mole) of anhydrous butylamii~e and 50 1111 of triethylamine. 'The mixture was heated oil a water 
bath with stirring for 3 hours. The solid formed was filtered and washed twice with acetone. 'The melting 
point after recrystallization from \vnter was 242'. YieId 70%. Calc. for ClrH:rS:O:;: X, 11.46y0. FOLIIIC~: 
N, 11.52%. 
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THE SYNTHESIS OF SOME BASIC DIPHENYL ETHERS 

Recently several publications and patents (1-4) have appeared which described the 
synthesis and physiological activity (4) of 10-dialkylan~inoalkylphenoxazines. In this 
conlmunication we wish to describe the synthesis of some basic aronlatic ethers, in- 
cluding two series of compounds, 2-(3-dialkylan~inopropionamido)diphenyl ethers (I)  
(see Table I )  and 2-(3-dialkylaminopropy1)diphenyl ethers (11) (see Table 11), which 
nlay be regarded as open-chain analogues of the corresponding phenoxazine derivatives. 

The basic ethers I and I1 were prepared from 2-aminodiphenyl ether according to the 
reaction schenle shown below. 

In order to study further the relationship of structure to physiological activity in 
this series, sonle 4-(3-dialliylaminopropionamido)-2-nitrodiphenyl ethers (111) (see Table 
111) were synthesized in the same way as I ,  starting from 4-amino-2-nitrodipheilyl 
ether. 
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THE SYNTHESIS OF SOME BASIC DIPHENYL ETHERS 

Recently several publications and patents (1-4) have appeared which described the 
synthesis and physiological activity (4) of 10-dialkylan~inoalkylphenoxazines. In this 
conlmunication we wish to describe the synthesis of some basic aronlatic ethers, in- 
cluding two series of compounds, 2-(3-dialkylan~inopropionamido)diphenyl ethers (I)  
(see Table I )  and 2-(3-dialkylaminopropy1)diphenyl ethers (11) (see Table 11), which 
nlay be regarded as open-chain analogues of the corresponding phenoxazine derivatives. 

The basic ethers I and I1 were prepared from 2-aminodiphenyl ether according to the 
reaction schenle shown below. 

In order to study further the relationship of structure to physiological activity in 
this series, sonle 4-(3-dialliylaminopropionamido)-2-nitrodiphenyl ethers (111) (see Table 
111) were synthesized in the same way as I ,  starting from 4-amino-2-nitrodipheilyl 
ether. 
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TABLE I1 
2-(3-Dia1kylaminopropyl)diphenyl ethers 

Analyses 

'R Yield 
Calculated Found 

-N Molecular 
\R (%I  Derivative M.p. formula C H N C H N 

/C2Hs 
-N 71.8 Dihydrochloride 172" C I ~ H Z B C I ~ N ~ O  61.45 7.60 7.55 61 .OO 7.91 7.42 

\ C P H ~  2: 
2 

80 Dihydrochloride 202" C~oHzeClzNzO 61.78 7.10 7.59 61.92 7.17 7.62 % 

70.6 Dihydrochloride 205" C ~ O H Z ~ C ~ Z N ~ O  62.66 7.36 7.31 62.40 7.52 7.07 

87 Dihydrochloride 184" CIOH~BCIZN~OZ 59.22 6.80 7.27 58.59 6.93 7.52 

-N= N-CH3 78 Free base 47" C2oHz~N30 73.81 8.36 12.91 73.64 8.63 12.81 

A -N - N-CHj Dipicrate 222" C ~ Z H ~ ~ N B O I S  49.04 4.24 16.09 49.31 4.53 15.74 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

The pharlnacology of these colnpounds will be reported elsewhere. 

/ 

NO? 

EXPERIMENTAL 

Melting points are ~~ocorrected. Rilicroanalyses were performed by E.  Thomnien, Than~~erstrasse 45, 
Basel, Switzerland. 

2-(3-Clzloropropio~za~rzido)diplze~z~~l Ether 
The procedure of Roberts and Turller (5) was adopted for the reduction of 2-nitrodiphenyl ether (6) 

to 2-aminodiphenyl ether. 
A solution of 12.7 g (0.1 mole) of 3-chloropropionyl chloride in 50 nil of benzene was added dropwise 

to a cooled (ice bath) solution of 18.5 g (0.1 mole) of 2-aminodiphenyl ether and 10.1 g (0.1 mole) of tri- 
ethylamine ill 150 ml of benzene. After the addition was complete, the reaction mixture was allowed to 
stand overnight a t  rooni temperature, during which time crystals of triethylamine hydrochloride gradually 
separated. Water (300 ml) was added and the layers were separated. The aqueous layer was extracted 
wlth two 100-n~l portions of benzene. After the combined benzene layers over sodium sulphate were dried, 
the benzene was distillecl under reduced pressure. 'The residual oil which distilled a t  207' under 1 Inn1 
pressure was recrystallizecl from benzene-hexane to yield 18.5 g (67.3%) of 2-(3-chloropropionamido)- 
diphenyl ethcr, m.p. 62'. Anal. calc. for CljHIdCISOr: C 65.31, 1-1 5.12, .\T 5.08; found: C G5.11, H 5.36, 
N 4.99. 

2-(S-il/lorplzoli~zop~o~io1za1~1ido)d~plzenyl Etlzer 
A mixture of 27.6 g (0.1 mole) of 2-(3-ch1oropropionamido)diphenyl ether, 300 ml of toluene, 8.71 g of 

morpholi~ie, and 2.5 g of anhydrous potassium carbonate was stirred and refluxed for 5 hours. After the 
hot reaction mixture was filtered, the solid residue was washed with 150 ml of hot toluene. The combined 
toluene filtrates were dried over anhydrous sodium sulphate and the toluelle was evaporated under reduced 
pressure. The oily residue crystallized on trituration with a minimum amount of ether. liecrystallization 
from ether yielded 25.6 g (78.5%) of 2-(3-lnorpholinopropionamido)diphel~yl ether, m.p. 136'. Atlal. calc. 
for C19H22N~03: C 69.91, H 6.80, N 8.58; found: C 69.96, H 6.97, N 8.88. 

'I'he remainder of the ethers 1 and 111, listed ill Tables I and I11 respectively, were prepared as above. 

2-(3-1VIorpholinop,.opylnm.ino)diplze~zyL Ether 
A solution of 16.3 g (0.05 n~ole) of 2-(3-n~orpholirlopropiolla~iiido)diphenyl ether in 150 ml of absolute 

ether was added dropwise to a stirred solution of 8 g of lithiull~ aluminum hydride in 200 ml of ether, a t  
such a rate as to  maintain gentle refluxiug without e x t e r ~ ~ a l  heatiug. After the addition was cotnplete, 
the stirring and retluxing was continued for an additional 3 hours. The excess of lithium alulninu~n hydride 
was destroyed by the cautious addition of 10 rnl of water. An additional 100 ml of water was added and 
the reaction misture was filtered. After the solid residue was washed with 100 mi of ether, the combined 
ether layers were washed with water and dried over anhydrous sodium sulphate. Dry hydrogen chloride 
was passed into the solutioli and the dihydrochloride of 2-(3-niorphoiinopropylamino)diphenyl ether 
precipitated. Recrystallization from isoamyl alcohol -ethyl acetate yielded 16.8 g (87.2%), m.p. 184". 
Anal. calc. for ClsH?oCI2NrOd: C 59.22, H 6.80, N 7.27; found: C 58.59, H 6.93, N 7.52. 

The remaining members of the series (11) were prepared in a similar way and are listed in Table 11. 

4-(5-Chloropropionanz~do)-2-niluodipheny1 Etlzer 
The above compoulld was obtained fro111 the reaction of 3-chloropropionyl chloride with 4-amino-2- 

nitrodiphenyl ether (7), using the procedure employed for the preparation of 2-(3-chloropropionamido)- 
tliphenyl ether. The crude product was recrystallized from alcohol and 71.2% of material melting a t  144' 
was obtained. Anal. calc. for C15H13C12N?Od: C 56.17, H 4.08, N 8.74; found: C 56.71, H 4.27, N 8.65. 

1. G. FRANGATOS, G. I~OHAS, and F. L. CHUBB. Can. J. Chem. 38, 1021 (1960). 
3. Belg.. Patent No. 569.697. 
3. 1.  TV. CUSIC. U.S. Patent No. 2.687.414. 
1. Brit. Patent No. 825,312. 
5. E. ROBERTS and E. E. ' ~ C R N E R .  J. Chem. Soc. 127, 2008 (1925). 
6. ORGAKIC SYNTHESIS Coll. VoI. 2. John Wiley & Sons Inc., New York. 19.1.3. p. 445. 
'7. M. T. BOGE~U and R. L. EVANS. Ind. Eng. Chem. 18, 299 (1926). 
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STUDIES OF CHLOROBIUM CHLOROPHYLLS 
IV. PREPARATIVE LIQUID-LIQUID PARTITION CHROMATOGRAPHY OF 

PORPHYRINS AND CHLOROPHYLL DERIVATIVES AND ITS USE TO RESOLVE 
CHLOROBIUM PHEOPHORBIDE (650) INTO SIX COMPONENTS1 

With  the teclznical assistance of G. BESERER 
Tlre Dioision of Applied Biology, i k t i o n a l  Research Coz~?zcil, Oltaroa, Canado 

IZeccivctl October 24, 18G1 

\'nrious porphyrins ant1 chlorophyll tlerivatives have been purified on a preparative scale 
by tlistribution between hydrochloric acid and ether on Celite columns. By this technique 
C I . L I ~ C  Clz101.obi~i~1~ pheophorbide (650) was resolved into six components, which possessed 
almost identical visible absorption spectra, but slightly different acid distribution numbers. 
Chromic acid oxidation and subsequent gas-liquid partition chromatography of the neutral 
fractions indicate the prcscncc of more than one Chlorobi.z~?la chlorophyll (G50) in the original 
pipnie~lt preparation. 

The methocl most frequently used for resolving mixtures of porphyrins or chlorophyll 
clerivatives is partition between aqueous hydrochloric acid and ether. The resolution 
obtained b!, this methocl depends on how inuch the colnpounds differ in basicity and 
solubility. A11 approxiinate quantitative expression of these properties is the "acid 
number", i.e. the percentage (w/w) of aqueous hydrocl~loric acid which extracts two 
thirds ot a cornpound from an equal volume of ether (1). When the "acicl numbers" of 
two pigniei~ts differ by several percentage units complete separation lllay be readily 
accomplishecl. However, when coinponents possess alrnost equal "acid numbers" counter- 
current- distribution is usually necessary. This method has the disadvantages of requiring 
special, expensive apparatus and is not usually applicable to  large quantities of material. 

Licluicl-liquid partition chromatography has been applied in a few instances to the 
resolution of mixtures of porphyrins (2, 3, 1). In particular, Fall; (5) has quoted the use 
by Scott of Celite columiis containing hydrochloric acid as the stationary phase and 
ether as the eluent. No experin~ental details have, to our Itnowledge, been published. We 
have developed such a procedure and have found that  by choosing the appropriate 
strength of hydrochloric acid or by using solvents other than ether, many mixtures of 
porphyrins and chloropl~yll derivatives of similar acid number can be resolved. Our 
experience fully confirins that  of Leinieux et al. (6) concerning the ease of co~istruction 
and extrusion of Celite columns, and of uniform and rapid flow through such columns. 

IIssz~ed as A1.R.C. No. 6616. 
?hrational Research Council Postdoctorate Research Fellow, 1959-61. Present address: iVew Chewticals Group, 

iVatio?aal Chevzical Lab., Teddinglon, il[iddlesex, England. 

Canadian Journal of Chemistry. I'olume 40 (1062) 
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The method did not resolve the isolners coproporphyrins 3 and 4 and was not applicable 
to acid-labile substances such as  magnesium colllpleses and esters with high acid nu~nbers. 
Esters with low acid numbers, e.g. methyl vinylpl~ylloporphyrin (acid number: 1.4 (7)) 
and methyl phylloporphyrill (acid number: 0.9 (8)) were separated without hydrolysis 
when the colun111 was developed rapidly (Fig. I ) .  A mixture of pyropheophorbide a and 
i~~esopyropheophorbide a (acid numbers: 12-13 and 12, respectively (9)) (Fig. 2) and 

UPPER Z O N E  

I l l  I I I I I U  w 
450 500 550 600 650 

FIG. 1. Spcctra of ether solutions of pigments separated on Celite column. Upper zone: methyl phyllo- 
porphyrin ; lower zone : methyl ~inylphylloporphyrin. Stationary phase: 1.5% (\v/w) aqueous I-IC1 saturated 
with ether;  mobile phase: ether. 

FIG. 2. Spectra of ether solutions of pyro- and mesopyro-pheophorbide a separated on Celite column: 
-- before partition; . . . upper zo~le (mesopyropheopl~orbide a ) ;  - - - lower zonc (pyropheophorbide a). 
Stationary phase: 14% (w/w) aqueous HC1 saturated with ether; mobile phase: ether. 
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a mixture of cleuteroporphyrin '3 and mesoporpl~yrin '3 (acicl numbers: 0.4 and 0.5, re- 
spectively (10)) were also resolved successf~~lly. Keither partition using separatory funncls 
nor aclsorption chromatograpl~y on sucrose followed by crystallizatioil had previously 
given ~~~esopyropheophorbide a completely free of pyropheophoi-bide a.  Separation of 
deutero- and meso-porphyrin '3 was accomplisl~ed earlier by means of countercurrent 
distribution between hydrocl~loric acid and ether (11). 

The column technique was applied to the further resolutioll of crude Chlorobir~m 
pheophorbide (650), which we have recelltly reported to be separable into two components 
by chroinatography on sucrose (12). Eight zones were obtained and were designated as  
fractions 1 to 8 in the relative order of their position on the column, fraction 8 being 
uppermost. Fractions 7 and 8 were ininor constitue~lts and were discarded when they 
proved to have the saine visible absorptioil spectra as  Chlorobiz~m pheophorbide (660) 
(13). The visible absorption spectra of the pigments in fractions 1 to 6 were, for practical 
purposes, alrnost identical, and the ratios of absorption a t  the indicatecl wavelengths are 
given in Table I. The percentage of each fraction extracted by two collcelltrations of 

TABI>E I 
Ratios of absorbance ( A )  a t  \\.avelengths ( 1 1 1 ~ )  inclicatecl for fractions of 

Chlorobir~~rz pheopllorbicle (650) 
-- 

A:,, & - A m  A 40:  

Fraction A :Q? A 65; Fraction ~ 1 6 0 2  11 ~ 6 7  

aqueous hydrocl~loric acid from ether solution is given in Table 11. The latter r e s ~ ~ l t s  
were to be expected from the order in which the fractions moved dotvll the Celite column, 
i.e. fraction 1 was extracted the least and fraction G the   no st. 

TABLE 11 

Percentage of fractions of Clzlorobizr~r~ pheophorbicle ((350) estractecl from 
ether by two concentrations of aqueous hydrochloric acicl 

Fraction 12.3% HC1 14.0% HCI Fractio~l 12.3% EICl 14.0% I-ICI 

Countercurrent clistribution of a salnple of the same crude pheophorbide (650) between 
hydrochloric acid (14y0) and ether gave partial resolution into four components after 
620 transfers (see Fig. 3). 

A sample fro111 each of fractions 1 to 6 was oxidized by chromium trioxide in sulpl~uric 
acid. The products were resolved into neutral and acidic fractions and after the latter 
had been methylated each fraction was analyzed by gas-liquid partition chromatography 
(14). The retention times relative to that of quinolilie of the colnponents observed in the 
respective neutral fractions are given in Table 111. Each pigment yielded chiefly one of 
three products, two of which had the same retention tilnes as methylethylmaleiinide and 
methyl-n-propylnlaleimide. Fractions 3 and G gave evidence of contalllination, which 
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TUBE NO. 

1;;. 3 .  Separation of co~nponcnts in crude C l ~ l o r o b i ~ ~ ~ i z  pheop11orl)iclc ((i.50) (40 mg) by counterct~rrent 
clistribution bctneen aqueous hyclrochloric acid (l-J%, w/w) ancl ether. 

Gas-licli~id partition chromatography of the neutral proclucts formed by 
oxidation of the fractions of Cltlorobzr~nz pheophorbicle (650) 

Retention time of neutral Iietention time of neutral 
product relative to protluct relative to 

1;raction quinoline Fraction qui~~ol ine  

"Col~taminated by a small amount of material with a retention time of 1.58. 
tCor~taniinated by a small amount of material with a retention time of I.:(:(. 

presumabl>, resulted from incomplete fractionation on the Celite column. The ~lnknown 
product fro111 fractions 1 and 3 has not been isolated in sufficient quantity to pernlit its 
identification. Each of the ~nethjllatecl acidic fractions contained one main conlponent 
which had the same retention time as clihyclrohemati~~ic acicl imide nlethyl ester. In 
addition, a co~nplex mixture of products whose retention tinles were considerably lower 
was observecl, but the nature of these has not been studied. 

The above results show that  the original Clzlorobiclnz chlorophyll (650) extracted irom 
the cells contained more than one chloropl~yll. I t  remains to be shown whether these 
arise from a mixed cult~lre of different strains oi Clzlorobium, or whether the individual 
cells synthesize Inore than one chlorophj 11. 

I. Preparation and Use of Celite Colzri?r?zs 
A glass column, plugged a t  its tapered end with glass wool, was tightly packed with dry, comn~ercial 

Celite (Johns Manville 535 or 545) under suction and tamped. T o  protect the surface of the Celite the top 
was tl1e11 covered with glass wool onto which the solutions were subsequel~tly poured. Aqireous hydrochloric 
acid of  chose^^ strength, saturated with ether, was first addecl to the column under slight suction. Iron 

3All zisible absorption spectra were nzeaszwed O I L  a Cary Recording Specfroplzotonzefer, 11Iodel I 1  Af. 
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impurity in the Celite was removed completely as ferric chloride, which travellecl with the acid front. 
When low acid concentrations had to be used, the Celite was washed previously with concentrated acid. 
After the ferric chloride had been completely eluted, the "acid-saturated" ether solution was added to 
the column and allowed to percolate under gravity until separate aqueous and ether layers were observed 
in the receiver flask. The glass ~vool was removed, the column was allowed to run dry, retnmped, and its 
upper surface was covered with a filter paper. 

The pigment solutions to  be partitioned were usually prepared by dissolving the pigment in p).ricline and 
ether and then removing the pyridine with dilute hydrochloric acid. The pigment solution was absorbed 
a t  the top of the column and the chromatogram was developed with a con t inuo~~s  flow of ether under 
gravity or slight suction. The pigments were recovered from the individual bands either by elution or by 
f rs t  extruding the colun111, and then cutting out the individual bands and washing with acetone containing 
clilute aqueous hydrochloric acid. 

For the resolution of porphyrins whose solubilities in ether were very low, e.g. meso- nr~cl deutcro- 
porphyrins 9, alternative procedures of introducing the pigments onto the column were ~ ~ s e c l  (see below). 

I I .  Resolution of il[ixtzires of Knozvn Conzpozi?tds 
( a )  Separation of ll[etltyl Vilinylpltylloporpltyri~t and dJctltyl Phylloporpltyri?t 
rl mixture of the two porphyrins (ca. 2 mg) was chromatographed on a column ( 2 x 1 5  c ~ n )  pi sing 2.576 

(w/w) aqueous hydrochloric acid. Two zones, separated by 5 cm, were evident when the Icacliny zone con- 
taining methyl vinylphylloporphyrin reached the bottom of the column. 

(b) Separation of Dezitoopoi.pltyri 9 n?td il[esoporpltyrin 9 
Deuteroporphyrin 9 (G mg) ant1 mesoporphyrin 9 (3 mg) were dissolvecl in a mixture of hytlrochloric acid 

(12.5 ml, 0.75%) and tetrahydrofuran (5 ml) and mixed with Celite (25 g). The wet powder was paclced 
on top of a column ( 5 x 3 0  cm) which had been prepared earlier using 0.75y0 hydrochloric acid. The columll 
was developecl for 4 hours, a t  the end of which time two discrete bands were observed. A Inore rapid and 
more satisfactory separation was obtai~~ecl by using 2.5% hydrochloric acid and a m i s t ~ ~ r c  of chlorofor~n 
and ether (2:1, I./\;). 

(c) Piirijicntion of ~ l~esop~~rop l t eop l torb ide  n 
Impure mesopyrophcophorbide a (15 mg), prepared from pyropheophorbide n (15, 16), was chro~nato- 

graphed on a column ( 4 3 x 3 0  cm) using 14% (w/w)  hydrochloric acid and ether. Two bands were obtained. 
'I'he products were reco~rered after the leading zone had mo\,ed 20 cm. The sepa ra t io~~  bct\\.ecn the  bancls 
was then G cm. 

( d )  Atteitlpted Resolzition of Coproporpltyri?ts 3 am1 4 
,A mixture of the porphyrins (ca. 2 mg) was chromatographed on a columr~ ( 2 x 4 8  cm)  L I S ~ I I ~  hydrochloric 

acid (0.2%, w/w)  ancl ether. No resolution was observed during 20 hours' development. 

I I I .  Growtlt of Chlorobiii~~t tltioszilfntopltilti~n (strain L )  and Isolntion of Cltlorobizim cltloropltyll (660) 
Chlo~obiiirn tltiosulfatopltilzim (strain L )  was cultured in mass in 1-gal bottles a t  85-88' F for 7 to 9 days 

under Sylvania, 30111, \\Tarn1 \\'hite fl~~orosccnt lamps (light intensity: ca. 200 ft-c). I'reli~ni~lary tests 
showed that  strict asepsis was unnecessary and that maintena~~ce of anaerobic conditions was suficient 
to ensure gootl growth. Otherwise the procedures used were essentially those recommended 11y Larscn (17). 
The mecli~~rn used is given below: 

MgClz.tiHn0 
NaCl 
Nal lC03 
NaaS203.5H?O 
NazS.9HZO 
CaC12 
F e  fro111 FeC13.GH20 
B from H3B03 
Zn from ZnS04.7H~0 
Co from Co(N03)2.GHzO 
Cu from Cu(S01).5H20 
MIX from MnSO4.H?O 

Tlle cells were harvested by filtration under suction through n 1-in. pat1 of Cclite (545 ant1 505, 3 parts 
to 1 )  covered with filter paper (111hatman No. 1). The pigment was isolated as follows: the Celite pad ancl 
filter papers were blended in cold methanol containing tetrahyclrofuran (lOyc, v /v)  and the mixture filtered. 
The fl trate was pourccl into ether in a separatory funnel, water added, a11c1 the lower layer rcn~ovecl. Suc- 
cessive filtrates were added to the same ethereal solution u11ti1 the tliscordecl aqueous phase contained 
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significant a m o u ~ ~ t s  of pigment. Calcium chloride was used to break up any emulsion and to dry the solution, 
which \\,as then filtered and evaporated. The mixture was dissolved in a m i ~ ~ i r n ~ ~ r n  volume of tetrahydro- 
furan, and petroleum ether was added to precipitate the chlorophyll. The pigment was collectccl on Celite, 
redissolved, reprecipitatecl, dissol\red once again, transferred into ethyl ether, ancl collected on water as 
described earlier (IS). Material isolated by this procedure hacl no methoxyl content. I t  was stored a t  -25' C. 

Crude Cldorobiz~~rt pheophorbide (650) was prepared by adcling chlorophyll (1  g in 25 ml of pyridine) to 
boiling methanolic potassiun~ hydroxide (150 ml, 470, m/v) uuder anaerobic conclitions. After 20 minutes 
the mixture was poured into ether (3 I.), acidified with hydrochloric acid (2-3y0), and shalcen. The ether 
layer was washed twice with water and evaporated. 

I V. Rcsolutiotz of Chlorobiz~it~ PI~eopho~.bides (660) 
An ether solution (500 rill) of crude pheophorbide, obtained from the cl~lorophyll (0.25 g), nras shal;el~ 

with '2-:3Y0 (w/w) aqueous hydrochloric acid and poured onto a columl~ (9.5X44 cm) of Celite which had 
bee11 previously prepared using hydrochloric acid (14%) and ether. The column was developed for 5 hours, 
a ~ l d  the pigments wcre recovered after extrusio~l of the  Celite. Each fraction was rechromatographed once 
or twice more. The yields per gram of chlorophyll of fractions 1 to  G were 39, 128, 55, SS, 42, and 29 mg, 
respectively. 

17. Osidr~tiue Degradation of fiactio~2s 1 to 6 and Ide~~t'ijic(~li0~2 of ti212 Prodzlcts 
Pign~ent (10 mg) in a test tube mas dissolved in sulphuric acid (2.0 rnl, 25'7;) a ~ l d  coolecl LO -lo0 C. 

Aqueous chromium trioxide (0.5 ml, G.7%, w/v) was added, and the reactio~l mixture was siirred for 20 
minutes. The p1-I mas raised to 10 to 11 with aclueous sodium carbonate and the volume Ivas acljusted to 
10 ml. The solution was transferred to  a separatory fu~lnel and neutral products wcre extracted by 10 
separate 25-1111 volumes of ethyl acetate (19). Acidic products were removccl similarly after the solution 
had been acidifiecl. The solutions were clried (i\/IgSO.,) a~lcl rccluced to  a small volulne (ca. 0.1 m1). .A Pyc 
Argon Chromatograph was used to establish the identities of the oxiclation products by comparing their 
chromatographic behavior with those of authentic samples of metl~ylethyl~naleimide, methyl-12-propyl- 
maleimide, ancl clihydrohematinic acid imiclc methyl ester. The column (4 111111 (T.D.)X117 C I ~ )  was paclied 
with 15% (w/w) polyphenyl ether (112-bis(r11-p11enox)l-p11e11oxy)-benzene) on Celite. The flow rate was 100 
ml per minute, and the telnperaturcs 1'75 and 230" C for the ~leutral  and acidic fractions, respectively. 
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STUDIES IN THE PYRROLINE SERIES 
I. THE PROTON MAGNETIC RESONANCE SPECTRA OF SOME PYRROLINES 

R. BONNETT AND D. E. MCGREER 
T h e  Che?tzistry Dcpartnzent, Cniversity of Brilislz Colz~nzbia, 1Tanconver 8, Britislz Colulrzbia 

Received August 24, 1961 

ABSTRACT 

The proton i~iagnetic resonance spectra of some pyrrolines and pyrroline oxides have been 
deteriliincd. The spectra accord with the A' fornlulation of the bases. 

Interest in the I-pyrrolines has been stimulated recently by the formulation (I) of 
the chromophore of vitamin Bl? as a considerably reduced, ring-contracted porphyrin 
which can be regarded as being constituted of pyrroline rather than pyrrole nuclei. Up 
to this time the pyrroliiles had attracted little sustained attention, and, except for the 
3-pyrrolines, the position of unsaturatioil was in doubt, although the 2-pyrroline structure 

was usually drawn. This question has beell debated recently (2, 3, 4, 5, G ) ,  and, in general, 
the conclusion has been drawn that these substances exist predoininantly in the A1 form. 

Both chemical and physical evidence have been adduced to support this forlnulation. 
The Zerewitiiloff deterininations (6, 8) have probably been the most significant chemical 
evidence since they have shown that in the exainples studied little or no active hydrogen 
was inlinediately available. Physical evidence has been based on some study of ultra- 
violet spectra (0), but the illost significant results have come froill infrared studies (2, 
3 , 4 ,  6). In general the pyrrolines have shown little or no absorption in the N-H stretch- 
ing region, but a strong band, attributed to C=N absorption, is present in the 1620- 
1650 cm-I region The position of the C=N band, a ~ l d  the hypsochromic shift it under- 
goes on protonation of the base, are not definitive, however, as is indicated by the values 
given below. 

Base 1644 cm-l (5) 
Salt 1684 cm-l (5) 

The strength of the C=N absorption band, and, especialiy, the absence of N-H absorp- 
tion are, on the other hand, of considerable importance. In the latter area difficulties 
have arisen in certain instances. Thus Evans (3) reported that 2-~nethylpyrroline showed 
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a weak band a t  3.02 p, and Burclthalter and Short (4) considered a sinlilar band a t  3.05- 
3.10 p in the spectrum of 2-benzylpyrroline to be ano~nalous since the conlpound did 
not contain active hydrogen. Other worlcers have considered that "the N-H region of 
the infrared absorption spectra of pyrrolidines and pyrrolines is difficult to  interpret" 
(6, cf. ref. 7), and i t  is, of course, true that  absorption in this region could be caused by 
species, notably traces of moisture or of dimer, other than the 2-pyrroline, which is 
presumed to be tautomeric with the A' form. 

Proton magnetic resonance is particularly useful for studying the structures of com- 
pounds containing olefinic protons, and would be expected to distinguish clearly between 
the A1 and A2 forms of the pyrrolines, and also between the corresponding forms of the 
pyrroline-1-oxides: 

The proton magnetic spectra of five pyrrolines, I ,  11, 111, IV, and V, and three pyrroline- 
1-oxides, VI, VII, and VIII,  have therefore been determined for the pure liquids, and 
are reported in Table I. 

CH3 

V V I VII VIII 

The spectra of 2-methylpyrroline (111), 2,4,4-trin~ethylpyrroline (I) and its N-oxide 
(VI) most clearly show the position of the double bond. The lack of signal in the olefinic 
proton region (2.0-5.5 T) (11) is consistent with only that structure co~ltai~ling the 
double bond in the A1 position (as shown) since all possible tauto~llers would have olefinic 
protons. As little as 5% of such tautomeric species would have been detected readily. 
The spectra of the other compounds studied are also consistent with the A1 formulation. 
Thus the A2 forms of I1 and VIII would be expected to show two olefinic protoil signals, 
but  area measurement clearly shows that only one proton is absorbing a t  low field. Again, 
the exo-A2 form of IV would not be expected to show a septet, which is found here in 
the 7.8 T region and which is characteristic of a tertiary proton coupled with six identical 
protons. Con~pounds V and VII cannot tautomerize to the AVorm. 
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I'roton magnetic resonance spectra of some pyrrolines and pyrroline-1-oxides 
- - -- -- 

Proton position' 

Com~oun t l  C 2 c3 Cd C5 (CH3)2 Other 

1 - 7 . 9  - 6.7 9 . 3  8 . 3  (CI-13 on C2) 
3 . 1  7 . 8  8 . 8  - 0 . 1  - i!t - 8 . 0  8 . 6  6 . 7  - 8 . 4  (CH3 on C2) 

1V - - 8 . 6  6 . 6  0 . 1  7 . 8  (Y0H-septet) 
9 . 1  (CH3 of i-Pr) 

V - 8 . 7  6 . 6  9 . 2  3 . 4  and 3 . 1  (Ph )  
V I - 7 . 4  - 6 . 5  8 . 9  8 . 2  (CH3 on C2) 
VI 1: :3 . 4  - 8 . 2  6 . 2  8.9 - 
VIIIg 3 . 4  7 . 6  8 . 0  - 8 . 8  - 

*The protons on the saturated ring carbons of 11. IV. V, and VII gave triplet signals with splittings of 7-7.5 c.p.s. In  these 
cases and for other rnultiolets the center of the sirnal is recorded in units of .r. ~~ -~ 

tThe area-ratioof the~;i&ah for the  H's on  and CJ~was  1.0~to 3.01 
:The area ratio of the signals for the H's on Cr, C4. Ca, and the dimethyl group was 1.1:2.0:1.8:6.4 respectively. 
$The area ratio of the signals for the H's on C? to those on CJ plus C4 was 0.9 to 4.0. 

The assignnlent of signals to all other protons is straightforward since in a t  least one 
co~~ipouncl in each series the protons on each ring position are replaced by inethyl 
groups. Thus examination of the spectra of the nitrones shows that the protons on ring 
positions 3, 4, and 5 give signals in the regions 7.5, 8.1, and 6.4 T respectively. Similar 
signals for the pyrrolines are found in the regions 7.0, 8.7, and 6.7 T respectively. These 
signals appear a t  higher field than those of the nitrones, presumably because the strong 
electron-withdrawing effect of the semipolar bond has been removed. 

While it is possible that under certain conditions of substitution and environment 
the A3 form may become detectable, or even isolable (cf. ref. 12), in the present simple 
but varied examples no evidence for the presence of a A2 isomer has been forthcoming. 
The proton ~nagnetic resonance spectra have strongly reinforced previous conclusions 
regarding the A1 structures of these compouncls. 

Pyrrol~irres 
r. 
Ihesc were prepared 11y known methods: I and I1 (5); 111 (3);  IV and V (13). The aliphatic pyrrolines 

were purified by distillation followed by preparative vapor phase chromatography on a 5-ft Uconpolar 
column a t  85-120° (Xerograph A-100-C instrument) using h e l i ~ ~ m  as the carrier gas (cf. ref. 5). The aromatic 
c o l n p o ~ ~ ~ i d  V was purified by distillatio~l. 

Pyrrolinc-1-oxides 
Compounds V1 and VI l I  were prepared by 1;liown methods (1-4) and the preparation of VII will soon 

be reported. 'Thc ~iitrones were purified by distillation i n  unczio. 

Spectin 
The proton magnetic resonance spectra were measured OII a 40 Mc/s Varian spectrophotometer with 

field stabiliser VIC 3506. Neat samples were used and calibrated t o  an  external standard of hexamethyl- 
disiIoxat1e which had a chemicaI shift vaIue of 10.3 T as  deterlllined by reference to a soIution of tetra- 
methylsilane in carbon tetrachloride. A calibrated audio-frequency unit was used to  deterniine chemical 
shifts by  the side-band technique. 
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STUDIES IN  THE PYRROLINE SERIES 
11. O X Y G E N  T R A N S F E R  F R O M  C Y C L I C  N I T R O N E S  T O  T R I P H E N Y L P H O S P H I N E  

FRANCO AGOLINI AND R. BONNETT 
T h e  Chel~zistiy Depn~.trnent, Uwiuersity of Britislz Col~inibie, Va?zcouver 8, British Coluntbia 

Received August 24, 1961 

ABSTRACT 
Triphenylphosphine, triphenylnrsine, triphenylstibine, and triphenylbismuthine have been 

evaluated as acceptors in oxygen transfer reactions involving 1-pyrroline-1-oxides. The first 
reagent especially offers a useful route from the nitrones to the corresponding pyrrolines. 

The direct reduction of 1-pyrroline-1-oxides to the corresponding pyrrolines has 
previously been carried out in two ways (1). 2,4,4-Trii11ethy1-1-pyrroline-l-oxide, I ,  for 
example, on treatment with zinc and acetic acid, gave a G6Y0 yield of the corresponding 
pyrroline picrate, while a smaller yield was obtained when sulphur dioxide in chlorofor~n 
was the reducing agent. A inore coilvenient method has been sought which would avoid 
aqueous or acidic conditions and which, moreover, would give the product directly. 
Such a process is required in cases under exanliilation (2) where the product of a prepara- 
tive sequence is the 1-pyrroline-1-oxide from which i t  is then necessary to make the 
pyrroline; but it also offers a method of removing oxygen from certain of the products 
of syntheses involving the reactive nitrones. 

Oxygen transfer to coinpounds of other elements of group V suggested itself as a 
potential method, especially since tripl~enylpl~ospl~ii~e has been ~lsed successEully to 
remove oxygen froill pyridine oxides and other amine oxides (3, 4) and from oxazirans 
(5). The reduction of an aldonitrone has been noted (4), but no information appears t o  
be available concerning the applicability of the reaction to purely aliphatic nitrones, 
including the 1-pyrroline-1-oxides. I t  was decided to examine as oxygen acceptors the 
complete range of compounds from triphenylphospl~ine to tripl~enylbismuthine, al t l~ougl~ 
i t  was expected that as  this series was ascended the increasing instability of both the 
carbon-metal bond and the pentavalent state of the illeta1 would intervene and a t  
some stage nial;e the reaction incoilvenient or useless as  a preparative method. 

Trial experiments were carried out with 2,4,4-trimethyl-1-pyrroline-1-oxide, I ,  and 
triphenylphospliine. I t  was found that the reactioii did not proceed to a useful degree 
in refluxing benzene or toluene. Reaction occurred speedily, however, when the sub- 
stances were heated together with a free flame, and the product, 2,4,4-trimethyl-I- 
pyrroline, 11, distilled directly out of the reaction mixture. A broadly similar result was 
obtained with triphenylarsine. With triphenylstibiile and triphenylbismuthine, however, 
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extensive deco~npositioil was evident, ancl in the latter case the ~naill  l~roduct in the 
distillate \\-as benzene. These results are summarized, and some comparisons drawn, in 
Table I. 

TABLE I 
Oxygen transfer from 2,4,4-trimethyl-l-pyrroli11e-l-oxide 

12caction Dipole [Veight of '% yielcl 
with mo~nent (7) Effect of heating distillatet of 

Reagent CI-131 (6) (Debye) alone (6)  Gjo yield picrate1 

PhsP Rapid 1 45 Iiefl~~xes 0 66 75 57 
Ph3:\s Slow 1 07 Rcfluxes, 0 61 70 4'2 

slight clecomp. 
l ' l~~Sl) Sil 0 57 1)ecomp. 0 7-4 
I'h3B~ Ti l  0 Decorli~. 1 . 6  

P 34 
P 'Trace 

*Urlder the reaction conditions. 
tone-gram portions of nitrone heaterl with a n  equimolar amount of the reagent (see 1:sperirnental). 
:Prepared in moist ether. 
$Distillate estensi\.ely contaminated by decomposition products oi the organometallic c o m p o ~ ~ n d .  

The tripl~enylpl~ospl~ine reaction was exanlined further, ancl it was sholvn that tri- 
phenl-lphospliine oxide was isolable from the residue, thus confirming that the reaction 
involves oxygen transfer to phospl~or~~s ,  rather than pyrolytic deoxygenation, a process 
\vI~ich has been observed with certain amine oxides (8). The reaction was also applied 
to 5,5-clirnetl1yl-l-pyrroline-l-oxiclc, a c>,clic aldonitrone. I n  contrast to the cyclic 
Itetonitrone, I ,  which is fairly stable to heat, 5,5-dimetl1j~l-l-11j~ri-oline-l-oside is thernio- 
labile. This clecomposition is rlttenclcd by the development in the infrared spectrum of 
a broad absorption band in the I(i(i0 cm-I region: this has led to the supposition that 
isomerizatiol~ to thc corresponding lactam maj7 be one of the reactions involved. How- 
ever, the oxygen transfer reaction evidently proceeds more rapidly than the decom- 
position, for the reaction gave a 65% 'jo~ield of the crude 5,s-dimethyl-I-pyrroline (3970 
yielcl as the picratc), and tri~)hen).lphospliine oxiclc (5'7y0) \{us isolated from the residue. 

The followi~~g cquipme~:t was ~ ~ s c d .  M c l t i ~ ~ g  p o i ~ ~ t s :  Fisher-jo1111s hcated blocl<. Infrared spectra: Per1ci11- 
Elrner I~ifracord or Moclel 21. Vapor phase chromatography: Aerograph nloclel A-LOO-C with 5' Uconpolar 
columr~. 

2,4,4-Trinrcllryl-l-pyrroli~ze fro777 d,4 ,~-Ti i177et1~~~1-l -pymli?zc- l -o .v idc  
( a )  l'he 11itro11e (1) (1 g)  and tripl~enylphosphine (2.5 g)  \\,ere heated (free flame) L I I I ~ ~ ~  a short Vigreus 

c o l u m ~ ~ .  Thc volatile licl~~id which formed after a short time tvas refluxed gently for a b o ~ ~ t  15 ~ n i ~ u ~ t e s  and 
then distilled over a t  110-130' (0.66 g, 75%). The i~~f ra rcd  spectrum (film) of the Ijasic liq~~icl showed the 
presence of moisture (present in the hygroscopic s t a r t i ~ ~ g  ~~ia ter ia l ) ,  together \\.it11 a strong sharp band 
a t  1650 cn1-I (lit. (9) 1644 cm-I). S o  nitronc band {vas present. The picrate (1.52 g, 5770) was prepared 
in ether, and after recrystallization from ethanol had m.p. a ~ l d  mixed m.p. 195-196' (lit. (9)  195"). 'The 
infrarccl spectrum of the picrate (Nujol I ~ L I I I )  \vas identical with that of a n  authentic san~ple.  

The residue from the distillation was extracted \\.it11 cyclohexane, and the solution treated with charcoal 
to give colorless needles (0.6 g, 23%) of t r iphe~~y lp I~osph i~~e  oxide, m.p. 156-158'. 

(b) 111 three trial experiments tile reaction \vas repeated as above, except that  the phosphinc \\as replaced 
by eqllilnolar amourlts of triphenylarsine, triphen~lstibine, and triphen)~lbism~~thine.  In the last t\vo runs 
dccompositio~~ products (largely benzene) frorn the organomctallic compou~ld were present i l l  the distillates. ?. I he r e s ~ ~ l t s  of these experiments are intlicntctl in Table I. 

Pyi.olysi.s of 6,5-Di~?zetlz~~1-1-p~~rro1~~1r-l-o.~ide 
A sample of 5,5-dimethyl-1-p).rroline-I-oxitlc was heated in a stoppered flask in an  oil bath a t  100" 

and the infrared spectrum of the liquid (film) \\-as talcen a t  i~~ te rva l s .  During the course of 3 hours a peak 
a t  about 1660 cm-1, very weak initially, increased slightly in intensity. -4fter a further h o ~ ~ r  a t  180' the 
sample became very dark. 'I'hc llew peak was now as strong as the nitrone peak a t  1575 cm-l, and the 
latter becamc \veal;er and less sharp as thc cspcrimcnt c o n t i l ~ ~ ~ e d .  
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5,5-Diinethyl-l-p~~rrolillefron1 the Corresponding iVifro?lc. 
5,5-Dimethyl-1-pyrroli~~e-1-oxide (1)  (1 g )  was treated \ ~ i t h  triphen\.lphosphine (2.62 g) as I~cforc, ancl 

the volatile liquid boiling LIP to 104' was collected as crude 5,5-dinietlipl-1-p~1r1-oline (0.55 g, 65(&), thc infra- 
red spectrum (film) of \\rhicli showed a sharp peal< a t  1618 CIII-I (lit. (9) 1621 cm-I). The yield was not 
improved by using a \\rooclls metal bath a t  300' instead of ;I frce Ilamc. After purification by vapor phase 
chromatography the product had the same infrared spectrLlrn as a similarly p~~r i l i ed  samplc of thc a~~ t l i cn t i c  
base. The picrate, prepared in ether (1.13 g, 39%), \vas identical with ail a ~ ~ t h c n t i c  sample. 

Triphenylphosphine oxide (577;) was isolateti from the dark residue after chromatograph). ( : 3 ) .  
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APPARENT DENSITIES AND INTERNAL SURFACE AREAS 
OF SELECTED CARBON BLACKS 

P. L. WALKER, JIZ. AND W. V. KOTLENSICY:" 
The Fzrel Techlzology Departnze~zt, The Pennsylvallia State University, University Park ,  Pennsylva?zie, U.S .A .  

Received August 28, 1SG1 

I t  is shown that  the open pore volume within carbon blaclcs can be calculated from nitrogen 
adsorption isotherms (77" K) on the blaclrs. From this volume and a helium density, the 
apparent density of a blaclc can be calculated. Other properties of the blaclcs which then 
can be calculated are free surface area, internal surface area, surface roughness factor, and 
the average pore diameter of the internal surface. These data are presented for five selected 
carbon blacks. 

INTRODUCTIOS 

Carbon blaclis are nlore or less porous dependi~lg upon the perfection of their crystallite 
alignment and the extent of their oxidation during preparation (1). The amount of 
porosity can be of iinportance in affecting the behavior of carbon blaclis in rubber, paints, 
and plastics; and yet little quantitative infornlation is available on the nature of the 
porosity within blacks-such information as given by apparent densities and internal 
surface areas. 

I<otlensliy and Wallcer (2) used a inercury porosimeter to ineasure the apparent 
densities of some carbon blacks of large particle size. The voluine of inercury forced 
between the particles was followed by the potential drop across a platinum-iridium wire 
looped and held taut inside a precision bore section of a dilatometer tube. Complete filling 
of the void volume between particles Jvas talcen as the point where a negligible change 
in potential drop first occurred with increase in pressure. Froin a lcilowledge of the 
weights of sample and inercury ailcl the co~llbiiled volume of the sanlple and mercury 
(with mercury filling the voids betwccn particles), a particle density could be calculated. 
This technique appears to be satisfactory and convenient for carboil blacks of large 
particle size. However, for blaclts of small particle size the pressure required to coinpletely 
fill the voids between particles is high. For example, for Carbolac 1, a blacli having an 
arithmetic mean diameter of 10G A% (31, a pressure in excess of 20,000 p.s.i. would be 
required. A t  such pressures, crushing and distortioil of the particles are of concern (4, 5 ) .  
Therefore, it is of interest to explore another approach to determine apparent densities 
of carbon blacli particles. This approach aild the inforination which can be derived there- 
fro111 are described in this paper. 

EXPERIMENTAL 

The carbon blacks studied were supplied by  the Cabot Corp. with some of their properties listed by them 
(3). Some additional properties of interest are summarizecl by ICotlensky and \Vall;er (2). Carbolac 1, 
Carbolac 2, Monarch 71, and Mogul A are channel b1acl;s. Vulcan 3 is an  oil furnace black. 

Adsorption isother~ns on the blacks were measured a t  77' I< using a standard gas adsorption apparatus 
(6) with nitrogen as the adsorbate. A description of the procedure used to lneasure helium densities (at  
30f 0.1" C)  has been given previously (2). 

RESULTS AND DISCUSSION 

Adsorption isotherms for the blacks studied are given in Fig. 1. Typical calculations 
involved in using isotherin data to calculate apparent densities and other physical pro- 
perties of the blaclts can be demonstrated for Carbolac 1. As suggested by Pierce (7), 

"Present address: Jet Propz~lsion Laboratory, Califor~tia Institzrte of Tech7zology, Pasadena, California, U.S.A. 
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01 0 Carbolac I 
\ - Carbolac 2 
0: 500- A Monarch 71 e 
v, Mogul A - 
(U 

0 Vulcan 3 
z 

400- 

0 0 

a - 100- 
A 

L 

" n o  ------- m - - - 
I I 8 1 I I I I 

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 

Relative Pressure ??/Po 

I .  1 Adsorption isotherms for nitrogen a t  7 i 0  I< on selected carbon blacks: 0 Carbolac 1, 0 Carbolac 
2, A Monarch 71, A Mog~ll  A, 13 Vulcan 3. 

an isotherm for a porous solid can essentially be divided into three regions. In the tuiddle 
region of the isotherm (region 11), no capillary condensation occurs, but  only tuultilayer 
adsorption on the free surface. In the lower region of the isotherm, lnonolayer and then 
lnultilayer adsorption is accompanied by the filling of the lnicropores within particles 
by capillary condensation. I11 the upper region of the isotherm, lnultilayer adsorption is 
acco~npanied by capillary condensation within the voids between particles. 

I11 region I1 of the isotherm, it is possible to  solve for the volulne of adsorbate which 
co~npletely fills the lnicropores (Vc) and the volume of adsorbate which covers the free 
surface with a lnollolayer (TI,,'). Tha t  is, V,, the total volume adsorbed a t  any relative 
pressure in region I I ,  is given by 

[].I V, = V,+nVml, 

where n is the statistical nu~nber of layers of adsorbate a t  a particular relative pressure. 
Or since Vc is constant in region 11, 

PI AV, = VmlAn. 

Since n is lrnown as a fu~lction of relative pressure for the adsorption of nitrogen on 
carbon a t  77' K (8), AV, can be plotted against An. Fro111 the slope of this plot, Vml 
can be calculated. Figure 2 shows such a plot for Carbolac 1 over the relative pressure 
range 0.20 to 0.46, giving a value of Vml of 135 cc Nz/g a t  S.T.P. From equation [I],  then, 
Vc is calculated to equal 110 cc Nz/g a t  S.T.P. 

As discussed by Pierce (8), if only multilayer adsorption is occurring, the ideal nitrogen 
isotherm is given by the Frenkel-Halsey-Hill equation 

k 
(v/vm)b = log (PO/*) ' 
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where b equals about 2.75. Or for a porous solid, in region 11, the Frenltel-Halsey-Hill 
isotherm can be re-expressed as 

A n  

FIG. 2. Plot of AVt  versus An for Carbolac 1 over the relative pressure range 0.30 to 0.46. 

For Carbolac 1, the Frenltel-Halsey-Hill isotherin is plotted between p/po = 0.20 and 
0.46, as show11 in Fig. 3. A good straight line is obtained which has a slope of 2.77. 

Talting the density of liquid nitrogen a t  77' K as 0.81 g/cc (6), Vc for Carbolac 1 can 
be re-expressed as 0.170 cc of liquid Nz/g. The total voluine of a Carbolac 1 particle equals 
the volume of solid, plus the volun~e of pores closed to helium a t  room temperature, plus 
the volume of pores open to Nz a t  77' K,  plus the voluine between the size of pore which 
helium can enter a t  rooin tenlperature (30 ininutes equilibration) and the size of pore 
which nitrogen can enter a t  77' I< (30 ininutes equilibration). Assuming the latter volume 
to be negligible,* the specific voluine of Carbolac 1 is given by the reciprocal of its helium 
density plus Vc. For Carbolac 1 the heliunl density is 2.02 g/cc. Therefore, the specific 
volume of Carbolac 1 is 0.665 cc/g, or its apparent density is 1.50 g/cc. 

From the total surface area, calculated froin the simplified BET equation for the 
isotherm data in Fig. 1, and the free surface area, calculated froin Vml, the internal surface 
area (-?I) of the blacks can be calculated. Then, assuming cylindrical pores, an approxi- 
mation of their average diameter can be calculated froill the relationship d = 4 T,',/--l. 
Further, a surface roughness factor call be calculated as the ratio of the free surface 
area of the blacks to the geometric surface area. The geometric surface areas are reported 
by Cabot (3), froin electron micrograph counts. 

*From studies on  zeolite molecz~lar sieves (9), i t  appears llml this volz~nte i s  i n  pores betweell ca. 2.5 aizd 4.2 .! 
i p s  diameter. A s  will be seen-later, the average pore size in the internal pores of the carbon blacks s t ~ ~ d i e d  i s  con- 
siderably greater than 4.2 A .  Therqfore, this assz1~1zption aQpears reasonable. 
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\\'i\LKER :\ND I<OTLEKSR\(: CARBON BI,ACI<S 

2.20 
0.3 0 4 0.5 0.6 0.7 0.8 

log (Po / P  1 

FIG. 3. Frenkel-I-Ialsey--Mill isotherm for nitrogen on Carbolac 1 a t  77' I<. 

Results for the five carbon blaclis studied are summarized in Table I. For each blacl;, 
a ~niddle region of its isotherm was found over which the Frenliel-Halsey-Hi11 isotherm 

l'hysical data for carbon blaclcs 
-- 

Property Carbolac 1 Carbolac 2 Monarch 71 R l o g ~ ~ l  A Vulcan 3 
- 

I-Ieliurn density, 
g/cc 2.02 3 00 2.04 Z 00 2 0G 

Open pore \.olurnc, 
cc/g 0.170 0.145 0.028 O.OG'2 0.002 

rlpparent clensity, 
s/cc 

Total surface area. 
m2/g 1000 670 372 300 69 

Free surface area, 
n12/6 587 348 304 130 65 

Internal surface area, 
m2/g 413 322 68 170 4 

Electron microscope 
surface area, n12/g ( :3 )  2G4 178 145 82 74 

Surface rougliness 
factor 2 .2 2.0 2 . 1  l.G (0.8) 

-\\rerage pore 
tliarneter 6, .\ 

for adsorption on the free surface was obeyed. The slope of the isotherms varied from 
2.64 for Nlonarch 71 to 2.76 for Carbolac 2. 

The results show that coiisiderable variation exists in the extent of internal porosit), 
within carbon blaclis. The majority of the variation is thought to be due to differences 
in the extent of air after-treatment a t  elevated temperatures, which is a standard inanu- 
facturing step used to increase the volatile matter content of blacks (I). Carbolacs 1 and 
2, with volatile matter contei~ts of 17 and 12% respectively (3),  have undergone con- 
siderable oxidatioil during after-treatment. Snlith and Polley (10) have shown that such 
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oxidatioil can effectively ope11 up porosity within carboil blacks. In addition, the presence 
of oxygen during carbon formation is lcnown to inhibit crystallite growth and good 
crystallite alignmeilt, probably because of crossliilking (11); this call result in higher 
porosity. 

Voet (12) obtained nitrogen adsorptioil isotherins a t  77' I< on a series of carbon blacks. 
From these isotherins and the assumption that the amount of nitrogen filling the internal 
pores of the carbon blacks by capillary coildeilsatioil is negligible, he calculated pore size 
distributions. For Carbolac I ,  he reports a distributioil in pore diaineter between IG and 
48 A, with the pealc in the distributioil occurriilg a t  ca. 20 A. He further reports that the 
iilterrlal surface area of Carbolac 1 coilstitutes 55% of the total surface area. This can be 
coinpared with the data presented in this paper for Carbolac I ,  where the average diaineter 
of the internal pore systenl is 17 A and the internal surface area coilstitutes 41% of the 
total surface area. The differences noted could possibly be due to the fact that different 
black sainples were used ill these two studies and/or to Voet's assumption of negligible 
capillary condensation within the intenla1 pore systeln. 

I t  is noted that  the BET surface area for Vulcan :3 is less than the electron nlicroscope 
surface area. This is relatively corninoil for carboil blaclcs of low porosity (3, 13), and is 
probably due, in part, to uncertainty as to what value to use for the apparent density 
of the black. I t  does result in a surface roughness factor of less than 1 being calculated 
for Vulcail 3. 
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CHAIN TERMINATION IN T H E  PHOTOCHLORINATION 
O F  METHYL CHLORIDE 

S + M = M S ,  

M S + S  = X z + M .  

I<. G. MATHAI AND D. J.  LE ROY 
T h e  Departltrent of C h e ~ i ~ i s t r y ,  U ~ t i n e ~ s i t y  of Toro?zto, Toronto, Ontario 

Received July 28, 1961 

ABSTRACT 

The photochlori~~ation of methyl chloride has been studied a t  2.4', 25.0°, and 50.1°C 
using absorbed light intensities of the order of 10-la einstein cm-3 sec-I and a wave length of 
4358 A. Chai l~  termination was by chlorine atom rernoval but two mechanisms were opera- 
tive. For the first, termolecular collisior~s, the evidence indicated somewhat different thircl- 
body efficiencies for methyl chloride, methylene chloride, and chlorine; the efficiency of SF6 
was lower than for these by a factor of 6 to 9;  the efficiency of HC1 was, relatively, too small 
to  measure. The second mechanism involved "sticky" collisions. Methylene chloride was 
partic~llnrly efficient in this process, indicating an unusually stable C H Z C I ~ - C ~  comples. 

In lnost pl~otol~alogenatioi~ reactioils in which a substance RI-I is coilverted to RX + 
I-IS the initial production of halogen atoms is followed by a Nerilst chain: 

k a  

S + RH + R + I-IS, 

12 I, 

I t  + S? + R S  + S. 

In the steady state (X)/(R) will be approxinlately equal to [k,(X?)]/[k,(RI-I)], since the 
rates of the t\vo reactions will be approximately equal. In the presence of roughly equal 
coilceiltrations of the two reagents X2 and RI-I the ratio (X)/(R) will be determined by 
the value of kb/k,. If X = Br the latter ratio will be quite large and hence homogeneous 
cllaiil terinillatioil will occur by the combination of two broiniile atoms. If k, should be 
coinparable in ~nagnitude to kb, as, for example, i11 the addition of C1 to an olefin (I),  
homogeneous chain terininatioll may also talce place through the colnbination of a 
halogell atonl with an R radical or through the combination of two R radicals. Because 
of the current interest attached to the rates of colnbination of atorns and the paucity of 
information on the rate of coillbillatioll of atomic chlorine (2) we have undertaken the 
present investigation of the mechanism of the photochlorinatioi of methyl chloride. 

Tlle choice of methyl chloride was particularly fortunate. Chain termination was 
found to occur esclusively by chlorine atom reinoval and evidence was obtained for both 
of the commonly assuinecl mechanisms of atom coinbination, 

We were also able to obtain sonle information about the relative efficiencies of various 
substances, both as third bodies, P, and as participants, R4, in "sticlry" collisions. 

EXPERIMENTAL 

The main features of the apparatus have already been described (3), but  a few of the iniprovements are 
worthy of mention. The stability of the photoelectric photometer used in following chlorine consumption 
was greatly improved by replacing the Leeds and Northrup type 7673 electrometer with a Curtis Wright 
Dynamic Capacitor Electrometer (Model NA 100). This same instrument was used to activate a Honeywell 
recorder which plotted a function proportional to the decrease in chlorine concentration. For a fixed setting 
of the bridge the rate of change of chlorine concentration is inversely proportional to the apparent extinction 

Canadian Journal of Chemistry. Volume 40 (1962) 
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coefficient K;, (3) and directly proportional to the slope on the recorcler chart. Since both thc chart spccd and 
the sensiti\~ity of the electrometer could be controlled precisely, we \\.ere a l~ le  to  obtain \ .a l~~cs  of -d(CI2)/dt 
a t  any timc by dra~ving tangents. 1;or very slo\v reactions the off-balance voltage was simply read off the 
electrometer a t  regular intervals and  plotted. 

As in our previous \vorl<, the changc in K,, cluring the course of a single expe r ime~~t  \\:its i~lsig~iilicnnt. As 
a number of minor cha~iges had I~ccn ~rlade in the optical system it was of interest to  checl; tllc valiclity of 
our procedure for correcting for reflectio~~, absorption, and scattering (4). -As before, K ,  \vas found to be a 
linear function of the square root of the apparcnt fraction of light transnlittetl. r\ltho~~g-h the slope dirfcretl 
from that foontl by Dignarn and I.: Roy for their apparatus, as  might be expected, the value of the "true" 
extinction coefficient, IC, for 4358 .\ a~icl 25" C was the same, namcly 1.51 X103 cn12 molc-I. 'fllc \-alue of 
R ~ O . ~ " / K ~ ~ , O "  \\'as 1.01'0, that of IC~:,.oo/Ii?,ro \\as 1.019, also in goocl agrcemcllt with our prc\.ious worl;. 

.-\bsolute light intensities \vcre cletermi~ied by the ferriosalate actinomcter using the rccommenclcd 
procecl~~res (5) and correcting for rcflections. To allow for gradual changes in the intensity of the light source, 
the i r ~ t e ~ ~ s i t y  of 4358-i\ light transmitted through the front \\findo\\, of the cell was related to the potential 
drop across the fxccl rcsistance in series \\.it11 the photocell which was exposed to  the reference beam. F o r  
the "high" light illtensity experiments thc value of I, was 1.118X10-8 einstein crn-?n~in-' volt-'; for the  
''lo\\." light intensity cxperiments this n~imber \\;as rn~~ltipliecl bj. 1/1S.:30, the transmissio~~ of the filter usetl 
to reduce thc light intensity by a 1;11o\vn an~ount .  The voltage drop across the fixed resistor \\.as mcasi~rcd 
acc~lrately for each experiment; its a\.eriLge \.aluc \\as about 1.6 volts. Thc internal cross section of thc cell 
was 13.07 cm2, its lellgth \\Ins 25.8 cm. 

'The main products of the rcaction \Yere, of coursc, h>.clrogcn chloridc and meth)4cne chloricle. i\ mass 
spectrographic analysis of thc products of typical esperi~nents sho\ved that the nirlount of mcthylene 
chloride produced agreed \\-it11 tile anlouiit of chlorine consuined within 6%. 30 evidence could bc f o u ~ ~ d  for . . 

more highly chlorillatcd cleri\;atives. The stoichionletry \\,as, therefore, assumed to  be Cl2 + CH,CI = 
CII~CI I  + IICI. 

Experiments \L1ere performed a t  1'.4', 25.0°, and 50.1" C using \arious concentrations of chlorine and 
~ne thy l  chloride. Hydrogen chloride, mcthyle~lc chloride, and sulphur hexafluoride were added i~~i t ia l ly  ill 
certain instances. Each experiment consisted of t\vo parts: the first nras carried out a t  high light intensit), 
the second a t  low light intensity. The two values of -d(Cl?)/dt a t  thc point of interruption, K' and R", 
and their ratio, 1. = Hf/K", \\.ere determined. If X is the ratio of the high to  the low light intensity, 18.30 in 
the present case, t l le~i 1. \vould be cqllal to X if the rate \\,ere proportional to  the first power of thc light in- 
tensity and to  X1'?f it \\,ere proportional to thc square root of the light intensity. 

RESULTS AND DISCUSSIOS 

The experiilleiltal conditioils and sonle of the results are sllowll in Table I .  The signi- 
ficant features are as follows: (a) all values of r lay between A and All2; (b)  the adclitioil of 
large amounts of hydrogen chloride (expts. 176-178) had no effect on the rate a t  high 
light intensity; (c) addition of methylene chloride caused a inarlied decrease in rate 
(expts. 215-217, 184-187) ; (d) the rate cluring a given experiment was found to decrease 
too rapidly to be accounted for by the loss of chlorine and methyl chloricle; ( e )  the 
addition of sulphur hexafluoride caused a moclest decrease in the rate (e.g. expts. 179-183) ; 
that this was not due to il-ripurities was shown by subjecting the sulphur hexafluoride to 
an extensive "prephotocl~lorii~atioi~" before addition of the metl~yl chloride; ( j )  acldition 
of large amounts of hydrogen chloride and sulphur hexafluoride had very little eliect 
011 r. 

Effect (a) is usually ta1;en to indicate simultaneous first- and second-ordei- chain termi- 
nation. As pointed out previously (3),  the rates of reactions for which A''? < r < A can 
be expressed by the general equation 

in which -1 and B are con~binations of rate constants and (or) concentrations. S~ibstitutioil 
of the average rate of light absorption, I,, for the local rate of light absorption, I,, was 
valid (3). Numerical values of B, and hence of 11, were obtained for each experiinent 
from a knowledge of r and A ;  thus, if I,," is the average rate of light absorptioil a t  the 
low light intensity, 

BP,," = 4r(r-1)(A-r)(r?-A)-2. [ i i ]  
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186 
187 
190 
102 
1 !IS 
l<).5 

5 0  lo C 
I!); 
10s 
I $10 
so:; 
20-4 
205 
207 
20s 

Conce~itration (moles cm-3x10') 
-- - - -- 

I t o b e '  .ilcor Ijcor 
(CI,) (CFI,CI) (I-ICI) (CH?CI?) (SF,) X10"  rob. X 10LQ XlO-'" 

XOTR: .\I1 \.slues npr~ly to t l ~ e  t ime \\,Iielt the light i~i tensi ty \\.as recl~~cetl by the factor 18.30. Units used are moles, cm3, and 
S C C O I ~ ~ I P .  

P. I l ~ e  11~11llerica1 evaluation of the t ~ v o  par:lnleters lnacle it  possible to s t ~ ~ c l y  the fu~lctiorlal 
form of ..I and B and of combinat io~~s of the two. 

If the values of r were greater than X1'%b-cause of a diflusion-controlled fil-st-01-cler chair1 
ter~llinatio~l process, then I. \\~ouIcl approach A''? as 1, is increased and also w11e11 the total 
~>ressu~-e is increased by the adclition of inert gas. I t  follo\vs from [i] that  the limiting rate 
erpressio~i a t  low light intensities nroulcl be 

[ i i i ]  

For :I clit-iusio~l-co11t1-ollecl first-order chain termi~lation process the cluantity .dB would 
be invcrsel\. proportional to the difiusion coefficient of the species involved, a~icl hence 
directly proportional to the total pressure under otherwise consta~l t  conditio~ls. 'The 
results of crpts. 179-183 show that  this is not the case. We feel, therefore, that  diffusion 
of chai~i  carriers to the \\,all is not an important process. 
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The inhibiting effect of methylene chloride is difficult to explain 011 a chemical basis. 
Its reaction with C1 to form CI-I2Cl and Cl2 would be highly endothermic; its reaction 
with CHzCl would have no effect on the rate if a C1 atom were removed, and would 
result in the for~nation of appreciable amounts of higher chlorinated products if  an I-I 
atom were removed, contrary to our mass spectrometric analysis. 

Effect (d) could be accounted for if there were inhibition by either I-ICl or CI-12C12, but  
effect (b) rules out inhibition by I-IC1. Effect (e) is easily accounted for if SF6 acts as a 
third body for chain ter~nination; this was shown to be the case. 

Of the various attempts to formulate a mechanism in the light of the above considera- 
tions only the following was successful : 

Cla + ILV = 2CI 1.11 

CI + CI-IaCI = CHpCl + NCI PI 
CFI:Cl + C12 = CkIrCl? + Cl [;3] 

Cl + iLI = MCI [41 

iLICl = M + CI [5 1 
Cl + MCI = M + CI? [GI 

2 ~ 1  + P = C I ~  + 1'. [71 

The substance or substances M and P are distinguished because of their dilfel-ent roles, 
but need not be speciiied further as yet. The group [4], 151, [ G I ,  on the one hand, and 
reactio~l [7], on the other, comprise the two general types that have been suggested for 
atom combination. In most cases it  is not possible to distinguish between them, and the 
rates of atom combination reactions are sinlply expressed as third-order processes. In 
the present instance i t  appears to be possible to distinguish betlveen them as a result of 
kS(MC1) being considerably smaller than kE(C1) (MCl), i.e. fig is very "sticky". 

Before the results could be treated quantitatively i t  was necessary to collsider the 
possibility of errors in il and B arising fro111 deviations from isothermal conditions in 
the reaction vessel. Benson (6) has discussed the problem a t  some length and given 
correction terms applicable to spherical reaction vessels. Wilson (7) has derived relatiolls 
for calculating the maximum temperature rise in cells of various shapes. More recently, 
Goldfinger et al. (8) have applied corrections to photochlorinatio~ reactions. In all treat- 
ments it  was assumed that temperature gradients were controllecl by thermal conductivity 
only, and no account was talten of convect io~~ or radiation; we have made the same 
assumption. 

Treating the cell as an  infinite cylinder, i t  is easy to show that if the rate, X, were 
independent of temperature the difference between the temperature a t  the central axis 
and a t  the wall would be given by the expression 

[iv] 

in which q is the heat liberated per unit con cent ratio^^ change a t  constant volume, 1Z is 
the corresponding rate, D is the diameter of the cell, and I< is the coefficient of thermal 
conductivity. 

Wilson (7) has shown that if the reaction has an activation energy E then the tenipera- 
ture rise a t  the center will be given, to a good approximation, by 
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provided the second term in the bracltets is less than unity. In  the present case this tern1 
is sufficiently snlall that we have felt justified in neglecting it ,  particularly since the value 
of AT calculated froin [v] would be too large if convection were of ally importance. The 
volume-average temperature rise calculated from [iv] is 

If R' is the rate a t  high light intensity that would obtain a t  the temperature T (of 
the cell wall), and R'+dR' the observed rate, then, 

EAT dR'/R' ------ - E ~ I < ' D ~  
1 .987~ '  - 3 2 ~ 1 . 9 8 7 ~ ' I C  ' 

[vii] 

A siinilar expression will hold for R", the rate a t  low light intensity. The fractional error 
in r will be given by the expression 

dr/r = dR'/R' -dR"/R" = (dR'/R') (1 - l / r ) .  [viii] 

The fractional error in B is then, 

[ix] 

The corrected values of A and B are given in Table I .  The former were obtained from 
relation [i] using corrected values of R' and ~ 7 % ' .  The  maximurn value of AP for any 
experiment was 1.5" C ;  the maxiinunl correctioil to R' was 3.2y0, to B,  7.8y0. In malting 
the corrections q was taken to be 23.5 ltcal and E was assumed to be 3 kcal mole-'. 
Values of K were calculated from the expression 

in which ICi is the therinal conductivity of a pure component and X i  and N ,  are mole 
fractions; the coefficients ai, were evaluated from the expression given by Reid and 
Sherwood (9). 

I t  follows from I:i] that the limiting rate equation a t  high light intensities is given by 
the expression 

I t  is convenient to appl). this relation in the form 

( C H ~ C I ) ~  k -  
Jl 'B 

= - (P). k2" [xii] 

I t  was evident fro111 an examination of the values of (CI-13C1)'/,4 2B that the efficiencies 
of the various gases as third bodies were not the same; the efficiency of I-ICI appeared to 
be negligible in comparison wit11 the other gases, and that  of SF6 considerably less than 
that of CI-13C1, CI-I2CI2, or C12. 'Talting the efficiency of the latter three as unity, a ,  ant1 
p, and the efficiency of SF6 as 7, [xii] inay be written 

[siii] 
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111 Figs. 1 and 3 the left side of [xiii] is plotted for the experiments in \vhich SF6  was not 
used on the assumption that  a: = f l  = 1 ;  for these experiments the accuracy of tlze data 
did not justify doing otherwise. In Fig. 2(a) the corresponding data for 25" C are plotted 
~ising the same assumption. While the three curves provide ample justification for the 
izzechanisin and the values of k2/k711' derived froill the slopes fit a satisfactory Arrlzenius 
plot, as shown in Fig. 4, tlze activation energy diflerence (En- 1/2E7) = 1.8 kcal mole-' 
izl~ist be accepted with reserve. 

Tlze sensitivity of the calculated values of kz/k7'l"o the assuined values of a and f l  is 
illustrated in Fig. 2(b). In this case a least-squares treatment gave a = 0.50 and f l  = 0.59, 
and these values \\rere ~ ~ s e d  in plotting curve (b). While the lit is undoubtedly better than 
in Fig. 2(n), tlze value of k2/k7ll2 has been increased by about 5070, froin 0.087 to 0.127 
sec-'/?. 

rlssuming that a = f l  = 1, tlze value oi y was determined by plotting the function 
1; = [(III-I)n/,l~].[k~'/ki~~.[(l/[(RI-I) + (RC1) + (Cl?)]] -11 against (SF6)/[(RI-I) + (RC1) 
+ (Cl?)] as slzo\vn in Fig. 5, using the value of k??/k7 obtained from Fig. 2(a). The value 
obtained \\;as 0.16. The alternative method, using a = 0.50, f l  = 0.59, and the value 
of k2'/k7 from Fig. 2(b) gave y = 0.11. Average values of y for 2.4" ancl 50.1" were 0.08 
and 0.09, respectively. 

The results obtained on the termolecular combination of chlorine atoms arc not as 
satisfactory as one \vould wish. Among the reasons for this are ( I )  tlze occurrence of a 
second chain termination process (reactions [4], [5], and [6]) and the consequent necessity 
of determining two separate constants, A and B, in order to evaluate the quantity 
(ki/k2" ((P); (2) the impossibility of deternzining the absolute rate of reaction [7] from 
the eq~~ilibriuin constant for tlze dissociation of chlorine ancl 1;iizetic data for the thermal 
re;~ction in the same temperature range, as was clone by Steiner for the case of bro~ninc 
atolns (10). In spite of these difficulties it \vould appear, however, tlzat the termolecular 
conzbination of chlorine atoms, like that of bromine and iodine (2), has rate constants 
characteristic of the particular third body involved. The relatively lo\\; efficiency of SF6 
is of particular interest. 

According to the present ~nechanism the liiniting rate expression a t  lo\v light intensities 
given by [iii] takes the form 

Using the measured values of A and B, this relation was testecl in tlze form 

[xiv] 

in \\-lziclz a is the efficiency of CH3Cl relative to tlzat of CHzClz as an "M". The quantity 
a was considerably less than unity, and the efficiencies of the other gases were negligibly 
small. Tlze data are plotted in Figs. 6, 7, and 8. At 2.4" C a appeared to be zero within 
experimental error, the least-squares value of kz/k4 calculated on this basis was 6.5 X lo2;  
a t  25' C a was found to be 0.11, kz/k4 13.4X102; a t  50.1" C a was found to be 0.06, 
k2/k4 18.4X102. The accuracy of the method is such that an efficiency of less than 1070, 
relative to that of methplene chloride, could not be readily detected in the case of methyl 
chloride or chlorine. I t  is clear, however, that  the efficiencies of hydrogen chloride and 
sulphur lzexafluoride as M's must be lower than this by a t  least another order of n~agni- 
tuclc. Points derived from expts. 176, 177, and 178, in which an excess of I-ICl was used, 
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FIG. 4. :\rrheni~ts plotTof /22/12,1'2 using values derived fro111 Figs. 1, 2(u),  and 3. 

FIG. 5. Determination of -y, the third-body efliciency of SF6 relative to that  of CHaCI, CH?CI?, and 
C12, a t  25.0" C. 

show no deviation from the curve of Fig. 7 .  The points derived froin the experiments in 
which SF6 was added are shaded in Figs. 0, 7 ,  and 8 ;  these show that SF6 has no measur- 
able efficiency as an M. 

A theoretical interpretation of the cornbillation process given by reactions [A], 151, [GI 
has been offered by Bunker and Davidson (11). These authors are inclined to the view 
that the "sticky" collision mechanism is quite general, and their theory accounts quite 
well for the negative activation energy found for the combination of iodiile atoms. If 
ks(MC1) were comparable in inagnitude to kg(C1) (MC1) the "sticky" collision mechanism 
could not be distinguished kinetically from reaction [7]. On the other hand, t l ~ e  present 
measurements indicate that the bound state (11) of MCl is uilusually stable when 
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i\iI = CH2C12; rough calculations indicate a lifetime of the order of 1 second xncl a heat 
of forination of the order of 18 kcal mole-'. This is to be compared to the heat of formation 
of 5.3 kcal mole-1 which Bunlier and Davidson calculated for the bound state of the 
I-I2 complex. 

I n  deriving the value for the CI-CI-12Cl2 co~nplex it was necessary to utilize the data  
obtained by Pritchard, Pyke, and Trotman-Dicl~enson (12), who measured J22 relative 
to  the corresponding value for the abstraction of an 1-1 atom froin ~nethane. The value 
for methane was, in turn, relative to that for the reaction C1 + 132 = I-lC1 + I-I, ~vhich 
had been determined by Ashmore and Chanmugam (13). The significant conti-ibutioi~ 
of the latter authors is that they were able to measure the rate of hydrogeii abstraction 
relative to the known equilibriuiu coi~stant for the reaction NO + Clz = NOCl + C1 and 
did not have to rely 011 assumptions regarding the rate constant and activation energy 
for the combination of chlorii~e atoms. \?ihile such assumptions have been made in the 
past the present results indicate quite clearly that even a t  high light intensities, a t  nrhich 
reaction [7] inight predorninate, errors will arise unless account can b t  talicil of the 
efficiencies of all third bodies a t  the temperatures involved. 

I t  should be pointed out that  our results, ant1 hence our inechanism, difi'er in various 
respects from those of Goldfinger et al. (14). They assume that the rate is pi-opoi-tional 
to I,"'. If this were so t l~en  all the values of Y in Table I would be equal to XL1" or 4.3, 
and hence ii~clepei~clei~t ol the concentration of methylene chloride. By using the rather 
large value of X (18.30) nre have been able to  sho~v,  beyond any esperimental error, that 
the rate is not directly proportional to  I , ' I2  i l l  the range of light intensities usctl by us. 

They give no evidence for a third-body effect on chain termination, sho\vn clearly in 
our experiments with added SF6, and according to their mechanis~n chain termii~ation 
occui-s by the combination of CI-I+21 \\.it11 C1 and ~vi th  CI-I2C1, but not 11)- rcactio~i [7].  
If these were the chain termination reactions a t  high light intensities, a t  ~vliicli the rate 
would be proportional to I,,'/" then the quantity (C1?)?/A2B should be a linear funct-ion 
of (C12)/(CI-I3CI), with n positive intercept. When this function \vas plottecl Tor each 
temperature, using our clata, the points \vere quite scattered, but not about straight lines; 
furthermore, least-squares curves through the points gave negative intercepts. I t  dops 
not seem ~~ossible ,  a t  present, to account for the discrepancies bet~veen the results obtained 
i l l  the two laboratories. 
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PART 111. EXTENSION TO AROMATIC AND CYC1,IC COMPOUNDS 

EDWAI<D G. LOVEIZING~ AND OTHBPAN BIN &I. NOR 
The D e p o r f ~ ~ ~ e n t  of Chet~tistry, University of Otta7ua, Ottazla, Oiztario 

Received Scptelnber 21,  l9Gl 

ABSTRACT 
?. I hc cinpiric;~l bond cncrgy scheme described in Part  I has been tl~odilied and applied to 

5;~t~iratccl and aromatic ring compounds. The classes of compounds treated are the alkyl 
bc~lzcncs, alkyl cyclopentanes, and all;yl cyclohexanes. Thc scheme given permits values 
for thc heats of atomization, forniation, oo~ilbustion, and vaporizatio~l to be calc~~latecl. 
Rcasolls for the failure of the scheme, w h e n  applied to aromatic nuclei containing a functional 
gl.oup, arc cliscussed. 

I11 Part  1 (1)  of this series a system of bond energy contr ib~~tions to  heats of formation, 
combustion, atomization, and vaporizatioll for homologous series of organic co~npounds 
was described. Par t  I1 (2) described an extension of the scherne given in Par t  I to  certain 
sulp11u1-- ancl oxygen-containing compounds. 

The sclleme described i l l  Par t  I ,  as  applied to paraffins, contains four parameters; 
satislactory agreeinent between calculated and experimental quantities is obtained, 
escept in the case of compounds which exhibit considerable chain branching. This scheme 
is equivalent to one which considers only bond energies and interactions between adjacent 
boncls. Allen (3) has presented a scheme which, in addition, takes account of next- 
nearest-~leighbor interactions, as  well as  steric effects which are present in certain com- 
pouilcls. A similar treatment has also been given by Slcinner (4). This scheme, applied t o  
parafins, \~ields excellent agreement between calculated and observed heats of atomiza- 
tion. Iiecently, improved values of the constants have been calculated for Tatevskii's 
scheme b~7  Slcuratov and Shtekher (5). 

A method for calculating thermodynamic properties of allcyl benzenes was also given 
i l l  Par t  I. This was done by treating the aroinatic ilucleus as  substituted cyclohexatriene; 
a resonance correction of 42.2 kcal was added to  the calculated heats of atomization to  
obtain agreement between the calculated and experimental quantities. A somewhat 
different treatment of aromatic hydrocarbons is clescribed in this paper;'" all aronlatic 
carbon--ca~-bon bonds are considered to  be identical and a new bond energy tern1 is 
founcl lor this type of bond. A I-elated method has been applied to cyclohexanes and 
cyclopentanes. 

:llkyl 1Je1zzenes 
All carbon-carbon bonds, denotecl by c,, within an aromatic ring are considered to  

make the same bond energy contribution to the heat of atomization. Carbon-hydrogen 
bond strengths, where the carbon atom is part  of an aronlatic ring, are denoted by t b .  
The strength of the carbon-carbon bond joining an allcyl side chain to  the ring is denoted 
by c,. rls in Par t  I ,  the carbon-carbon bond strength of all other non-aromatic carbons 
is represented by cl, primary carbon -hydrogen bond strengths by p ,  secondary carbon - 
hydrogen bond strengths by s ,  and tertiary carboll-hydrogen bond strengths by t. The 

'Present address: Inorganic Clzenzistry Laboratory, Oxford, England. 
*Anoflzer sclzenze for aroinatic systenzs Izas just been pz~blished by dfackle and O'IIare, Trans. Faraday Soc., 

57, 1621 (1961). 

Canadian Journal of Chemistty. Volume 40 (l9GB) 
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values of p ,  s, t ,  and cl have been talten from Laidler (1). The values of c,, cb,  and t,, 
were calculated fro111 the heat of atomization data  for several alltyl benzenes, which were 
selected to give the best agreement between experimental and calculated heats of atomiza- 
tion. The scheme also contains an ortho correction term, ob,  which is applied when two 
alkyl groups occupy adjacent positions on the aromatic nucleus. The value of this term 
was deterilliiled directly fro111 the data for ortho-dialltyl benzenes. The bond energy 
values are given in Table I. 

TABLE I 

Bond contributions for heats of ato~nization, formation, and combustion of gascs 
and liquids and heat of vapor~zation (at 25' C) 

Heat of atomization Heat of formation I-Ieat of combustion 
Hcat ot 

Bond Symbol Gas Liquid Gas Liquid Gas L iq~~i t l  vapor iza t~o~~ 
- 

C-C CL 85.4 85.4 -0.45 -0.45 47.48 47.48 O 
C-c CI, 123.44 124.41 8.97 9.94 33.73 52.76 0.968 
C-C c u  85 .4  85.4 -14.70 4 69.62 69.62 0 

C-H sc 97.71 98.36 2.70 3.35 54.98 54.33 0.65-i 

Sc -1 .1  -1 .0  -1 .1  -1.0 1 . 1  1 .0  0.10 
a, -2.0 -1.8'7 -2.0 -1.87 2.0 1.87 0.13 

C-H 97.08 97.76 2.07 2.75 55.61 54.92 0.685 
C-1-1 t i  96.83 07.59 1.82 2.58 55.86 55.10 0.764 
C-1-1 P r 6  98.30 98.73 3.29 3.72 54.39 53.95 0.435 
C-H . y l i  97.48 97. 96 2.47 2.95 55.21 54.73 0.482 

 CIS^ -1.0 -1.3 -1 .6  -1 .3  l . ( i  1 . 3 0 .3  
cis13 -0.7 -0.7 -0.7 -0 .7  0 . 7 0 . 7  0 

Comparisons between experimental and calculated heats of atomization are r~lade in 
Table 11. The heats of atomization were calculated using heats of ato~llization of graphite, 
hydrogen, and oxygen of 171.7,52.09, and 59.1G ltcal/mole respectively. Heat of for~nation 
data  for the alltyl benzenes were taken fro111 the A.P.I. tables (G). 

Alliyl benzenes: heats of atomization (25' Cj 

Qt (obs.), Q, (obs.), Q, (calc.), Q, (talc.)- 
Co~~ipound Bonds I;cnl/mole lical/rnole lical/mole Q, (obs.) 

Benzene 
Toluene 
Ethylbenzene 
IL-Propylbenzene 
i-Propylbenzene 
12-Butylbenzene 
1,2-Dimethylbenzene 
1,3-Dimethylbenzene 
1,4-Dimethylbenzene 
1-WIethyl-2-ethylbcuze~~e 
1-Methyl-3-ethylbenzcne 
l-i\/Iethyl-4-ethylbe11ze11e 
1,2,3-Trimethylbenzene 
1,2,4-Trimethylbenzene 
1,3,5-Trimethylbenzene 
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Bond energy contributions to the heats of vaporization of alkyl benzenes have also been 
calculated. Bond co~ltributions to the heats of vaporization are given il l  Table I. Again 
the experimerltal data were taken froin the A.P.I. tables ( 6 ) .  Comparison between the 
calculated and experimental lleats of vaporization is made in Table 111. 

TABLE 111 

Alkyl bcnzeiies: hcats of vaporization (25" C) 

AH%. (obs.), I c a c . )  Differelice 
Compou~lcl lccal/mole lccal/~iiole (calc. -obs.) 

Benzene 
Methylbenzcnc 
Ethvlbenzenc 

Cyclohexntzes 
I t  was ilecessary to calculate six new parameters in order to obtain good agreement 

between experimental and calculated heats of atomization for allq~l-substituted cyclo- 
hexanes. Carbon-carbon boilds within the ring were considered to have the same strength 
as those in paraffins. New values were obtained for carbon-hydrogen bond strengths, 
where the carboil is part of the ring. These bonds can be secondary, denoted by s6, or 
tertiary, denoted by tc. In addition, carbon-hydrogen bonds, where the carbon is adjacent 
to the ring, can be primary, secondary, or tertiary; the streilgtlls of these bonds are 
denoted by fir,, sr,, and t,, respectively. Unfortunately, there are insufficient data for 
the calculatioil of t,,. 

stable forin of cyclohexane is tlle chair forill. Side chains on a cyclohexane ring 
are either equatorial to the ring or axial to i t ;  the equatorial position is the more stable. 
Thus there are six diinethyl-substituted cyclol~esane isomers, of which three are cis 
and three are trans. The equatorial isomers are trans-1,2-, cis-1,3-, and tratzs-1,4-diinetl1yl- 
cyclol~exane; the other three isoillers are axial. In order to take into account the difference 
in stability of the axial and equatorial isomers an axial correction terin, a,, was introduced. 
There is, in addition, a steric correction, s,, which is applied in the case of tz,tz+l sub- 
stituted cyclol~exanes. 

Values for the bond energy contributions to the heat of atomization, found in the usual 
way, are given in Table I. Calculated heats of atomization are compared to the experi- 
mental quantities in Table IV. Heats of atomization were calculated froin data given 
in the A.P.I. tables ( G ) .  

Bond energy contributions to the heat of vaporization are given in Table I ;  experi- 
mental results are compared to calculated results in Table V. 

Cyclopentanes 
The treatment of the cyclopentanes is similar to that applied to the cyclohexanes. 

Carbon-hydrogen bonds, where the carbon is part of the ring, call be either secondary 
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TABLE IV 
hlkyl c)~clohesanes: heats of atomizatio~l (25" C) 

Qr (obs.), Q, (obs.), Q, (talc.), Q, (calc.) - 
Compound Bonds kcal/mole kcal/mole kcal/mole Q, (obs.) 

Cyclohcsane 6cl+ 12s0 29.43 1684.71 1684.92 +O.21 
hIcthylcyclohexi~~~e 7c1 +lOss+te+3P,e 36.99 1968.15 1968.10 -0.05 
Ethylcyclohesnne 8e1+ lOsc+tc+2~,~+3P 41.05 2248.09 2248.34 + O  .25 
n-Propplcyclohesanc ~ ~ ~ + ~ O S G + ~ G + ~ S , G + ~ S + ~ P  46.20 2529.12 2529.04 -0.08 
n-Bu tylcyclohesanc l O c ~ + l O s ~ + t c + 2 ~ , ~ + 4 ~ + 3 ~  50.05 2809.75 2800.74 -0.01 
71-I'cnt)~lc)~cloliesane 11cl + ~ O S G + ~ G + ~ S ~ G + ~ S + ~ ~  55.88 3090.56 3090.44 -0.12 
71-I-Iesylcpclohesanc 12cl+lO~c+tc+2~,e+8~+3~ 60.80 3371.36 3371.14 -0.22 
l ,l-Di111cthylcyclo11es~11~e 861 +10sc+6Prc 43.26 2250.30 2250.28 -0.02 
fra?zs-I ,2-Di11ietliylcycloI1esa1ie 8cl+8sc+2t6+6pr~+sc 43.02 2250.06 2250.18 + O  .12 
cis-] ,2-Dimetl~ylcyclohesane 8c1f 8ss+2t6+Cipr6+sc+ae 41.15 2248.19 2248.18 -0.01 
cis-1,3-Dimethylcyclo1~esi11~e 8cl+8st+2Lc+6prc 44.16 2251.20 2251.28 + O .  08 
tra?ls-1,s-Dimetliylcycloliexane 8clf8s~f21~+6p,~+a,  42.20 2240.24 2249.28 +0.04 
fra?zs-1,4-Di11ietI1yI~y~lol~esai1~ 8e1+8st+2tt+Gpr~ 44.12 2251.16 2251.28 +O. 12 
cis-] ,4-I~irnethy~cyclohexane 8c1+ 8st+2tt+6pr~+a, 42.22 2249.26 2240.28 +0.W 

TABLE V 

Alkyl cyclohexanes: heats of vaporization (25' C) 

AHv (obs.), I  (cnlc.) Difference 
Cornpountl I;cal/~nole kcal/mole (calc. -obs.) 

or tertiary; the bond strengths are denoted by s6 or t5 respectively. Carbon-hydrogen 
bonds, when the carbon is adjacent to the ring, can be primary, secondary, or tertiary; 
these bond strengths are denoted by p r 5 ,  sr5, and t r 5  respectively. There are again in- 
sufficient data available for the calculation of t r6 .  There are five isomers of climetl~yl- 
cyclopentane of which two are the less stable cis isomers. The correction terms for the cis 
isomers are different because of the large steric effect in the case of cis-1,2-climetl~yl- 
cyclopentane. These correction terms are denoted by cislz and cisls. 

Bond contributions to the heat of atoil~ization are given in Table I. The calculated 
and experi~llental heats of atol-nization are cornpared in Table VI. Bond contributions 
to the heat of vaporization, and co~nparison of the experimental and calculated results 
are given ill Table I and Table VII respectively. The experimental data were talcen 
fro111 the A.P.I. tables (G).  

DISCUSSION 

The agreement between the experinlental and calculated heats of atomization for the 
benzenes and cycloallca~~es is satisfactory. The nlethod used to obtain the bond energy 
values for these classes of co~llpou~lds does away with the necessity of adding an arbitrary 
term to the calculated heats of atonlization to account for resonallce stabilization or 
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TABLE VI 

Hlkyl cyclopentanes: heats of atomization (25" C) 

Qt  (obs.1, Q, (obs.1, Q, (calc.1, Q, (talc.) - 
Compound Bonds kcal/mole lical/mole lccal/mole Q, (obs.) 

Cyclopentane 
Methylcyclopentane 
Ethylcyclopentane 
n-Propylcyclopenta~~c 
n-Butylcyclopentane 
n-Pentylcyclopentane 
n-Hexylcyclopentane 
1,l-Dimethylcyclope~~~ane 
trans-l,2-Dimethylcycloper~tane 
cis-1,2-Dimcthylcyclope11tane 
trans-l,3-Dimetl1ylcyclope11tane 
cis-l,3-L~imetl1ylcyclopentane 

TABLE VII 

Alkyl cyclopentanes: heats of vaporization (25" C) 

AH, (obs.), AH, (calc.), Difference 
Compound kcal/mole kcal/mole (calc. -obs.) 

Cyclopentane 6.818 6.850 $0.032 
Methylcyclope~~tane 7.560 7.549 -0.011 
Ethylcyclopentane 8.720 8.690 -0.030 
n-Propylcyclopentane 9.820 9.848 $0.028 
n-Butylcyclopentane 11.000 11.006 +O. 006 
1, l -Di tnethylc)~clope~~ta~~e 8.079 8.090 t0.019 
tram-1,2-Dimethylcycloper~tane 8.259 8.248 -0.011 
cis-1,2-Dimcthylcyclopentane 8.56 8.548 -0.012 
trans-1,3-Di1nethylcyclopenta1~e 8.200 8.248 t0.048 
cis-1,3-Dimethylcyclopentane 8.26 8.248 -0.012 

ring,strain, as the case inay be. I t  has the disadvantage, however, that in the case of 
aroinatic compounds it treats c and ?r bonds together, instead of individually. 

Recent data are also available for methyl-substituted phenols (7) and methyl-sub- 
stituted pyridines (8). We attempted to treat the pheilols in a manner similar to that  
applied to the methylbenzenes. We used the aroinatic carbon-carbon bond strength, 
cb, and the carbon-hydrogen bond strength, tb, as calculated from the data for methyl- 
benzenes. A value for the hydroxide group contribution to the heat of atomization was 
calculated from phenol. Values for the methyl group contributing in the three aromatic 
ring positions were obtained from the cresols. We then attempted to calculate the heat 
of atomization of the xylenols using these terms plus a correction term for ortho-methyl 
groups. The calculated heats of atomization so obtained were only a first approximation 
to the experimental values. 

The additivity of the data available for methyl pyridines has been discussed by Cox 
(8), who gives an equation permitting heats of formation to be calculated for a- and 
y-picoline, and for all the lutidines. The equation, which is equivalent to the scheme we 
attempted to apply to the phe~lols, cannot be applied to p-picoline, demonstrating that 
the data for methyl pyridines, like those for methyl phenols, are not additive in the sense 
described here. 

From these results it seems reasonable to suppose that heat of formation data for 
aromatic compounds having a functional group within or attached to the aromatic 
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nucleus are not, in general, additive in the si~nple manner described here. The 11011- 
additivity of methyl pyridines is attributed (8) to hyperconjugation effects which stabilize 
a- and 7-picoline but not P-picoline. In the case of phenols we attribute the lack of 
additivity lnainly to  resonance and inductive effects which change considerably in going 
from cresols to  xylenols. 

The quantum mechanical approximation k11ow11 as  the linear combination of bond 
orbitals (LCBO) has been applied by Brown (9) to account for the additivity of heats 
of fornlatioll of paraffins. I t  would be useful i f  a similar treatment could be applied to 
aromatic compounds. 

This worlc was supported by grant 1028-28 from the Defence Research Board. 
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AMINO ACIDS 
X. P R E P A R A T I O N  A N D  C H E M I S T R Y  O F  2-(a-CARBOXYALKYLAMIN0)- 

D I H Y D R O T H I A Z I N E S ,  - T E T R A H Y D R O P Y R I M I D I N E S ,  A N D  - I M I D A Z O L I N E S 1 ' ?  

A. F.  R4cI<a~ AND Rfl.-E. I<RELING 
The L.  G. Ryan Researclt Laborc~tories of ildonsat~to Canada Liittited, Lasalle, Qzrrbec 

Received September 22, 1961 

ABSTRACT 

The preparation ancl properties of 3-keto-1,2,5,6-tetrahydro-3(II)-imida~o(l,2-a)imiclazole, 
.'l-keto-l,2,6,7-tetral1ydro-3(H),5(H)-imiclazo(l,2-a)pyrimidi11e, and -l-keto-2,:3,6,'7,8,9-hesa- 
hydro-4(H)-pyrinlicIo(1,2-a)pyrimidine are described. The first two bicyclic systems possess 
active methylene groups in position 2 and they are oxidized to indigo-type dyes. 

INTRODUCTION 

The.bicyclic compounds 3-lteto-l,2,5,G-tetral~ydro-3(I-I)-imidazo(l,2-a)ii~1idazole'~ and 
3-lteto-1,2, G,7- tetrahydro-3(I-I), 5(I-I) - i i d a z o ( l ,  - ) p y r i m i d i n e k  were previously de- 
scribed (1). I t  has now been found that the original melting points given for these bicyclic 
compounds and their picrates are in error. Both of these compounds are readily oxidized 
and the presence of oxidation products in the original preparations is undoubtedly 
responsible for the high n~elting points previously reported. Both 3-lieto-1,2,.5,6-tetra- 
hydro-3(H)-iinidazo(1,2-a)in1idazole and 3-lteto-1,2,G,7-tetrahydro-3(I-I),;3(H)-imidazo 
(1,2-a)pyrimidine inay exist in the tautomeric forms I-IV. The presence of the pentad 

(1) (11) (Ill) (I V l  

system -C=N-CH?-C=O is responsible for the mobility of the hydrogens a t  Cz. 
Further proof of the presence of an active methylene group was obtained by condensiilg 
these bicyclic compounds (I, n = 2 and 3) with benzaldehydes to form the correspoilding 
2-benzylidene derivatives (V). 

A comparison of the tautoineric structures I-IV with indoxyl tautomeric structures 
VI-VIII indicates that the bicyclic coil~pounds (I-IV, n = 2 and 3) would be expected 
to oxidize to indigo-type dyes, and the residues from the sublimation of the crude prepara- 
tions of these bicyclic compounds did have typical dye properties. The dark blue residue 
from 3-lteto-l,2,5,G-tetrahydro-3(H)-imidazo(l,2-a)ii11idazole gave a deep blue solution 

'Contribzction No.  34. 
?Amino  Acids. I X ,  J.  Org. Clzenz. 23, 1975 (1958). 
*Named i n  accordance with the rules on nomenclatzcre of fused l ing  compoz~nds, The  Ring Index,  A m .  Chenz. 

Soc. 2nd ed. 1960. These compounds were referred to as S-keto-2,S,5,6-tetrahydro-1-inzidaz(1,2-a)iwtidazole and 
3-keto-A8-hexahydro-1,4,8-pyrinzidazole respectively i n  reference 1.  

I Canadian Journal of Chemistry. Volume 40 (1962) 
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on dissolving in concentrated hydrochloric acid while the residue from 3-keto-1,2,6,7- 
tetrahydro-3(I-I),5(H)-imidazo(l,2-a)pyrimidine gave a wine-red acid solution. These 
highly colored materials possess high melting points and are very insoluble in the common 
organic solvents. 

Liittke's (2) molecular orbital calculations and studies on indigo, selenoindigo, thio- 
indigo, etc., have demonstrated that the benzene nucleus is not necessary for the develop- 
ment of indigoid characteristics such as light absorption. The  ring-free chromophore I X  

with the double, crossed auxochrome-antiauxochrome groups on a common -C=C- 
group is considered to be the simplest system which will exhibit the characteristic proper- 
ties of indigo-type dyes. Thus the formation of dyes from the above bicyclic systems I1 
is understandable. 

When 2-carboxymethylamino-A"-dihydro-1,3-thine was prepared by refluxing 
glycine and 2-methylmercapto-A2-dihydro-1,3-thiazin in aqueous methanol, a deep 
blue-black metallic dye was formed as a by-product. I t  might be expected that this dye 
as  well as those from compounds 11, n = 2, and 11, n = 3, would possess a structure X 
similar to indigo. However, the analytical values agree with structure XI.  This problem 
of structure is still under investigation. 
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McK.4Y AND KRELING: AMINO ACIDS 

DISCUSSION 

The three bicyclic derivatives, 3-lieto-l,2,5,6-tetrahydro-3(H)-imidazo(l,2-a)imida- 
zole (11, n = 2), 3-lieto-ll2,6,7-tetrahydro-3(I-I),S(~I)-imidazo(1,2-a)pyrimidine (11, rt = 

3), and 4-keto-2,3,6,7,8,9-hexahydro-4(I-I)-pyrimido(l,2-a)pyrii~~idine (XII),  have been 
prepared by an improved procedure. These compounds were finally purified by sublima- 
tion in vacllo under nitrogen. Special care was req~lired in the isolatioil of compo~ri~d XII ,  

which hydrolyzed extremely rapidly to the parent acid, 2-(2-carboxyet11ylamii~o)-Az- 
tetrahydropyrimidine. 

A11 attempt to prepare an ailalogous bicyclic compound from 2-methylmercapto-56- 
dihydro-4(H)-1,3-oxaziile (XIII) and glycine was ui~successful. This oxaziile derivative 
was not very reactive in comparison with 2-methylmercapto-2-iinidazolines (3) and 
2-methylmercapto-2-thiazolines (4). After pi-oloilged heating of coinpouild XI11 with 
benzylamine and a-naphthylmethylai~~ine only sillall yields (10-1370) of the respective 
2-benzylarnino- (X, R = C7I-17) and 2-a-naphthylmethylaini11o-5,6-dihydro-4(I-I)-l,3-oxa- 
zine (X, R = CllH9) were obtained. 

Several methods were investigated for the preparatioil of 3,4,5,6-tetrahydro-2(I-1)-1,3- 
oxazine-2-thione. Two of these gave the desired coillpo~~nd in approximately 34% yield. 
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I 
NHR 

On the other hand the procedure used by Fisher (5) for the preparation of 4,4,6-trimethyl- 
2-thio-tetrahydro-1,s-oxazine gave a 77y0 yield of 1,3-di-(3-hydroxypropy1)-thiourea and 
a 20.5% yield of potassium 3-hydroxypropyldithiocarbamate. 1,3-Di-(3-hydroxypropy1)- 
thiourea was also obtained when 3-arnino-1-propanol was heated with carbon disulphide 
in ethanol for severaI hours. 
3-I~eto-l,2,5,6-tetrahydro-3(I-I)-imidazo(l,2-a)irnidazole (11, n = 2), on being heated 

under reflux with absolute ethanolic hydrogen chloride for 17 hours, gave a 66% yield of 
2-carbethoxymethylamino-2-irnidazoIie The other bicyclic cornpounds 11, n = 3, and 
XI1 were much more stable towards ethanolic hydrogen chloride solution. After 3-keto- 
1,2,6,7-tetrahydro-3(1-1),5(1-1)-imidazo(1,2-a)pyrirnidi11e was heated in this reagent for 
G days, 72.3y0 was recovered unchanged. Compound X I I ,  on being heated with ethanolic 
hydrogen chloride for 7.5 days, gave 30% of 2-(2-carbethoxyet11ylamino)-A?-tetrahydro- 
pyrimidine and 18y0 unchanged starting material. 
2-(N-3,4-Dichlorobe1~zylcarbamyl)-rnethylan1i110-2-i1nidazoli11e was prepared by heat- 

ing bicyclic compound 11, n = 2, with ethanolic benzylarnine solution. 

EXPERIMENTAL* 

2- Carboryi11ctlt~~lai1~i~~.o-2-i~1bidazoline 
2-CarboxymetIiylamino-2-i1iiidazoli1ie (1n.p. 283' clecomp.) was prepared in 86Yo yield as prcvio~~sly  

described (1) from 2-1i1etliyl1i1ercapto-2-imidazoliiii~11i1 iodide, aqueous sodi~1111 hydroxide solution, and 
glycine. The reported (1) melting point is 293" with decomposition. 

S-Keto-l,2,5,6-tetrah~~dro-S(H)-ii1zidaxo(l ,b-a)ii~tidazole 
2-Carboxymethylamino-2-imidazoli~~e (15 g, 0.105 mole) was heated under reflux \vitli hydrogen chloride 

(11.5 g,  0.315 mole) in absolute ethanol (250 nll) for 3 hours. Benzene (50 1111) was added and the solution 
was heated for an  additional hour. The bc~lze~~e-water-ethanol azeotrope was distilled and the remaining 
ethanol solution was again treated with benzene. The removal of bel~ze~~e-water-etlia~lol was repeated 
three times, after which the ethanolic solution was taliell to dryness i v ~  oaczlo. 

The crude, oily ester hydrochloride in absolute ~ilethanol (400 rnl) was passed through a column of IRA 
400 resill (300 1111 in hydroxyl form) \vhich had been previo~~sly  \vashed thoroughly with absolute methanol. 
The column was washed with methanol (300 ml) ~ ~ n t i l  the methanol washir~gs were neutral and the com- 
bined eluate and washings were evaporated i i z  vacuo to dryness. The yellowish crystallil~e solid lnclted a t  
165-l7O0, yield 9.5 g (72.6%). Crystallization from a m i n i r n ~ ~ n ~  amount of ethanol in the presence of Norite 
gave colorless crystals melting a t  168-170°, yield 6.66 g (42.4Y0). A saniple was sublimed a t  146-155' i l~ 
oaczlo (0.2 mm). The white crystalline s~~bl i rnate  lnelted a t  169-170'. Anal. calc. for C5H7Na0: C 48.00, 
H 5.64, N 33.50%; found: C 47.80, 1-1 5.68, N 33.59%. 

The picrate (m.p. 180-181') was prepared in 86.2% yield in the u s ~ ~ a l  manner with etha~lolic picric acid 
solution. One crystallization from absolute ethanol raised the melting point to 180.5-1S1.5°. Anal. calc. for 
C ~ ~ H ~ O N G O I :  C 37.30, H 2.85, N 23.73%; f0~11d: C 37.29, H 2.94, N 23.60%. 

Opening One R i n g  of S-Kcto-l,b,5,6-tetral~ydro-S(H)-i~nidazo(1,2-a)iimidazole 
A. Wit l t  Ethanolic Hydrogen Chloride 
A solution of 3-lieto-l,2,5,6-tetrahydro-3(H)-imidazo(l,2-a)i1nidazolc (0.2 g, 0.0016 mole) in ethanolic 

hydrogen chloride (0.063 g, 0.0017 mole) was refluxed for 17 hours. This solution on treatment with ethanolic 
picric acid solution gave a 66% yield of 2-carbetI~oxymethyla1ni110-2-i1i~idazoliie picrate (111.p. 190.5- 
191.5'). The reported (I)  melting point is 193-195". 

'\;111 iizclti?tg points are zutcorrected. i l~icroanalyses  zaere deterirtivted by  i l l i oo -Tech  Laboratories, Skokie ,  I l l .  
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McKAY AND KRELING: AMINO ACIDS 209 

B. Wzth 3,C-Dichlorobenzyla~r~ine 
3,4-Dichlorobenzyla~nine (0.35 g, 0.002 mole) and 3-l;eto-1,2,5,6-tetrahydro-3(H)-in1idazo(l,2-a)- 

imidazolc (0.25 g, 0.00'2 mole) in absolute ethanol (6 ml) was refluxed for 2 hours. The reaction mixture was 
evaporated to dryness and the solid product was crystallized from water in the presence of Norite, yield 
0.26 g (43.3%). Two crystallizations from water raised the ~nelting point of the 2-(N-(N'-3,4-dichlor~benz~l- 
carbamyl1netl~yl)amino)-2-in1idazoline from 155" to 156-157'. Anal. calc. for C12Hl~C12N,0: C 47.84, 
I1 4.69, Cl 23.54, N 18.60%; found: C 47.80, H 4.89, Cl 23.10, N 18.41%. 

A sample in ethanol, on treatment with etha~lolic picric acid, gave a 98% yield of a crystalline picrate 
(1n.p. 195-196"). The melting point re~nained unchanged after crystallization from absolute ethanol. Anal. 
calc. for C181<17cl?r\11706: C 40.77, H 3.23, C1 13.37, I\J 18.49%; found: C 40.60, H 3.48, C1 13.47, N 18.11%. 

2-;IIethylnzercapt0-4~-tetrahydro~yrimidine 
2-Methylmercapto-A?-tetrahydropyri~idii~~n iodide (6.45 g, 0.025 mole) in water (10 nll) a t  0' was 

treated with an aqueous solution of potassiun~ hydroxide (1.4 g, 0.025 mole in 5 nll water). This solution 
\vas extracted with ether (10x100 ml) and the combined ether extracts were dried over anhydrous sodium 
sulphate. Evaporation of the ether gave a 82.4% yield of the free base (m.p. 89-90"). The melting point of 
2-1nethylrnercapto-A?-tetrahydropyrimidi1e \\.as not changed by crystalli~ation from acetone-hexane 
sol~rtion. Anal. calc. for CjHloN?S: C 46.13, 1-1 7.74, N 21.53, S 24.63%; found: C 46.35, H 7.74, N 21.94, 
S 24.78%. 

The picrate (m.p. 179.5-180.5") was formed in the usual Inanner from water, yield 94%. Anal. calc. for 
CIII-Il3S,O7S: C 36.76, I< 3.65%; found: C 36.88, 1-1 3.81%. 

2-Cai.bo.vymet1~yla~ni~zo-A~-lelrahydropyri~1zidi~ze 
The original procedure (1) for the preparation of 2-carboxymethylamil~o-A?-tetrahydropyriidi  was 

modified because the product was difficult to isolate and purify. 
An intimate mixture of 2-methylmercapto-A2-tetrahydropyrimi (19.53 g, 0.15 mole) and glycine 

(11.26 g, 0.15 mole) was heated in an oil bath a t  90' for 50 minutes. After the mixture melted, white crystaIs 
began to form. 'The heating was continued for 35 nlinutes a t  130'. After the crystalline product had cooled, 
n-amyl alcohol (20 ml) was added and the mixture was refluxed for 60 minutes. The crystalline solid (1n.p. 
212-214") was removed by filtration, yield 71.6%. Two crystallizations from aqueous ethanol raised the 
melting point to 219-220' (reported (1) m.p. 211.5-212'). 

2 - C a ~ b e t h o x y n z c t l z ~ ~ l a ~ 1 ~ i ~ z o - A ~ - t e ~ e  Hydrochloride 
This compound was prepared in quantitative yield by the procedure given (1) for the esteriiication of 

2-carboxymcthylamil~o-2-i111idazoline. The crude 2-carbethox> methylamino-A>-tetrahydr~p~~rin~idil~e hydro- 
chloride (m.p. 162-168") was used to prepare 3-l;eto-l,2,6,7-tetral~ydro-3(H),5(H)-imidazo(l,2-a)- 
pyrimidine. 

S-Kelo-l,2,6,T-tetrahydro-S(II),ci(H)-inlidazo(l,2-a)pyrilrzidine 
r l  sol~rtion of 2-carbetl1oxymethylamino-A~-tetrahyclropyri11idie hydrochloride (18.6 g, 0.084 mole) in 

absolute methanol (370 1111) was passed through a column of IRA 400 resin (300 ml in hydroxyl form) 
which had been previously washed with methanol. 'The column was washed with absolute methanol (450 n ~ l )  
and the eluate and \\lashings \\'ere combined. The elution and washing procedures were carried out under 
nitrogen. The crucle product fro111 the evaporation of eluate and washings \vas dissolved in absolute ethanol 
((50 ml). A m i x t ~ ~ r e  of yellow, red, and white crystals separated fro111 the solution on cooling to -1O0, yield 
5.85 g (50.2%). This crude mixture nlelted a t  157-168'. Concentration of the mother liquors to a small 
\-olumc ga1.e all orange-colored microcrystallil~e powclcr (n1.p. >350°), yield 0.15 g. 

The first crop of lnixed crystals (3.28 g) \vas sublilned ,in uacz~o (0.2 n ~ m )  a t  a bath temperature of 150- 
160". 'The \vhite crystalli~le sublimate melted a t  179.5-180' in an evacuated capillary tube, yield 2.92 g 
(89%). Res~rblin~ation did not change the melting point. Anal. calc. for CGI-IsS30: C 51.78, 1-1 6.52, X 30.20%; 
fou~ld: C 51.73, H 6.51, N 30.18%. 

The picrate (111.p. 1'33.8-194.8") was prepared in 97.2% yield from ethanol solution. Anal. calc. for 
C I S H I ? ~ G O ~ :  C 39.14, 1-1 3.29, N 22.82%; found: C 39.36, H 3.55, N 22.39%. 

T~ecltnie~zt of 3 - K e t o - l , 2 , 6 , 7 - t e t r a 1 z y d r o - 3 ( I - l ) , c i ( H ) - a z o ( l 7 2 - a ) y r i ~ ~ e  zuith Ethanolzc Hydrogen Chloride 
3-I<eto-1,2,6,7-tetrahydro-3(H),5(H)-imidazo(l,2-n)pyri111idi11e (0.35 g-, 0.0025 mole) \\.as heated under 

reflux in absolute ethanol containing hydrogen chloride (0.006 mole) for 6 clays. Evaporation of the solvent 
left a senlicrystalli~le hygroscopic mass (0.43 g). A portion (0.15 g) of the crude product in absolute ethanol 
\\.as converted to its picrate (m.p. 189") in the usual manner, yield 0.33 g (72.3%). This picrate did not 
clcpress the melting point of a 1;nown sample of 3-l~eto-1,2,6,7-tetrahydro-3(II),5(I<)-i1~1iclazo(1,'2-n)- 
pyrimidine picrate (m.p. 193"). 

The original crude product \vas crystallized twice from ethanol-ether solution to give crystals (1n.p. 
209-210" (block), 214-215" (el-ac. cap.)) of the hydrochloride of the original bicyclic compound. Anal. calc. 
for C61-I~aCIN10: C 41.04, H 5.74, C1 20.19, N 23.93%; fou~ld: C 40.87, H 5.68, C1 20.28, N 23.80%. 
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d-(d-Carboxyetl~yla~izino)-A~-tetral~ydropyrimidine 
2-Methylmercapto-A2-tetrahydropyrimidine (28 g, 0.215 mole) and 8-alanine (19.15 g, 0.315 mole) were 

mixed thoroughly and heated a t  90° for 20 minutes. After the reaction mixture had melted, crystals begall 
to  sublime onto the cooler sides of the reaction flasli. The temperature was raised to  105' and held a t  this 
temperature for 1 hour after which it was heated a t  130' for 30 minutes. Ethanol (35 ml) was added to  the 
solidified mass after it had cooled and the reaction mixture was refluxed for 4.6 hours. The  white solid 
(m.p. 209.5-210") was removed by filtration, yield 21.6 g (58.9%). This acid was very difficult t o  free from 
solvent and the melting point varied considerably on recrystallization from aqueous or anhydrous solvents. 
Thus the picrate (m.p. 164-165") was formed in 60.6% yield in the usual manner from absolute ethanol. 
Crystallization from ethanol did not change the melting point. Anal. calc. for CijHlGNGOn: C 30.00, H 4.03, 
N 21.00%; found: C 39.02, H 4.10, N 20.82%. 

An attempt to  purify a sample of 2-p-carboxyethylamino-A?-tetrahydropyriidie by sublimation in 
vacuo a t  170° gave a sublimate which melted a t  120-123°. This sublimate in ethanol yielded a picrate in 
39.1% yield melting a t  212-213'. Two crystallizations from absolute ethanol raised the melting point to 
214-215". This picrate did not depress the melting point (214-215") of 4-keto-2,3,6,7,8,9-hesahydro-4(H)- 
pyrimido(1,2-a)pyrimidine picrate (vide infra). 

4-Keto-d,3,6,7,8,9-hexal~ydro-4(H)-pyrimido(l ,d-a)pyrivzidine 
2-(2-Carboxyethylamino)-A~-tetrahydropyrimidine (10.01 g, 0.058 mole) was converted it1 q~lantitative 

yield into the hydrochloride salt of its ethyl ester by the procedure previously (1) described. A portion of the 
colorless oil in alcohol was converted into its picrate (m.p. 117", resolidified and remelted a t  128') in 76.7% 
yield. Two crystallizations from absolute ethanol raised the melting point to  121° with resolidification and 
remelting a t  136O. Anal. calc. for C16H20N60g: C 42.06, H 4.71, N 19.62%; found: C $2.39, H 4.69, S 19.71%. 

2-(2-Carbethoxyethylamino)-A2-tetrahydropyrimidine hydrochloride (13.8 g,  0.58 mole) in absolute 
methanol (250 ml) was passed through IRA 400 resin and the product was recovered. The  procedure was 
the same as  described above for the cyclization of 2-carbethoxymethylamino-A?-tetrahydropyrimidine 
hydrochloride to  3-keto-l,2,6,7-tetrahydro-3(H),5(H)-imidazo(l,2-a)pyriinidine. The crude product 
sintered a t  110' and melted a t  176-188', yield 8.7 g. 

The crude product was sublimed in  vaczlo (0.2 mm) a t  120-130°, yield 3.34 g (38.4y0). The sublimate of 
4-keto-2,3,6,7,8,9-hexahydro-4(H)-pyrimido(l,2-a)pyrimidine melted a t  127O. Two further sublimations did 
not change the melting point. This bicyclic compound hydrolyzed extremely rapidly and it mas not possible 
to  obtain a n  analytical sample free from traces of the parent acid, 2-(p-carboxyethylamino)-A?-tetrahydro- 
pyrimidine. Anal. calc. for CgHIINSO: N 27.43%; found: N 26.60%. The sublimate in absolute ethanol 
gave a crystalline picrate (m.p. 214-215") of 4-keto-2,3,6,7,8,9-hexahydro-4(H)-pyrimio(l,2-a)pyrimidine 
i n  91.4% yield. Anal. calc. for C13H14N60s: C 40.84, H 3.69, N 21.98%; found: C 40.73, H 3.'70, S 2'2.08%. 

Treatment of 4-Keto-d,3,6,7,8,9-hexal~ydro-4(H)-pyrimido(l,2-a)pyrimidine ~ ~ i t h  Ethanolic Hydroge~~ Chloride 
The bicyclic compound (0.17 g, 0.001 mole) in absolute ethanol containing hydrogen chloride (0.003 mole) 

was heated under reflux for 7.5 days. Evaporation of the solvent gave a viscous colorless oil \\-hich partially 
crystallized on standitlg in a n  evacuated desiccator for several days. A portion (0.09 g) of the product on 
treatment with ethanolic picric acid solution gave a crystalline picrate (1n.p. 208-213O), yield 18.2y0. One 
crystallization from ethanol raised the melting point to  214-215°. I t  did not depress the melting point of a 
known sample of 4-l<eto-2,3,6,7,8,9-hesahydro-4(II)-pyrimido(l,2-a)pyrimidine picrate (m.p. 314-215") 
on admixture. 

The mother liquor from the bicyclic picrate on concentration and cooling gave a second picrate (m.p. 
121°, resolidification with remelting a t  136-137O), yield 0.05 g (30.6%). This picrate was identifed as  the 
picrate of 2-(2-carbethoxyethylamino)-A2-tetrahydropyrimidine (m.p. 121' and 136-137"). 

Benzylide~ze Derivative of 3-Keto-l,2,5,6-tetrahydro-5(H)-imidazo(l,2-a)inzidazole 
3-I<eto-l,2,5,6-tetrahydro-3(H)-imidazo(l,2-a)imidazole (0.5 g, 0.004 mole), fused sodium acetate (0.58 g), 

and benzaldehyde (0.6 ml, 0.006 mole) in glacial acetic acid were heated in an  oil bath a t  140° for 75 minutes. 
The solution became dark orange in color and after 15 minutes yellow crystals separated. The  mixture was 
allowed to  cool t o  room temperature and the crystals (m.p. 266-274') were collected by filtration, yield 
0.45 g. A second crop (75 mg) of crystals was obtained from the mother liquors on further cooling, total 
yield 61.2%. Two crystallizations from absolute ethanol raised the melting point to  283.5-284.Z0. Anal. calc. 
for Cl?HllNaO: C 67.60, H 5.20, N 19.71%; found: C 67.33, H 5.37, N 20.17y0. Ultraviolet absorption 
spectrum (in ethanol): A,, 237 nlp, e 11,350; A,, 242 mp (sh), e 10,650; A,, 347 mp, E 27,250. 

The picrate (215-217" decomp.) was formed in the usual manner in ethanol solution, yield 38y0. Two 
crystallizations from absolute ethanol raised the melting point to  217.4-218.2'' decomp. Anal. calc. for 
CIIIHI,N~OB: C 48.88, M 3.19, N 19.00%; found: C 48.94, M 3.33, N 18.5lyO. 

Benzylide?ze Derivative of S-Keto-l,d,6,7-tetral~ydro-S(H),5(H)-inzidazo(l,zidine 
Freshly sublimed 3-l~eto-1,2,6,7-tetrahydro-3(H),5(H)-i~11idazo(l,2-a)pyrimidine (0.51 g, 0.0037 mole), 

fused sodium acetate (0.61 g), and benzaldehyde (0.6 ml, 0.006 mole) in glacial acetic acid (4.5 1111) were 
refluxed for 75 minutes. After the solution was cooled ill freezing mixture, crystals of sodium acetate 
separated, yield 0.27 g. The filtrate was talcen to  dryness i11 vaczro and the residue was extracted with water 
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to relnovc the remaining sodium acetate. The residue melted a t  227-232', yield 0.54 g (63.6%). Two crystal- 
lizations from absolute ethanol raised the melting point to 239.2-239.8'. Anal. calc. for C13H13N30: C 68.70, 
H 5.77, S 18.4'JyO; found: C 68.21, H 5.83, N 18.50y0. Ultraviolet absorption spectrum (in ethanol): 
A,,, 241 ing, e 13,600; A,,, 247 mg (sh), e 12,680; A,,, 365 mg, e 25,340. 

The picrate (m.p. 217-219') was prepared from ethanol solution in 90.6% yield. Two crystallizations 
from absolute ethanol raised the melting point to 223.4-224.2'. Anal. calc. for C I ~ H I G N G O ~ :  C 49.99, H 3.53, 
N 18.42%; found: C 50.01, H 3.55, N 18.34%. 

S,4-Dicltlorobe?tzylide~te Derivative of S-Keto-l,2,6,7-tetraAydro-S(H),5(H)-imidazo(l,Z-a)pyrinzidine 
This compound (1n.p. 248-256' decomp.) was prepared in 91% yield by the procedure given above for 

the preparation of 2-benzylide1~e-3-l\-eto-1,2,5,6-tetrahydro-3(H)-imidazo(l,2-a)i1nidazole. Two crystal- 
lizations froin absolute ethanol raised the melting point to 265-266' decoinp. Anal. calc. for C13HllClzN30: 
C 52.73, H 3.74, C1 23.94, N 14.19%; found: C 52.58, H 3.87, CI 24.15, N 14.10%. 
X crystalline picrate (111.p. 237-240" decomp.) was obtained in quantitative yield froin ethanol solution. 

Two crystallizations from absolute ethanol raised the melting point to 246.2-246.6' decomp. Anal. calc. 
for C10H14C12N608: C 43.44, H 2.69, C1 13.50, N 16.00%; found: C 43.45, H 2.89, C1 12.96, N 16.25y0. 

2- Carborytitethylantino-A2-dilzydro-1 ,S-lhiazine 
2-i\~Ietl~yln~ercapto-a2-dihydro-l,3-thiazi~le (4) (17.68 g,  0.12 mole) and glycine (9.01 g, 0.12 mole) in 

methanol-water (1:l) solution (200 ml) were refluxed for 19 hours. The reaction mixture turned a deep 
blue color after the first few hours of heating. A dark blue crystalline solid (m.p. >360°) separated from the 
cooled solution, yield 3.53 g. This dye was virtually insoluble in all the common organic solvents. A dilute 
solution in hydrochloric acid was deep blue ill color. Anal. calc. for C I ? H ~ ~ N ~ O ~ S ? :  C 44.25, H 4.33, N 16.67, 
S 19.65%; found: C 44.73, H 4.52, N 16.61, S 19.47%. 

The liltrate, from which the dye had been removed, was evaporated to  dryness. The residue was dissolved 
in hot methanol with the exception of a small amount (0.37 g) of blue dye. The filtrate from the blue dye, 
on cooling, gave a mixture of blue and white crystals (m.p. 170-173"), yield 6.49 g. The inother liquors 
yielded a second crop of crystals (1n.p. 169-173'). The total yield of crude 2-carboxymethylamino-A2- 
dihydro-1,3-thiazine was 9.87 g (46.8%). Two crystallizations from ethanol in the presence of Norite gave 
grey crystals melting a t  174-175' (blue melt). Anal. calc. for C ~ H ~ O N Z O Z S . H Z ~ :  C 37.48, H 6.30, N 14.58, 
S 16.68%; found: C 37.29, H 6.41, N 14.82, S 16.4270. 

The picrate (n1.p. 159-160°, dark blue melt) was prepared in 82% yield in the usual manner from water. 
Anal. calc. for C1?H13K50~S: C 35.73, H 3.25, N 17.37, S 9.95%; found: C 36.01, H 3.33, N 17.28, S 7.72%. 

3,4,5,6- Tetralzydro-2(H)-l,S-osazi~ze-2-tltio1te 
il/fethod d 
3,4,5,6-Tetrahydro-2(H)-1,3-0xazii1e-2-thio1e (1n.p. 124-125') was prepared in 3470 yield by the method 

of Menard el al. (6). 
d.rethod B 
.A solution of carbon disulphide (31.2 g, 0.4 mole) in chloroform (80 ml) was added dropwise over a period 

of 40 minutes to a stirred solution of 3-ainino-1-propanol (30 g, 0.4 mole) and triethylamine (40.4 g, 0.4 
mole) in chloroform (80 1111) a t  0". This reaction mixture was stirred for 5 minutes a t  25" and then cooled 
again to  0". After ethyl chloroformate (43.2 g, 0.4 mole) was added over a period of 50 minutes, stirring was 
cont in~~ed for 20 minutes. A solution of triethylamine (44.4 g, 0.44 mole) in chloroform (150 ml) was added 
during the nest 50 minutes after which stirring was continued for 15 minutes. Then the chloroform solution 
was wasllcd with 5Yo aqueous sodium hydroxide (2x150  ml), 5% hydrochloric acid (2x150 inl), and water 
(5x200 1111). ;\fter the chloroform solution was dried over anhydrous sodium sulphate and allowed to  stand 
in the refrigerator for 15 minutes, i t  was evaporated to  dryness. The crude yield of 3,4,5,6-tetrahydro-2(H)- 
1,3-osazine-2-thione (111.p. 124-125") was 15.6 g (33.3%). The structure of this conlpound was confirmed 
by its infrared spectrum, analyses, and molecular weight determination. The infrared spectrum of the 
compound dispersed in Nujol mull gave the following absorption bands: 3195 cm-I (N-H stretching mode), 
1573 cm-1 (N-H bending mode), and 1376 cm-I (-N-C=S stretching mode (provisional assignment)). 
One crystallization froill acetone raised the melting point to 126.5-127.5'. Anal. calc. for C~HTNOS:  
C 41.00, 1-1 6.01, N 11.95, S 27.36%, 11101. wt. 117.05; found: C 41.11, H 6.18, N 11.67, S 27.26%, mol. wt. 
(Rast) 119. 

2-il/letltyl~~~ercapto-5,6-diItydro-4(H)-l,3-o.aite Hydroiodide 
iLIethy1 iodide (24.8 g, 0.17 mole) was added portionwise to a suspension of 3,4,5,6-tetrahydro-2(H)- 

1,3-oxazine-2-thio11e (15.8 g, 0.13 mole) in absolute ethanol (35 ml). The reaction mixture was heated under 
reflux for 45 minutes and then the clear solution was evaporated to  dryness in vacuo. The crystalline residue 
was treated with cold absolute methanol (50 ml) and the insoluble residue was removed by filtration. 
Addition of water (20-25 1111) to  the  methanolic filtrate gave the crystalline product (n1.p. 64.5-65.5"), 
yield 31.84 g (91.4%). Infrared spectrum of the compound ill Nujol mull gave the following absorption 
bands: 3290 cm-I (=N-H+ stretching mode), 1638 cm-I (C=NH+ stretching mode), and 1536 cm-I 
(=NI-I+ bending mode). Anal. calc. for C~HIOINOS:  C 23.18, I-I 3.89, N 5.41, S 12.38%; found: C 23.15, 
H 3.78, N 5.08, S 11.94%. 
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2-Benzyla~rtino-5,6-dihydro-4(H)-l , S - o x a z  Picrate 
2-Methylmercapto-5,6-dihydro-4(H)-1,3-oxaine hydroioclidc (3.0 g, 0.015 mole) and benzylamine 

(1.6 g, 0.015 mole) in ethanol were refluxed for 17 hours. The solve~lt was removed in vacuo and the residual 
oil was dissolved in ethanol and treated with aqueous picric acid solution. The solvent was decanted from 
the oily picrate (yield 10.2%), which crystallized (1n.p. 168-170") on heating with fresh ethanol. Three 
crystallizations from ethanol raised the melting point to 172.5-173.5. Anal. calc. for CI7HI7NsO8: C 48.69, 
H 4.09, N 16.70y0; found: C 48.33, H 4.13, N 16.73%. 

A paper chromatogram of the residual oil from this reaction showed that very little reaction had taken 
place after the prolonged heating period. 

2-(a-Nnphthylnzethylanzino)-5,6-d~iIzydro-4(H)-1,S-oxazine Picrnte 
A solutio~l of a-naphthylmethylan~i~~e (2.3 g, 0.015 mole) and 2-methyl1~1ercapto-5,6-~1ih~dro-4(I-I)- 

1,3-oxazine hydroiodide (3.0 g, 0.015 mole) in ethanol (1.2 ml) was heated uncler reflux for 26 hours. Evapora- 
tion of the solvent gave 5.53 g of a glasslike, solid mass. A sample (1.1 g) of this product in methanol was 
treated with aclueo~~s picric acid solution. A mixture of oily and crystalline picrates formed. The crystals 
were collected by filtration and identified by a mixed melting point detcrniination as a-~laphthylmethylamine 
picrate (111.p. 226-228" decomp.). Treatment of thc remaining oily picrate with boiling water (100 ml) ancl 
boiling methanol caused partial crystallization to occur. The crystals (m.p. 215-217") were removed by 
filtration, yielcl0.18 g (12.8%). Several crystallizations from methanol raised the melting point t o  210-21!).5°. 
Anal. calc. for C?I1119Nj08: C 53.73, H 4.08, ?! 14.02y0; found: C 53.80, M 4.34, N 14.85y0. 

I ,S-Di-(2-Izyduoxypropy1)-tl~iouren 
i\[clhod A 
Carbon dis~~lphide  (22.84 g, 0.3 mole) in absolute ethanol (15 ml) \vas atlded to a cooled (5-10") solution 

of 3-amino-1-propanol (22.53 g,  0.3 mole) in absolute e t h a ~ ~ o l  (35 ml) over a period of 1 hour. The reaction 
~ n i x t ~ ~ r e  was heated a t  reflux for 7 h o ~ ~ r s  and then the solvent was rernovecl i n  vacuo. After the oily procluct 
had been heated a t  110' for 8 hours, it was dissolved in absolute ethanol (50 ml) and heated under reflux 
for an  additional 8 hours. The alcohol was re~novecl i n  vacua ancl the \vaxy solid (30 g, 85.5% yield) \\.as 
crystallized from ethanol-ether solution. This crystalline product ~nelted a t  90.4-91°, yield 20.3 g. *%rial. 
calc. for C7H1~N.0?S: C 43.71, H 8.30, N 14.57, S 16.67%; found: C 43.58, H 8.33, ;\7 14.1'3, S 16.68%. 

Method B 
3-Amino-1-propanol (62.7 g, 0.836 mole) was added to a solution of potassium hydroxide (16 g, 0.28 

mole) in absolute ethanol (200 ml). Carbon dis~~lphicle (60.9 g, 0.02 rnole) \\Ias adcled clropwise to  this solution 
a t  30" over a period of 1 hour. i\fter standing a t  roo111 temperature for 1.5 hours, the reaction n~is turc  was 
heated u ~ ~ d e r  reflux (48") for 3 hours. A small amount of ~ ~ ~ l r e a c t e d  carbon clisulpl~ide (6 ml) was removed 
by distillation and the residue \\.as heated uncler reflux (72-76") for 6 hours. The solution on stancling a t  
room tenlperat~rre overnight deposited large prisms. The crystals (1n.p. 148-152O decomp.) were recovered 
by filtration, yield 20.23 g. Evaporation of the ethanol filtrate i n  vacua gave a yello\v, mobile oil (05.5 g). 
Addition of acetone to this oil gavc a second crop of the high-melting (150" deconlp.) product. Careful 
fractional crystallizatio~~ of the remainder with acetone and then hesanc gave a total yield of 32.43 g (20.5% 
based on 3-anlino-1-propa~lol) of the potass i~~nl  salt of 3-hydroxypropyldithiocarba~nic acid and (3.8 g 
(76.9%) of 1,3-di-(3-hydroxypropyl)-thio~1rea (m.p. 88-00"). The thiourea gavc no clepressio~l in melting 
point on admixture with a sample of the 1,3-di-(3-hydrox)~propyl)-thio~1rea (m.p. 90.4-01") described 
above under Method A. 

A portion of the crude potassium salt of 3-hydroxypropyldithiocarba~nic acid was crystallized t\\,ice 
from warm ethanol-ether solution. The final melting point was 149.5-150.5° with decomposition. Anal. 
calc. for C4HsI<NOS?: C 25.37, H 4.26, N 7.40, S 33.87%; found: C 25.76, H 4.35, N 7.13, S 33.71%. 
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AROMATIC SUBSTITUTION 
PART I. THE REACTION OF PHENYLLITHIUM WITH 3-ALKYLPYRIDINES. 

STERIC EFFECT AND QUANTITATIVE ANALYSIS OF ISOMER RATIOS' 

R. A. ABRA~IOVITCEI AND CHOO-SENG GIAM 
TIE Dcpn~tnlent of Clzenzistry, University of Saskatchewan, Snskntoon, Snskatclicwa?~ 

Received September 26, 1961 

ABSTRACT 

No 4-phenylpyridine is forrned in the reaction of phenyllithium with pyridine. When 
phe~lyllithium reacts with a 3-alkylpyridine the main product is the 3-alkyl-2-phe~~ylpyridine 
if the alkyl group is methyl, ethyl, or isopropyl, but i t  is the 5-alkyl-2-phenylpyridi~le when 
the substituent is t-butyl. iLIethods are described for the separation and quantitative analysis 
of mixtures of 3-alkyl- and 5-alkyl-2-phenylpyridines using vapor phase chromatography. The 
results are discussed briefly and possible explanations of the observed orientations are men- 
tioned. 

The well-ltnown (1, 2) reaction of lithium alkyls and aryls with dry pyridine involves 
the formation of a dihydroderivative (I) which, on heating, eliminates lithiun~ hydride 
to give the 2-substituted pyridine (3) : 

The formation of a 4-substituted pyridine has not been reported in such reactions except 
in those cases where the 2- and 6-positions of the pyricline ring are blocked, e.g. the case 
of acridine (4). I t  has 1 1 0 ~  bee11 verified that in the reaction of phei~~~ll i thium with pyricliile 
no 4-pl~enylpyridine call be detected, even by vapor phase chromatography. Thus, the 
addition of an organo-lithium compound to a 3-substitutecl pyridine may lead to one 
isomer, or a mixture of two isoiners: 

In two earlier papers (5, G) the reaction of phenyllithium with a number of 3-substituted 
pyridines was examined. When 3-picoline (11; R = CI-13) was treated with phenyllithium 
the ratio of 2,3:2,.5 isonlers was found to be 19:l.  With nicotine (11; R = 2-N-methyl- 
pyrrolidyl) the isomer ratio was approxiinately 1:I.  Two further examples were studied: 
R = NH2 and R = OCI-Is. In both cases the oilly isoiner detected was the 2,3-disubsti- 
tuted pyridine. I t  was suggested (G) that in these last two cases the exclusive substitution 

I a t  the 2-position might be explained by assuilling some co-ordination of the lithium 

1 atoll1 with a pair of electrons on the 3-substituent such that the phenyl group would be 
i 
I 

suitably oriented for attack a t  the 2-position. 

I 'Tlzis papel. was pt.esented as pait of a lecture given at the Stereocholzistry Synzposiun? of the C. I .  C. clt Edn~onlon 
I i n  Septenzbet 1960. 
! 
1 Canadian Journal of Chemistry. Volume 40 (l9G2) 
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The preferential attack of the 2-position by the nucleophilic reagent in these and other 
reactions (for a brief sunlmary of previous work on related reactioils see ref. 5) was con- 
trary to what would have been predicted a priori on the basis of a consideration of straight- 
forward electronic and steric effects of the substituents studied. One would expect the 
2-position to be somewhat inore electron rich than the 6-position and also that attack 
a t  that site would be subject to the steric effect of the 3-substituent. That  the 3-substituent 
does exert a steric effect is shown by a comparison of the isomer ratios for the reactions 
of 3-picoline and of nicotine. Appreciable steric hindrance by an ortho-methyl group in 
nucleophilic aronlatic substitutions has also been observed in the reaction of 1-chloro-2,4- 
dinitro-6-methylbenzene with piperidine (7), though the geometry of the transition state 
is probably different from that in our reactions, which involve a more powerful nucleo- 
philic reagent in a less polar solvent. I t  seems likely that with the more powerful nucleo- 
philic reagent the transition state would resemble the reactants and that its formation 
would not lead to too much perturbation of the T-electron densities in the ground state 
(8, 9) (in which case hyperconjugation by the 3-alkyl group would probably be small). 

I t  was clearly of interest to examine the effect of increasing the size of the 3-alkyl 
group systematically from methyl to t-butyl upon the ratio of 111 :IV obtained and this 
has now been done. 

EXPERIMENTAL 

Melting points are uncorrected. Infrared spectra were measured with a Perkin-Elmer Model 21 instru- 
ment using sodium chloride optics; only the main peaks are reported. Vapor phase chromatography \vas 
carried out with a Becliman GC-2 unit fitted ivith a fraction collector and modified such that the heated 
sample inlet blocl; permitted injection a s  close to the column as possible. 

Preparabioli of 3-~llkylpyridines 
3-Picoline was coiumercially available synthetic material (Reilly Ta r  and Chemical Corp.); this was 

dried (ICOH) and distilled through a Podbielniak Mini-Cal Spinning Band Column, the fraction b.p. 
138-140" a t  '720 mm being used. 

3-Ethylpyridine \\.as prepared by the alliylation of 5-picoline a s  described by Bro\vi~ and R4urphey (10). 
An average ),ield of 50.4% was obtained. However, even after several fractional distillat,ions through a 
Podbielnial; column, the 3-ethylpyridine could not be isolated in a co~upletely pure state;  it was always 
contaminated \vith sinall amounts of 3-picoline and 3-isopropylpyridii~e, as indicated by vapor phase 
chromatography. Since the 3-ethylpyridii~e required had to be essentially free of these contaminants it was 
prepared froin 3-acetylpyridine using hyclrazine hydrate and potassium hydroxide (11). X yield of 8'3.5% 
of pure prod~ict \\-as thus obtained. 

3-Isopropylpyridine \\,as obtained initially as a by-product of the all;ylation of 3-picoline (average yield 
10%). \\Then 3-ethylpyridine was the starting material the average yield was raised to 55%; the product, 
however, could not be freed from 3-ethylpyridine completely by fractional distillation. Pure 3-isopropyl- 
pyridine mas, therefore, prepared from methyl nicotinate by treating the latter with methyl magnesium 
iodide (I?), dehydrating the alcohol obtained with a ~ n i x t ~ ~ r e  of concentrated sulphuric acid and acetic acid 
(lo),  and hl-drogenating the resulting 3-isopropenylpyridine (in solution in a mixture of glacial acetic acid 
(1 part) and 95% ethanol (4 parts)) a t  25 p.s.i. and room temperature in the presence of Adams' catalyst. 

3-1-Butylpyridine \vas prepared by a modification (13) of the method for tlie allc).lation of 3-isopropyl- 
pyridine. The time of addition of the methyl chloride was extended to 13 hours. I11 no case could a conversion 
of more than 10yo be achieved, though Professor Bro\vi~ informs us that he has obtained yields as high a s  
37%. Essery and Scholield (14) have recently also been unable to obtain such a high yield using potassiuin 
amide instead of sodainide in liquid a~nmonia.  111 spite of repeated and careful fractional distillations the 
product obtained was only 95% pure and had to be i~sed as such in subsequent reactions with phenyllithi~uin. 

2-Phenylpyridiuc (2) 
A solution of pyridiiie (0.93 g) in dry ether (2 1111) was added to  a well-stirred, standardized ethereal 

solution of phenyllithium (6 inl, 0.007 mole) under nitrogen and worlied up by tlie general procedure de- 
scribed below. The crude reaction product was subjected to vapor phase chromatography on a column 
3 f t X $  in. of "Xpiezon N" on "Ernbacel" (May and Baker), the c o l ~ ~ m n  temperature being 190" and the 
helium inlet pressure 50 p.s.i. The product had the same retentioil time a s  authentic 2-phenylpyridii~e 
(8 minutes, 10 secoiids). No peal; corresponding to 4-phenylpyridine (9 minutes, 30 seconds) was observed. 
I t  \\,as i~erifiecl that small amounts of 4-phenylpyridine \\rould have been detected by this method by analyz- 
ing made-up mixture of authentic samples of 2- and 4-phen ylpyridine. Purification of the c r ~ ~ d e  reaction 
product gave 2-phenylpyridine (0.76 g ;  6Ryo). 
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Reaction of Plze~cyllillzi~~~ta with 3-Alkylpyrid,ittes 
The procedure described below was adopted for all the reactioils of phenyllithium with 3-picoline, 3-ethyl-, 

3-isopropyl-, and 3-t-butyl-pyridine. The amounts of the reactants employed and the yields of products 
obtained are suinmarized in Table I .  

TABLE I 
Reaction of pheiiyllithi~iin with 3-alliylpyridines 

Wt. of Wt. of Wt. of Total 'h 
Expt. 3-Alliyl lithium bromobei~zenc 3-alkylpyridine yield of both 
No. substituent (s) (6) (6) isonlers 

NOTE: (a) In these experiments, 0.007 mole of phenyllithium and 0.010 mole of 3-alkylpyricline were used. 
( b )  Yielcls in these experiments were not determined. 

Vcry fii~ely cut lithium \vas suspended in anhydrous ether (approximately 300 in1 for each mole of lithium) 
under dry nitrogen and to this was added dropwise a solution of bromobenzene in an equal volu~ne of d ry  
ether. Gentle reflux was continued for 3 hours after which a solution of the 3-al1;ylpyridine in dry  ether was 
added dropwise so that boiling onder gentle reflux was maintained. When the addition \\.as coinpleted the 
ether was distilled off and simultai~eously replaced by an cqual volume of dry toluene. The tenlperature of 
the reaction mixture was then raised to ca. 110' and kept there for 7 hours. The inixt~ire \\;as cooled, 
treated cautiously with an excess of water, and exhaustively extracted with ether. The  ether extract was 
dried (ICOH) and the solvent reillo\red by distillation. 'l'he residue was divided into two portions, the larger 
one being used for the isolation and identification of the reaction products and the smaller being used for 
the quantitative analyses of the isoincric alkylphenylpyridines. 

Isolation of the 3-Alkylpyridiues 
The isomeric al l~ylpl~enylp~~ricl i i les were separated and isolated by preparative vapor phase chroina- 

tography. In esperiinents (1) and (2) a copper tubing column 53 f t X $  in. (I.D.) packed with "Apiezon N" 
on "Enlbacel" ICieselguhr (1:4 by weight) was used. In all the other experinlents, four 10-in. columns 
(4  ill. I.D.) connectcd in series and packed with "Apiczoii i\;" on Celite 545 (1:4 by weight) were used. 

Di,fferetztiation between 3-Alkyl- atzd 5-Alkyl-2-plzetaylpyridines by Itzfrared Spectroscopy 
The isomeric all;ylphei~ylppridii~es could be characterized by using their infrared spectra as described b y  

Abramovitch, Giain, and Notatioil (15). The 3-allcyl-2-phei~ylpyridines exhibited a characteristic absorptioil 
band in the range 1577-1589 cm-l, and the 5-allcyl-2-pheiiylpyridiies gave a band i l l  the range 1592-1605 
cin-1. Assignillent of orientation could also be ~ n a d e  froin a study of the range 900-750 cm-I as  discussed 
by Podall (16). 

Sonle of the assigninents \\'ere confirmed by oxidation of the isomers to known compounds and by the 
behavior on vapor phase chromatography (see below). 111 the case of the n~ethplpl~eiiylp)~ridines n.m.r. 
spectroscopy has also bee11 used (5). 

3-Ethyl-2-plzenylpyridilte 
B.p. 156-158" a t  18 mill. Infrared spectruin (liquid film): 1583 (in), 1568 (in), 1435 (s), 1060 (m), 793 (s), 

750 (s), 698 cm-1 (s). Calc. for C13H13N: C, 85.20; H, 7.15. Found: C, 85.26; I-I, 7.22. The product was iden- 
tical with that obtained from authentic 3-methyl-2-phenylpyridine as  described below. The picrate was 
recrystallized from benzene and had m.p. 104". Calc. for C13H13SICr,H30?N3: C,  55.34; H,  3.91. Found: 
C, 55.46; H, 3.96. 

5-Ethyl-2-phenylpyridine 
B.p, 179-180' a t  22 mm. Infrared spectrum (liquid film): 1603 (in), 1567 (m), 1483 (s), 1440 (s), 842 (m), 

793 (m),  7&2 (s), 695 cin-1 (s). Found: C, 84.81; H ,  7.36. The  picrate (from benzene) had n1.p. 155-156"; 
found: C, 55.74; H, 4.04. 
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3- I~opropyl-2-pl1.e~aylpyridil2e 
B.p. 152-154"at 22 mm. Infrared spectr~rm (liquid film): 1580 (m),  1563 (m), 1436 (s), 1385 (m), 1367 (m), 

793 (s), 750 (s), 698 cm-I (s). Calc. for C1,HljN: C, 85.23; H, 7.GG. Found: C,  85.28; 13, 7.61. 
5-Isopropyl-2-plze~aylpyridi?ze 
\\'bite crystals, 1n.p. 53-53.5' (purified by sublimation after vapor phase chron~atography). Infrared 

spectrum (Nujol mull): 1595 (m),  1561 (m),  842 (s), 787 (m),  737 (m), 693 cm-I (s). Found: C, 85.17; 
1-1, 7.78. 

S-t-Bz~tyl-2-pWe?zylpyriditte 
B.p. 140" a t  18 mln. Infrared spectrum (liquid film): 1578 (w), 1561 (m), 14'27 (s), 1395 (w), 1365 (nl), 

785 (s), 762 (s), 702 cm-I (s). Calc. for C ~ ~ I I I T N :  C, 85.26; 8.11. Found: C, 84.90; I-I, 8.30. 
6-t-Bz~tyl-2-plzenylpyridi?ze 
B.p. 130" a t  0.72 mm. Infrared spectrum (liquid film): 1592 (m), 1535 (in), 1480 (s), 1377 (s), 13115 (w),  

1365 (w), 845 (s), 750 (s), 730 (s), 690 cm-I (s). 1;ound: C, 85.32; H ,  8.18. 
A plot of the logarithm of the retention times against the number of carbon atoms in the side-chain allcyl 

groups in 5-allcyl-2-phenylpyridines gave a straight line as  did the corresponding plot of the values for 
5-allcyl-2-phenylpyridi~~es. The  slope of thc latter line was greater than that  of the former. This observecl 
linearity in each case serves as  confirmatory evidcncc for the orientation assigned to the various pairs of 
isomers. 

Osidatio?~ of 5-Etl~yl-2-pllelzylpyr.idi?se 
5-Ethyl-2-phenylpyridine was boilecl under reflus \\lit11 an aqueous solution of potassium permanganate 

for 8 hours and worlced up a s  described for the oxidation of 3-methyl-2-phenylpyridine (5). 2-Phenyl- 
p)-ridine-5-carbos\~lic acid, 111.p. 232", was obtained. The  ~nelting point mas undepressecl on admixture with 
all autllentic specimen of this acid (5). 

Syr~ t l~es i s  of 3-Etlzyl-2-plze?zylpyridi?ze 
3-Methyl-2-phenylpyridine (6.9 g) was added to  a suspension of sodamide in liquid ammonia (2.3 g of 

socliu~n in 80 ml of anhydrous ammonia and 0.03 g of ferric nitrate nonahydrate), followed by ~ne thy l  
chloride (5 g),  the addition of the latter taking approximately 15 minutes. The mixture was allowed to stand 
overnight when the a~nnlonia evaporated and the residue was cautiously treated with water and exhaustively 
estracted with ethcr. The ether extract was dried (ICOIi), the solvent evaporated, and the residue fraction- 
ally distilled under vacuum. The fraction b.p. 110-143" a t  11 mm was subjected to  vapor phase chroma- 
tography using a copper column, 5; f t X i  in. (I.D.), paclced with "Apiezon AT" on "Embacel" (1:4 by 
weight), the column temperature being 220". A compound having the same "emergence time" (the time 
talcen for the cornpo~md to begin entering the detector cell) as  the sample of 3-ethyl-2-phenylpyridi~lc 
obtained from the reaction of phenyllitl~ium with 3-ethylpyridine was isolated. 'This compound had a n  
infrared spectrum identical with that of the compound which had been assigned the structure 3-ethyl- 
2-phenylpyridinc on the basis of its infrared spectrum. Both samples for~ned picrates whose melting points 
(102-103") were undepressed on admixture. In thc alleylation reaction a 33% conv&rsio~~ of 3-lnethyl-2- 
p h ~ n ~ l p y r i d i n e  to 3-ethyl-2-phenylpyridine (2.2 g) was achieved. 

Quantitative Analyses 
Once the various isomeric alkylphenylpyriclines had bee11 isolated and characterized calibratio~l curvcs 

were prepared for each individual iso~ner so tha t  its concentration in a mixture could be estimated from thc  
area under the curve of its vapor phase chromatogram. i\ linear plot of the areas of their chromatograms 
versus concentration uras obtained for the individual iso~ners as well as  for a number of made-up mixtures of 
known concentrations of iso~neric pairs. The concentratio~ls of the isomers formecl during the phenylation 
reactions could then be read olf f ro~n  the calibration curves, provided the conditions established for the 
chromatographic analysis of each pair of isomers were kept constant. These conditions are s~unmarized 
below: 

iMethylpl~enylpyridines: 5; f t X t  in. (I.D.) copper tubc paclccd with "Apiezon N" on "Embacel" (1:4 
by weight) ; column temperature 220'; helium inlet pressure 30 p.s.i. 

Etlzylplzetzylpy~id.ines: same conditions as  for methylphcnylpyridines. 
Isopiopylplzenylpyridines: 2 f t X t  in. (I.D.) copper tube packed with "Xpiezon X" on Cclite 545 (1:1 

by \\-eight); columil temperature 220"; helium inlet pressure 40 p.s.i. 
t -B . t i t y lp l~e?~y lpy i id~ i~~es :  3 f t X f  in. (I.D.) copper tubc paclced with "Apiezo~i S" on "Embacel" (1:4 

by weight); column temperature 220"; helium inlet pressure 30 p.s.i. 
The results of the quantitative analyses are su~n~nar ized in Table 11, which also contains the data  for the 

reaction of nicotine with phenyllithium (5). 

DISCUSSION O F  RESULTS 

The results given in Table I1 indicate that the 3-substituent exerts a slight steric effect 
which becomes quite large when the alkyl group is t-butyl. The sudden great increase in steric 
hindrance to attack a t  the 2-position on passing from 3-iso-C3H7 to 3-t-Bu is unexceptional 
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XBRAMOVITCH A N D  G U M :  AROMATIC SUBSTITUTION 

TABLE I1 
Ratio of 1 I I : I V  in the reaction of CBHjLi wit11 :j-RC:H.,S 

R 1I I : IV No. of runs 

(17). The fact that the steric effect of the lower alkyl group is only relatively small seenls 
to confirm the suggestion inade above that in the transition state leading to the forlnation 
of the dihydroderivative the attacking phenyl group is almost perpendicular to the 
pyridine ring, whose ground-state configuration is only slightly distorted. The results 
also indicate quite strikingly that in spite of the greater deactivating influence of the 
+ I  effect of the alkyl group on the 2- than on the 6-position and some steric hindrance 
to attack a t  the 2-position, addition of the nucleophilic reagent taltes place preferentially 
a t  that carbon atom. In fact, in the case of 3-picoline the ortllo/para ratio (with respect 
to methyl) is as high as 19. This "ortho" effect is reminiscent of those encountered in 
electrophilic substitutions on colllpounds bearing substituents such as -NO2, -COyH, 
-CN, and so on. Similar results to those reported above have been obtained by Brown 
and his group but using methyllithium instead of phenyllithium (13). 

No decision can be made as to the correct explanation of the observed subst i t~~tion 
pattern since too little is 1;nown about the detailed mechanism of this addition-elimination 
reaction and the effect of various substituents upon the rates and orientation in such 
nucleophilic substitutions. Both of these aspects are presently under investigation in these 
laboratories and the results of such studies should permit a clearer formulation to be made 
oi the mechanisms involved. I t  is of interest though, to speculate a little about possible 
explanations of the orientation observed. 

There is only one published nlolecular orbital calculation of the r-electron densities a t  
the various nuclear carbon atoms in the ground state of 3-picoline, that due to Ploquin 
(18). Dr. K. L. iVIcEwen has kindly repeated for us Ploquin's calculation for sevei-a1 
different values of the nitrogen and methyl group inductive parameters. The  results 
indicate that the 2-position w o ~ ~ l d  be slightly Inore favorable than position 6 for nucleo- 
philic attack only if a negative inductive effect (-I) is attributed to the methyl group. 
With a positive inductive effect attack a t  the 6-position would be favored over attack a t  
the 2-position. The introduction of nlethyl hyperconjugation into the ground-state calcu- 
lations made little difference to the results. The nucleophilic localization energies a t  C2 
a n d C 6  were not calculated but if the postulate that the geometry of the transition state 
is more related to that of the ground state than to that of the interinediate is correct 
then these would not enter into the picture. A -I effect for methyl has been suggested 
by Murrell and McEwen to explain the observed shifts in the ultraviolet absorption 
spectra of some substituted benzenes (19). There is, however, a large body of chemical 
and pl~ysicocl~emical evidence which indicates that alltyl groups have a + I  effect. Indeed, 
the n.m.r. spectrum of 3-picoline itself is consistent with the effect of the higher electron 
density in the ring due to the presence of the methyl substituent (20). Another possible 
explanation involves the contributions made by each of the two ICCltulC structures 
V t, VI to the actual state of the 3-picoline molecule. If one assuilles that the electrical 
effect of the 3-methyl substituent is such as to stabilize structure V with respect to VI, 
then V would have a larger coefficient than VI in the aronlatic wave function, and 
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direction of a polar effect would be that which V would favor. If one then assutnes that  
the phenyl anion (if such is the attacking species) will add a t  that end of the conjugated 
system whose other end is the N atoin, then addition should take place preferentially a t  
the 2-position.* I t  is not clear a t  the moment how an alkyl group would favor the stabili- 
zation of V with respect to VI. Yet another explanation possible would involve the hyper- 
conjugation by the methyl group. Structure VIII ,  being p-quinonoi'd in nature, inight 
be more stable than VII so that  the electroil density a t  the 2-position would coilsequently 

VI I VIII 

be less than a t  the 6-position. Similar arguinents have beell used to explain the high 
ortho/para ratios observed in the nitration of nitrobenzene and benzonitrile, for example 
ref. 21. Two further possibilities have to be taken seriously into account: one is that there 
may be some form of steric acceleration favoring substitution a t  the 2-position and not a t  
the 6-position (the nitrogen atom in the picoline is obviously complexed in some way 
either with phenyllithium itself or with the lithiuin bromide present in solution and this 
would have the same steric effect as a substituent on the N atom). The other is some form 
of attractive interaction, perhaps of the nature of London dispersion forces, between the 
polarizable approaching nucleophile and the methyl substituent which would accelerate 
attack ortho to the methyl group rather than para to it. Dipolar field effects have been 
similarly suggested to explain the high ortho/para ratios in electrophilic substitutions 
mentioned above (22). This seems to be a very attractive possibility in the present case 
and is being investigated. 

I t  should be pointed out that if the second stage in this reaction, the elimination of 
hydride ion, should be rate-determining, and if it is assumed that the addition step is 
rapidly reversible, a simple explanation is possible for the observed orientation. The 
transition state for such an elimination probably involves the abstraction by the lithium 
cation of the hydrogen atom with its bonding pair of electrons and the electron-repelling 
ortho-alkyl group should lower the energy of this transition state more than would a 
para-alkyl substituent.t A t  present, work is in progress to try to establish which step is 
the rate-determining one in this reaction, as  well as  to clarify the effect of alkyl sub- 
stituents (activating or deactivating), the effect of the lithium bromide present in solutioil 
in this particular case, and the effect of quaternizing the ring nitrogen atom. There are 
some data in the literature on the last point. For example, in the reaction of 3,4-lutidine 
methiodide with benzyl magnesium chloride the only isotner forilled was apparently the 
1,2-dihydroderivative (23). Other examples of such reactions are known (24). 

*The  authors wozlld like to express their gratitude to Professor C. K. Ingold for a discz~ssion of this point. 
t A  referee has pointed out, however, that hydride expulsion f r o f i ~  the ortho-substituted addition prodz~ct should 

be less favorable on steric grounds than from the para-substituted addition pyodz~ct since i n  the former, forwlation 
of the transition state brings the alkyl and phenyl substituents closer together. W e  wish to thank the referee for 
byinging this to our attentio?~. 
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ALIPHATIC CHEMISTRY OF FLUORENE 
PART VIII. BENZYL 9-FLUORENYL SULPHOXIDE AND SOME 9-FLUORENYL SULPHIDES 

P. M. G. BAVIN' 
The Che?trislry Deparl~~ze~rl ,  the U?~izcrsily, I-Iz~ll, Easl Yorkshire, E ? ~ ~ l a ? r d  

Received July 31, 1061 

ABSTRACT 

Allyl 9-fluorenyl sulphide, benzyl 0-fluorenyl sulphide, and di-0-fluorenyl s ~ ~ l p h i d e  are 
stable to boiling ethereal phenyl l i thiun~, in marlied contrast to  the corresponding ethers. 
Benzyl 9-fluorenyl sulphoside has been prepared and shown to  be more weakly acidic than 
9-fluorenyl sulphones. 

Wittig and co-worlcers have reported ( I )  that  the anions (I)  derived from certain 
9-fluorenyl ethers rearrange to the corresponding 9-substituted-9-fluorenyl allioxides (11). 
Of particular interest to the present study were the ailions of the allyl and benzyl ethers 
(I ,  R = CHZCH=CH2 and CGHbCH?, respectively) which rearranged very rapidly a t  
-10". The anion of di-9-fluorenyl ether rearranged a t  room temperature but those of 
other allryl and aryl ethers required elevated temperatures and longer reactioil times. 

These reactions belong to a wider group lcnown as the Stevens rearrangement (2, 
pp. 527-528; 3, pp. 282-283; 4). Most of the published work has been concerned with 
ethers (1, 5, 6, 7, 8) but Hauser and co-worlcers have examined some sulphides (4). Both 
benzyl methyl sulphide and dibenzyl sulphide underweilt the Stevens rearrangement, 
more typical of the reactions of quaternary a~ninoniun~ compounds. Similar rearrange- 
inents have been reported for some sulphonium co~npounds (4,9).  Although allylamine-N- 
oxides show allylic rearrangement: from nitrogen to oxygen (10, l l ) ,  related allyl (12) and 
benzyl (4) sulphoxides and sulphones do not rearrange. Allyl phenyl sulphide and allyl 
p-tolyl sulphide possibly undergo the ortho Claiseil rearrangement (13; cf. ref. 14) but  
more slowly than the correspo~lding ethers. Ulllilie the ether, t-butyl phenyl sulpllide 
does not rearrange when distilled (15, IG). 

We have now prepared by a general method (17) allyl 9-fluorenyl sulphide, beilzyl 
9-fluorenyl sulphide, and di-9-fluorenyl sulpl~ide. All three sulphides dissolved in ethereal 
solutioils of phenyl lithiuin with formation of the deep red color associated with fluorene 
anions of this type (1, 18) but  the color was apparently unchanged after boiling under 
reflux for up to  24 hours. Hydrolysis with water regenerated the original sulphides. Thus 
the anions of the sulphides are more stable than those of the ethers, resembling the 
9-fluorenyl-triallrylai~linoi~ium compounds in not undergoiilg the ortho rearrangement 
(19). 

1I.C.I. Fellow, 1958-60. Prese?zt address: Smi th  I<li?ie and Frenclr Laboratories Lid., Ml~?zdells, TVelwy?~ 
Gardc?~ City, Herls, E?rgla?rd. 

Canadian Journal of Chemistry. Volume -10 (1963) 
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B.4VIN: ALIPHATIC CHEMISTRY OF FLUORENE 221 

The color of the anion derived from benzyl9-fluorenyl sulphide was almost iinlnediately 
discharged by the addition of methyl iodide. Oxidation of the tertiary sulphide gave 
benzyl 9-methyl-9-fluoren~.l sulphone, isomeric with the product of benzylation of 
methyl 9-fluorenyl sulphone. The non-identity of the two sulphones confirined that  
rearrangement of benzyl 9-fluorenyl sulphide anion had not occurred. 

Ally1 9-fluorenyl sulphide was not obtained crystalline and decomposed on attempted 
distillation.' Lilte other allyl sulphides (22, 23) oxidation gave the sulphone without 
epoxidation of the double bond. Since allyl fluorene-9-carboxylate rearranges to  9-allyl- 
fluorene-9-carboxylic acid when heated with lithainide in toluene (24), the reaction of 
ally1 0-fluorenyl sulphone with sodamide has been examined. Extensive decomposition 
occurred, these results paralleling those reported by Cope (12) for other sulphones. 
The infrequency with which allyl and benzyl groups inigrate from sulphur to carboil 
111,~y be due to  d-orbital resonance diininishillg the charge on the potential inigration 
terillinus (cf. the effect of sulphur on the stability of anions (20, 21, 24)). Siinilar reasoils 
have been put forward to  account for the failure of thiophcnol acetate to  undergo the 
Fries rearrangement (26). A recent paper (27) has described the pyrolysis of some sul- 
phones wl~icll resulted in the formation of rearranged hydrocarbons, bu t  probably by 
a free radical mechanism. 

The reaction between fluorene, thionyl chloride, and aluminum chloride has been 
reported (28) to  yield di-9-fluorenyl sulphoxide, characterized by oxidation to  di-9- 
fluorenyl sulphone (1n.p. 190" with decomposition). Although one example of intra- 
n~olecular acylation a t  the 9-fluorenyl position has been described (29), Friedel-Crafts 
and related reactioils generally give 2-fluorenyl derivatives (30, p. 277). We have now 
prepared di-9-fluorenyl sulphone by oxidation of the sulphide and find it to have 1n.p. 
242-244" with decomposition. Paucity of experimental details has prevented repetition 
of Courtot's preparation (28). 

Ally1 and benzyl 9-fluorenyl sulphides decomposed rapidly a t  258-260" with forination 
of evil-smelling mixtures. The only product identified was di-9-fluorenyl (8-100jo). 
Di-0-fluorenyl sulphide behaved similarly, giving difluorenyl (11%) accoinpanied by 
di-0-fluorenylidene (90j0). These observations parallel those reported for the corresponding 
ethers (I).  

I11 an earlier paper (17) the acidity of 9-fluorenyl sulphones was described. We have 
now prepared benzyl 9-fluorenyl sulphoxide and examined its reactions. (For a recent 
discussion of the formation of sulphoxides, see ref. 31.) I t  dissolves in methanol containing 
sodium methoxide without formation of the yellow color associated with 9-fluorenyl 
anions of this type (17,32, 33). Further, the presence of the alltoxide does not significantly 
affect the ultraviolet spectrum. Addition to  the solution of either methyl or allyl halides 
lecl to inixtures from which traces of hydrocarbons were isolated. The infrared spectra 
showed the presence of sulphoi~es, and fluorellone could be isolated as the 2,4-dinitro- 
pl~enyll~ydrazone. Failure to  isolate alkylatioil products is probably due to  the low 
acidity of the sulphoxide since, after 1 hour, dilution precipitated unchanged sulphoxide. 
-4llij.lation of the related sulphones is ltnown to  be rapid (17). Although disappointing, 
these results were not unexpected. Unlilte the corresponding sulphones, sulphoxides are 
insoluble in aqueous sodiuin hydroxide solution (34), and dibutyl sulphoxide undergoes 
hydrogen exchange very slowly in alltaline media (35). I t  has been concluded froin 

"Allyl ic  sulphides are readily iso~nerized to propenyl szllphides by strong bases ( for  e m ~ ~ z p l e s ,  see refs. 20 ,  21). 
I n  view of the failure of be~zzyl 9-jlzlore~zyl sulplzide anion to z~~zdergo rear.ra~zgernent, the strzlcture of the allyl 
srllphide was conjir~ned only by i t s  infrared spectrirln (see Erperi~lze~ztal).  
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spectral and other studies (36) that  the electron-accepting properties of the sulphoxide 
group are only slightly greater than those of the uncharged sulphides. Our results agree 
with this conclusion. 

The infrared spectra of the sulphones reported in this and the earlier paper (17) have 
been discussed elsewhere (37). 

EXPERIMENTAL 

Benzyl 9-Flz~orenyl Szllphide 
Prepared from 9-bromofluorene and benzyl mercaptan in the usual way (17), it crystallized from acetone- 

methanol as colorless prisms and laths (87%), 1n.p. 66-67". Found: C, 83.38; H ,  5.807;. Calculated for 
C?oHlcS: C, 83.26; H, 5.59y;. 

Benzyl BFlz~orenyl  Sz~lphozide 
Following a series of trial experiments, the following was found to be reproducible: 
The sulphide (2 g)  in acetic acid (100 ml) and 50yo hydrogen peroxide (15 ml) was heated on the steam 

bath for 15 minutes. The yellow solution was poured into water, precipitating the sz~lphoside as a white 
solid. Crystallization from ethanol gave felted needles (1.45 g),  1n.p. 147-148" with decomposition to a red 
liquid. Found: C, 78.55; H,  5.40yG. Calculated for C?OHIGOS: C, 78.91; H, 5.30y0. 

Bensyl 9-Fli~orenyl Sulplzone 
'The osidation described above was continued for 2 hours, additional 50% hydrogen peroside (10 ml) 

being added after 1 llour. The sulplzone formed thiclr colorless needles from ethanol (82C/I), m.p. 165)-170". 
Found: C, 74.64; 1-1, 4.85%. Calculated for C?OHIGO.S: C, 74.97; H ,  5.03%. 

Benzyl 9-1l~etlzyl-9-fluore?z~~l Sulphide 
Benzyl 9-lluorenyl sulphide (1 g )  dissolved in ethereal phenyl lithiu~n (fro111 2 g bro~nobenzellc) with 

formation of a deep red color, which was not visibly altered after boiling of the solution under rellus for 24 
hours. At the end of this period, methyl iodide (2 g )  was added, the solution being almost immediately 
decolorized. After it was washed with ice water, the ether solutio~l was dried (I<?CO3), cli~~iclecl into two 
approsilnately equal parts, and each part evaporated to dryness. 

The oil from one part was left under methanol for 4 weeks, crystallization slowly taking place. Recrystalli- 
zation from methanol gave small colorless prisms (0.26 g),  m.p. 50.5-61.0". Found: C, 83.61; I-I, 6.29%. 
Calculated for C?IHIaS: C,  83.40; H, 6.00%. 

The oil from the second part was osiclized in the usual way (17) with hydrogen peroxide. Ue~1syl9-?izetlzyl- 
0-flz~orenyl szllplzone crystallized fro111 1nethar101 as colorless needles (0.4 g), m.p. 155-156". Founcl: C, 75.66; 
H, 5.32%. Calculated for C~IHIEO?S:  C, 75.42; H,  5.42%. The same compound (m.p., mised m.p., and 
identity of infrared spectra) was obtained by methylating benzyl9-fluorenyl sulphone in the usual way (17). 

Benzylation of 9-fluorenyl methyl sulphone (17) gave 9-bensyl-9-fluorenyl nzetlzyb szrlphone, crystallizing 
from acetone as lustrous plates (69%), m.p. 172-173", depressed to 141-153' by addition of benzyl9-methyl- 
9-fluorenyl sulphone. Found: C, 75.03; 1-1, 5.32YA. Calculatecl for C Z I H ~ E O ~ S :  C, 75.42; H, 5.429;. 

Di-9-fluo~enyl Sulplzone 
9-Fluorenyl ~nercaptan (10 g)  (38) and 9-bromofluorene (13 g)  were dissolved in hot ethanol (500 ml). 

The addition of a solution of sodium lnethoxide (from 1.2 g sodium) in methanol (50 ml) brought about a 
vigorous reaction. The szllplzide started to separate almost a t  once. Recrystallization from sylene gave 
colorless lustrous plates (16.5 g, 82%), 111.p. 257-259' with decomposition to a red liquid. 

Oxidation of the sulphide (1  g )  in hot acetic acid (1500 ml) with 50y0 hydrogen peroxide (15 1111) gave the 
sulphone, which crystallized from xylene as allnost colorless prisms (0.7 g),  1n.p. 242-244" with partial 
decomposition. Found: C, 78.85; H, 4.4370. Calculated for C?F,HI~~ZS:  C, 79.16; H, 4.60y0. 

Ally1 9-Fluorenyl Sulphone 
The reaction between 9-bromofluorene (24.5 g), ally1 lnercaptan (10 g),  and sodium methoxide (from 2.5 g 

sodium) in methanol (250 ml) gave the sulphide as an  oil (18g). I t  was not obtained crystalli~le but oxidation 
in the usual way (17) gave the sulphone (15.2 g )  as prisms or plates from acetone-methanol, 111.p. 120-121". 
Found: C, 70.75; H, 5.23y0. Calculated for CISHIIOZS: C, 71.08; H,  5.22%. 

The sulphide was also obtained as an  oil from the reaction between 9-fluorenyl mercaptan and ally1 
chloride. 

9-Allyl-9-fluorenyl Methyl Szdphone 
Prepared from 9-fluorenyl methyl sulphone in the usual way (17), it crystallized as elongated prisnls 

from acetone, m.p. 168-169". Found: C, 71.49; H,  5.33%. Calculated for C17H1602S: C, 71.80; H ,  5.67%;. 
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Pyrolysis o j  tl~e Sz~lpliides 
I)i-9-Huore1i?;l sulphide (2 g) mas placed in a 100-ml Erlenmeyer flasl;, closed with a cotton plug, and 

mailltainetl at  258-260" (oil bath) for 2 minutes. Crystallization from hepta~le gave colorless needles (0.2 g, 
ll!,,&), m.p. 245-246" after two crystallizations. Comparison with an authentic specimen (39) showed the 
product to be di-9-lluoreny!. The mother liquors slowly formed a crust of red crystals, which were removed 
and crystallized from carbon tetrachloride -ethanol. The resulting red needles (0.16 g, 9%) had m.p. 185- 
186" ant1 were iclentified as cli-9-fluorenylidene b!. comparison with an authentic specimen (39). 

The characteristic sulphone bands in the infrared spectra have been discussed elsewhere (37). The structure 
of ally1 9-flt~orenyl sulphide was s~~pported by strong bands a t  989 and 912 cm-I, indicative (40) of the 
vinyl group. 

T h e  a u t h o r  is i n d e b t e d  to Dr. B r i a n  Saville for ki i ldly r e a d i n g  t h e  m a n u s c r i p t .  
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GLYCOSIDATION OF SUGARS 
I. FORMATION O F  METHYL-D-XYLOSIDESI 

C. T .  BISHOP AND F. P. COOPER 
Tlte Division of Applied Biology, ivational Researclz Council, Ottn~on,  Carlndn 
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ABSTRACT 

The reactions of D-xylose, methyl or-D-sylof~~ranoside, and inethyl p-D-xylopyranoside with 
methanolic hydrogen chloride under coiltrolled conditions have been followed by gas-liquid 
partition chromatographic analysis of the products. Rate curves were establishecl for each of 
the four methyl-D-xylosides and the results showed that the followi~lg sequence of reactions 
occurs in the formation of methyl xylosides: (1) sylose --t furanosides, (2) anomerization of 
furanosides, (3) furanosides --t pyranosides, (4) anomerization of pyranosides. The relative 
rates of these four reactions in order of decreasing velocity are 2, 1, 3 ,  4. Reaction 3 appears 
to  proceed with retention of configuration a t  the anomeric center. Possible inter~nediates in 
these reactions are disc~~ssed. Substitution of positions 2 and 3 in the D-xylose molecule by 
0-methyl groups resulted in a n  increase in the furanosicle content of the meLhnnolysis products 
a t  ecluilibrium. 

Reaction of sugars with ~nethanolic hydrogen chloride to for111 methyl glycosides 1x1s 
been known since 1893 (1) and re~nains of considerable interest and importance i l l  

carbohydrate chemistry. The literature on this subject has been reviewed by Shafizadeh 
( 2 ) ,  who also presented postulated intermediates in the hydrolysis and formation of 
glycosides via a cyclic or an acyclic mechanism. I t  is noteworthy that much of the 
information contributing to  those mechanisms was obtained by studies 011 the hydro1ys.i~ 
of glycosides; work on the formation of glycosides has been much less extensive ailcl less 
definitive, probably because of difficulties in analyzing the products. Levelie, Ray~nond,  
and Dillon (3) studied the methanolysis of nine nlonosaccl~arides (glucose, mannose, 
galactose, fructose, rhamnose, arabinose, lyxose, ribose, and xylose) and presented rate 
curves showing the changes in proportions of free sugar, furanoside, and pyranosicle. 
Differences in rates of hydrolysis were used to dis t i l lg~~isl~ between fura~losides and 
pyranosides and the results showed that furanosides were fornlecl early in the methanol- 
ysis and then decreased gradually with a concurrent increase in pyrailosides. 'l'he 
validity of this conclusioil has been recognized and substantiated by its general appli- 
cation to the preparation of glycoside nlixtures enriched with respect to fura~losides or 
pyranosides (4). I-Iowever, Inore recent work has shown differences in rates of hydrolysis 
for individual furanosides and pyranosides (2) and it is apparent that  neither the extent 
of initial furanoside formation nor the furanoside-pyranoside composition a t  equilibri~~ul 
could be determined accurately by the procedure of Levene et al. (3). 7'llis was recognized 
by Mowery and Ferrante ( 5 ) ;  who re-examined the methanolysis of galactose u s i q  
modern chromatographic procedures for analyzing the products. These authors separated 
a-  from 0-anomers and then estimated the amounts of furanoside and pyranoside in 
the two fractions from optical rotations. The results showed that 0-anomers were formed 
first and then change to a-anomers, this latter reaction being lllore "important" tl la~l the 
change of furanoside to pyranoside. Silllilar results were obtained w11e11 a cation eschange 
resin, rather than hydrogen chloride, was used as  catalyst in the nlethanolysis (0). 

'Issirrd as  N.R.C. No. 6628. 
I'resented a t  the 140th il[erting of tlze Anterican Chemicnl Society, Chicago, Septci~~ber 3-7, 1961. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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i\/Iethanolysis of lnannose was also investigated and it was found (7) that a-anomers 
predoiuinate a t  all tiines and that furanosides gradually change to pyranosides. 

The chromatographic procedures used by Mowery and Ferrante ( 5 )  and by Mowery 
(6, 7) provided inore definitive inforination than the techniques available to Leveile et 
al. (3). However, they are time consuming, require large samples, and therefore restrict 
the convenient analysis of products to relatively few intervals during the reaction. The 
use of gas-liquid partition chroinatography for separating carbohydrate derivatives (8, 
9, 10) provides a fast, accurate method for analyzing mixtures of glycosides and requires 
oilly small samples. By this means it is possible, with most inonosaccharides, to obtain 
separate rate curves for each of the four methyl glycosides and to establish reliable 
quantitative data for the equilibrium compositions. The present paper reports the results 
obtained in the methanolysis of xylose, and the glycoside coinpositions a t  equilibrium 
of its 2-0-, 3-0-, and 2,3-di-0-methyl derivatives. 

Reactions were carried out under carefully controlled conditions and products were 
analyzed by the following procedure. At various tiines samples were reinoved, neutralized 
by sodiuin methoxide to stop the reaction, and evaporated to dryness. The residue was 
then methylated by the I<uhn (11) procedure and the fully methylated inethyl glycosicles 
were analyzed by gas-liquid partition chroinatography (8, 0, 10). Figure 1 shows a 

FIG. 1. Separation of fully mcthylated methyl-D-sylosides. Conditions: column (4 ft X-1 mm)-Carbowas 
(5000 on acid-washed celitc 545, 80-100 mesh, l : 9  w/w; temp.-125" C ;  flow rate-250 rnl argon/minute. 
I ,  methyl 2 ,3 ,4 - t r i -O-me th~~-~-xy los ide ;  2, methyl 2,3,4-tri-O-r~~ethyl-a-~-xy1osicle; 3,  methyl 2,3,5-tri-0- 
rneth~~l-a-D-xyloside; 4, methyl 2,3,5-tri-0-methyl-a-D-xyloside. 

typical separation of the four fully methylated methyl-D-xylosides. The components 
were identified by coinparisoil with authentic sainples of each of the foul- glycosides, and 
quantitative estiinatiolls were made by triangulation of the peaks. Disappearance of 
reducing sugar was followed by the hypoiodite method (12). Alethylation of individual 
authentic methyl xylosides ailcl gas-liquid partition chromatography of the products 
showed that no anoinerizations or changes in the ring form occurred during these steps 
and also that complete inethylatioil of each xylosicle was achieved under the conditions 
used. 

Figures 2 and 3 show the rate curves for the products froin inethailolysis of D-xylose 
a t  25" C and 44" C respectively and reveal the general sequence of reactions. Thus, a t  
25" C (Fig. 2), the concentration of free sugar dropped very quickly to about 9y0 with 
concurrent production of furanosides, which then decreased as pyranosides were formed. 
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TIME (HR) TIME (HR) 

FIG. 2. Products fro111 methaliolysis of D-xyloSe (2% in 0.50% MeOII-HCl) a t  25'f  0.01' C. 0 D- 
Sylose, X methyl 8-D-xylofura~ioside, O methyl a-D-xylofuralioside, V methyl a-D-xylopyranoside, 
A niethyl 8-D-xylopyranoside. 

FIG. 3. I'roducts fro111 methanolysis of D-xyloSe (2% in 0.50% '0IeOH-HC1) a t  44'f  O.O1° C. Methyl 
a-D-xylofuranoside, X n ~ c ~ h  yl 8-D-xylofuranoside, V methyl a-D-xylopyranoside, A niethyl 8-D-xylo- 
pyranoside. 

The reaction was too slow a t  25" C to be followed to equilibrium so i t  was repeated a t  
44" C when the rate curves (Fig. 3) showed that  the sequence just described was followed 
by an anomerization of the pyranosides. I t  was not possible to obtain rate constants of 
sufficient accuracy to calculate activation energies for ally of these reactions because 
the data did not fit first- or second-order rate kinetics ideally. This was probably caused 
by the simultaneous occurrence of competing reactions to a small but significant extent 
and, since the rates were shown to be dependent upon acid concentration, by reaction 
between methanol and hydrogen chloride. However, approximate relative rates could be 
determined by a comparison of first-order rate constants calculated from data over the 
same portion of each reaction. At 25" C the ratio of methyl-a-D-xylofuranoside to 
methyl-0-D-xylofuranoside was the same (1:1.72) throughout the reaction and must 
therefore be the equilibriunl ratio for these two anomers. Any anomerization of furano- 
sides must have occurred too rapidly to have been detected a t  that  temperature. Accord- 
ingly, the rate for anomerization of furanosides was determined a t  10" C using methyl 
a-D-xylofuranoside as the starting product and the same concentrations of reactants as 
used a t  the higher temperatures. The rate constants, relative to that  of the slowest 
reaction, are given in Table I. The rate constants from which these values were calculated 
were obtained from the early portions of the reactions when the data fitted first-order 

TABLE I 

Relative rates of reactions ill the methanolysis of D-xyloSe* 

Reaction 

Relative 
rate Temp. 

Figuret co~~s tan t s  ("C) - ,  

(1) D-Sylose -, furanosides 2 324.0 25 
(2) Methyl a-furanoside -+ methyl 8-furanoside - 382.5 10 
(3) Furanoside (a+O) -+ pyranoside (a+& 2 5 . 4  25 
(4) Methyl 8-pyraliosicle -+ methyl a-pyranoside 6 1 . 0  25 

'Initial concentration of starting product was 2y0 in  0.50% methanolic hydrogen cl~loride at the temperature 
shown. 

?Figure showing rate curves iron1 wllicll rate corlstants were obtained. 
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kinetics and when the occurrence of competing reactions would be expected to be a t  
a minimum. I t  is apparent that reaction 2 was the fastest of the four, a t  both reaction 
temperatures, and was followed in order of decreasing velocity by reactions 1, 3,  and 
4. The results showed that  it would be inlpossible to see if one of the anonleric furanosides 
is formed predo~ninantly from a solution of D-xylose, in which the equilibriu~ll composi- 
tion of a and p forms is known, because the furanosides would be ano~nerized to their 
equilibrium mixture as  soon as they were formed. However, the difference in the rates 
of reactions 3 and 4 permitted some information to be gained about these two reactions. 
During the co~lversion of furanosides to pyranosides the ratio of u- to P-anomers was 
the same in both ring forms and was constant until the conce~ltratio~ls of fura~losides 
were relatively low. At that stage the anomerization of the pyranosides became the 
predonlinant reaction and the ratio of a- to p-anomers changed. These ratios, taken a t  
various times, are shown in Table 11. The results indicated that the co~lversion of 

TABLE I1 

Ratios of a t o p  anonlers in furanoside and pyranoside 
ring forms during methanolysis of D-xylose" 

Time (hr) a:p furanosides a:p pyranosides 

192 1:1.69 1:1.83 
Equilibrium 1:0.49 

solution 

D-xylofuranosides to D-xylopyranosides proceeds with retention of configuration a t  the 
anoineric center. This conclusion was supported by the rate curves, shown in Fig. 4, 
which were obtained by analysis of the products from the reaction of ~llethyl a-D-xylo- 
furanoside with hydrogen chloride in p-dioxane. I t  is readily apparent that the methyl 

TIME ( H R )  

FIG. 4. Products from reaction of methyl a-D-xylofuranoside (2.0%) with hydroge~~ chloride (0.50%) 
in p-dioxa~le a t  25'f 0.01' C. Methyl a-D-xylofuranoside, X methyl p-D-xylofuranoside, V methyl 
a-D-xylopyranoside, A methyl p-D-xylopyranoside. 
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a-D-xylofuranoside yielded the methyl a-D-xylopyranoside predominantly. The s~naller 
anlounts of P-D-xylopyranoside could have arisen from ininor competing reactions, e.g. 
(a)  methyl a-furanoside --t methyl p-furanoside --t methyl P-pyranoside, (b) metl~yl 
a-pyranoside -+ 11lethyl P-pyranoside. Very little ano~nerizatio~l of furanoside occurred 
in this syste~n with 9-dioxane being used as  a solvent. This is in direct contrast to the 
results obtained with nlethanolic hydrogen chloride and showed that  methanol was 
necessary for the rapid anomerization of furanosides described earlier. 

Glycosidation with methanolic hydrogen chloride results in the formation of 1 mole 
of water from each mole of sugar. The water so fornled could promote reverse reactions 
in the system. I-Iowever, the results obtained on reaction of nlethyl a-D-xylofuranoside 
(Fig. 5 )  with methanolic hydrogen chloride were in co~nplete agreement with those 

TIME (HR) TIME (HR) 

FIG. 5. Products from methanolysis of methyl a-D-sylof~~ranosicle (2% irl 0.50% 'oieOlI-HCI) a t  
25"=t0.0lo C. bIelhyl a-D-sylofuranoside, X ~ r ~ e t h y l  0-D-sylof~~ranoside, V methyl a-D-xylopymnoside, 
A methyl 0-D-xylopyranosidc. 

I;IG. 6. Procl~~cts from methanol?.sis of methyl 0-D-sylopyranoside (2% i ~ r  0.50% MeOM-HCl) a t  
2 5 " f  0.01" C. A Methyl 0-D-xylopyranoside, V nlcthyl a-D-sylopyranoside. 

given by D - X ~ ~ O S ~  under the same conditions. This showed that,  under the conditions 
used, the 1 mole of water produced fro111 each mole of sugar had no demonstrable effect 
on the reaction. 

The anomerization of methyl-P-u-xylopyranoside in methanolic hydrogen chloride is 
shown in Fig. (5 .  These results indicated that no furanosicle ring forms were involved in 
the anomerization of 111ethyl-D-xylopyranosides. Of course, as the reaction progressed, 
small amounts of furanosides (not shown) appeared due to the reverse reactions. I-Iow- 
ever, the a~nounts  of furanosides were those found a t  cquilibri~~iu (cf. Table 111) and 
were consistent with the view that  they arose entirely from the reverse reactions. The 
rates of all reactions were approximately 4 times faster when the acid concentration 
was quadrupled. 

On the basis of the foregoing results sonle comments call be made about possible 
mechanisms for the methanolysis reactions of D-xylose. The sequence of reactions can 
be established definitely as (I) D - X ~ ~ O S ~  --t furanosides, (2) anomerizatioi~ of furanosides, 
(3) furanosides --t 'pyranosides, (4) anomerization of pyranosides. As mentioned before, 
little coininent call be inade about the first reaction because i t  was slower than reaction 
2. I-Iowever, froin Table I it inay be seen that the anon~erization of furanosides is about 
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400 tiines faster than anonzerization of pyranosides. If, by analogy, i t  may be assumed 
that the furanose and pyranose forms of D - X Y ~ O S ~  differ in reactivity in the same way 
and by the same order of magnitude, then the initial acetal formation would proceed 
primarily through the furanose form. Very little of the latter would need to be present 
in the equilibriuilz mixture given by D-xylose in nlethanol solution. Figure 7 shows a 

CH20H 

CH20H, 7 OH 

M E T H Y L - a - g -  bH c - o r - c - c '  
0 C H 3  -H8 M E T H Y L - 8 - e -  

X Y L O F U R A N O ~ I O E  H OH H O C H ~  = " \:/ " = H  X Y L O F U R A N O S I D E  

0  H  
Ho, \H +CH30H 

H  OH 

postulated scheme for reactions 2, 3, and 4. In accordance with the accepted mechallisins 
for formation and hydrolysis of acetals (13) the proposed schenle is one of specific rather 
than general acid catalysis. Although probably correct, this requires confirination by 
further kinetic studies. The differences in the observed rates of reactiolzs are probably 
best explained by the postulation of cyclic carboniuin ion intermediates (I1 and VII) for 
the anoinerizations (reactions 31 and 4). Thus, the higher rate of reaction 2, relative to 
the other three reactions, may be explained by the ease of fornlation of the ion I1 froill 
I and 111. 111 the C, conformation (14) the C4, ring 0, C1, and Cz atonls of the methyl- 
D-xylofuranosides (I and 111) would be coplanar and practically no conformational 
change would be involved in the fornzatioiz of 11. Conversely, the production of ion VII 
in the half-chair conformation fronz tlze stable chair forins VI and VIII requires con- 
siderable change in conformation, and the energy deinallds inalte the reaction the slowest 
of the four. The reason for suppression of furanoside anonlerization in the reaction of 
methyl a-D-xylofuranoside (I) with hydrogen chloride in 9-dioxane is not clear but inust 
be due to a solvent effect. I t  nlay be that carbonium ion I1 is stabilized by solvation 
with methanol but not with dioxane. This would lead to a shift in the equilibrium in 
favor of IV in tlze latter solvent to yield the pyranoside VI. 
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Retention of anomeric configuration during the furanoside + pyranoside reaction may 
be explained by considering the geometry of the acyclic ions IV and V. In these two 
ions, as they are formed from the protonated furanosides I and 111, ring closure a t  C j  
to yield pyranosides requires a rotation about the C3-C4 bond of only sonle 10". A simul- 
taneous anomerization a t  C1 would require a rotation about the C1-C2 bond of 180". I t  
might be expected, therefore, that the compound requiring the smaller change \vould 
predominate in the reaction products. For this to be true the ring closure in carbonium 
ions IV and V must be sufficiently rapid that the I-I, OCH3, and C? are retained in their 
original tetrahedral configuration on C1. Absence of the dil-nethyl acetal of D - X Y ~ O S ~  in 
any of these reactions provided negative evidence for such a rapid ring closure. EIad 
the acyclic ions IV or V existed for any appreciable time it would be expected that a 
solvent attack a t  C1 would yield the dirnethyl acetal. Possible alternatives to the acyclic 
intermediates IV and V could be cyclic, "bridged" compounds involving partial bond 
formation from C1 to both the C4 and Cs oxygens. 

Glycoside compositions a t  equilibrium in the methanolysis reaction were determined 
for D-xylose and its 2-0-, 3-0-, and 2,3-di-0-methyl derivatives. Table I11 sho~~rs  these 

TABLE 111 
WIethyl glycoside compositio~ls a t  equilibrium in thc metha!~olysis of D - X Y ~ O S ~  and its 2 - 0 ,  3-0-, and 

2,3-di-0-~nethyl derivatives* 

Methyl glycoside (yo) 

Sugar 8-Pyranoside a-l'yranosicle p-Furanoside a-Furanosiclc 

"Reaction of the sugar (O.OGO/o) in 2% n~ethanolic l~ydrogen chloride under reflus for 20 hours. 

compositions and it is apparent that the methoxy groups on Cz and C3 result in an 
increase in the amounts of furanoside ring forins i11 the mixtures a t  equilibrium. This 
effect was probably caused by increased non-bonded interactions between the trans C2 
and C3 substituents when hydroxyl groups were replaced by methanol. Since trans C2 
and C3 substituents are closer together in the pyranoside than in the furanoside ring 
form, substitution a t  these positions should decrease the stability of ~5.1-anoside more 
than furanoside, leading to an increase in furanoside content a t  equilibrium. 

EXPERIBIENTAL 
R e a g e ~ ~ l s  

D-Xylose was a purified product supplied by Fisher Scientific Co. WIethanol was reagent gradc anrl \\as 
distilled from magnesium-iodine immediately before use. Hydrogen chloride was obtained from a cylinder 
and was dried by passage through a calciuin chloride tube. p-Dioxane was refluxed with N h~clrochloric 
acid, treated with solid potassium hydroside, and fractionally distilled from sodium; the fraction boiling 
a t  101-102" C was used (15). N,N-Dimethyl formamide was distilled and stored over bariunl oside. 

A ppa~a lus  
Gas-liquid partition chronlatography \Xras carried out on ail F and M Model 500 Chromatograph employ- 

ing a thermal conductivity detector or on a Pye Argon Chromatograph using an ionization detector. On 
the former, separations of the fully methylated methyl-D-xylosides were made on an 8-ft colulnn of coiled 
$in. copper tubing paclced with 20y0 w/w Carbowax 20M on Gas-Chroin A (120-140 mesh). Separations 
were carried out a t  150" C with a flow rate of 60 ml of helium per minute. On the latter instrument separa- 
tions were obtained on straight glass colunlns (4 ft X 4  mm) packed with Carbowax GOO0 on acicl-~vashed 
Celite 545, 80-100 mesh, 1 :9  w/w; temperature was 125' C and a flow rate of 250 1111 Argo~l /~ni~lute  \\.as 
used. 
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Preparalion of ilfetl~yl-D-Xylosides 
These compounds were prepared b y  the method o f  Augestad and Berner (16).  Each xyloside gave a 

single spot on paper chromatograms run in butanone-water azeotrope. Gas-liquid chromatography o f  
each fully methylated (11) xyloside showed only one component clearly distinguishable (Fig. 1) from 
the other three sylosides. T h e  methyl xylosides had the following physical constants: 

Our values Reported values 

M.P. ("C)  ID* M.P. ("C)  ID 

Methyl a-D-xylofuranoside 83-84 +18lo 84 +l8So (16) 
Methyl 8-D-xylofuranoside Sirup - 80" 45 - 89.5" (16) 
Methyl a-D-xy1op);ranoside 89-91 +151° 91-92 +153.9" (17) 
Methyl 8-D-xylopyranoside 155.5-156.5 - 65" 156-157 - 65.5" (18) 

*c .  I-2% i11 water. T = 2 6 O  C. 

Glycosidations and d tzonzerizalions 
The  reactions were carried out in screw-capped bottles fitted with silicone rubber septums and kept 

in a water bath at l o0 ,  25', or 44" C (f 0.01"). D-);yloSe, methyl a-D-xylofuranoside, or methyl 6-D-xylo- 
pyranoside (0.300 g )  was dissolved in absolute methanol (10 ml )  at the required temperature, and the 
solution was then made LIP  t o  15 ml by  the addition o f  1.50% nmethanolic hydrogen chloride. In one experi- 
ment,  t o  determine the effect  o f  acid concentration on the rate o f  reaction, 6.0% methanolic hydrogen 
chloride was added ill the same proportions, giving a final acid concentration o f  2%. In another experi~ncr~t 
purilied p-dioxanc was used instead o f  methanol. 

Analysis of Mell~yl-D-Xyloside Mixtz~res 
Aliquots (0.5 ml)  were withdrawn from the reaction bottles b y  a hypodermic syringe, neutralized 

im~nediately with sodium methoxide in 3-1111 test tubes, and evaporated to  dryness i n  oacuo. T h e  dried 
samples were methylated (11) b y  addition o f  N,N-dimethyl formamide (0.1 ml ) ,  methyl iodide (0.1 ml ) ,  
and silver oxide (0.1 g).  The  stoppered tubes, covered with foil paper, were shaken for at least 4 hours 
and sometimes LIP  to  20 hours. The  supernatant liquid was then analyzed directly b y  gas-liquid partition 
chromatography, the components being identified by  comparison with authentic methyl-D-xylosides 
niethylated in the same way. Amounts o f  individual xylosides were determined from the areas under the 
peaks. 

Effect of ;IIethylrrlio?i Procedure on D-Xylose 
X mist~lrc  o f  ~ - x y l o s e  (15.0 m g )  and methyl 8-L-arabinopyranoside (16.2 mg)  was niethylated as described 

above. r2nalysis o f  the products b y  gas-liquid partition chromatography gave the following results: 

Units o f  area 
Conlpound under peak Percentage 

Methyl 2,3,4-tri-0-methyl-8-D-xylopyranoside 1142 74.8  
h~lethyl 2,3,4-tri-0-methyl-a-D-sylopyranoside 263 17.2 
AIcthyl 2,3,5-tri-0-methyl-8-D-xylofuranoside 79 5 . 2  
l l e t h  yl 2,3,5-tri-0-methyl-a-D-xylofuranoside - 41 2.7 

Total methyl tri-0-methyl-D-xylosides 1525 
Methyl tri-0-methyl-8-L-arabinopyranoside 1528 

This sho~ved that D-xylose was quantitatively converted t o  fully methylated methy1 xylosides by  this 
procedure. Therefore, when D-xylose remained in samples taken for analysis a correction for products 
arising from the free sugar was made utilizing the percentages shown above. 

Analysis for D-Xylose 
This was carried out b y  the alkaline hypoiodite method (12). Reactions in which a methyl-D-syloside 

was the starting product were also checked for the presence of  free sugar but none was found at any 
time. 

Glycosidation of Parlially Metltylated D-Xyloses 
2 -0 -Methy l -~ -x~ lose ,  m.p. 103-104' C ;  3-0-methyl-D-xylose, m.p. 132-133" C ;  and 2,3-di-O-n1ethyl-~- 

sylose, n1.p. 78-79" C ,  had been characterized previously during work in this laboratory on the structural 
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investigation of polysaccharides. Samples (15 mg) of each were dissolved in 2% methanolic hydrogen 
chloride (25 1111) and refluxed for 20 hours. The products, recovered after neutralization with silver cal-- 
bonate, filtration, and evaporation, were methylated and analyzed as described above. . 
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SYNTHESIS OF 4-0-METHYL-L-ARABINOSE1 
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The Dielisiolt of Applied Biology, Nalional Research Cor~lrcil, Oltazira, Ca~tada 
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ABSTRACT 

4-0-Methyl-L-arabinose has been synthesized from ethyl 2,3-di-O-benzyl-a-~-arabi110- 
furanoside by s~~cccssive methanolysis, ~ n e t h y l a t i o ~ ~ ,  debenzylation, and hydrolysis; a proof 
of str~lcturc is presented. Ethyl 2,3-di-O-benzyI-a-~-arabinof~1ranosid yielcled 57y0 ffuranoside 
and 43y0 pyranoside a t  equilibrii~n~ in metha~~ol ic  hydrogen chloride. 

Among the mono-0-methyl derivatives of L-arabinose the 2-0- ancl 3-0-methyl isomers 
have been known for some time (1) and syntheses of the 5-0-methyl derivative have been 
reported inore recently (2, 3). The present paper reports the synthesis and proof of 
structure of 4-0-methyl-L-arabinose, the only inonomethyl ether of that sugar which 
has not been described. 

The sequence of reactions in the synthesis was as follows: 
Ethyl 2,3-di-0-benzyl-a-L-arabinofuranoside, prepared during the sl-nthesis of 5-0- 

methyl-L-arabinose (3), was refluxed with inethanolic hydrogen chloride to yield a mixture 
of the corresponding furanosides and pyranosides. This mixture was nlethylated, debenzy- 
lated, ancl hydrolyzed to yield 4-0- and 5-0-methyl-L-arabinose, which were separated 
by preparative paper chromatography. 

The prolonged methanolysis (24 hours in 2y0 lnethanolic hydrogen chloride) of ethyl 
2,3-di-0-benzyl-a-L-arabinofuranoside had been expected to coilvert the coinpouild to a 
mixture in which the pyranoside-ring forins predominated (4, 5). However, subsequent 
analysis of the methyl mono-0-methyl-L-arabinosides by gas-liquid partition chroma- 
tography (6, 7) of their fully methylated derivatives gave a furanoside:pyranoside ratio 
of 1:0.75 (57% furanoside, 43y0 pyranoside). I t  has been reported (8) that 0-methyl 
groups on Cz and C3 in the D-xylose inolecule increase the ratio of furanoside forms a t  
equilibrium in methanolic hydrogen chloride. The present results indicated that 0-benzyl 
groups have a silnilar effect. In this connection it inay be noted that 2,3-di-0-methyl-L- 
arabinose yields 75.4y0 furailosides a t  equilibrium in lnethanolic hydrogen chloride (9). 

The 4-0-methyl-L-arabinose was a sirup having [a],, +132Of 2' and giving only one spot 
on paper chromatograms. Complete methylation yielded methyl 2,3,4-tri-O-inethyl-c~,p-~- 
arabinoside and oxidation by bromine water yielded a 6-lactone. The 0-methyl group 
therefore could not be on Cg. The n~ono-0-methyl-L-arabinose yielded a crystallille 
osazone without loss of methoxyl, showing that the Cz hydroxyl was not substituted. On 
methanolysis the mono-0-methyl-L-arabinose yielded crystalline a- and p-methyl glyco- 
sides, which were separated by fractional crystallization. The configurations of the 
glycosides were assigned on the basis of I-Iudson's rules of isorotation (10). Periodate 
oxidation of a mixture of these two glycosides resulted in the consumption of 0.93 mole 
of oxidant per mole of glycoside and showed that the C3 hydroxyl was not substituted. 
Direct proof that the 0-methyl group was on C4 was obtained by reduction and hydrolysis 
of the periodate-oxidized methyl glycosides (11) to yield 2-0-methyl glycerol, identified 
as its crystalline 1,3-di-0-trityl derivative. 

'Issued as N.R.C. No. 6632. 
2N.R.C. Postdoctorate Fellow 1958-1960. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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EXPERIMENTAL 

ildethyl 2,3-Di-0-benzyl-a,p-L-arabirtosides (Furanoside/Pyranoside) 
Ethyl 2,3-di-O-bel1zyl-ol-~-arabi11ofura110side (3), 9.0 g, was refluxed for 24 hours in 2% methanolic 

hydrogen chloride (200 ml). The solution was neutralized with silver carbonate, filtered, and evaporated 
to a sirup (8.9 g) ;  [ol]DZ5 +11.7"f 2" (c, 2y0 in methanol); OCHp, 7.09y0, calc. OCH3, 9.0%. 

illethyl 2,3-Di-O-be~z~yl-~/j-O-nzethyl-~-arabinoside (Fziranoside/Pyranoside) 
The mixture (8.9 g )  of methyl 2,3-di-0-benzyl-L-arabinosides obtained above was methylated twice by 

methyl iodide (75 ml) and silver oxide (10 g )  (12). The product (7.2 g, 78.2y0) showed no hydroxyl absorp- 
tion in its infrared spectrum; [ o l ] ~ ? ~  f O O  (c, 3.45% in methanol); OCHp, 17.60y0, calc. OCH3, 17.30y0. 

~ldetltyl 4/5-0-il4etltyl-~-arabinosides 
The fully methylated di-0-benzyl derivative was debenzylated by reduction with sodium in alcohol (13) 

to yield a s i r ~ ~ p y ,  water-soluble product (2.3 g, 88.4y0); [ [ o l ] ~ ~ ~  -12.0°f 1.5' (c, 1.3% in methanol). 
A sample (5 mg) of this material was methylated by the ICuh11 (14) procedure and the fully nlethylated 

derivatives were analyzed by gas-liquid partition chromatography (6, 7). Separations were carried out a t  
180" C 011 a 4-ft column of polyphenyl ether, 10yo (w/w) on Celite 545 (80-100 mesh), with a flow rate of 
75 ml argon per minute. Under these conditions the anomeric methyl glycosides of 2,3,5-tri-0-methyl-L- 
arabinose were resolved, those of 2,3,4-tri-0-methyl-L-arabinose ran as one component. Measurement of 
areas ~ ~ n d e r  the three peaks showed that the mixture contained 57% of the 2,3,5-tri-0-methyl and 43yo of 
the 2,3,4-tri-0-methyl isomers. 

4-0-ildetlql-L-arabinose 
The ~ n i x t ~ ~ r e  of methyl 4/5-0-methyl-L-arabinosides (2.3 g) was hydrolyzed by 1.5 Nsulphuric acid 

(50 ml) a t  100" C for 8 hours. The solution was neutralized with barium carbonate, filtered, and evaporated 
to a sirup, [ol]~" +35"f  2' (c, 1.5% in water). Paper chromatography of the hydrolyzate in butanone 
saturated with 2% aqueous ammonium hydroxide revealed components, detected by fi-anisidine hydro- 
chloride spray reagent (15), with R F  values of 0.32 and 0.11. Authentic samples of 2-0-, 3-0-, and 5-0- 
methyl-L-arabinose had R F  values of 0.19, 0.14, and 0.32 respectively in the sanle solvent system. Very 
weak spots with RF values of 0.56, 0.21, and 0.55 were also detected; these latter components were probably 
incompletely debenzylated products. 

The component of RF 0.11 was isolated by preparative paper chromatography using the same solvent 
systern. Elution of the appropriate areas of the chro~natograms and filtration and evaporation of the eluate 
yielded 4-0-methyl-L-arabinose as a straw-colored sirup (380 mg); [ol]DZ7 +132"f  2' (c, 1.0% i n  water). 

A sample (1 mg) of this product was methylated (14), and gas-liquid partition chromatography of the 
reaction mixture, using the conditions described previously, showed only one component which ran the 
same as methyl 2,3,4-tri-O-methyl-ol,8-~-arabinoside. 

4-0-Methyl-L-arabinolaclone 
4-0-methyl-L-arabinose (100 mg) in water (3 ml) was oxidized by bromine (0.5 ml) in the presence of 

barium carbonate (75 mg) for 60 hours. Bromine was removed by aeration and the mixture was adjusted 
to pH 1.0 by addition of N hydrochloric acid. The resulting solutio~l was extracted continuously with 
ethyl acetate for 24 hours. The extract was dried (sodium sulphate) and evaporated to yield a sirup (95.3 mg) 
which was distilled, b.p. (bath temperature) 130-135' C a t  0.02 mm. The distillate showed carbonyl 
absorption in its infrared spectrum a t  1725 cm-I indicative of a six-membered lactone ring (16). 

The change in specific rotation of this lactone in aqueous solution, [ol]DZ7 +19.4' (7 minutes) -+ 0' (100 
minutes and constant), was indicative of the rapid hydrolysis characteristic of six-membered sugar-acid 
lactones. 

4-0-Methyl-L-arabinosazone 
4-0-Methyl-L-arabinose (60 mg) in 20% aqueous acetic acid (3 ml) was heated on a boiling-water bath 

for 2 hours with sodium bisulphite (50 mg) and phenylhydrazine (0.5 ml). The solution was allowed to 
stand overnight a t  room temperature and the osazone that crystallized was removed by centrifugation. 
The product was recrystallized from ethanol-water to a constant melting point of 176-177.5" C, [ol]D2' f 0' 
(c, 0.7y0 in ethanol). Anal. Calc. for C18H2303Nd: C, 62.96%; H,  6.75%; N, 16.32%. Found: C, 62.94%; 
H,  6.55%; N, 16.35%. 

Methyl Glycosides of 4-0-Methyl-L-arabinose 
4-0-Methyl-L-arabinose (100 mg) was refluxed in 4% methanolic hydrogen chloride (15 ml) for 15 

hours. Acid was neutralized by Amberlite IR-45 exchange resin and the neutral solution was evaporated 
to  a brown sirup which crystallized spontaneously. 

(a) Methyl 4-0-methyl-p-L-arabinoside.-Crystallization of the mixture from ethyl acetate containing a 
few drops of light petroleum (b.p. 30-60" C) yielded a crop of cubic crystals (36.7 mg) which were re- 
crystallized to  a constant melting point of 112-114" C, [ol]~~' +213"f 2' C (c, 0.93% in methanol). Anal. 
Calc. for C7H1406: C, 47.18%; H, 7.92%. Found: C, 47.20%; H,  7.87%. 
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(b) Methyl 4-0-7rietlzyl-a-L-arabinoside.-All of the mother liquors from crystallization of the 0-anomer 
were combined and evaporated to yield a mass of sticky crystals. Recrystallization from ethyl acetate 
containing a higher proportion (ca. 2:l)  of light petroleum (b.p. 30-60°C) yielded crystals in the form 
of needles, which were recrystallized to a constailt melting point of 83-84" C, [a]n2B +58"f 2" (c, 0.93Y0 
in methanol). Anal. Calc. for C7H1~05: C, 47.18%; H, 7.92%. Found: C, 47.05y0; H, 7.75y0. 

Periodate Oxidation of Metlzyl 4-0-~izetlzyl-a,o-L-arabinoside 
Another sample of 4-0-methyl-L-arabinose was methanolysed as described above. The mixture of anomeric 

glycosides was dried to constant weight (178 mg, 1 mmole) and dissolved in 0.0143 Msodium metaperiodate 
(100 ml). The solution was kept a t  35'C and the consumption of oxidant was followed spectrophoto- 
metrically (17). Consumption of periodate reached a constant value of 0.93 mole per ~nole of glycoside 
after 24 hours. The solution was neutralized with sodium bicarbonate, saturated with sodium sulphate, 
and extracted continuously with ether for 42 hours. The extract was dried (sodium sulphate) and evaporated 
to a sirup, which was hydrolyzed by 0.5 N sulphuric acid (5 ml) a t  97OC for 2 hours. The hydrolyzate 
was neutralized with barium carbonate, filtered, and potassium borohydride (200 mg) was added to the 
filtrate. The solution was left a t  room temperature overnight and Amberlite-IR-120 exchange resin was 
then added until gas evolutioll ceased. The resin was filtered off, washed thoroughly with water and methanol, 
and the combined filtrate and washings were evaporated to dryness under reduced pressure a t  35OC. 
Methanol was added to the residue and the solution was again evaporated. This procedure was repeated 
five times to assure complete removal of boric acid. The residue was then distilled in  uacuo (b.p. up to  
120" C a t  0.02 mm). A solution of the distillate and triphenylchloromethane (61.8 mg) in pyridine (5 ml) 
was kept a t  room temperature overnight and then poured into water (50 ml). The insoluble, oily product 
was separated by centrifugation, dried in  uaczlo, and washed through an alumina column with benzene. 
The eluate was evaporated to  a sirupy residue which crystallized from ethanol, m.p. 161-162' C unchanged 
011 admixture with authentic 1,3-di-0-trityl-2-0-methyl glycerol; mixed melting point with triphenyl- 
carbinol (m.p. 162-164' C) was 133-136' C. Anal. Calc. for C42H3803: C, 85.39%; H, 6.48%. Found: C, 
84.95%; H, 6.2470. 

Preparation of 1,S-Di-O-trityl-2-0-metr'~yl Glycerol 
1,3-Di-0-trityl glycerol (l8),  m.p. 174-176' C, was methylated by methyl iodide and silver oxide to yield 

the corresponding 2-0-~nethyl derivative, m.p. 162-163' C, reported (19) m.p. 158.5' C. The product 
showed no hydroxpl absorption in the infrared and a mixed melting point with triphenylcarbinol (m.p. 
162-164" C)  was 133-136' C. 
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THE ALKALOIDS OF LYCOPODIUM ANNOTINUM 
PART V. T H E  STRUCTURE AND STEREOCHEMISTRY O F  LYCOFOLINE'. 

F. A. L. ANET, M. AHMAD, AND N. I-I. KHAN 
The Department of Chemistry, University of Ottazua, Ottazva, Canada 

Received October 26, 1961 

ABSTRACT 

Lycofolinc for111s a monoacetyl or a diacetyl derivative, depending on the reaction con- 
ditions. Hydrogenation of lycofoline yields dihydrolycofoline. Sodiun~ borohydride reduction 
of acrifoline under non-epinlerizing conditio~ls gives the known acrifolinol, but  reduction 
in the presence of sodium hydroxicle gives both acrifolinol and lycofoline. From these reactions 
as well as the evidence of n.m.r. spectra, lycofoline is shown to  have s t r u c t ~ ~ r e  IV. 

The allcaloid lycofoline, C1,jI-I?502N, 1n.p 144-145O, [aID -75O, was isolated recently 
by Anet and I<han (1) from Lycopodiu7n annotin~~m L. The infrared spectrum of lycofoline 
indicated the presence of a double bond and a t  least one hydroxyl group. A C-methyl 
group was found by Kuhn-Roth determination and the tertiary nature of the nitrogen 
atom was shown by the formatioil of a quaternary methiodide. The present paper deals 
with the elucidation of the structure and stereochemistry of ly~ofoline.~ 

The nature of the oxygen atoms in the a1l;aloid was first investigated. Acetylation 
with acetic anhydride in pyridine solutioil a t  room teinperature gave a monoacetyl 
derivative, C181-12703N, 111.p. 159-160°. This compound still had a hydroxyl group, as 
shown by a band a t  3600 cm-l in the infrared spectrum. Acetylation of the second 
hydroxyl group was much more difficult, being iilcornplete even after 7 hours a t  80 
to 90' with the acetic anhydride - pyridine reagent. The diacetyl derivative, C201-12901N, 
m.p. 113-118O, was, however, easily separated froin the monoacetyl derivative by 
chromatography. Thus, there are two hydroxyl groups in lycofoline, and one hj~droxyl 
group is quite strongly hindered. 

IHydrogenation of lycofoline proceeded readily in the presence of Adams' catalyst to 
give dihydrolycofoline, C161-12702N, 1n.p. l4G-147'. This compound was isoilleric but 
not identical with dil~ydroacrifolinol (2), a-dilnydroaiunofolii~e (3), or deacetylfawcettiine 
(4). 

The proton nuclear nnagnetic resonance (n.m.r.) spectra (5) of lycofoline and its 
acetyl derivatives provided key information in the structure deternnination of the 
alltaloid. 

The i1.m.r. spectruill of lycofoline is shown in Fig. 1. The doublet (splitting, G c.p.s.) 
a t  9.02 T of intensity corresponding to three protons confirins the presence of a C-methyl 
group. The position of this band shows that the C-methyl group is attached to a saturated 
carbon atom, and the splitting of G c.p.s., that this carbon bears just one hydrogen 
atom. The triplet (splitting, 4 c.p.s.) of relative intensity 1:2:1 a t  4.71 T corresponds to 
one ethylenic proton. The magnitude of the splitting shows that the grouping involved 

'Taken  i n  part from the lJh.D. thesis of N .  I-I. K h a n ,  University of Ottawa, 1859. 
2Part 111, F. A. L .  Anet ,  Tetrahedron Letters, No. 20, 13 (1960); Part I V ,  F. A. L .  Anet and 114. V .  Rao, 

Tetralted~on Letlers, No.  20, 9 (1960). 
3After the preparation of this paper was cofnplete, a preliminary contn~z~nication (R.  H. Burnell and D. R. 

Taylor, Ci~enz. 6 Ind .  (London), 1399 (1961)) appeared i n  which the same co~zclusio~ts were reached, but based 
on differe~tt evidefzce. 
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ANET ET AL.: LYCOFOLINE 

FIG. 1. Nuclear magnetic resonance spectrum of lycofoline i11 chloroform solution. 'The sharp band a t  
lowest field is due to  C13MC13. 

is C>C=CH-CE12-. Bands a t  6.14 r and 6.82 r ,  each corresponding to one proton, 
r 
L 

can be assigned to >CH-0- groups from their chemical shifts and from the effect 

of acetylation on the position of these bands. The protons of the hydroxyl groups corre- 
sponding to these bands probably give rise to the sharp band a t  7.2 r. No coupliilg is 
observed owing to fast exchange of the protons of hydroxyl groups caused by the basic 
nitrogen atom present in the allcaloid. The band a t  6.82 T is a quartet with spacings of 
10.8 and 5.4 c.p.s., showing that there is coupling to two protons. The values of the 
coupling constants are consistent with the following arrangement about the hydroxyl 
group : 

The band a t  6.14 r is quite broad, with a half-band width of 10 c.p.s., indicating coupling 
to three or four protons. The coupling constants cannot be very large and a structure 
of the following type is consistent with the evidence: 

The n.m.r. spectrum of acetyllycofoli~le shows the same features as  that of the parent 
alkaloid except that the quartet a t  6.8 r is shifted to 5.66 r. This is consistent with 
the assignment already made that the proton responsible for this band is attached to 
a carbon atom bearing an equatorial, and therefore unhindered, hydroxyl group. In 
diacetyllycofoline, the n.m.r. spectrum is further modified by a shift on the band a t  
6.14 r to  4.94 T. In both acetylated derivatives the protons of the acetyl groups give rise 
to a sharp band a t  about 8.00 r. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



238 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

On the basis of the above evidence and of a probable structural relationship to other 
Lycopodium alkaloids the most liltely structure for lycofoliile was thought to be IV. 
In IV the axial secondary hydroxyl group is highly hindered, as required by the experi- 
mental evidence. 

That  lycofoline indeed has structure IV was proved in the following way. Reduction 
of acrifoline (I) with sodium borohydride in the presence of sodium hydroxide was 

found to give a nlixture of acrifoliilol (2) and lycofoline. These reduction conditioils 
have already been used to obtain deacetylfawcettiine from annofoline (4). The reaction 
of acrifoline with lithium aluminum hydride is known (2) to give acrifolinol. Although 
acrifoline is certainly unchanged by base (2, 6), i t  must isomerize to some slight extent 
to give an equilibrium amount of 111. The ketone group in acrifoline, like that  of anno- 
foline, is highly hindered and therefore undergoes reduction with inetal hydrides to 
give an axial alcohol, acrifolinol (11). This is also consistent with the fact that  reduction 
of acrifoline with lithium and alcohol in liquid ammonia gives a different alcohol (6), 
in which the new hydroxyl group is presumably equatorial. 

In I11 the carbonyl group is unhindered, and therefore hydride reduction should 
give the equatorial alcohol IV. In fact, this reduction product is identical with lycofoline. 

Since dihydrolycofoline is not identical with deacetylfawcettiine (V), i t  must have 
structure VI. Acetyl derivatives of lycofoline occur in L. fawcettii (7), but have not been 
found as yet in L. annotinz~m. 

EXPERIMENTAL 

Infrared spectra were taken on a Perkin-Elmer Infracord instrument with carbon tetrachloride as the 
solvent and 1-mm-path-length cells. Paper chromatography was carried out on buffered paper with wet 
butanol as the developing agent. The n.m.r. spectra were measured on a Varian V-4302 high-resolution 
spectrometer a t  a frequency of 60 Mc/sec. Tetramethylsilane was used as an internal standard and chemical 
shifts are given on the 7 scale of Tiers (5)  (i.e. in p.p.m. with tetramethylsilane a t  10.00). The chemical 
shifts' obtained were not particularly accurate and may be in error by as  much as  0.1 7.  The coupling 
.constants should be accurate to 1 c.p.s. 
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Acetyllycofoli?te 
A mixture of lycofoline (50 mg), pyridine (0.3 ml), and acetic anhydride (0.3 ml) was allowed to stand 

a t  room temperature for 5 hours. Methanol was added and the solution evaporated to dryness in a stream 
of nitrogen. Sublimation of the residue a t  110-120° a t  0.03 mm gave 45 mg of a compound giving a single 
spot on paper chromatography (pH 6.0) (RI 0.66; Rl of lycofoline 0.25). The sublimate was crystallized 
from acetone-pentane to give 27 mg of acetyllycofoline, m.p. 159-16O0, pK, (50% aqueous ethanol) 8.7. 
(Found: C,  71.03; 11, 8.86. Calc. for C18H2703N: C, 70.79; H, 8.91%.) In the infrared the compound had 
bands a t  1740 and 3600 cm-I. 

Diacetyllycofoli?te 
A mixture of lycofoline (103 mg), pyridine (1 ml), and acetic anhydride (1 ml) was heated a t  80-90° 

for 7 hours. The reaction was worked up as described abovc to give an oily distillate (117 nlg) which gave 
two spots on paper chromatography (pH 6.0) (R, 0.61, 0.83; R, acetyllycofoline 0.61). About two thirds 
of the product was the required diacetyl derivative. Chromatography of the product on alumina (25 g, 
deactivated with 5% water) resulted in the separation of diacetyllycofoline, which was eluted first with 
benzene, from acetyllycofoline, which was eluted with 4:l benzene-chloroform. The diacetyllycofoline was 
sublimed a t  110-120° a t  0.03 rnln and then recrystallized from ether and finally resubli~ued to give 12 mg 
of crystals, m.p. 113-118". (Found: C, 68.85; I-I, 8.13. Calc. for CsoHesOnN: C, 69.13; H ,  8.41%.) The infra- 
red spectrum had a band a t  1740 cm-I, but no hydroxyl band. 

13il~ydrol~~cofoli?ze 
A ~nixture of lycofoline (35 mg), ethanol (6 ml), and Adams' catalyst (18 mg) was shaken in an  atmos- 

phere of hydrogeu for 8 hours. The catalyst \bras removed and the solvent evaporated. Sublimation of the 
residue (130-140" a t  0.03 mm) gave 30 mg of product which gave one main spot (R, 0.37; R, of lycofoline 
0.60) on paper chromatography (pH 7.0). Traces of other compounds were also prescnt (R, 0.21, 0.77). 
The product was chromatographcd on alumina (5 g, deactivated with 5% water). Elution with 2:3 benzene- 
chloroforn~ gave a product which, after thrce sublimations, an~ounted to 12 mg, m.p. 146-147". (Found: 
C, 72.12; t I ,  9.99. Calc. for CIGH?,O?N: C,  72.41; H, 10.2G%.) 

Redztction of Acrifoline Hydrobroitzide with I V ~ B F I ,  i i z  tlre I-'rcse?~cc of Sodiz~nl  Hydroxide 
Acrifoline hydrobro~nide (205 nlg), ethanolic sodium hyclroxide solution (6.1 g in 150 ml), and sodium 

borohydride (0.712 g) wcre rcfluxed for 2 hours. Excess of sodium borohydride was decomposed with 
acetic acid ancl most of the ethanol was evaporatetl. The residue was dissolved in water, made basic with 
dilute sodium hydrosidc solution, and extracted with chloroforn~. The chloroform extract was evaporated 
to give the crude reaction product. A paper chro~natogram (pI1 7.0) of this product gave t\vo spots, Rl 
0.50 (lycofolil~e, minor component) and 0.73 (acrifolinol, major component). 

Since the two compounds prcsent in the crude reaction product wcre ~vcll separated on the chromato- 
gram, isolation of them was made by preparative paper chronlatography on Whatman No. 3MM paper 
buffercd to pH 7 and developed with butnnol saturated with water. 

The strip corresponding to the compound with the lower R, value was cut from the rest of the paper 
and was cluted with 1% hydrochloric acid. The acid solution was well shaken with chloroforll~ and the 
chloroforn~ layer was rejected. The acid solution was then made basic with dilute sodium hydroxide solution 
and the allcaloidal contents were extracted with chloroform. The product obtained on removal of chloroform 
from the extract was sublimed a t  105-115° under vacuum. 

The sublimed product (25 mg, m.p. 140-144") was crystallizcd from ether, n1.p. 143-145". A mixed 
melting point with an  authentic sample of lycofoline did not show any depression. The infrared spectrum 
of the product in Xujol mull was identical with that of lycofoline. The product had [a]= -74.5" ( c ,  2.0 
in ethanol). 
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ABSTRACT 

The reaction has been studied in a fast-flow syste~n by the addition of atomic hydrogen 
to active nitrogen. Hydrogen atom concentrations were estimated fro111 the maximum 
destruction of hydrogen bromide in the atomic hydrogen stream. The nitrogen atom con- 
sumption, in the reaction mixture, was determined by addition of nitric oside a t  different 
positions along the reaction tube. A lower limit of 4 . 8 7 f  0.8X1014 ~ c ~ m o l e - ~ s e c - ~  was derived 
for the rate constant of the reaction of nitrogen atoms with hydrogen atoms, over the pressure 
range 2.5 to 4.5 mm, in an unheated reaction tube, poisoned with phosphoric acid. No reaction 
between nitrogen atoms and ~nolecular hydrogen was observed, even a t  350' C. 

INTRODUCTION 

A good deal of recent work has provided evidence for the existence, in the gas phase, 
of radicals consisting of nitrogen and hydrogen, e.g., NI-I, NF12, N2H2, N2H3. Most of 
these have been identified spectroscopically from studies on such substances as  hydrazoic 
acid, hydrazine, and ammonia (1, 2, 3). The failure of many investigators (4, 5) to find 
NI-I radicals, by Inass spectrometry, in the dissociation of hydrazoic acid, has been 
attributed to the ability of the NI-I radical to abstract hydrogen atoms from che~nically 
stable molecules, without the need for any activation energy. On the other hand, the 
presence of atomic nitrogen and hydrogen in the reaction products has suggested that  
nitrogen atoms are Inore or less passive toward bound hydrogen (4). Fro111 chemical 
studies, Winkler and his co-workers (6, 7) have similarly concluded that nitrogen atoms 
do not abstract hydrogen atonls in their attack on hydrocarbons or ammonia. 

An attempt has been made in the present investigation to establish the kinetics and 
mechanism of the reaction that occurs in a mixture of nitrogen and hydrogen atoms. 

The apparatus ivas a fast-flow system, similar to that  uscd in other studies in this laboratory. Microwave 
generators (Raytheon 125-watt diathermy unit, operating a t  a frequency of 2400 Mc/sec) were used to 
produce atomic nitrogen in one, and atomic hydrogen in a second, quartz discharge tube, each of which 
was of 12 -m~n  i.d., and 10 cm long. The reaction vessel was a pyres tube of 20-nun i d . ,  and 30 cm long, 
poisoned with 20% phosphoric acid. Five small inlets were placecl alor~g the reaction tube a t  different 
distances. 

Nitrogen and hydrogen, after passage through liquid air traps, were passed into their respective discharge 
tubes and the emerging gas streams, containing nitrogen and hydrogen atoms, were blended in the r e a c t i o ~ ~  
vessel. The nitrogen atom consumption, in the reaction mixture, was determined by addition of pure 
nitric oxide a t  subsequent jet positions along the reaction tube. 

Nitric oside reacts with hydrogen atorns by the termolecular mechanism (8, 9) 

followed by 

S O + H + M  + H S O + M  

H S O  + H + Hz + NO. 

Hence, destruction of nitric oxide should occur only a s  a result of attack by active nitrogen, which permits 
the nitric oxide titration (10, 11) to be used for cstirnation of the nitrogen atom flow rate in the presence 
of hydrogen atoms. 

' T h i s  work rrceivedj'i~ancial assistance from the Geophysics Research Directorate of the A iv  Force Canabridge 
Research Laboratories, A i r  Force Research Division, the Defei~ce Resenvch Board of Canada, and the Natio~zal 
Research Council of Canada. 

2Holder of a "Conzinco" Fellowship, 1969-60, and n Nntional Research Council Studentship, 1960-61. 
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Hydrogen atoll1 concentrations a t  the point of ~nis ing were detern~ined, for the salne pressure and flow 
conditions that  prevailed during the reaction, but without the nitrogen discharge in operation, by intro- 
ducing excess hydrogen bronlide, and estimating the n ~ a s i n l ~ ~ n ~  amount of hydrogen bromide cons~uned 
by hydrogen atoms (12). Hydrogen bromide flow rates, and unreacted hydrogen bromide, were estimated 
by condensing it in a removable t rap  containing standard NaOH solution, and back titrating the excess 
alkali with standard acid. 

All the experiments were made in an unheated reaction tube, n i th  the one exception that the reaction 
of nitrogen atoms with molecular hydrogen was studied a t  temperatures up to 350' C. 

RESULTS A N D  DISCUSSION 

A series of experiments was first made in which inolecular hydrogen was added to 
active nitrogen. No product was found from this reaction, and the afterglow intensity 
was unaffected (except for a possible dilution effect), even a t  high flow rates of ~nolecular 
hydrogen, and a t  tenlperatures up to 350' C. This observation agrees with that from 
earlier studies by I<istialtowslry and Volpi (13) and Steiner (14), but  is contrary to the 
results of Varney (15), who found s~llall amounts of ammonia. 

The reaction of nitrogen atoms with hydrogen atoms appeared to produce only s~nal l  
amounts of a basic substance, estimated by titration with standard acid. This product 
lvas assumed to be ammonia, since hydrazine, if formed, should react rapidly with 
either nitrogen or hydroge~l atoms, which were present in excess in the gas stream (IG). 
Moreover, earlier studies indicate that hydrazine is not a significant product of the 
reaction (1, 17). The data for xmmonia production, in Table I, are in substantial agree- 
ment with earlier observations (1, 17). 

TABLE I 
Ammonia produced in the reaction of nitrogen atoms with hydrogen atoms 

(Ur~heated reactiou tube poisoned with phosphoric acid) 

Nitrogel1 Hydrogen Total Nitrogen atom Hydrogen atoll1 Ammonia 
pressure, pressure, pressure, flow rate, flow rate, produced, 

mm mm mm mole/sec X lo6 mole/sec X lO\nole/sec X lo6 

2 . 0  0.50 2 .50  2.84 5 . 2  - 
2 . 5  0.50 3.00 3 .25 5 . 2  - 

The following energetically favorable elenle~ltary reactions may be iilvolved in a 
mixture of ilitrogen atoms and hydrogen atoms: 

*The  heats of reactiotz are approxirr~ate, based o n  flze da!a DN-N = 225 kcal, DH-a = 10s kcal, = 85 
kcal ( IS) ,  DE-NH = SS kcal (19), Da-XH, = I04 kcal (201, Dm-NE = 104f  6 kcal (4); but they do indicate 
the energetics of the reactiotzs considered. 
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NH? + NH2 --t N? -I- 2H? - 85.0 
KHz + N --t X2 + Hz -155.0 

NHz + Ha --t NH, + H - 1 . 0  
NHz + NHz + M -+ NkI, + M - 68 0 

N + N + M  - + N ? + M  -225.0 
N + wall --t :Y\I~ + wall 

I I + H + M  --t I - I ? + M  -103.0 
13 + wall --t :I-I, + wall 

The NH2 can be formed only by reaction [6] which, followed by reactions [8] and 
[12], would lead to the formation of ammonia. The very small amouilt of ammonia 
produced (Table I) indicates that  NF12 exists in the gaseous mixture oilly in small 
amounts, in accordailce with its formation from ternary collisioils (reaction [6]), and 
its destruction by the probable reactioils [0], [lo], [ l l ] ,  and [13]. For a kinetic treatment, 
reaction [6], and the other ter~nolecular reactions [$I, [7], and [8], may be neglected in 
comparison with the bimolecular reactioils [2], [3], and [j]. Reactions [0] to [13], inclusive, 
may then also be neglected, since they depend upoil reaction [6]. 

From reactions [I], 121, [5], 1131, and 1151, 

Reaction [2], the attaclc of NI-I by N,  is probably very fast, since it appears to  be 
quite analogous to the reaction of NO with N, for which a rate co~lstant between 10-lo 
and 10-l1 cc molecule-lsec-I (21, 22) has beell found in recent investigations. No similar 
basis seems to be available for estimating the rate of reaction [5]. I t  is quite coilceivable 
that i t ,  too, might be a fast reaction, but there is no reason to suppose that its rate 
would exceed that  of reaction 121, under the conditions of the present experiments. 

If i t  is assumed that  the rates of reactions [2] and [5] are equal, 

On the other hand, if i t  is assumed tha t  reactioil [5] may be neglected relative to reaction 
[2], application of the steady-state approxiination to NI-I yields 

d(NH)/dt = kl(M)(I-I) (N) - k2(NI-I)(N) w ~ ~ ( N H ) ~  = 0. 

Since the NI-I conce~ltration is expected to be small (the half-life of NH is about 9X 
second (I) ,  compared with a value of approximately second for CH and CHZ), 
the term k3(NH)"ay be neglected. Then 

kl(M) (H) (N) = k?(NI-I) (N) 

and 
-d(N)/dt = ~~I(A~)(H)(N)+~~~(M)(N)~+~IS(N). P O I  

Calculation from equation [20] should therefore give a lower limit for the value of 
kl, which, however, is not likely to be in error by more than a factor of two. 

If the wall recombination of nitrogen atoms is neglected, since the reaction of nitrogen 
atoms with hydrogen atoms has been studied a t  pressures higher than 2.5 mm (23, 24, 
25), the rate expression is given by 

Upon integrating, 
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MAVROYANNIS AND WINKLER: N AND H REACTION 243 

The rate expression for the decay of hydrogen atoms in reactions [16] and [17] is 

-d(H)/dt = ki~(M)(H)~+ki7(H) .  

This integrates to 

k17 1 
(H) - - 

Hence, 

Similarly, the nitrogen atom concentration a t  time t (reaction [14]) is given by 

(N) tdt = 
(N)odt 

klrl(M) ( N ) o ~ +  1 ' 
Upon integrating, 

Substitution of [22] and [23] in equation 1211 yields the expression 

log -- (N)O log [ l + k ~ ( M )  (N)ot] 
k16 (N)t kl = 2 

log [l + kl~(M)(tl)o (l-e-k17 1 )  

k17 I' 
where (N)o = initial nitrogen atom concentration, (H)o = initial hydrogen atom con- 
centration, (N), = nitrogen atom concentration a t  time t, t = reaction time. The  rate 
constant of reaction [16] was taken as  k16 = 1016 c~~ ino le -~sec -~  (26, 27) with y = 2 X  
(28), which, for the conditions used, corresponds to k17 = 2.5 sec-l. For the rate constant 
of reaction [14], the value of k14 = 1.04X 101~c2mole-2sec-1 (25) was used. 

Rate constants for the reaction of nitrogen atoms with hydrogen atoms under various 
conditions, derived froin equation [24], on the assumptioil that  atoms and n~olecules 
are equally effective as  third bodies, are recorded in Table 11. The average value of kl 
may be taken as 

l over the range of pressures from 2.5 to 4.5 mm, in an unheated reaction tube poisoned 
I 

with phosphoric acid. 
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The number of terlnolecular collisions nlay be calculated, using the collisioll model, 
and assulning the mechanism- of the reaction to be 

X + H  F? NH* 
T H *  + M - NI-I + M, 

as given by 

Z t e r  Z N H ~ N H * . M ~ X H * ,  

where Z,, and Zs,*., are the binary collision frequencies between N and 1-1 and NIH'" 
and R/I respectively, and TNH* is the mean life time of the complex NI-1:" For T = 300' I<; 
iM = N2; collision diameters cr, = 5.95 '4, cr, = 5.4 L4, cry, = 2.68 -A; and 7NH* = 10-l3 
second, 

Z,,, = 1.2 X 10IG ~c~n~ole-~ssec-~, 

and for i\/I = I-I?, and crHq = 2.7 A, 
Z,,, = 9.2 X 10'" ~c%mole-~sec-~. 

Thus, the reaction of nitrogen atoms with hydrogen atonls has a probability factor 
of 4X1OP2 or 5X10-2 depending on whether nitrogen or hydrogen is consiclerecl as a 
third body. 

The value of kl reported here for the three-body interaction of nitrogen and hydrogen 
atoms is lower than that found for many atom-combination reactions, but, within 
experimental error, it probably shoulcl be regarded as comparable with the value of 
1.83 X 1015 ~c~~nole-~sec- '  found recently for the rate constant of the analogous reaction 
of nitrogen and oxygen atoms (25), and with the most recent value, 1.0X101%cc2~nole-2 
sec-I, for the rate constant of the 0 + 0 + iVI reaction (29). 
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THE KINETICS OF THE DECOMPOSITION AND SYNTHESIS 
OF SOME DITHIOCARBAMATES1 

D. M. MILLER AND R. A. LA TIMER^ 
The Pesticide Researc/z Institule, Canada Department of Agriculture, London, Ontario 

Received July 31, 1961 

ABSTRACT 

Rate constants, activation energies, and dissociation constants were determined in a 
kinetic study of the synthesis and decolnposition of a number of N-substituted dithio- 
carbamates. These data  combined with certain spectral evidence are evaluated and reaction 
n~echanisn~s  suggested. 

INTRODUCTION 

Studies on the acid-induced decomposition of a number of dithiocarbamates having 
the general structure I have been reported by Bode (I) and Zahradnik and Zu~nan (2). 
Bode made kinetic studies based on the assulnption that decomposition occurs a s  the 
single reaction 

n\ 
N-C-S- + 2Hi + 

R\ 
NHzi + CS2. 

R" 5 R'/ 

Zahradnik and Zuman, on the other hand, showed that the dithiocarbarnate ion (A) first 
combines with a hydrogen ion, giving the protonated form HA, which then decomposes 
to CS2 (C) and the corresponding amine (B) thus: 

so that  2 moles of acid are consumed per mole of dithiocarbarnate decomposing. They 
further suggest two possible structures (I1 and 111) for the protonated form of which, 
they argue, I11 is the more likely. These conclusions are re-examined in the present work 
in the light of new information obtained through a study of a number of compounds, some 
of which have not been investigated previously. 

R\ 
N -C -SH 

R\ /H 
h-C-S(-) 

R" 4 Rj/(+) 

EXPERIMENTAL 
Materials 

The N-[p-aminoethyll-dithiocarbalnate inner salt was synthesized by the method of McKay and Hatton 
(3). while standard methods were used in the  synthesis of all other dithiocarbamates.* All these compounds . ., 
were subjected to  frequent recrystallizations while under study. The  remaining chemicals used were reagent 
grade or of equivalent purity. 

'Th i s  paper constitutes part of a thesis submitted by R. A. Latimer i n  partial fulfillment of the Ph.D. degree 
(1969) from the University of Western Ontario, London, Ontario. 

2Present address: John Labatt Ltd., Sinzcoe St., London, Ontario. 
*The authors wish to thank Dr. G. D. Thorn of this institute, who provided these conzpounds. 
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MILLER AND LATIMER: DITHIOCARBAM-ATES 247 

-/fetRods 
(a )  Deconzposition Reaction 
The dithiocarbarnate in crystalline form was dropped into a well-stirred, deaerated 500-ml volume of 

distilled water, previously adjusted to the proper pH, in which it dissolved rapidly, initiating the reaction. 
The reaction vessel was sealed against the  entry of air and a slow stream of nitrogen bubbled through the 
solution removed the CS2 produced. A Radiometer titrator (available from Canadian Laboratory Supplies 
Ltd., Toronto, Ont.) was used to maintain the pH which otherwise would have risen due to the consumption 
of hydrogen ions. The titrator added standard HC1 from a recording burette (4), which provided a record 
of the course of the reaction. 

(b) Sywtlzesis 
The same apparatus was used in the study of the synthesis reactions with the following changes in pro- 

cedure. Nitrogen saturated with CS2 vapor was bubbled through distilled water a t  the proper pH and 
temperature until a saturated solution was attained. 'The reaction was started with the addition of a solution 
of the appropriate anline hydrochloride and the pII maintained by the titrator with the addition of standard 
NaOH solution. Samples of the solution were re~novcd for CS? analysis (5) both a t  the beginning and end of 
the reaction to establish the concentration of CS2. 

All reactions were studied a t  a constant temperature (f 0.05" C )  and most measurements were made 
within the concentration range of 0.5-1.0 mM. In some cases, however, 10 times this value was used without 
noticeably altering the  lcinetics. 

(c )  Ultrauiolet S p e c t ~ a  
Three ultraviolet spectra were obtained as follows using a Beckman D.IC.1 recording spectrophotometer: 
(1) The spectrum of the N-metRylditlziocaiba~rzate ion was obtained on a 6x10-5 iM solution of the sodium 

salt in distilled water. 
(2) The spectruill of the protolzated fornz of the same ion was obtained by dissolving the salt in water t o  a 

concentration of 6x10-3 ilt and diluting with 100 volumes of 0.1 N HCI, being careful t o  exclude oxygen 
from all solutions. Other measurements were made in 1 and 6 AT HCI, with no change in the shape of the  
spectrum. 

(3) The nzetlzyl ester of N-methyldithiocarbarnate was dissolved in alcohol to a concentration of 6X10-2 iM 
and diluted with 1000 volumes of either water, 0.1 AT HCI, or N IICI, giving similar spectra in all three 
solvents. 

Following dilution by the  appropriate solvent the solution in each case was introduced into the spectrom- 
eter as quickly as possible and the spectrum recorded. This was followed by further recordings a t  different 
time intervals to ascertain the rate of dissociation, if any. Only the acid solution of the salt decomposed, 
causing a drop in the height of the pealcs with no change in the shape of the spectrum, provided oxygen 
was rigorously excluded. Plotting the optical density of the highest peak against time and extrapolating t o  
zero time provided an estinlate of the drop in absorption due to  decomposition. 

RESULTS AND CALCULATIONS 

Decomposition of the Alkylditlziocarbamates 
Figure 1 is a reproduction of an actual record of acid consumption against time resulting 

froin the decoinposition of sodiuin N-inethyldithiocarbamate. Here Qo is the initial uptake 
required to satisfy the equilibrium 

For a first-order reaction, 

where V is the volume of solution, T is the total number of moles of dithiocarbalnate 
present a t  any time t ,  and k is the first-order rate constant. Since T/V = [A]+[HA] then 
[l] can be rearranged to give 

[HA] = 
[H+I .T = T 

IC,+[H+] v aY.' 
Substitution of [3] into [2] followed by integration gives for the first-order rate constant, 
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3 0 9 0  150 
TIME I N  M I N  

FIG. 1. Titration of so t l i~~m meth~.ldithiocarbamatc a t  p1-I 3.0 and 25" C. 

where To is the initial number of moles of dithiocarbamate. The arnount of dithio- 
carbamate which has decomposed a t  time t will be To- T and the amount of acid con- 
sumed by this decomposition will be 2(To-- T). Furthermore, some acid will have been 
consumed in the formation of the protonated form and since this equals [HA] V, the total 
acid consumption to time t will be 

Q =  TO-T)+[HA]V. 15 I 
During any given run, since the pH is a constant, a will be a constant. Thus the ratio 

[HA] V/T a t  any time will be equal to a ,  and therefore to its original value [HA]oV/To. 
The initial uptalte of acid Qo results from the production of sufficient protonated form to 
satisfy [I] so that  Qo = [HAIOV. Furthermore, when the reaction is complete all the 
dithiocarbamate is decomposed, consuming 2 moles of acid per mole of dithiocarbainate 
initially present or Qm = 2To. Thus we have [HA] V = 2QoT/Qm and To = Qm/2. These 
two expressions may be substituted into [5] to solve for T, which is then introduced into 
[4] to give [GI, an equation for the rate constant in terms of the ~neasurable values Qo, 
Q, and Qm: 

2.303 Q,-Qo k = - log-. 
at Qm-Q 

T o  obtain the value of a i t  is necessary to determine I<, for each compound. This may 
be obtained directly from the graphs since 

These measurements were made a t  a number of pH's for each con~pound and the I<, 
values averaged. With this information, equation [6] could be applied to recordings of 
acid consumption a t  different pH's, allowing the rate constant to be determined at a 
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~lulllber of different time values. A11 these values were averaged for each compound and 
standard deviations calculated to provide the iilforinatio~l listed in Table I. The activation 
energies were obtained in the usual way from measurenlents made a t  various temperatures. 

TABLE I 
Constants involved ill the decomposition of some N-substituted derivativcs 

of dithiocarbamic acid 

Dissociation constant K, Rate constant k Activation encrgy 
Derivative a t  25" C (mole 1-I) a t  25" C (min-l) (Iccal) 

Mcthyl 
Ethyl 
12-Propyl 
Dimethyl 
Diethvl 

Syntl~esis of the Alkylditiziocarbamates 
The synthesis reactions which occur a t  high pH may be expressed as 

B H + +  B + H+ [8al 

B + C  + H A  [8bl 

HA A + I-I+. 18~1 

Equation [8a] is an equilibriulll determined by the dissociation constant & of the anline 
and occurs virtually instantaneously as does [8c]. Thus we may shorten the over-all 
reaction to 

B + C - + A + H + .  19 I 

K b  for the various alnines is available in the literature (6 ,  7). From them may be calcu- 
lated the concentration of the free allline in each case as 

[OH-] 7; [ B ]  = = 7; 
ICb+ [OH-] v , 

where Tb is the total anlount ol anline present. Reaction [9] is actually second order but  
since [ C ]  is held consta~lt it is reduced to first order and as in the previous section we may 
derive the expressio~l 

2.303 Q,- Qo 
k -- log 

" - b [ C l t  Q,-Q' 

where Q,, Qo,  and Q now refer to quantities of base added. 
As before, the rate constants were deterilliiled a t  a number of different time values 

fronl graphs recorded a t  a llunlber of pH's and the values averaged to give those recorded 
in Table 11. 

Decomposition of P-Aminoethyldithiocarba~mate and Disodium Ethylelze Bisdithiocarbamate 
(Nabam) 

The decoinposition of Nabarn (NaS(S)CNHCH2CH2NHC(S)SNa) is co~nplicated by 
the fact that the two dithiocarbamate groups are present, resulting in the possible exis- 
tence of two protoilated forms (HA and H2A) and in the formation of a monodithio- 
carbalnate intermediate (the P-aminoethyl derivative) which itself has two forms (referred 
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TABLE I1 
Constants involved in the synthesis of some N-substituted 

derivatives of dithiocarbarnic acid 

Rate constant k Activation energy 
Derivative (1. mole-'mill-I) (kcal) 

Methyl 
Dimethyl 
Diethyl 

to below as M and HM).  Thus, before a reaction scheme for the decompositioi~ of Nabam 
can be written the dissociation constants I<1 and I < z  for Nabam and K 3  for tlle B-amino- 
ethyl compound must be determined, so that we may calculate the concentrations of the 
various forms from equations [ I l l ,  [12], and [13]. 

T 
[HZA] = a: - , where a: = [PI" 

V [H+]"$-K~[H+]+K~K~ ' 

T 
[HA] = f l  v , where fl = 

I<l[H+] 
[H -'~'+IcI[H+]+K~ ' 

TAl [H+ 1 
[HM] = Y 7, where y = 

[H+I +1<3 I 

where T (and later To) refer to  the total arnouilt of the various Nabam forms and T, is 
the amount of intermediate (monodithiocarbainate) present. 

From titration curves of Nabarn a t  various pH's, Qo and Q, were measured, and since 

and 

then by substitution we obtain 

Using the values of 4Qa/Qm obtained as a function of [H+], Ii=l and Kz were obtained from 
[14] employing a modification of Hartley's statistical method as outlined by Williams 
(8).": These values are listed in Table 111. 

TABLE I11 
Constants involved in the decomposition of ethylenebisdithio- 

carbamic acid determined a t  25' C 

Dissociation constants (mole 1-I) Rate constants (min-I) 

*The authors are indebted to Mrs. P. M .  Morse, Statistical Research Service, Canada De$artntent of Agri- 
cultzbre, Ottawa, for assistance i n  these calculations. 
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MILLER AND LATIMER: DITHIOCARBAMATES 251 

The determination of K 3  was attempted using the methods previously described for the 
alkyl derivatives but  it was found that  even a t  p H  2, Qo was small, indicating a relatively 
large value for K3, which could only be estimated as  approximately 10-1 mole 1-1. This 
high value is probably due to stabilization of the ionized form as a cyclic inner salt (IV). 

HqC- CH 2 

.( \ 
H3h (+) N-H 

/ 
(-)S-C 

I I 
S 

Since K g  is large relative to the range of [H+] used in this study (pH 2.5 to 4.0) we may 
let -y = [H+]/I<3. Furthermore, since I<Q is not known accurately only the ratio R = k3/I<3 
(where k3 is the decomposition rate constant) can be obtained employing instead of [6] 
expression [15] in which R is a constant independent of [H+]. A value for R averaged from 
measuren~ents made over a range of [H+] is given in Table I. 

Turning again to Nabam we inay write for the over-all decolnposition the following: 

h kJ 
+H+ , +Hi 

M, K3 
H M k3 'Products 

This inay be sinlplified to  

k k' 
A -+ M -+ products, 

+2H' +2H' 

where k = akl+Pkz and k' = yk3 = [H+].R. 
The total acid consumption is given by Q = QA+QM, where QA is the acid consurned 

during the first decomposition step in [16] and Qhl acid consumption during the second. 
These in turn can be seen to be 

QA = 2(To- T) +[HA] V+2[HzA] V 
and 

QM = =(To- T) - ~ T M ,  

where TM is the amount of unreacted intermediate, virtually all of which is in the disso- 
ciated form. Again, since [HA] V+[H2A] V is a constant fraction of T and To = Qm/4, 

so that  substitution in equation [4] provides the expression 

2.303 
k = - log Qm- Qo 

t Q,-Q-~%' 
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The amount of the intermediate may be found fro111 the standard expression [18]. 
Obviously the substitution of [18] into [17] produces an equation much too conlplex for 
an easy solution of k, so that  an approximation must be made. The first step is to obtain 
an estimate of k with TM = 0. This value substituted into [18] gives a first approximation 

k T ( -" - e-k't ) TM = kl--k O e  [Is1 
for T,, which when introduced into [17] provides the second approximation for k. Further 
approximations of k and T,, are made until stabilized values are obtained. Since k = okl+ 
pkz and, fro111 [ l l ]  and [12],  o = ([H+]/IC1)P, then 

so that by plotting [H+]/R1 against k/P a straight line is obtained whose slope is kl and 
k/P intercept is kz. Figure 2 represents such a plot fro111 which the values listed in Table 
I11 were obtained. 

FIG. 2. 
The Ultraviolet S1)ectra 

The three spectra are reproduced in Fig. 3, the acid curve appearing twice to allow 
conlparison between it and the others. The ester and salt concentration were 6.0 X10-5 ill 
while the acid for111 was estimated to be 5.4 X 10-5 iW. 

In the presence of oxygen the spectrum of the acid for111 slowly changed to one having 
a pealr of 240 mp and a shoulder a t  about 275 mp. This later spectrum appeared to be 
stable with time and reverted to the ion form 011 neutralization. 

DISCUSSION 

The experimental results may be discussed most conveniently in three sections as  
follows: 

( a )  Spectral Evidence 
Janssen (9) has made an extensive study of the ultraviolet spectra of some 70 thion 

compounds from which he concluded that  the longer wavelength peak (shown in Fig. 3) 
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MILLER A N D  L.ATIMER: DITI-IIOCARBAM.4TES 

WAVELENGTH ( rn p ) 

I;IG. 3. (a )  -- acid, - - - salt; (b) -- ;~c id ,  - - - cstcr 

ma)7 be assigned to the structure -N-C-and the shorterwavelengtl~ peal; to the structure 
I I 
S 

-C-S-. This leads to the initial expectation that the addition of a proton to the ion 

I i 
S 

would bring about a change in the shorter wavelength peal; if structure I1 resulted and 
in the longer ~vavelength peak if  structure I11 resulted. Actually both pealrs are seen to 
shift to shorter wavelengths in Fig. 3. This is not surprisiiig since the change in the ion 
either to a neutral molecule or a zwitter ion is bound to have profound effects 011 the entire 
structure. The direction of shift i s  significant, however, since a move to shorter wave- 
lengths generally indicates a reduction in resonance. Structure 11, having no free charges, 
has less resonance than the ion, and seeins to be indicated here. 

comparison call also be nlade in Fig. 3 between the ester, which under the present 
conditions is not protonated and ~vhose structure resembles that of 11, and the acid form 
of the dithiocarbamate. The similarity between the longer wavelength peaks of these two 
co~llpounds shows that  the electronic configuratioil around the nitrogen is unchanged on 
esterification, thus ruling out structure 111. The shift in the shorter wavelength peal; 
probably occurs as  a result of replacing a hydrogen by a methyl group on the CSS 
structure. 

As there is no change in the spectrum of the acid forin in solutions containing between 
0.1 and 6 N HCl, it seems unlikely that the diprotonated forin suggested by Zahradnil; 
and Zuman (2) exists. 

( b )  The A c i d  Dissociat ion Constants  
The ability of a compound to release protons depends on its electronegativity. Thus 

for any given acidic group, the acid dissociation constant K, will decrease with increasing 
electron-donating power of the groups to which i t  is attached. This is the case with the 
dissociation constants of the alkyl-substituted con~pounds listed in Table I where the 
increasing size and number of the electron-donating alkyl groups causes a drop in K,. 
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I t  is the case also for a change in substituent from an uncharged alkyl group to a group 
such as -S(S)C-NH-CH2-CH2- (Ii2, Table 111) whose negative charge provides i t  
with a greater electron-donating power. Any increase in electron density about the 
nitrogen atom will be communicated to the sulphur, resulting in a sinlilar dependence of 
the acidity of both structures I1 and I11 on substitution, so that neither is preferred as a 
result of these observations. 

The p-aminoethyl derivative on the other hand, being anomalous, is more useful in 
regard to a selection of structure. That  I<, for this coinpound should be higher than all 
the other compounds listed is not uilexpected in view of the electrophilic nature of the 
positive charge on its substituent. However, an increase of a t  least 1000-fold is excessive 
and must result from other factors. In its ionized state, this con~pound is an inner salt 
in the form of a six-membered ring (IV), which is a very stable structure. The addition 
of a proton to the sulphur can only occur with the disruption of the salt bond. Thus if 
protonization is of this type its probability of occurrence is lower and its Ii, higher than 
would be expected as a result of electronic effects alone. Such an argument would not 
apply if protonization is a t  the nitrogel1 since the ring structure would remain, so that 
once again structure I1 is preferred. 

(c) Rate Constants 
The results of the kinetic studies listed in Tables I ,  11, and I11 may be sumnlarized 

as follows: 
(1) \Nit11 the exception of the p-aminoethyl derivative and diprotonated Nabam, the 

nlonosubstituted conlpounds all have decolnposition rate constants of the same order. 
There is some indication that illcreased electron-donating power of the substituent groups 
results in a larger decolnposition rate, since both increase in the substitution series 
HSSCNHCH2CH2- < alkyl- < -SSCNHCH,CH,-. 

(2) The dialkyl decolnpositio~l rate constants also follow this rule, having values in 
excess of those of the ~noi~oallcyls. The allnost 100-fold increase, however, appears to be 
too great'to be due to electronic effects alone so that steric factors must malre an added 
contribution. 

(3) The p-aminoethyl derivative is again anomalous since i t  should certainly exhibit no 
greater steric hindrance than exists in Nabam, and furthermore i t  would be expected to 
show a reduced rate constant by virtue of the electron-withdrawing powers of the positive 
charge. In spite of this it was found to have a high rate constant ( 4  min-I) compared 
to other monosubstituted conlpounds. 

(4) The rate of synthesis of the allryl coinpounds is also revealing in that  the diallcyls 
are synthesized a t  the same or greater rate than the monoalkyls, two of which (ethyl and 
n-propyl) were so slow in the pH range available to the method that  they could not be 
measured. This fact appears to be in coilflict with the coilclusion reached in (2) since if 
steric factors aid in the decomposition by placing a strain on the C-N bond, i t  seeins 
lilrely that  they should hinder synthesis. 

To reconcile these apparent contradictions the following reaction mechanism is offered: 

R \&/I3 -H* R\ /n 
7 

L 
R\. H\S 

P i  L 
R\ / S -  

CS2 + " c=s - N-C + H+. 
Rl/ \H Kb R// 1 1  Rl/ \C/ K a  Rf/  

s 
N s  

I I 
S 

This scheme follows Zahradnik and Zuman's suggestion (2) tha t  CS2 acting as a Lewis 
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MILLER A N D  LATIMER: DITHIOCARBAMATES 255 

acid adds to the amine to for111 V. I t  also satisfies the overall observatioil that pH's near 
or less than the pX, of the acid bring about decomposition while those near or in excess 
of the pICb of the amine result in synthesis. 

The crucial step in both synthesis and decomposition is the transfer of the hydrogen 
between the nitrogen and the sulphur, which occurs in the step between V and 11. Groups 
adding to the electronegativity of the nitrogen should aid in transfer toward the nitrogen, 
increasing the rate of deconlposition and decreasing the rate of synthesis. 

The effect of steric factors on transfer is clearly indicated by models of V and 11. In 
both colnpounds rotation about the N-C bond is virtually unrestricted if only one large 
group is attached to the nitrogen whereas disubstitution prevents free rotation and brings 
about important orientation effects. In V the S=C=S structure is forced into a plane a t  
a right angle to that  of the substituents so that  the S-H distance is near optimal for the 
transfer. In I1 the HS group is forced into a position proximal to the free electron pair on 
the nitrogen, where transfer again should be facilitated. The net result of the addition of 
a second alkyl to the nitrogen then is that the electronic and steric effects are additive 
during deconlposition, resulting in a large increase in rate, and opposed during synthesis, 
resulting in little change in rate, as is observed in Tables I and 11. 

With the b-aminoethyl compound, the hydrogen transfer is aided in another way. 
The protonated amino group exerts a strong inductive electron shift directly on the S=C 
bond, as  in VI, reducing the electronegativity of the sulphide sulphur and weakening the 
C-N bond. 

This would pronlote the transfer step and lead to the unusually high deconlposition rate 
observed. 

Since hydrogen bond formation between the nitrogen and the sulphur is possible with 
structure I1 i t  is tempting to suggest that  this does in fact occur, the hydrogen assuming 
a position intermediate to its position in I1 and 111. Accepting this structure, however, 
leaves us without an explanation for the steric effects, and since such a compound would 
have some of the free charge characteristics of 111, without an explanation of the down- 
ward shift in the spectrum of the protonated form. We are therefore forced to acceptance 
of structure I1 pending further evidence to the contrary. 
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ABSTRACT 

'The structures of two volatile allcaloids from the plant Fabiana i~tzbricata have been eluci- 
dated. 'The occurrence in this plant of p-hydroxyacetopllcnone, large q~iantit ies of oleanolic 
acid, and a yellow pigment is reported. 

An extract of the terminal branchlets of the South Ainerican plant Fubiana imbricata 
Ruiz and Pav. (common name pichi-pichi) has been used to treat ltidney and bladder 
infections, liver flultes of goats and sheep, etc. (1). In early examinations of the plant 
Icunz-Icrause (1) and Edwards and Rogerson (2) reported the presence of neutral and 
phenolic compounds and the latter indicated the presence of an alltaloid which gave an 
amorphous picrate, m.p. 125' (decoinp.). In view of the reported physiological activity 
of the plant and its commercial availability we are undertaking a further examination 
of its constituents. This report will be inainly concerned with the alltaloids of the plant. 

An alcol~ol extract of the ground plant material when concentrated yielded a large 
semicrystalline mass with a strong and pleasant odor. The crystals were collected and 
proved to be oleanolic acid.4 The filtrate was conceiltrated and diluted with water and 
then dilute sulphuric acid was added. A mixture of oleanolic acid and a pale yellow 
phenolic piginent separated and was collected by filtration. The final filtrate was separated 
into neutral acidic and basic components. None of the fabiatrin, previously reported as 
occurring in the plant (2), has been isolated. The basic fraction contained fairly volatile 
liquid components, which were subjected to short-path distillation ill vacz~o. The most 
volatile base was relatively free froin contamination. I t  was purified by conversion to 
its crj~stalline picrate (m.p. 114-llGo) and regeneration. I t  was a fairly mobile, colorless 
liquid wiih negligible optical rotation. We have given this the name fabianine. 

Fabianine analyzed for C14H21N0. I t s  infrared spectrum (liquid fil111) showed the pres- 
ence of a hydroxyl group (v,,, 3280 cm-I), and the bands a t  1577 ~ 1 1 1 - ~  and 1596 cm-I 
reseinbled those of a pyridine ring (3).  The presence of a pyridine ring was confirmed 
by its ultraviolet absorption illaxinla (Table I )  and its low pK, (5.25 in SOY0 etl~anol). 
The position of the long-wave-length absorption inaxinluin did not shift in acid solution, 
but the band increased in intensity, again characteristic of a pyridine, as distinct froin 
an aniline or indoline type. The base failed to give a n~ethiodide even when heated with 
methyl iodide in dimethyl formamide, behavior suggestive of a 2,6-disubstituted pyridine. 

TABLE I 
~p 

Base XXmnx log e Reference 

'Issued as N.R.C. No. 6610. 
2Presented at the meeting of tlze Clte~~zical Institute of Canada i n  illontreal, iIugzrst 1961. 
3National Research Cozrncil of Canada Postdoctoratc Fellow. 

are gratefzrl to Dr. G. Just, wlto identified tlzis co~nponent. 
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EDWARDS AND ELMORE: FABIANINE 557 

The allcaloid proved inert to chromic acid in acetic acid, hence the hydroxyl was ter- 
tiary. I t  was dehydrated readily by a refluxing mixture of acetic acid and acetic anhydride 
containing #-toluene sulphonic acid or by thionyl chloride - pyridine combination. The 
double bond of this olefin (A) was termiilal (v,,, 882, 1645 cm-I). Olefin A was recovered 
unchanged after refluxing with formic acid for 4 hours, but in refluxing ti N sulpl~uric 
acid, it was coilverted to the isomeric olefin (B) having its double bond in conjugation 
with the pyridine ring. Olefin B was obtained in a purer state by heating A with potassiulll 
hydroxide in ethylene glycol, thus making it very unlikely that B had a rean-anged 
skeleton. Fabianine did not forin a derivative with benzaldehyde when sodium h).droxide 
or acetic anhydride was used as catalyst, a fact which inisled us to coilclude that no a or 
y methyl group was present on the pyridine ring. 

The very inforillative nuclear illagiletic resonance spectra5 of fabianine and of olefins 
A and B (in CC1S are reproduced in Fig. 1. In the spectrum of the allcaloid the aroinatic 
hydrogens appeared as pairs of doublets a t  2.5 and 3.0 (J = 8.5), and hence were the 
7 and /3 hydrogens of the pyridine ring (6, 7). The hydroxyl group appeared a t  2.74 and 
two 'benzylic' hydrogens were in an ill-defined peak at  7.2. The sharp signal at  7.5 was 
a methyl group directly attached to the aroinatic ring, while three aliphatic methyl 
groups appeared a t  9.1 (3 H) and 8.7 (6 H). The two groups respoilsible for the signal a t  
8.7 clearly had the oxygen on the adjacent carbon; hence niost probably formed part of a 
dimethyl carbinol system (I).  

The spectrum of olefin A contai~led bands a t  5.25 and 5.8 (terminal methylene) and 
one imethyl now resonated a t  8.2. This is compatible with the presence of group I1 (in 
olefin A) derived froin the dimethyl carbinol. The n.m.r. spectrum of conjugated olefin B 
(produced by acid-catalyzed rearrangement) showed i t  to be a mixture containing mainly 
a tetrasubstituted double bond but also sonle trisubstituted double bond, while that  
produced by the base-catalyzed rearrangement of A was almost pure tetras~tbstituted 

olefin. In addition to the aromatic methyl signal there were now two other methyls 
resoilating a t  low field (7.5 and 8.15) which were hence attached to the double bond. I t  
followed that olefin B had partial structure 111. 

The absence of coiljugation other than that to be expected froin one double bond and 
the pyridine ring in olefins A and B meant tha t  to satisfy its empirical formula fabianine 
had to have two rings. I11 view of the limited number of carbons left to forin it, the only 
structures compatible with the above evidence had this ring fused to the a and /3 positions 
of the pyridine ring. 

The carbon in fabianine linliiilg the side chain coiltainiilg the dimethyl carbinol group 
to the pyridine ring must carry a tertiary 'benzylic' hydrogen. This left one 'benzylic' 
hydrogen to account for, from which i t  followed that the methyl group giving a doublet 
a t  9.1 in the alkaloid had to be on the remaining carbon attached to the pyridine ring. 
Coilsideration of the above facts and a possible origin of the aliphatic portion in two 

5 T h e  n.m.r. data are  reported in T val7~es throwgl~ozct t h i s  paper (5) .  
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FIG. I. The n.m.r. spectra (60 Mc, instrument) deterinined on 10% solutio~ls in CC14 with Si(CH3)r as 
internal standard. 

I isoprene units (see below) led us to consider four expressions for fabianine, IV and (in 
I the unlikely event that  rearrangement had taken place in forming olefin B) V and the 
I analogues with the substituents on ring A reversed. The  latter possibilities were readily 
1 

eliminated when i t  was found that  dehydrogenation of both fabianine and olefin B with 
palladium-charcoal gave 2,5-dimethylquinoline. 

I 
I Structure IV accounted very neatly for the alkali-catalyzed isomerization of olefin A 

I (VI) to  olefin B (VII) via the a-picolyl anion VIII  produced by base abstraction of the 
acidic 8-hydrogen. However, the conditions for the isomerization (180") were severe 
enough that  this fell short of proving IV to  be correct. Similarly, the dehydrogenations 
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EDWARDS AND ELMORE: FABIANINE 

could have involved expallsion of a five-membered ring to give the quinoline. The n.m.r. 
spectrunl of fabianine didn't enable us to  distinguish between IV and V, although it  
seemed that  i t  actually fitted V bet terysee assignments on the formula). However, the 
n.m.r. spectrum of A fitted structure VI considerably better than tha t  for the terminal 
olefin derived from V. As indicated earlier, i t  also appeared very unliltely tha t  both 
acid- and alliali-catalyzed transformations of A into B would give the same product if a 
skeletal rearrangement were involved. The n.1n.r. spectrum of B fitted formula VII as  
far as the methyl signals and the absence of olefinic hydrogen were concerned (see Fig. I) 
and the spectrum was incompatible with the alternative I X  derived fro111 V, thus strongly 

favoring structure IV for the alltaloid. A decisive chemical distinction was sought to  
strengthen this conclusion. 

Inspection of the two structures IV and V suggested tha t  only the former would 
undergo base-catalyzed fission into acetone and 2,5-dimethyl-5,6,7,8-tetrahydroquinoline 
(X). When fabianine was heated with potassium hydroxide in ethylene glycol in a siow 
stream of nitrogen, acetone was formed and was trapped as  its 2,4-dinitrophenylhydra- 
zone. After prolonged heating to con~plete the fission the main fragment was isolated 
fro111 the reaction mixture; its analysis and n.m.r. (Fig. I) and infrared spectra were in 

GFor structure I V t l t e  tertiary hydrogen o n  C-8 would be expected to resonate at considerably lowerjield tltan 
the tertiary hydrogen on C-5, while for V these shoz~ld have very similar chemical shifts. Actually these protons 
were not very well resolved (F ig .  1). I n  addition the four hydrogens o n  C-6 and C-7 might be expected to have 
chemical shifts near 8.2. Actually, three hydrogens resonnte near 8.2 but the fourth appears near 8.7. 
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complete agreement with structure X .  We thus coilsider structure IV for fabianine 
decisively proved. 

I t  was hoped to deduce the relative stereochemistry of the alkaloid by observing 
whether or not hydrogenation of A and B produced the same product. Unfortunately 
similar but not identical lnixtures were obtained froin both17 indicating that  double- 
bond inigration had talcen place before hydrogenation in the case of A a t  least. 

However, two observatioils lead us to suggest a cis relation of the substituent a t  C-5 
and C-8 in olefin A. Exainination of models (Courtauld) leads us to conclude that the 
conformation illustrated in X I  is the most favorable one for this configuration. This is 
consistellt with the downfield shift of the methyl signal since the double bond and the 
methyl group are reasonably close, with the methyl in the plane of the double bond. 
This relative stereochemistry and conformation also account neatly for the large cheinical 
shift difference (33 c.p.s.) between the two vinyl hydrogens since one of thein is close to 
and above the pyridine ring, giving rise to its shielded character (T = 5.8) (8). The cis 
relationship of these groups can also be deduced fro111 the argument that only in fabianine 
is the 5-methyl quasi axial (and resonating a t  higher field) because the diinethyl carbinol 
group adopts the quasi-equatorial conforn~ation (stabilized by hydrogen bonding to the 
nitrogen). When the 5-methyl is quasi equatorial in the two olefins and X ,  i t  is deshield- 
ed by being in the plane of the pyridine ring. 

I t  is noteworthy that the dehydration of fabianine under two widely different conditions 
gives rise to the non-conjugated olefin VI instead of the conjugated olefin VII. There 
is considerable steric hindrance to attack a t  the 8-hydrogen in fabianine, as opposed to 
the ready accessibility of the methyl hydrogens and a sixfold m~~ltiplicity factor favoring 
removal of one of these. In addition, if the transition state for the dehydration to the 
conjugated olefin reseinbles the product then the serious interaction of the nitrogen and 
one of the illethyl groups (Courtauld model) inay impede its developinent and hence 
favor fornzation of the terininal olefin. The nitrogen atoll1 undoubtedly influences the 
course of the dehydration and we suggest that in the p-toluene sulphonic acid catalyzed 
reaction the positive charge on the nitrogen in the pyridiiliuin salt retards the forination 
of a proton in its vicinity so the proton is eliininated as far away from this center as 

(XI)  (rn) 
? W e  are indebted to Dr. H.  J .  Benzslein for help i n  analyzing llte fz.ft2.r. spectra of these ?nirlures. 
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possible, yielding the terminal olefin. Again, with dehydration by thionyl chloride in 
pyridine one would expect abstraction of the acidic 8-hydrogen, but  the fact that  exclu- 
sively terminal olefin is produced indicates that  an important factor is probably the in- 
ternal base abstraction of the primary hydrogen in the cyclic process illustrated in XII .  

The mother liquors from which fabianine picrate had crystallized yielded another 
liquid base which was very readily eluted from alumina. Its infrared and n.1n.r. spectra 
were identical with those of 2,5-dimethyl-5,6,7,8-tetrahydroquinoline obtained by 
degradation of fabianine. Since i t  could have been formed by the action of the alumina 
used in regenerating the base from the picrate, a sainple of fabianine was adsorbed on 
alkaline alunlina and left for 5 hours. On elution only fabianine was recovered; hence 
this second tetrnhydroquinoline must occur in the plant. 

Fabianine is almost certainly constructed in nature froin two isoprene units, linked 
head to tail, and a C4N unit, probably derived froin acetoacetate, as illustrated. The 
second base (X) could then be produced from i t  by an enzyme-catalyzed analogue of 
the retronldol reaction described earlier. 

I t  is interesting to note the recent assignment of structure to skytanthine (9, 10) and 
actinidine ( l l ) ,  where a inonoterpene unit has been used to construct a piperidine and 
pyridine ring respectively. 

Lltraviolet spectra were deternlined in 95% ethanol (em,, in parentheses). Unless otherwise stated, Woelm 
brand neutral alumina was used for chromatography, the cited activity being on the Brockman~i scale (12). 
Distillations were over a short path in a chain of bulbs, the cited temperat~ires being tha t  of the air bath. 

The  Extractizcs of Fabiana inzbricata 
.-I 22-kg quantity of twigs and terminal branchlets of Fabiana iiizbricata Ruiz and Pav. were obtained from 

the S. B. Penick Co. This was finely ground, then percolated exhaustively with ethanol. The  resulting 
extract was coilcentrated to  a thin syrup in vaczlo. This deposited 180 g of fine crystalline solid which was 
collected by filtration. The filtrate was talcen to  a thick syrup on a rotating evaporator, then dilute sulphuric 
acid added. A further 335 g of solid which separated was removed by filtration, then the neutral and acidic 
material were extracted from the filtrate into methylei~e chloride. The  organic layer was back extracted with 
dilute acid. The  combined aqueous layers were adjusted to  pH 8 using sodium carbonate, then the weal; 
bases (51 g, crude) were extracted into methylene chloride. The aqueous solution was then adjusted to  pH 11 
using sodiur~l hydroxide and the 'strong bases' (11 g)  were extracted into methylene chloride. 

The neutral and acidic fractions were separated by distribution between dilute sodium hydroxide solution 
a ~ l d  methyle~le chloride. A microcrystalliile sodiun~ salt, which separated, was filtered off (wt. 50 g). The  
~ ~ e u t r a l  extract, with strong aroma, weighed 1900 g, while the acid fraction weighed 1200 g. 

The  Weak  Bases 
The crude weal;-base fraction was repeatedly extracted with pure ether, leaving a large dark residue of 

neutral material. 'The ether extract was concentrated and the residue distilled under 10 mm pressure. The 
bulk of the base (16 g)  distilled as  a n~obile liquid between 90 and 100'. This still contained considerable 
neutral material. A further 2.7 g of illore viscous distillate was collected a t  bath temperatures up to  126". 

After a further passage through acid to  remove r~eutral  components, the volatile base was redistilled a t  
70". 5X10-2 Inm, giving 11 g of colorless oil. The  'strong-base' fraction proved to  be mainly neutral, but  a 
further 2 g of fabiar~iile was recovered from it. 

Fa bianine 
The  13 g of oil was converted to  its picrate, which crystallized from concentrated ethanol solution. The  

salt mas recrystallized from ethyl acetate, giving needles, 111.p. 114-116". Calc. for C?oHnaN.iOs: C, 53.57; 
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H, 5.39. Found: C, 53.80, 53.76; H,  5.31, 5.50. The pure base was regenerated from the picrate by dissolving 
the salt in chloroform and passing this solution through a column of alkaline alumina. The eluted base 
distilled a t  74O, 5X10-2 lnln as a colorless oil with [ a ] ~  less than lo. Calc. for C I A H ~ ~ N O :  C, 76.66; H,  9.65; 
N, 6.39. Found: C, 76.49; H,  9.51; N, 6.17. I t  had A,,, 213 (7440) and 273 (6765) mp and vm,, (liq. film) a t  
3270 (OH), 1595, and 1575 cm-I (pyridine ring). 

A cetylalion of Fab ian i~~e  
Fabianine (120 mg) was dissolved in dry  pyridine (5 cc) and acetic anhydride (5 cc) was added. After it was 

left to stand overnight a t  room temperature, the mixture was heated for 1 hour on the water bath and the 
base (117 mg) was isolatecl. Distillation a t  70-75O, Inm gave an oil (62 mg) which was chromatographed 
on alumi~la (activity IV). The material eluted with hexane showed strong ester bands ( v E ' 3  1720 and 1280 
cm-I) but  the substance repeatedly failed to analyze correctly. 

Attelitpted Preparation of Benzylidene Derioative 
(a) A solution of fabianine (80 ~ n g )  and benzaldehyde (80 mg) in 80% ethanol (2 cc) was treated with 

sodium hydroxide solution (0.2 cc) and left a t  room temperature for 60 hours. T h e  organic base was isolated 
in the usual manner. I t s  infrared spectrum was identical with tha t  of fabianine. 

(b) Fabianine (100 mg) was dissolved in acetic anhydride (5  cc), and benzaldehyde (2 cc) was added. After 
48 hours a t  room temperature the unchanged base was again recovered. 

Attelizpted Preparation of the llfethiodide 
(a)  Fabianine ant1 excess methyl iodide in isopropyl ether were kept a t  roo~u temperature for 24 hours. 

After removal of solvent the base was unchanged (infrared spectru~n).  
(b) The base was heated in a sealed tube with methyl iodide and dimethyl forma~nide for 10 hours a t  125". 

After tetramethyl a~nmonium iodide was re~noved by filtration the residue failed to crystallize. 

Attempted Oridntio?~ of F a b i a ~ i ~ ~ e  
(a)  Fabial~ine (109 mg, 0.5 mmnole) was dissolved in acetic acid (5 cc) and a solutio~l of chromic oxide (50 

mg, 0.5 mmole) in water (0.25 cc) was added. After 19 hours a t  room temperature the solutio~l was s ~ i l l  deep 
red. The base was recovered and its infrared spectrum showed retention of the strong O H  band. 

Dehydration of Fabinwine to V I  
(a)  Fabianine (154 mg) and p-toluene sulphonic acid monohydrate (205 mg) were dissolvecl in acetic acid 

(10 cc) containing acetic anhydride (1 cc) and the solution was refluxed for 3 hours. After cooling, the 
solution was diluted to  50 cc with water, neutralized (NaKOZ), extracted with ether and the ether estract  
was dried over magnesium sulphate. Distillation gave a colorless oil (117 ~ n g ) ,  b.p. 62-65", 5XlO-%rn1n. 
A,,, 27'2 (3925) and 281 (3250) mp; v,, (liq. film) 882, 1645 cm-I (-CH=CHn), 1575, 1597 cm-I (pyridine 
ring). Calc. for ClrHid'J: C, 83.53; I-I, 9.51; N, 6.96. Found: C, 83.71; 11, 9.28; N, 7.05. 

(6) Fabianine (165 mg) was dissolved in pyridine (2 cc), the flask was cooled in ice water, then thionyl 
chloride (0.25 cc) was added. The  resulting red solution was left t o  reach room temperature during 2 hours. 
After hydrolysis with ice, sodium carbonate was added and the solutioll was extracted with ether. The  
ether extract was dried (MgSO4), filtered, and evaporated on a rotating evaporator a t  40'. The  product 
distilled a t  54-59', 3 X10-3 Inm as a colorless oil (146 mg) whose infrared spectrum was identical with that 
of the product from the p-toluene sulphonic acid dehydration above. 

Catalytic Reduction of t l~e Olejin V I  
The  olefin V1 (24 mg) in ethanol (4 cc) was hydrogenated over Pd(C) (20 mg, 10%). Uptalce of hydrogen 

ceased after 90 m i n ~ ~ t e s .  The  product was isolated in the usual manner and distilled a t  52-55', Inm, 
giving a colorless, mobile oil. Calc. for CIdHpIN: C, 82.70; H,  10.41. Found: C, 82.34; H ,  10.37. 

Treat?itent of Olejiu V I  with Formic Acid 
The  olefin (20 ing) in formic acid (10 cc, 98y0) was refluxed for 4 hours. After cooling and neutralization 

(Na2C03) the product was isolated. I t s  infrared spectrum was identical with that  of the starting material. 

Del~ydrogenatio?~ of Fabianifze 
A bulb containing 190 mg of fabianine and 230 ing of 30% palladium-charcoal was immersed in a bath a t  

225". While a slow stream of dry  nitrogen was introduced into the bulb the bath temperature was raised 
during 80 minutes to  250'. This temperature was maintained for 5 hours. After cool i~~g,  the mixture was 
extracted several times with chloroform (total volume 20 cc) and the greenish-brown solution was filtered 
through a plug of cotton wool. The  chloroform was evaporated and the residue on distillation gave 77 mg 
of a colorless liquid, b.p. 55-GO0, 5X10-2. The  ultraviolet spectrum of the product had maxima a t  234, 236, 
282, 293, 306, and 319 mp and minima a t  222 and 249 mp, corresponding in positioil and intensity to  that  
of an  allcylquinoline (13). The  oil was treated with picric acid (100 mg), and ethanol (20 cc) was added. T h e  
solution was warmed but  all of the solid would not dissolve; when it was cooled a mass of yellow crystals 
was obtained. The  picrate (103 ~ n g )  was recrystallized once from ethanol to  give yellow needles (71 mg), 
m.p. 212-216" raised to  217-220' after two crystallizations from methanol. A chloroform solution of the 
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picrate was filtered t h r o ~ ~ g h  a column of  alumina (Fisher) and the base was distilled, giving a colorless oil, 
b.p. 47-50', 10-3 mni. T h e  n.m.r. spectrum of  the base showed 5 aromatic protons and 2 aromatic methyl 
groups. Calc. for CIIHIIN: C ,  84.04; H ,  7.05. Found: C ,  83.66; H ,  6.95. A,,, 234 (50,730), 236 (50,360), 
293 (4,520), 305 (4,035), and 319 (3,520) mp. 

The  infrared spectruln of  the base was identical with that o f  an authentic specimen of  2,s-diniethyl- 
quinoline (14).8 T h e  melting point o f  authentic 2,5-dimethylquinoline picrate was not depressed on ad- 
mixture with a sample derived from the dehydrogenation product. 

Rear~a~zgemen t  of Olefin V I  to Olefin V I I  
( a )  B y  Sulplzuric Acid 
The  olefin V I  (375 nig) was refluxed with sulphuric acid (6  N,  20 cc) during 4 hours. After cooling and 

neutralization (Na2C03)  the ether extract was dried (MgSO4) and the product was distilled. Redistillation 
gave a colorless oil, b.p. 65-75", 3x10-"m. A,,, 250 (9400) and 296 (7670) m p ;  A,,, 271 (3455) mp;  u,,, 

(liq. film) 1630 cm-1 (tetrasubstituted double bond),  1575 cni-I (pyridine ring). Calc. for C 1 4 H 1 ~ N :  C ,  83.53; 
H ,  9.51. Found: C ,  83.28; H ,  9.46. 

( 6 )  B y  Potassiztnz Hydroxide 
The  olefin V I  (650 m g )  was refluxed for 24 hours with a solution of  potassium hydroxide ( 2  g )  in ethylene 

glycol (30 cc). After dilution with water the olefin was isolated and was dissolved in hexane and chromato- 
graphed on a short column of  alumina (activity IV) .  T h e  hexane eluate (60 cc) was evaporated t o  yield a n  
oil (170 mg) ,  which was distilled, and the fraction boiling at  60-65O, 6X10-3 m m  was collected. I t  had A,, 
250 (8470) and 296 (6985) nip; Amin 271 (3760) m p ;  v,,, (liq. film) 1630 cm-I (double bond),  1570 cm-I 
( ~ ~ r i d i l l e  ring). Calc. for ClrHloN: C ,  83.53; H ,  9.51. Found: C ,  83.66; H,  9.28. 

Reduction of Olefin V I I  
( a )  The  olefill V I I  (143 n ~ g )  produced b y  alkaline rearrangement of  olefin V I  was hydrogenated over 

Pd(C)  (loyo) in ethanol at atmospheric temperature and pressure. T h e  product was isolated in the normal 
manner and distilled at 58-63', 8X10-3 mni as a colorless oil (95 mg) .  

The  infrared spectrum of  this reduction product was identical with that o f  the hydrogenated olefin V I  but  
the n.nl.r. spectra showed significant differences. 

( 6 )  A sample of  ole fir^ V I I  obtained b y  sulphuric acid rearrangement o f  olefin V I  was reduced in the 
manner described in ( a ) .  The  product had b.p. 50-54", 7X10-3 rnm and its infrared spectrurn was almost 
superimposable upon that o f  the hydrogenated olefin V I .  

Dehydrogenation of Olefin V I I  
Olefin V I I  (160 mg) ,  obtained b y  acid-catalyzed rearrangement of  olefin V I ,  was dehydrogenated b y  

Pd(C)  (160 mg, 30%) during 5 hours at 220' in a stream o f  dry nitrogen. T h e  product (103 m g )  was isolated 
as before and the  ether-soluble material was filtered through a short column of  alumina (activity IV) .  T h e  
eluted material was distilled up t o  125O, 8X10-Z mln. T h e  distillate was a pale yellow oil (66 m g )  which 
exhibited a weak allrylquinoline-type ultraviolet spectr~un. Picric acid (75 n ~ g )  was added t o  the oil in 
ethanol and the yellow needles obtained (46 nlg) had m.p. 217-218" after recrystallization from methanol. 
T h e  melting point was undepressed on admixture with a sample o f  2,5-dimethylquinoline picrate. T h e  base 
was regenerated in the usual manner and its infrared spectrum was identical with that o f  authentic 2,5- 
dimethylquinoline (14).  

Retroaldol Reaction 
Fabianine (250 m g )  was placed in a two-necked flaslc connected t o  two tubes containing 2,4-dinitrophenyl- 

hydrazine sulphate in aqueous ethanol. A stream o f  dry nitrogen was passed through the apparatus. A 
solution o f  potassium hydroxide (1.85 g )  in ethylene glycol (15 cc)  and water ( 5  cc) was added t o  the base 
and the flask was heated slowly in an oil bath. After 4 hours the bath was at 130' and the contents began 
to  boil. An orange solid appeared in the first trap and heating was discontinued after 100 minutes. T h e  
hydrazone (38 nlg) was filtered and dried and had 1n.p. 113-119'. It was dissolved in benzene and chroma- 
tographed on alulnina (Spence '11'). T h e  derivative was rapidly eluted and the solid obtained on evaporation 
of  the benzene was crystallized three times from methanol and had m.p. 125.5-127'. W h e n  mixed with 
authentic acetone 2,4-di~~itrophenyl hydrazone, the m.p. was 126.5-128.5'. 

The  reaction mixture was refluxed for a further 17 hours and the  basic material was isolated in the usual 
manner. The  infrared spectrum still showed some hydroxyl absorption so the oil was dissolved in hexane 
and filtered through alumina (activity IV) .  T h e  product (125 nig) distilled as a colorless oil, b.p. 50-55", 
8X10-3 m m  and was redistilled for analysis. A,, 273 (4810) m p ;  A,,, 245 (2150) mp. Calc. for C1lHISN: 
C ,  81.93; H,  9.38. Found: C ,  81.88; H ,  9.47. 

Isolation of 2,5-Dimethyl-6,6,7,8-tetralzydropztinoline 
T h e  mother liquors from the preparation o f  fabianine picrate were evaporated and the  residual gum was 

dissolved in chloroform. T h e  bases were regenerated from this solution b y  filtration through alkaline alumina. 

' W e  wi sh  to  thank Dr. Lbo Mar ion  for  a sample of t h i s  base. 
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Evaporation of the chloroform yielded a red oil which distilled a t  35-95', 5X 10-? mm to give a pale ycllo\\r 
oil (920 mg). 'The oil was dissolved in hcsane (3 cc) and was chromatographed on neutral alumina (15 g, 
activity IV). The first 30 cc of eluate contained 478 mg- of base which distilled a t  63-73', 4x10-2 mm as a 
colorless, mobile oil. The n.1n.r. and infrared spectra of this oil were identical with those of compound X. 

Isolation of p-~Iydroxyacetopltenone 
A neutral component carried with the wcali bases in one extraction proved readily separable from fabianine 

by chromatography on alumina. The more strongly adsorbed fractions yielded the crystalline substance. 
I t  crystallized from benzene as colorless needles, 1n.p. 109-110.5". I t  mas sublimed a t  80°, 5x10-'  mm for 
analysis. Calc. for CsHsOn: C, 70.57; H, 5.92. Found: C, 70.90; 11, 5.94. A mixed melting point with 
p-hyclroxyacctophenone was undepressed. 

Isolation of Oleanolic Acid 
The insoluble sodium salt describecl under the general isolation correspo~ided to the acid which was the 

main component of the crystalline material obtained directly from thc concentrated alcohol extract. After 
recrystallization from methanol it melted a t  299-305" and had [ f f ] ~  +7G0 (c, 0.67 in etha~iol). I t  had v,.,, 
(nujol mull) a t  3400 cm-I (OH) and 1688 cnl-I (carboxyl). Its methyl ester ( C H Z N ~ )  nlelted a t  199-201' 
and had [ a ] D  +69" (c, 0.95 in CHCI,). The acetate was formed from the methyl ester using acetic anhydride- 
pyridine mixture. I t  inelted a t  218-220' and had [ f f ] ~  +6Go(c, 1.65 in CHC13). Calc. for C33Hj204: C, 77.30; 
H, 10.22. Found: C, 77.29; I-I, 10.22. The empirical formulae and physical properties correspond closely 
to those of oleanolic acid and its derivatives (15). 

The Yellozv Pignlent 
The 235 g of solid which precipitated from the co~icentrated alcohol extract on addition of dilute sulphuric 

acid was boiled with methanol. The bull; dissolved, leaving a small residue of oleanolic acid. When the solu- 
tion was concentrated and diluted with water, several small crops of oleaiiolic acid crystallized, then finally 
the solution set to  a solid mass of fine needles. After repeated recrystallization the compound separated 
from aqueous methanol as pale yellow needles, m.p. 188-189". I t  was insoluble in acetone, chlorofornl, 
butanol, and cold water, but dissolved in alkali to give a deep yellow solution. I t  could be recrystallized 
from boiling water. I t  was dried a t  100°, 0.1 inln for 4 hours for analysis. Found: C, 49.57; H, 5.93; N, absent. 
Its infrared spectrum had v,!, (nujol) 3405 cmPL (OH), 1658, 1604 cm-1 and its ultraviolet spectrum had 
A,, 258 mg ( E i , =  42.6) and 360 mg (Ei  = 32.1). I t  had no optical rotation. Further study is llcetled 
before a n  empirical formula can be assigned with confidence. 

We are indebted to Mr. A. 1<11oll for e x t r a c t i o n  a n d  isolatioli  of t h e  p l a n t  c o n s t i t u e n t s ,  

Mr. NI. Lesage for t h e  c h a r a c t e r i z a t i o n  of fab ian ine ,  Mr. H. S e g u i n  for t h e  ana lyses ,  

Mr. R. L a u z o n  for t h e  in f ra red  s p e c t r a ,  a n d  Mr. J. Nicholsol l  for t h e  n.m.r. spectra. 
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ADSORPTION OF LIGNOSULPHONATES ON SOLIDS 

J. BEECI<MANS~ 
The  Deparl?nent of Cl~eiiristry, Ontario Researcl~ Fol~ndation, Toronto, Ontario 

Received July 25, 1961 

ABSTRAC'T 

The adsorption of \:nrious fractionated lig~~osulphonates on kaolin and on titanium dioxide 
was studied as a function of acidity and ionic strength. The quantity adsorbed a t  surface 
saturation was found to be reinar1;ably dependent on the pH, and to some extent 011 ionic 
strength. The adsorption was irreversible with respect to dilution for all but the lowest mole- 
cular weight fractions, but desorptioil could be induced by changes in the pI-I. This fact was 
einployed to fractionate some ligi~osulphonates and may be of general utility as a method for 
fractioilati~lg polyelectrolytes. The data are interpreted in terms of the contributions of the 
electrostatic and hydrogen-bonding forces to the adsorption energy. 

The adsorption of the lignosulpl~onate ion on solids is of interest because of the increas- 
ingly widespread use of waste sulphite liquor solids as dispersing agents, but  the probleill 
is also oi nlore general interest because of the scailtiness of our kilowledge of the adsorptioil 
of polyelectrolytes. Only a few very limited studies on this subject have appeared in the 
literature to date, although the subject is potentially very rewarding because of the 
profound influence of even a very small amount of adsorbed polyion on the electrostatic 
potential of the surface. Thus polyelectrolytes have beell found to act as dispersants in 
some cases (1) or as flocculatillg agents ( 2 ) ,  or both, depending on the molecular weight. 
Previous studies with lignosulphonates have indicated that  they act as dispersants in 
neutral solution oilly i l l  a certain molecular weight range (3). A study on the adsorption 
of some syilthetic polyelectrolytes on kaolill indicated that  the pH plays a remarkable 
role in these systems (4). 

Two adsorbellts were chosen for this investigation, kaolin because the adsorption of 
lignosulphonate on clay is of commercial interest, and titaniunl dioxide, because its zeta 
potential can be either positive or negative, depending on the pH of the solutioil (5). 

ESI'ERIMENTAI, 

Frclctionatio?l of Lignoszclpho?zates by Selectioe D i s s o l ~ ~ t i o ? ~  with Ethanol-Water 
The starting material was a conlmercial paper grade waste sulphite liquor (70% balsam fir, 30y0 spruce, 

cooking time 6 hours, inaxi~num coo1;ing teinperature 145' C, l<indly supplied by Fraser Companies Ltd., 
Edmundston, New Brunswick). Sugars and other non-lignins were removed by a method described in 
reference 6. Four liters of waste sulphite liquor were de-ashed on Dowex 50 resin, extracted with 3 volunles 
of ether, and neutralized to pH 8.1 with calcium hydroxide to  precipitate sulphuric and free sulphurous ions. 
The solution was filtered, de-ashed once more, and shaken with 3.5 liters of 1:4 benzene-butanol containing 
10yo by volume of tri-?a-hexylamine. The lignosulphonates combined with the amine and went into the  
organic phase, and were later back-extracted with sodium bicarbonate solution. The original aqueous 
phase containing most of the non-lignins was washed with amine solution and discarded. Residual lignosul- 
phonates in the extracted organic phase were stripped out by washing with dilute sodium hydroxide 
solution. These washings and the main lignosulphonate fraction previously extracted with bicarbonate 
were de-ashed, iieutralized to pH 7, and freeze-dried. The analytical data are given in Table I. 

The main-fraction lignosulphonates were separated into three fractions by elution on two grades of 
Sephadex coiltrolled pore-size gels (Pharmacia, Uppsala, Sweden). Lignosulphonates sufficiently small to 
enter the grains of Sephadex G25 were labelled fraction 3, and those too large to  enter were separated 
further on a column of Sephadex G50 to give fraction 2 (species sufficiently small to enter the grains) and 

'Present address: Depa~tment  of Physiological Hygiene, School of Hygiene, University of Toronto, Toronto, 
Ontario. 
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TABLE I 

Separation of lignos~~lphonates from waste sulphite liquor 

Weight of Reducing value Glucose Total 
solids eq. glucose eq. as  E ~ ~ ~ *  neutr. eq. 

(g) (6) % of solids (I. cm-I g-I) (meq.1 

Starting material 396 103.2 26 .1  10.30 1116 
After treatment 

with Ca(OII)? 435 102.4 
Main fraction 235.6 7 . 5  
Washings 20.85 0 . 5  
Sugar fraction 69 .5  8 3 . 5  120.0 - 28.1  

SOTE: some solids were lost in sljillage. 
*k:xtirlction cocflicienr a t  280 millimicro~is. 

fraction 1 (species too large to enter the grains). The  columns were approximately 80 cm in height and 6 cm 
in diameter. Samples of the order of 1 g could be processed in one pass. Analytical data on this fractionation 
are presented in Table 11. 

TABLE I1 

Fractionation of purified lignosulphonates on Sephadex gels 

Fraction Weight % 'oe?s~ €?ED ~ ? s ~ / E ? G o  

1 30.1 13.94 10.51 1.327 
2 45.3  11.13 7 .93  1.405 
3 24.6  7 .27 4 .70  1.547 

Each fraction was split into subfractions by selective dissolution with enthanol-water mixtures from a 
column of Celite 535 (68 cm in height, 3 cm in diameter). The  aqueous solution of each fraction was first 
mixed with a small portion of Celite and freeze-dried. The powdery mixture was then slurried in absolute 
ethanol and placed on top of the column, which was saturatedwith ethanol.Successive fractionswereobtained 
by elution with 1-liter portions of ethanol-water followed by 1 liter of absolute ethanol. Results are presented 
in Table 111. Optical absorbencies were measured on a Cary Recording Spectrophotometer Model 14 
(Applied Physics Corporation). Equivalent weights were determined by titration with N/lO sodium 
hydroxide using a recording titrimeter. Diffusion coefficients were determined in double-ended cells in 
N/20 ICCI, as  described in reference 6. Molecular weights were calculated from diffusion coefficients by the 
equations of McCarthy et a1 (7). 

Fract,ionation by Desorfition from Titaniilm Dioxide 
This method of fractionation is based on the observation, to  be described below, that a mixture of 

lignosulphonates may be fractionated by adsorption a t  low pH followed by desorption induced by stepwise 
increases in the pH. 

Two hundred and fifty milliliters of waste sulphite liquor (ammonia base, paper grade, 10.13% solids) 
was diluted to  7 liters with N HCI. Five pounds of titanium dioxide (Fisher reagent grade) was dispersed 
in the solution with vigorous stirring. The  slurry was filtered and washed with 4 liters of N HCI, excess 
fluid being removed by suction. The filtrate and washings were discarded, and the solids were redispersed 
in 4 liters of 0.1 N sodium acetate - acetic acid buffer, t o  give a suspension of pH 3.2. T h e  filtrate from 
this suspension, together with washings (using the same solvent), contained desorbed lignosulphonates 
which after removal of small anions by elution on Sephadex G25 and neutralization were labelled fraction 
T1. The  procedure was repeated with buffer mixtures of higher pH to  yield two more fractions, T 2  a t  pH 4.7 
and T 3  a t  pH 6.0. Analytical data  on these fractions are given in Table IV. They were not tested for reducing 
value because of lack of material, but in view of the method of preparation and of the relatively high 
absorbencies a t  281 mp it seems unlikely that  they contained much sugar. 

Adsorfition Measurements 
Adsorption measurements were made in cylindrical Pyrex cells 15 cm long and 2.8 cm in diameter 

consisting of a body with a 24/40 female ground-glass joint a t  one end with cap to  fit. The  insides of these 
cells and all ground surfaces were made water repellent by treatment with a 10yo solution of Dow Corning 
200 silicone fluid in toluene, followed by a 1-hour baking period a t  265OC to  polymerize the  silicone into 
an insoluble film. This treatment practically eliminated any contact between the grease used to  lubricate 
the joint and the contents of the cell. The  cells were tumbled a t  60 r.p.m. in a water thermostat during 
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TABLE 111 
Fractionation of lignosulphonates by elution with ethanol-water 

%water in Weight yo Diffusion 
Original Eluted eluting of €281 Equivalent coefficient Molecular 
fraction fractioils solution fraction (1. cm-I g-l) E?BI/EX~O weight X lo7 (cm2/sec) weight !2 

0 Negligible - 
05 20.6 6.48 
02 42.8 9.47 

3H 0 Lost - - 
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TABLE IV 

Lignosulpho~late fractions obtained by dcsorptio~l frorn tita~liulll dioxide 

Diffusion 
14;eight Equivalent coefficient X lo7 Molecular 

Fraction (6) weight (cm2/sec) weight EZSI  

equilibration. Isotherm points were determined in the usual manner by observing the decrease in  concen- 
tration of a solution of adsorbate in contact with a linown quantity of adsorbent. Twenty-live millilitel-s of 
sol~rtion consisting of lignosulphonate dissolved in buffer was added to  a cell containing the adsorbent 
(usually l f  0.001 g). After a period of agitation (generally 8 hours) the suspension was allowed to  settle 
for a few hours and then 10 ml of supernatant solution was withdrawn with a pipette. The solution was 
shaken with 1 n ~ l  of chloroform to  reduce the size of the blank, and in addition, in some cases 0.1 1111 of 
concentrated sulphuric acid was added to  assist in clarihcation. These operations each resulted in a decrease 
of approximately 1% in the concentration of adsorbate and were allowed for in the calculations. 'They resultetl 
in  very considerable decreases in the blank readings. Finally the solutio~is were centrifuged a t  3000 r.p.m. 
for 30 minutes and their optical absorbencies a t  281 mp were determined. 

The titanium dioxide was obtained from Fisher Scientific Company, and was stated to  be in the anastasc 
form. Its specific surface as  determined by argon adsorption was 4.65 mvg ,  and by adsorption of the dyc 
crystal violet, 4.96 m2/g (8). 

The  kaolin was supplied by the Merclr Chemical Company, and its specific surface was 10.2 m2/g by argon 
adsorption. Dispersion in water follo\ved by drying a t  110' C produced no change in the specihc surface 
of either adsorbent. 

RESULTS 

i ldsorpt ion Isotherms 
Adsorption was found to be rapid, irreversible, and independent of temperature in the 

range 25' to 35' C for most fractions, although some of the lowest molecular weight 
fractions showed partial reversibility. These findings are in agreement with those of 
Rezanowich et al. (3). 

Three types of isotherms were obtained, which could be plotted as straight lines either 
according to the Langmuir equation or by a modification in which only extensive variables 
were used. Examples of these isotherms are given in Fig. 1. The modified Langmuir 
equation may be written as follows: 

where Q is the total quantity of adsorbate added to the system, I' the quantity adsorbed. 
I', the quantity adsorbed a t  surface saturation, and k the intercept. This equation is 
independent of the volume of solution in the system, as required by the irreversibilitj- 
of the adsorption process. Iilcoinplete adsorption a t  less than n~axiillun~ coverage in a 
system which adsorbs irreversibly implies fractionatioil of the adsorbate, and the isotherill 
provides some information on the heterogeileity of the sample. With a perfect fraction 
the adsorption is complete up to surface saturation and ceases a t  this point. Hence 
(Q-r) must equal zero in equation [I] for Q less than r,, with r equalling r, for Q 
greater than r,. This implies that  the fixed term k equals zero, and the Langrnuir plot 
becomes a straight line of slope 1'711-1 passing through the origin, as the type A isotherm, 
Fig. 1. 

Isotherms obtained with fractions which fractionate even a t  the liinit of zero adsorption 
will have a positive intercept on the Langmuir plot. In the limit of zero Q and zero I?, 
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BEECKMANS. LIGNOSULPI-IONATES 

FIG. 1. Typical adsorption isotherll~s, illustrating three types obtained: A, adsorption of fraction TI-2 
on kaoliil a t  pH 4.7; 13, adsorption of fraction 2B on titanium dioxide a t  pH 1.1; C, adsorption of fraction 
2B on kaolin a t  pH 4.7. 

the ratio r/Q assumes a value a which equals the proportion of the adsorbate which 
adsorbs a t  the limit of zero adsorption. At this point equation [I] condeiises to 

The parameter a, together with r,n, is used to  characterize the results (Tables V and VI). 
The partial fit of the data to  the Langmuir equation iliust of course be purely fortuitous, 

since the consideratioils used in deriving that  equation do not apply i11 this case. The 
type C isotherin is a li,initing case applicable to  an heterogeneous and poorly adsorbing 
adsorbate which only partially adsorbs a t  zero coverage. The type B isotherin was more 
common and represents an intermediate case in which initially the adsorptio~i is total, 
with fractionation becoming very appreciable, well before coinpletion of the monolayer. 

Desorption Experiments 
As may be seen in Table V the adsorbed lignosulphonates are much more densely packed 

on the surface a t  low pH values. I t  was found that  adsorbed polyioils which were attached 
irreversibly with respect to  dilution of the 'equilibrium' solution a t  constant pH and 
supporting electrolyte concentration could nevertheless be desorbed by raising the pH, 
although, as  was to  be expected with such a system, there was some hysteresis. The 
saturation adsorption curves for a number of desorbillg fractions were determined as 
follows. One grain of adsorbent was placed in a cell and dispersed with sufficient ligiio- 
sulphonate dissolved in 0.1 N HCl to  saturate the surface a t  that  pH. After achieveinent 
of equilibrium and settling of the solids, 10 ml of the supernatant solution was withdrawn 
for analysis and replaced with 10 in1 of 0.1 N buffer of a higher pH than the solution. 
The process was then repeated till the pH had reached a value of 11.7. The results are 
plotted in Figs. 2 and 3. 

In the experiments described above, the surfaces of the adsorbents were saturated 
with adsorbent throughout the course of the run. Another experiment was made with one 
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TABLE V 
Adsorption of fraction TI ligllosulpho~lates on titanium dioxide a t  various ionic strengths 

Acetic acid - NaCl 
pH 2.7 

Acetic-acetate 
buffer - NaCl 

pH 4.7 

Ionic strength rrn a r rn CY r rn (Y 

s? * 
TABLE VI z 

4 

Adsorption of lig~losulphonates from 0.1 N solutions of supportirig electrolyte 0 
c 
0 z 

Acetic-acetate 5 
Hydrochloric acid Acetic acid bulfer Sodium acetate 

I 

pH 1.1 pH 2.7 pH 4.7 pH 7.3 8 
Molecular o 

Fraction weight r m a r m CY r m a r m LY E 
X 

Titanium dioxide 
3B 580 - Low - - - - - - 5 
3C 1,400 4 .63  0.472 2 .04  0.333 Low Low - - 0 

2B 5,700 10.52 0.813 4 .25 0.784 2 .61 0.317 Low Low 
4 

1A 9,300 11.51 0.945 5 .88 0.902 3 .17 0 .394 Low Low c0 
I c 32.000 13.45 1.00 5 .90 1.00 3 .43 1.00 2 . 8 6  0 .50  r 

Low 
0.440 

NOTE: rm expressed in milligrams adsorbed per gram of adsorbent. 
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BEECKMANS: LIGNOSULPHONATES 

FIG. 2. Desorptiorl of lignosulphonates from titanium dioxide as a function of pH: 0 IF, 0 l C ,  T2, 
A T1, A IA, V FB, . 3C. 

FIG. 3. Desorptlorl lignosulphonates from kaolin as a function of pH:  0 IF, 0 lC ,  T3, AT1, A lA, 
V2B, 3C. 

system only, fraction 1A on titaniuin dioxide, a t  a nuinber of unsaturated surface concen- 
trations. The pH was raised froin 1.1 to 4.7 i11 one step. The Langinuir constants of this 
run (at  pH 4.7) were 3.98 for I?,,, and 0.612 for a. These figures may be coinpared with 
3.1 7 and 0.394 for adsorption a t  pH 4.7. 

DISCUSS103 

The mechanism of the adsorptioil of a polyelectrolyte inay be coilsidered to be basically 
similar to that  of the adsorption of a non-ionic polymer, but  modified by the presence of 
electrostatic forces between the polyion and the solid surface, and by the intra- and 
inter-molecular forces between the charges on the polyions. The theoretical aspects of 
the adsorption of flexible non-ionic polyiners have been treated in detail by Frish, Eirich, 
and Simha (9, 10, 11, 12). Their statistical mechanical analysis indicates that  only a small 
number of randomly located segments of the flexible polymer chain are actually adsorbed 
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on the surface, the intervening segments forming bridges extending away from the 
surface into the solution. At low surface coverage the number of adsorbed seglnellts per 
molecule and the heat of adsorption are approximately proportional to t:, t being the 
number ol segments per molecule. At  higher coverage a second term proportiollal to 
t must be added. If the interaction potential between polynler and solid extends for a 
finite distance away from the surface and is large in relation to kT, the heat of adsorption 
and r, become proportional t o  t, and the isotherm becomes very steep in the region of 
zero concentration. These conclusions have on the whole been substantiated by experi- 
mental results. 

Jenckel and Rumbach (13) found that the quantity of polymer adsorbed was very 
large compared with that required for monolayer coverage for a number of polymers 
adsorbed on quartz, aluminum, glass wool, and carbon. Kolthoff, Gutmacher, and Kahn 
(14) and Kolthoff and Gutmacher (15), working with various rubber fractions adsorbed 
on carbon blacks, showed that the saturation adsorption on a given adsorbent depended 
011 the solvent and on the pretreatment of the adsorbent. Kraus and Dugone (16), using 
similar systems, fouild good agreement of their results with the Frish-Eirich-Simha 
equation, but this must be to sonle extent fortuitous since the adsorption was partially 
irreversible. The high molecular weight species tended to displace lower molecular weight 
species from the surface in most of these investigations. I t  should, however, be nlentioned 
that in a t  least one case the results seemed to indicate that the adsorbate lay flat on the 
surface (17). 

More direct evidence in support of the Frish-Eirich-Sirnha theory is furnished by the 
work of R/Iiller and Grahame (18) on the differential capacity of the interface between 
mercury and a solution containing polyrnethacrylic acid a t  low pH. A sharp peak in the 
differential capacity curve was interpreted as being due to rapid adsorption and desorption 
of polymer segnleilts in phase with the 1000 cycle superimposed a-c. signal. Since entire 
polymer molecules would diffuse far too slowly to follow such rapid fluctuations the con- 
clusioll was reached that the bull; of the 'adsorbed' nlolecules lies in a surface phase parallel 
to but not touching the mercury, being held there by rather loose bonds between the 
mercury and a small number of segnlents in contact with it. 

Finally, the paper by Heller and Pugh (19) on the protective action of polyethylene 
glycols of various nlolecular weights on gold sols may be cited in support of the view that  
large molecules are adsorbed in such a manner as  to hinder the approach of sol particles 
to within a distance greater than the range of the attractive forces. 

There appears to be even less data in the literature on the adsorption of polyelectrolytes 
than on the adsorption of non-ionic polymers. A systematic study of the effects of variables 
such as the molecular weight, the pH, and the ionic strength of the supporting electrolyte 
is still awaited, although some work has been done on the action of polyelectrolytes as 
flocculating or sensitizing agents. In general, polyions of opposite charge to that of the 
sol cause flocculation a t  low values of the surface coverage, and peptize a t  higher concen- 
trations (20, 21). These facts are easily explicable in terms of an increase or a decrease 
in the effective surface charge due to adsorption of the polyion. 

The adsorption of sodium polyacrylate and hydrolyzed sodium polyacryla~nide on 
kaolin was studied by Michaels and Morelos (4), who found that  the adsorption decreased 
sharply as  the pH was raised, and became zero in the region of pH 8. These authors 
postulated hydrogen bonding between the unionized carboxyl groups and the oxygen 
atoms of the clay surface, which would favor increased adsorption a t  low pH. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BEECKMANS: LIGNOSULPHONATES 273 

The quantity of polymer adsorbed a t  surface saturation should be fairly independent 
of molecular weight, as  the following reasoning will show. Let the polymer molecules of 
molecular weight ill be represented by impenetrable spheres of radius R. If these spheres 
become attached a t  random to the surface a saturation value will ultimately be attained. 
Let 0 be defined as the total projected area of the spheres per unit area of surface. The 
maximum value of e is clearly n/4,  corresponding to close packing on a square lattice, 
but for random deposition e will be less than this value. At saturation we have 

being Avogadro's number, and ,.I the specific surface of the adsorbent. 
Strictly speaking R should be taken as the radius of the equivalent excluded volume 

sphere (22), but this is a refinement probably not justified when applied to a poly- 
electrolyte. As a useful approximation R will be taken as the root mean square distance 
of the polymer segments from the center of gravity of the molecule, 3. The ratio of ilJ 
to 9 is constant for a non-ionic polymer homologous series, and was found to be constant 
(21.9 X loL6 g ~m-~nlole-~)  for lignosulphonates in the molecular weight range 4,000-19,000 
when checked by ineans of the intrinsic viscosity - number-average molecular weight 
data of Gardon and Mason (22) (for method of calculatioll of F, see pp. 612 and 408 of 
reference 23). Substitution of 3 for R2, 21.9X10lG for MIS-, and II/4 for e in equation 
[3] leads to the constant value 7.15X10-s for r,/A. Independence of the saturation 
adsorption from the ~nolecular weight of the adsorbate has been found in most investi- 
gations (1, 15, 16) with non-ionic polymers. 

Substitutioll of appropriate values for A yields the following values for r,,,: 

on titaniunl dioxide ( A  = 4.65 m2/g) 3.33 mg/g, 
on kaolin (A = 10.2 m2/g) 7.30 mg/g. 

These values are quite close to the observed saturation adsorptions in the vicinity of 
the isoelectric point of the adsorbents, approximately a t  pH 4 for titanium dioxide (5), 
and presunlably a t  a low pH for kaolin. 

The thennodynan~ic irreversibility of the adsorption process indicates a rather large 
molar heat of adsorption. On the other hand the ability to desorb on a rise in the pH of 
the medium points to the presence of strongly repulsive forces between solid and adsorbate 
or between adsorbate molecules. The forces favoring adsorption must be sufficiently large 
to overcome the opposing forces of desorption, and by a margin sufficiently great to 
render the adsorptioil irreversible. In other words, the net heat of adsorption must be 
large in relation to product of the absolute tenlperature and the entropy difference 
between adsorbed and unadsorbed polymer molecules. I t  appears unlikely that  van der 
IVaals forces alone could accouilt for such an adsorption energy, even in the case of the 
higher molecular weight species, where the heat of adsorption would increase with 
molecular weight, since the opposing forces would also be rising functions of the molecular 
weight. Some kind of bonding, probably hydrogen bonding as suggested by Michaels and 
Morelos (4) or possibly an interaction with cations attached to ion-exchange site on the 
solid, appears to be required. 

Repulsive forces may arise from electrostatic interactions between the ionized segments 
of the adsorbed molecules, which would tend to push the adsorbed lnolecules apart, and 
between the adsorbent and the charged ionized polynler segments, which would tend to 
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push the adsorbed n~olecules away from the surface. Qualitative electrophoretic measure- 
ments showed that the positively charged titanium dioxide sol in acid medium changes 
sign on adsorption of only a fraction of a lllonolayer of lignosulphonate. Hence even in 
an acid medium it would appear that the electrostatic surface forces are predoininantly 
repulkive. 

The effect of a decrease in the pH should, therefore, favor the adsorption process in 
three ways: firstly, by increasing the number of available unionized sulphonic acid groups 
in the polyelectrolyte capable of hydrogen bonding with oxygen atoms in the surface 
of the solid ; secondly, by reducing the mutual repulsion between polyelectrolyte segments; 
and thirdly, by making the zeta potential of the adsorbent more positive. Similarly, an 
increase in the ionic strength should favor adsorption, because of reduced ionization and 
this was observed (Table VI). A more detailed analysis of these phenonlena must be 
deferred until publication of a study of the adsorption of a synthetic polyelectrolyte of 
constant equivalent weight and constant composition. 

The fractionation which occurs on desorption must be due to differences in the balance 
between attractive and repulsive forces with molecular weight, the larger species pre- 
sumably having a greater net heat of adsorption a t  a given pH. This effect would be 
enhanced by the tendency to an illcreasing equivalent weight with increasing inolecular 
weight. I t  may be remarked that  a fractionation based on a pH-controlled adsorption- 
desorption method has theoretical advantages over conventional methods based on a 
partition between solvents. In  the latter all species must be represented in both phases 
a t  equilibrium, and i t  may be shown (22) that  a perfect fractionation can only be 
approached by means of an infinite phase volume ratio, a condition clearly impossible of 
attainment in practice. The pH-controlled desorption method on the other hand is a 
non-equilibrium system, and i t  should be possible to achieve excellent fractionation by 
very small changes in the pH. The method will shortly be tried with a synthetic poly- 
electrolyte, in which the complicating factor of variations in the equivalent weight will 
be absent. 
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THE CONFIGURATION OF GLYCOSIDIC LINKAGES 
IN OLIGOSACCHARIDES 

X. K~NIGS-KNORR REACTIONS OF 3,5-DI-0-BENZOYL-ARABINO- AND 
-RIBO-FURANOSYL BROMIDES AND THEIR 2-SUBSTITUTED DERIVATIVES' 
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ABSTRACT 
The reactions of 3,5-di-0-benzoyl-L-arabinofuranosyl and -D-ribofuranosyl bromides and 

their 2-substituted 1,2-trans-derivatives (2-acetates, 2-benzoates, 2-p-nitrobenzoates, and 
2-nitrates) with methanol and 1,2,3,4-tetra-0-acetyl-@-gl~icose have been studied. The 
products of these reactions, the occurrence of retention or inversion of configuration or ortho- 
ester formation, and the suitability of bromo derivatives for stereospecific synthesis of glyco- 
sidic linkages were considered. I n  general, the syntheses of oligosaccharides are more stereo- 
specific than the corresponding formation of methyl glycosides. As in the a-D-mannopyranosyl 
bromide series, the reactions with tetra-0-acetyl-glucose give products with retention of 
configuration about C-1, presumably via an  intermediate cyclic carbonium ion when there is 
an  ester a t  C-2, but retention can take place also even when there is no convenient ester group 
a t  C-2 of the bromide. The participation of the C-2 substituent is particularly noteworthy in 
the condensations of the 2-acetate and 2-benzoate derivatives of 3,5-di-O-benzoyl-8-n-ribo- 
furanosyl bromide with 1,2,3,4-tetra-0-acetyl-P-D-glucose, which yield exclusively disac- 
charides of the orthoester type. 

INTRODUCTION 

In a previous paper (I) various derivatives of a-D-mannopyranosyl bronlide were used 
in condensatioll reactions with hydroxyl conlpounds under Konigs-Knorr conditions. In 
some cases the configuration of the product was different from that  expected on the basis 
of earlier work (summarized in refs. 2 and 3). For instance, 3,4,6-tri-0-acetyl-a-D-manno- 
pyranosyl bromide and its 2-0-benzyl derivative both gave disaccharides with an a-con- 
figuration on condensation with 1,2,3,4-tetra-0-acetyl-D-glucose. Previously, reactions 
examined in which a substituent in the 2-position could not participate by forming an 
intermediate cyclic carboniuln ion (e.g. 2,3,4,6-tetra-0-acetyl-a-~-gluco- and -D-galacto- 
pyranosyl bromides) have given products with the configuration opposite to that  of the 
starting material. A qualitative and semi-quantitative study has now been made using 
1-bromo derivatives of L-arabino- and D-ribo-furanose benzoates in which the bromo 
groups are also mainly trans to the C-2 substituent. The nature of the grouping a t  C-2 
was varied and the configuration and structure of the products studied in two series of 
experiments. These reactions were carried out in the presence of silver oxide (a)  with pure 
methanol and (b) with an excess of tetra-0-acetyl-D-glucose in chloroforn~ in the presence 
of Drierite. 

The current interest in nucleosides and nucleotides has focussed attention on stereo- 
specific Konigs-Icnorr syiltheses of pentofuranosyl glycosidic linkages. P-D-Ribofuranosyl 
derivatives have been prepared fro111 2,3,5-tri-0-acetyl-a-D-ribofuranosyl chloride (4) and 
bromide (configuration unknown) (5) and 2,3,5-tri-0-benzoyl-P-D-ribofuranosyl bromide 
(6, 7) whereas a-D-ribofuranosides can be derived from 5-0-benzoyl-2,3,-0-carbonyl-D- 
ribofuranosyl bromide (8). In  the arabinofuranosyl series the a-configuration is readily 
attainable and has been synthesized by Wright and Khorana, who used 2,3,5-tri-0- 
benzoyl-a-D- and -L-arabinofuranosyl bromides (9) and a 2,3,5-tri-0-acetyl-L-arabino- 
furanosyl bromide (9) of uncertain configuration. P-D-Arabinofuranosides are of interest 

'Issued a s  N.R.C. No. 6667. 
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because of their natural occurrence in the nucleosides of sponges (10, 11). The Ko~ligs- 
I<norr synthesis of this type of linkage does not appear to have been carried out, although 
it has been formed by the inversion of the C-2 hydroxyl group of a D-ribofuranos~~l uracil 
(12) and thymine (13, 14) derivatives. Although the conditions used above are different 
from those for disaccl~aride synthesis, it appeared that some of these bromides could be 
adapted for the preparation of a-L-arabinofuranosyl and P-D-ribofuranosyl disaccharides. 
Thus, the condensation of 2,3,5-tri-0-benzoyl-a-~-arabinofura1osy bromide with 2,3,4- 
tri-0-acetyl-L-arabinose diethyl dithioacetal has now led to the synthesis of 5-0-a-I.-ara- 
binofuranosyl-L-arabinose, a structural component in sugar beet pentosan (1.5). 

The use of substitutents on C-2 of a sugar bromide in order to control the configuration 
of the product has been demonstrated in the D-ribofuranose (8), the D-glucopyranose 
(16, 17, 18a), and the D-mannopyranose series (I) ,  and use of this technique has now beell 
utilized in the L-arabinofuranosyl and D-ribofuranosyl series. Convenient compouncls for 
such starting materials in the preparation of 1-bromo derivatives of I<-arabino- and 
D-ribo-furanose have been described by Fletcher and Ness (10, 20). These are 1,3,5-tri-0- 
benzoyl-P-L-arabinose and 1,3,5-tri-0-benzoyl-a-D-ribose, and from these co~npounds the 
2-acetates (19, 21), 2-nitrates, and 2-p-nitrobenzoates can be prepared using conventional 
reactions. Treatment of these products with chloroform containing hydrogen bromide 
until constant rotation had been reached furnished the I-bromo derivatives (Table I) ,  

TABLE I 
3,5-Di-0-benzoyl-L-arabino- and -D-ribo-furanosyl bromide derivatives and their reaction 

products with methanol and 1,2,3,-1-tetra-O-acetyl-~-~-gl~1cose 

Product from 
2-Substit~~tecl Specific 1,2,3,4-tetra-0- 

bromo derivatives rotations I'rocluct from methanol acetpl-~-D-gluco~e 

Mainly orthoacetate ' 
a -  and 8-Glycosicle 
Orthobenzoate 
a -  and 8-Glycoside (8 > a) 
Ortho-p-nitrobenzoate 
a- arid 8-Glycosicle (8 > a) 
8-Glycoside 

Orthoacetate 
a-  and 8-Glycoside 
Orthobenzoate 
8-Glycoside 
Ortho-p-nitrobenzoate 
a- and 8-Glycoside 
a-Glycoside 
'I'race of 8 
a- and 8-Glycoside 

a-Disaccharicle" 
Trace of 8 
a-Disaccharide 
Trace of 8 
a-Disacchariclc 
Trace of 0 
&Disaccharide 
'I'race of a 
a and B-Disaccharide 

(31J:61) 

Orthoester 

Orthoester 

8-Disaccharide 
Orthoester 
a-  and 8-Disaccharide 

(32 : 68) 
a-  and 8-Dis;~ccharicle 

(46 : 5-11 

*In all these reactions some free arabinose (or ribose) mas obtained on de-esterificatio~l. Ilowever, the purpose of the paper is to 
compare orthoester and a- and 8-glycoside formation. 

which were used immediately because of possible instability. From the specific rotations 
of the bromides it was concluded that all the L-arabinofuranose derivatives were pre- 
dominantly a and the D-ribofuranose conlpounds P, with the notable exception of 3,5-di- 
0-benzoyl-D-ribofuranosyl bromide (20), which appeared to be a because of its marked 
difference in specific rotation from the rest of the series (Table I).  
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When the 2-benzoates, 2-p-nitrobenzoates, and 2-acetates of 3,5-di-0-benzoyl-L- 
arabinofuranosyl bromide and 3,5-di-0-benzoyl-D-ribofuranosyl bromide were treated in 
one series of experiments with methanol and in the other with 1,2,3,4-tetra-0-acetyl-P-D- 
glucose (silver oxide being ~lsed in both cases as acid acceptor, with iodine present also 
in the arabinofuranosyl disaccharide syntheses) the course of reaction could be anticipated 
to some extent by taking into account participation, prior to glycoside formation, of 
the 2-substituted group via intermediate cyclic carboniunl ions. In the L-arabinose series, 
methanol treatment of these bromides resulted in the fornlatioll of orthoester derivatives 
and methyl arabinofuranosides of which the 0-anoiner predominated. These results are 
essentially analogous to those obtained by Isbell and Frush when 2,3,4,6-tetra-0-acetyl- 
a-~-lllann0pyran0~y1 bronlide was treated with methall01 in the presence of silver carbo- 
nate (22) except that in this instance sonle methyl a-L-arabinofuranoside was formed in 
addition to the 0-anomer. Also analogous were the results from the use of excess 1,2,3,4- 
tetra-0-acetyl-D-glucose as the nucleopl~ilic reagent (1). The disaccharide formed after 
deacetylation was 6-O-a-~-arabi i1ofuranosy~-~-~cose (characterized as the free sugar 
mid its heptaacetate) with little of the /3-anomer. However, mixtures of a- and P-disac- 
charides (30:61) were formed from 3,5-di-0-benzoyl-a-L-arabinofuranosy bromide, in 
contrast to the product formed fro111 3,4,6-tri-0-acetyl-a-D-mnopyranosyl bromide, 
which was mainly a in configuration (1). The possibility that the C-5 benzoyl group could 
participate in this reaction via a cyclic carbonium ion seeins unlikely since on treatment 
with methanol the bromide yielded methyl /3-L-arabinofuranoside and no l,5-ortho- 
benzoate.* 

No orthoesters were obtained fro111 the reaction of the arabinofurailosyl bromides with 
tetra-0-acetyl gl~~cose, but their absence may have been due to the excess of acid which 
was found to be produced in early stages of the condensations. The Konigs-I<norr conden- 
sations described in this paper were not carried out under optinlum conditions in which 
the halide would be added slowly to an excess of the alcohol (23). Since some of the 
pentofuranosyl bromides were somewhat unstable, the nlixture of alcohol and other 
components were added in one batch to a flask containing the bromide, inlmediately 
after its preparation. Such coilditioils were probably also responsible in all the conden- 
sations for a product in which gentiobiose and higher oligosaccharides could be detected 
after deacylation. In the case of the reaction using 3,5-di-0-benzoyl-a-L-arabinofuranosyl 
bromide, the disaccharide by-product was isolated and converted by de-esterification to 
gentiobiose. When 1,2,3,4-tetra-0-acetyl-0-D-glucose alone was treated with hydrogen 
bronlide in chloroform, slow-moving spots corresponding to gentiobiose and higher 
oligosaccharicles were noted on paper chronlatograms after deacetylatiol~. These results 
are similar to those described by Haq and Whelail (24), who produced ~ , ( ~ - O - ~ - D - ~ ~ U C O -  
pyranose oligosaccharides by the self-condensation of 2,3,4-tri-0-acetyl-a-D-gluco- 
pyranosyl bromide. The yields of gentiobiose in the I<onigs-Iinorr reactions in the 
I.-arabinofuranose series appear to correspond to the reactivity of the starting halide 
towards alcohols. The 2-9-nitrobenzoyl and 2-0-nitro bromides gave little of the disac- 
charide by-product whereas the 2-benzoyl, 2-hydroxyl, and 2-acetyl brornicles gave 
appreciable amounts. 

Condensations ~lsing a 2-0-nitro halide have been reported by Wolfrom, Pittet, and 
Gillan1 (18), who prepared an a-disaccharide (contaminated with P) by the reaction of 
3,4,6-tri-0-acetyl-~-nitro-~-~-glucopyranosy chloride with 1,2,3,4-tetra-0-acetyl-P-D- 
glucose. From a preparative point of view, 3,3-di-0-benzoyl-2-0-nitro-cr-~-arabino- 

'Si?ri?Inrly, no 1,5-orthobenzoate was fortned from 3,5-di-O-beneoy~-a-~-rtbof1~rnnosy~ bro~tzide. 
' 
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furanosyl bromide is similarly useful for synthesis of 0-arabinofuranosides. Reaction of 
the 2-0-nitro bromide with methanol and 1,2,3,4-tetra-0-acetyl-0-D-glucose resulted in 
the formation of the methyl 0-L-arabinofuranoside derivative and a 0-disaccharide, respec- 
tively, and only traces of the a-anomers were formed. The latter result thus shows tha t  
the 2-nitrate group does not participate in the formation of a n  intermediate nitronium ion. 

In the D-ribofuranosyl series the reactions with methanol and 1,2,3,4-tetra-0-acetyl-D- 
glucose gave mixtures of products (Table I),  as would be expected on the basis of Sxl  
mechanisms. Treatment of the bromides with tetra-0-acetyl-glucose gave mainly 0-disac- 
charides, which were adulterated either with orthoester or a-disaccharide. In  specific 
instances, such as the reaction of 3,5-di-0-benzoyl-2-O-nitro-~-~-ribofuranosyl bromide 
with methanol and 1,2,3,4-tetra-0-acetyl-0-D-glucose, some unexpected reactions took 
place. The  methail01 reaction gave complete inversion a t  C-1 whereas with tetra-0- 
acetyl-glucose there was much retention of configuration. This picture is similar to 
the condensation of 2-0-benzyl-3,4,6-tetra-O-acetyl-a-~-mannopyranosyl bromide with 
methanol and tetra-0-acetyl-0-D-glucose, which has been considered in a previous paper (I). 

Under certain conditions trans-1-bromides of sugars can be converted to products of 
the same configuration without the chemical participation of an ester group a t  C-2. 
3,4,6-Tri-O-acetyl-2-O-trichloroacetyl-~-~-glucosy~ chloride yields mainly the a-glycoside 
and does not, in contrast to trans-2-acetate derivatives, give a 1,2-orthotrichloroacetate 
on reaction with methanol (25). This has been explaiiled by the reductioll of nucleophilic 
activity of the carbonyl oxygen by the three chloro groups so tha t  a cyclic carbonium ion 
intermediate is not possible (3). A more limited reduction of carbonyl participation could 
explain the differing reactions of the 2-acetyl, 2-benzoyl, and 2-p-nitrobenzoyl derivatives 
of 3,s-di-0-benzoyl-0-D-ribofuranosyl bromides with 1,2,3,4-tetra-0-acetyl-0-D-glucose. 
The two former derivatives give orthoester products only whereas the 2-p-nitrobenzoate 
derivative gives rise to @-disaccharide also. 

The reactions summarized in Table I can give rise to some overall generalizations. I t  
appears that,  in the five-membered ring, the ester group a t  C-2 can participate in the 
Konigs-Knorr reaction by formation of cyclic carbonium ion intermediates to  a greater 
extent than in the 6-membered series. The participation of C-2 is emphasized in the 
ribofuranosyl series since orthoester yield is very high in attempted ribofuranosyl disac- 
charide syntheses. This should not be surprising when the favorable stereochemistry of 
cis-carbon to  oxygen bonds a t  C-1 and C-2 of the five-membered ring is considered. I t  
can also be concluded that  the reaction in disaccharide formation is more stereospecific 
than the corresponding methyl furanoside synthesis. This presumably is due to the 
size of the nucleophilic reagent, which could be a factor limiting the direction of approach 
of the tetra-0-acetyl glucose, in contrast to that  of the smaller inethanol molecule. 

EXPERIMEXTAL 

Evaporations were carried out under reduced pressure a t  50" C (bath temperature and optical rotations 
were measured a t  23" C). 

Preparation of %Substitz~ted 1,3,6- Tri-0-benzoyl-8-L-arabinoses 
( a )  9-p- Nitrobe?teoate 
1,3,5-Tri-0-benzoyl-p-L-arabinose (1.40 g) was heated a t  80' C for 1 hour in pyridine (20 1111) containing 

p-nitrobenzoyl chloride (1.40 g). The mixture was then added to aqueous sodium bicarbonate, shaken for 
an hour, and the precipitate which formed was filtered off. Two recrystallizations from ethyl acetate - 
hexane gave the 2-p-nitrobenzoate with m.p. 170-171" C and [ a ] ~  + 114" (c, 1.0, CHClx). Calculated for 
Ca3H?5011N: C, 64.8%; H, 4.1%. Found: C, 64.6%; H, 4.2%. 
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(b) 2-Nitrate 
1,3,5-Tri-0-benzoyl-B-L-arabinose (1.38 g) dissolved in acetic anhydride (10 ml) was added slowly to  a 

mixture of acetic anhydride (8 ml) and fuming nitric acid (2 ml), cooled in a n  ice bath. After 30 minutes 
a t  0' C and 15 minutes a t  room temperature, ice-cold aqueous sodium bicarbonate solution was added t o  
destroy the reagent. Extraction with chloroform and evaporation of the extract yielded a solid which, on 
two recrystallizations from ethanol, yielded the 2-nitrate (1.06 g) with m.p. 99-100" C and [ a ] ~  +58" (c, 
0.5, CHC13). Calculated for C?~H21010N: C,  61.5%; H, 4.2%; N, 2.8%. Found: C,  61.3%; H ,  4.2%; I\j, 

2.1 %. 

Preparation of 2-Sz~bstitzlted 1,3,5-Tri-0-benzoyl-a-D-riboses 
(a) 2-p-Nitrobenzoate 
1,3,5-Tri-0-benzoyl-a-D-ribose was p-nitrobenzoylated by thc above method. Two recrystallizations 

from ethyl acetate- hexane yielded the 2-p-nitrobenzoate with m.p. 112-115" C and [ a ] ~  +10O0 (c, 1.0, 
CHC13). Calculated for C3SH?5011N: C,  64.8%; H ,  4.1%; N, 2.3%. Found: C, 64.8%; H ,  4.2%; N, 2.2%. 

(b) 2- Nitrate 
1,3,5-Tri-0-benzoyl-or-D-ribose was converted to  its sirupy 2-nitrate derivative usiilg the nitration pro- 

cedure described above. I t  had ( a ] ~  +69" (c, 0.7, H2O). Calculated for C ? B H ? ~ O ~ O N :  St 2.8%. Fo~ind:  
N, 2.2%. 

Bromination of 2-Sz~bstituted 1,3,5-Tri-0-bewzoyl-6-L-arabinoses 
T o  purify the chloroform, i t  was washed with water, dried with calcium chloride, and distilled, and 

hydrogen bromide was bubbled through it for 2 minutes to  yield an  approximately 0.3 N solution. A ly0 
solution of each benzoate derivative in this solvent was prepared and its specific rotation followed. The 
solution was then evaporated (bath temperature O0 C), and residual hydrogen bromide removed by evapora- 
tion three times of chloroform solutions. The specific rotations recorded are a s  follows, the initial reading 
being measured in chloroform separately, and the final reading being the constant value reached: 

(a)  2-acetate +GOo --t -112" (immediate), 
(b) 2-p:nitrobenzoate +114" + ' -63" (7 minutes), 
(c) 2-nitrate +58" -, -65" (12 minutes), 
(d) 2-hydroxyl +4" -, - 103" (immediate). 

Urontination of 2-Substituted 1,S,5-Tri-0-benzoyl-or-D-riboses 
A similar bromination procedure was used, and the following specific rotations were measured: 

(a) 2-acetate +74" -, -52" (6 minutes), 
(b) %benzoate +88" --t -11" (9 minutes), 
(c) 2-p-nitrobenzoate +10O0 + +8" (16 minutes), 
(d) 2-nitrate +83" + -39" (2 hours), 
(e) 2-hydroxyl +87" + +109" (immediate). 

Reactiolzs of Pentofz4ranosyl Bronzides with Methanol 
The bromides prepared from the appropriate 1-benzoate derivative (0.50 g) were shaken for 1 hour in 

methanol (20 inl) containing a11 excess of silver oxide (2.5 g). The solutions were then filtered and evaporated. 
De-esterification, when necessary, was carried out in 30 hours using 0.1 N sodium inethoxide in methanol 
(0.2 equivalents). Characterization of products was then carried out using paper chromatograms (sprays: 
p-anisidine hydrochloride (26) and ammoniacal silver nitrate (27); solvent: n-butanol-ethanol-water 
(40:11:19 v/v)). Orthoesters had Rp's -0.8 and methyl a-L-arabinofuranoside was characterized since i t  
moved faster than its B-anomer, both glycosides having RF's -0.4. 

(a) L-Arabilzojuranosyl Series 
(i) %Acetate derivative.-The material appeared to be mainly the inethyl orthoester. The reaction product 

had   or]^ +15" (c, 1.0, CHCls) and, after crystallization and two recrystallizations from hexane, had m.p. 
120-121" C and [cY]D 0" (c, 2.3, CHC13). Calculated for CZ?H?BO~:  C,  63.8%; H, 5.35%. Found: C, 63.9%; 
H ,  5.4%. De-esterification did not give methyl arabinosides. 

(ii) 2-Benzoate derivative.-The product had [cY]D -20" (c, 1.0, CHC13) and the de-esterified sample 
showed mainly orthoacetate, some methyl 6-arabinoside, and only a small proportion of the or-anomer. 
Methyl 1,2-orthobenzoyl-L-arabinose was isolated by ethyl acetate extraction of a n  aqueous solution of the 
mixture which had been previously extracted with hexane to remove methyl benzoate. The product had no 
carbonyl absorption in the infrared and had [cY]D -5" (c, 2.1, H2O). Treatment with 0.01 N sulphuric acid 
immediately changed this t o  +80° (c, 1.0) and the material (probably 2-0-benzoyl-L-arabinose) obtained 
after neutralization and evaporation had strong carbonyl absorption a t  1710 cm-l. 

(iii) 2-p-Nitrobenzoate derivative.-The product had [cY]D +36" (c, 1.2, CHCls) and, on de-esterification, 
gave a similar picture on a paper chromatogram as  the above 2-benzoate. 3,5-Di-0-benzoyl-1,2-methyl- 
ortho-p-nitrobenzoyl-L-arabinose crystallized, and two recrystallizations from ethyl acetate - hexane gave 
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material with m.p. 155-159' C and [ol]D +36" (c, 0.8, CHCI:). Calculated for C?7H?3010N: C, 62.2%; 
H, 4.95%. Fotr~id: C, 61.8%; H,  4.8%. De-esterification gave material corresponding to a methyl ortho-p 
nitrobenzoate derivative on a paper chromatogram. 

(iv) B-Nitrate deriaa1ive.-The product, [ a ] ~  +85' (c, 1.5, CEICl3), crystallized, and two recrystallizations 
from hesane yielded methyl 3,5-di-0-benzoyl-2-0-1~itro-~-~-arabinofura1oside with m.p. 98-99" C and 
[aln +85' (6, 0.8, CHC13). Calculated for C?oH190sN: C, 57.55%; H,  4.6%; N ,  3.4%. Found: C, 57.8%; 
11, 4.7%; N, 2.8%. The methyl glycoside (37 mg) was shake11 in ethanol (10 cc) containing 5% palladi~~nl 
011 charcoal (30 mg) under 2 atmospheres of hydrogen for 24 hours (28). After liltration and evaporation 
the product was de-esteriliecl to yield methyl 8-L-arabinofuranoside (identilied on a paper chromatogram). 

(a) Hydroxyl derivative.-The methyl glycoside derivative obtained appeared to be methyl 3,5-di-0- 
benzoyl-8-L-arabinofuranoside since only the 8-L-glycoside was obtained on de-esterilication. 

(0) D-RiOoj~~mnosyl Series 
'The p r o d ~ ~ c t s  obtained in this series were sirupy and are surn~uarized in Table I. 'The specific rotatiol~s 

of the products after treatment with methanol are as follows: 2-acetate +72" (c, 0.6, CHCI,); ?-benzoate 
+90" (c, 0.9, CI-ICI,); 2-p-~litrobenzoate +112" (c, 1.1, CHCI,); 2-nitrate +6g0 (c, 0.7, CHCI,); and 
2-hydrosyl + 9 9 O  (c, 0.8, CHCI,). Methyl ribof~~ranosides were icle~~tiliecl by their relative RF v a l ~ ~ e s  (29). 

Reuclio?zs of L-ilrabinof!~rannsyl Browrides with l,B,S,4-TeIra-O-ncelyl-8-~-glz~cose 
In these experiments 1.0 g of the appropriate bromide was mixed with silver oxide (1.0 g), iodine (0.25 g),  

ancl Drierite (5.0 g). Then a solution of 1 ,2 ,3 ,4- tc t ra-0-acety~-8-~-~cose (4.0 g) in dry chlorofornl (16 ml) 
was added, ancl the mixture mas shaken overnight. After filtration and evaporation the sirup was de-esteri- 
lied with 0.2 eql~ivalents of 0.1 1%' sodium ~nethoxide in methanol over 3 hours. The product was then 
examined on paper chromatograms in the ethyl acetate - pyridine - water (10:4:3 v/v) solvellt using 
anili~le oxalate (30) as spray. 6 -0 -a -~ -Arab inofu ranosy l -~ -~cose  had RG,~,,,, 1.2 whereas the 8-anomer 
had R G ~ I ~ ~ ~ ~ ~ ~  1.0.111 each addition some gentiobiose and higher holuologues were detected and the disaccharide 
was isolated in the case of the condensatio~~ with 2-hydroxyl derivative. The products were fractionated 
on a cell~~lose column. n-Butanol saturated with water gave a partial separation of the arabinosyl glucosides 
and 91-butarlol-ethanol-water (4: l : l  v/v) eluted gentiobiose. 

(i) 2-0-Benzoyl derivative.-The product was mainly 6-0-a-L-arabillofuranosyl-a-D-glucose (0.30 g) with 
spots corresponding to 1,6-0-8-glucopyranosyl oligosaccharides. The forlucr was recrystallized twice from 
ethanol and had m.p. 163-165" C and [ a ] ~  -15. -, -40" (c, 1.0, H20; constant value, 18 hours). Calcu- 
lated for CI IH?OO~O:  C, 42.3%; H, 6.5%. Found: C, 42.3%; H, 6.4%. 'The sugar was a rather than 8 since 
on oxidation in aqueous socli~um periodate the specilic rotation of the solution changed to  -77' (c, 0.6, 
HzO) (31). 'The crude disaccharide (0.24 g) was heated in acetic anhydride (2 ml) containing sodium acetate 
(0.20 g) a t  100" C overnight. The anhyclride was destroyed with ice water and the mixture extracted with 
benzene. The solution was evaporated and the residue crystallized fro111 ethanol-hexane. Recrystallizatiol~ 
from the same solvent gave hcpta-0-acetyl-6-0-o1-~-arabinofuranosy--~-g~cose (0.17 g) with m.p. 108- 
109" C and [a]n -20' (c, 2.0, CHC1,). Calculated for C?51134017: C, 49.5%; H,  5.7%. Fo~utd: C, 49.45%; 
H,  5.7%. The acetate appeared to be 8 since its mother liquor had a specific rotation of -10" (c. 2.0. . . . - . .  . 
CI-ICI,). 

(ii) 2-0-Acetyl derivatiue.-111 a d d i t i o ~ ~  to  6-O-a-~-arabinofu1~a1losyl-~-~cose (310 mg) spots corre- 
sponcli~~g to 1,G-0-8-~-glucopyra1losyl oligosaccharides were obtained. The arabinosyl glucose was con- 
verted to its hepta-0-acetate, m.p. and mixed 1n.p. 106.5-108° C. 

(iii) 2-p-Nitrobenzoate derivat.ive.-The product in this case contained only a trace of glucose containing 
oligosaccharicles and in the arabinofuranosyl glucose fraction the a-anomer predominated. The isolated 
6-O-a-1.-arabinof~1ranosy~-~-g~ucose (252 ~ n g )  was converted to the hepta-0-acetate, m.p. and mixed 1n.p. 
107.5-109.5" C. 

(iv) 8-Nitrate derivative.-Here the reaction mixture was filtered and evaporated and half of the residue 
talien up i l l  benzene, which was then washed three times to remove tetra-0-acetyl-glucose. On evaporation, 
the sirup crystallized and after two recrystallizations from ethanol yielded 0.22 g of 6-0-8-(3,5-di-0-benzoyl- 
2-O-nitry~-~-arabinofuranosy~)-(1,2,3,4-tetra--acety--~-g11cose) with n1.p. 152-153" C and +83" 
(c, 1.1, CHC13). Calculated for C33H35018N: C, 54.0%; H,  4.8%. Found: C, 54.0%; H, 4.8%. 

Of this material 0.11 g was denitrated by shaking in ethanol (25 ml) col~tainillg 5% palladiuln charcoal 
((0.20 g) under 2 atmospheres of hydrogen overnight. After liltration of the catalyst this process was re- 
peated. Refiltration and evaporation gave a product (45 mg) which did not crystallize on seeding with the 
starting material. The product had [a]= +49" (c, 1.1, CHCl,), and de-esterilication gave 6-0-B-L-arabino- 
furanosyl-D-glucose (20 1ng) with [ a ] ~  +73O (c, 0.6, H2O). 

Repetition of this process 011 the crude Kanigs-Icnorr product showed that only a trace of the 6-0-a-L- 
arabinofura~losyl-D-glucose derivative was present. 

(v) 2-Hydroxyl derivative.-The product consisted of 6-0-a- and 6-0-8-L-arabinofuranosyl-D-glucose. An 
attempt was made t o  fractionate these on a cellulose column and two fractions were obtained, one (373 rng) 
with [a]= +34O (6, 1.5, H20) and the other (79 mg) with [ a ] ~  +So (c, 1.3, HzO). Based on the known 
specilic rotations of the a- and 8-disaccharide, the mixture consisted of 39% of the a- and 61% of the 
p-anomer. 
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Gentiobiose (310 mg) was also separated from its higher oligo~ner and was converted to  its 8-octaacetate 
derivative (32). T\vo recrystallizations from ethanol gave crystals with 1n.p. 200-202" C and [ a ] ~  -5' 
(c, 1.2, CHC13). Calculated for C?aM3a019: C, 49.6%; M, 5.6%. Found: C, 49.6%; M, 5.65%. S-Ray  dif- 
fraction patterns of this and a speci~nen of authentic gentiobiose, 8-octaacetate, were identical. 

dclio?t of Hydroge?~ Brolnide i 7 t  Chloroform on 1,2,S,4-Tel~a-O-acelyl-8-~-glzrcose 
1,2,3,4-Tetra-O-acetyl-8-~-g-lucose (0.48 mrnole) was treated with hydrogel1 bronlide (0.96 mmole) in 

chloroforni (5.4 ml) and the specific rotation followed. 

Time (minutes) 0 2 4 5 6 10 
Specific rotation +1l0 -26" -33" -39" -43" -46" 

(in pure CHC13) 

The solutio~l after 10 minutes mas mashed with aqueous sodium bicarbonate, then water, and evaporated. 
Deacetylation gave nlainly glucose with a small proportion of material correspondi~lg to  gentiobiose. 

IZeactio?zs of D-Ribofr~ranosyl Bro?lzides with 1,2,5,4-Telra-O-acetyl-8-~-glz~cose 
'The conditions used in this series of experiments were identical with those used in the L-arabinofuranosyl 

scries, except that the relative proportion of silver oxide nus increased fivefold a ~ l d  no iodine was used. 
(i) 2-0-Acetyl derivative.-The product, after deacetylation, gave a yello\v spot with R~,l,,h, 0.8 on 

paper chromatograms (solvent: n-butanol-ethanol-water (40:11:19 v/v);  spray: p-anisidine hydrochloride) 
and this disappeared on acidification with acetic acid. No nor~nal disaccharide was present. 

(ii) 2-0-Be7zeoyl derivative.-\$,.hen a similar procedure as  for the above 2-acetyl derivative was used 
a spot with Ra,l,,t,,, 0.9 was obtained, also corresponding to  orthoester. No ribofuranosyl-glucose was 
present. 

(iii) 2-p-Nitrobe7zeoyl derivative.-The product on de-esterification appeared to be a mixture of orthoester 
and a normal disaccharide. The disaccharide fraction had RG,I.,~,, 0.95 (and a trace a t  0.90) in the ethyl 
acetate - pyridine -water (10:4:3 v/v) solvent, and on isolation from a cellulose colunin it (35 mg) had 
[ a ] ~  0" (c, 1.0, H?O). Oxidation with aqueous sodiuln periodate changed its specific rotation to -94' (c, 
0.6, 1-120; constant value 5 minutes), indicating a 8-linkage. Acetylation of the 6-O-8-~-ribofuranosyl-~- 
glucose by the hot acetic anhydride - sodium acetate method (see earlier in experin~ental reaction for 
method) yielded a substance which crystallized, and after two recrystallizations from ethanol-hexane the 
waxy hepta-0-acetate had m.p. 108-110" C and [ a ] ~  +3" (c, 1.5, CHC13). Calculated for C25H31017: C ,  
49.5%; H,  5.65%. Found: C, 49.6%; H, 5.7%. 

(iv) 2-N.itrate derivative.-After denitration (as for denitration of the 2-nitrate of the corresponding 
I*-arabinofuranose derivative) followed by de-esterification the mixture was fractionated on a cellulose 
colum~l. The product (41 mg) had [a]D +34" (c, 0.9, H20), and on oxidation with sodiu~n periodate a val~re 
of -48" (c, 0.5, H20; constant value 1 hour) was obtained. This corresponds to 68% of 6-0-8-D-ribofurano- 
syl-D-glucose and 32% of the a-anomer (31). 

(v) 2-Hydroxyl derivative.-After de-esterification paper chro~natography showed an almost equal mixture 
of the 8- and a-anomers (RG,i,,b,, 0.95 and 0.90 respectively). Column chro~natography yielded two frac- 
tions, one (16 mg) with [a]= +77' (c, 1.0, HzO) (after periodate oxidatio~l +54O (c, 0.6, H?O)) consisting 
niai~lly of 6-O-a-~-ribofura1losy~-~-&cose, and the other (14 ~ n g )  had [a]= +12" (c, 0.6, H?O) (after periodate 
oxidation -88' (c, 0.3, HzO)) and was mainly 8-ano~ner. The conlbined fractions thus appear to  consist 
of 54% of 8- and 46% of a-disaccharide. 

Pre)aration of 5-0-a-L-Arabi?tof~rra?~osyl-L-arabinose 
5-0-a-L-Arabinofuranosyl-L-arabit~ose Diethyl Thioacetal 
Using the same Iconigs-Icnorr conditions as  for the preparation of the other L-arabinofuranosyi di- 

saccharides 2,3,4-tri-0-benzoyl-a-L-arabinofuranosy bromide (1.0 g) was treated with 2,3,4-tri-0-acetyl-L- 
arabinose diethyl thioacetal. The product, after de-esterification, was fractionated on a cellulose column. 
Benze~le-ethanol-water (1000:50:1 v/v) eluted ~u~lchanged thioacetal and the (500:50:1 v/v) mixture gavc 
the disaccharide thioacetal (0.41 g). The mercaptal was crystallized twice from ethyl acetate - hexane 
and had m.p. 56" C and [U]D -62' (c, 1.3, H?O). Calculated for C I ~ H ? B O ~ S ~ :  C, 43.3%; H,  7.3%. Found: 
C, 42.9%; H, 7.3%. Oxidation with sodiu~n periodate gave a product with [U]D -91' (c, 0.6, HzO), thus 
indicating an a-L-configuration for the disaccharide linkage. 
5-0-a-L-Arabinofuranosyl-L-arabiltose 
The disaccharide thioacetal (100 mg) was acetylated by the hot acetic anhydride - sodium acetate 

nlethod (see earlier in experin~ental section for method) to yield the hexa-0-acetate (158 mg). This was 
dissolved in acetone (3 ml) and water (1.5 ml). Mercuric oxide (2.0 g) was added, followed by mercuric 
chloride (0.40 g) in acetone (4 ml), to the stirred mixture. After 30 n~inutes the solution was refluxed for 
10 minutes, and then filtered and evaporated. The sirup was dissolved in chloroform, which was washed 
twice with water, dried (MgSO.,), filtered, and evaporated. The product was deacetylated and the di- 
saccharide obtained was fractionated on a cellulose column (n-butanol 3/4 saturated with water as  solvent) 
to  yield the purified material (55 mg) with [a]D -94' (c, 1.4, HzO). A sample of disaccharide prepared from 
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sugar beet araban had [ a ] ~  -72" (15). On sodium periodate oxidation the [ a ] ~  changed to -76' (210 
minutes; c ,  0.9, HzO) (expected value: -79' to -88' (31)), thus indicating that the 5-0-a-L-arabino- 
furanosyl-L-arabinose was not entirely pure. 

ACKNOIVLEDGMENTS 

The author wishes to t h a n k  Mrs. S. F. Hector for techn ica l  ass is tance,  Mr. M. M a z u r e k  
for n ~ i c r o a ~ l a l y t i c a l  de te rmina t ions ,  and Miss I. Gaf fney  f o r  measur ing  in f ra red  spectra. 

REFERENCES 
1. P. A. J.  GORIN and A. S. PERLIN. Can. J.  Chem. 39, 2474 (1961). 
2. R. U. LEMIEUS. Advances in Carbohydrate Chenl. 9, 1 (1954). 
3. L. J.  HAYNES and F. H. NEWTH. Advances in Carbohydrate Chem. 10, 207 (1955). 
4. J. DAVOLL and B. A. LOWRY. J .  Am. Chem. Soc. 73, 1650 (1951). 
5. G. A. HOWARD, B. LYTHGOE, and A. R. TODD. J. Chem. Soc. 1052 (1947). 
6. R. S. WKIGHT and H. G. ICHOIIANA. J.  Am. Chem. Soc. 77, 3423 (1955). 
7. R. S. WRIGHT and H. G. ICHORANA. J. Am. Chem. Soc. 78, 811 (1956). 
8. G. M. TENER, R. S. WRIGHT, and H. G. ICHOR~NA. J.  Am. Chem. Soc. 79, 441 (1957). 
9. R. S. WRIGHT and H. G. KHORANA. J. Am. Chem. Soc. 80, 1994 (1958). 

10. W. BERGMANN and R. J.  FEENEY. J. Org. Chem. 16, 081 (1951). 
11. W. BERGMANN and D. C. BURKE. J.  Org. Chem. 20, 1501 (1955). 
12. D. M. BROWN, A. R. TODD, and S. VAWDARAJAN. J.  Chem. Soc. 2388 (1956). 
13. J.  J. FOX and N. YUNG. Federation Proc. 15, 254 (1956). 
14. T .  T. FOX. N. YUNG. and A. BENDICH. T .  Am. Chem. Soc. 79. 2775 11957). 
15. P . ~ N D R I ~ W S ,  L. H&GH, and D. B. POWELL. ~ h & .  & Ind.  ondo don), 658 (1956). 
16. S. HAQ and W. J. WHELAN. J.  Chem. Soc. 1343 (1958). 
17. K. MATSUDA. Nature, 180, 985 (1957). 
18a. M. L. WOLFROSC and I. C. GILLAM. Science, 130, 1424 (1959). 
18b. M. L. W o ~ ~ n o a r ,  A. 0. PITTET, and I. C. GILLAAI. Proc. Natl. Acad. Sci. U.S. 47, 700 (1961). 
19. R. K. NESS and H. G. FLETCHER. T R .  T .  Am. Chem. Soc. 80. 2007 11958). 
20. R. K. NESS and H. G. FLETCHER; j ~ .  j. Am. Chem. SOC. 76; 1663 (1954j. 
21. R. I<. NESS and H. G. FLETCHER, JR. J.  Am. Chem. Soc. 78, 4710 (1956). 
22. H. S. ISBELL and H. L. FRUSH. J.  Research Natl. Bur. Standards, 43, 161 (1949). 
23. D. D. REYNOLDS and W. L. EVANS. J .  Am. Chem. Soc. 60, 2559 (1938). 
24. S. HAQ and W. J.  WHELAN. J.  Chem. Soc. 4543 (1956). 
25. W. J.  HICKINBOTTOM. J.  Chem. Soc. 1676 (1929). 
26. L. HOUGH. T .  K. N. TONES. and W. H. WAD~IAN. T .  Chem. Soc. 1702 (19501. 
27. S. M. PARTRIDGE. hature, 158, 270 (1946). 
28. L. P. ICUHN. J.  Am. Chem. Soc. 68, 1761 (1946). 
29. G. R. BARKER and D. C. C. S ~ ~ I T H .  1. Chern. Soc. 2151 (1954). 
30. R. H. HORROCKS. Nature, 164, 444 (1949). 
31. A. J.  CHARLSON and A. S. PERLIN. Can. J.  Chen~. 34, 1804 (1956). 
32. G. ZELIPL~N. Z. Physiol. Chem. 85, 399 (1913). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CHEMISTRY OF THE TRIFLUOROMETHYL GROUP 
PART IV.  DIPHENYLTRIFLUOROMETHYLPHOSPHINE AND COMPLEX 
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M. A. A. BEG AND H. C. CLARK 
The Department of Chemistry, University of British Columbia, Vancozrver, British Coltdnzbia 

Received October 10, 1961 

ABSTRACT 

Three methods of preparing diphenyltrifluoromethylphosphine are described. The hydrolysis 
of the phosphine to  diphenylphosphinic acid and fluoroform, and the formation of dibromo- 
and diiodo-phosphoranes from the phosphine are reported. The adducts ( C B H ~ ) ~ P . B F ~  and 
( C ~ H I ) ? C F ~ P . B F ~  are described and the latter is found to be the less stable. With platinunl 
(11) chloride, the complexes trans-[(CeH5)2PCF3]2PtCI? and trans-[CaHsP(CF3)2]2PtCl? are 
formed. The properties of the BF3 adducts and PtCln complexes are interpreted in terms of 
the electronegativity and size of the trifluoromethyl group. 

INTRODUCTION 

In the previous paper (1) of this series, the preparation and physical and chemical 
properties of phenylbistrifluoroinethylphosphine were described. We now report the 
preparation of diphenyltrifluoromethylphosphine, and also the results of experimeilts 
designed to determine the abilities of both these phosphines to participate in complex 
formation. 

DISCUSSION AND RESULTS 

Three methods have been found successful in preparing diphenyltrifluoromethyl- 
phosphine. Since phenylbistrifluorornethylphosphine can be obtained by the addition of 
trifluoroiodolnethane to the P-P bonds of tetraphenylcyclotetraphosphine, one obvious 
route to diphenyltrifluoromethylphosphine lay in the reaction of tetraphenyldiphosphine 
with trifluoroiodomethane: 

This and other reported additions (2, 3) to coinpounds of the type RZP-PR2 involve 
cleavage of the weak P-P bond. Its bond energy is only 50 kcal mole-' (4), lnuch less 
than that of the P-C bond (62 Ircal mole-'), so that the P-P bond will be the potential 
point of attack by a reactive species. 

Tetraphenyldiphosphine is prepared by the reaction of diphenylphosphine and 
diphenylchlorophosphine (5, 6), preferably in a high-boiling solvent such as xylene. 
When tetraphenyldiphosphine is heated with excess trifluoroiodomethane a t  185O, or 
when the two reactants are exposed to ultraviolet radiation, a mixture of diphenyl- 
trifluoron~ethylphosphine and diphenyliodophosphine is produced, from which the former 
can be extracted with petroleum ether. Since the reaction will occur either thermally 
or on ultraviolet irradiation, a free-radical mechanism involving the attack of CF3 
radicals on the P-P bond seems probable. 

The alternative methods of preparation require the reaction of either diphenylchloro- 
phosphine or triphenylphosphine with trifluoroiodomethane a t  185-200'. Although in 
both cases the yields are not high (approx. 20y0), these methods are advantageous in 

'From part of the thesis submitted by  M. A. A. Beg i n  partial fulfillment of the requirements for the Ph.D. 
degree. 
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that the reactants are readily available and the preparation of the diphosphine is not 
required. A number of secondary products are obtained in each case so that the overall 
reactions can be represented as 

The nature of the products strongly suggests that these reactions iilvolve a radical 
mechanism, presumably the attack of CF3 radicals on the P-C6H5 or P-C1 bonds. 
Diphenyltrifluoroinethylphospl~ii~e is a colorless, viscous liquid which boils a t  255-257'. 

This is 28' lower than the boiling point of the inethyl analogue, (CH3)2PCF3, and 24' 
lower than that of the secondary phosphine, (CsH5)2PH. Such low boiling points are 
coil~inon for the perfluoroalkyl derivatives of the group V elements and reflect the reduced 
molecular polarity and hence the weaker interinolecular interactions. 

Diphenyltrifluoroinethylpl~osphine is stable in air and is not decoinposed easily on 
heating. After being heated to 300' for 24 hours, 85y0 of the phosphine is recovered. 
The phosphine is unaffected by water or by hydrochloric acicl LIP to 150'. Only slight 
hydrolysis occurs with aqueous sodium hydroxide a t  100°, in inarked contrast to phenyl- 
bistrifluoromethylphosphiile which is quantitatively hydrolyzed under these conditions. 
Diphenyltrifluoromethylphosphine can be hydrolyzed with alcoholic potassiun~ hydroxide, 
although the reaction is only 78y0 complete after 96 hours a t  80'. The hydrolysis products 
are fluoroform and diphenylphosphinic acid, (CsHS)?P(O)OH. 

I t  is of considerable interest that trifluoromethyl-metallic and -metalloidal derivatives 
are much more susceptible to hydrolytic attack than the analogous alkyl and aryl com- 
pounds. Exceptions among the phosphorus-trifluoromethyl cornpounds are trifluoro- 
inethylphosphonic acid (7) and compounds which also contain a phenyl group, e.g. 
diphenyltrifluorolnethylphosphine. These show much greater resistance to hydrolysis, 
as do the comparable arsenic derivatives (8), this presumably being a consequence of 
electron delocalization involving the aroinatic systems. 

In general, however, the ready reinoval of the trifluoromethyl group on hydrolysis, 
usually to give fluoroform, can be understood in terms of its high electronegativity, and 
high electron-withdrawing effect, as shown by the value of the Taft polar substituent 
constant a*. 

Group u * Electronegativity 

These values indicate the high polarity of the M-CF3 bond compared with M-CH3 
or M-CsHb, and suggest that  the M-CF3 bond will therefore be a very likely point of 
hydrolytic attack. 

Bromine and iodine react readily with diphenyltrifluoron~ethylphosphine to for111 di- 
phenyltrifluoroinethyl-dibromophosphorane and -diiodophosphorane respectively. These 
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are stable oils which are unaffected by air or water and are stable to 200'. However, 
they are hydrolyzed quantitatively by aqueous sodium hydroxide to fluoroform, diphenyl- 
phosphinic acid, and sodium halide: 

The fact that diphenyltrifluoron~ethyldiiodophosphorai~e can be prepared, whereas 
phenylbistrifluoromethyldiiodophosphorane could not be isolated ( I ) ,  is interesting and 
must be due, a t  least in part, to  the large steric effect of the CF3 group. Thus, replace- 
ment of one CF3 group in phenylbistrifluoroinethylphosphine by a less bulky phenyl 
group gives a phosphine which is sterically capable of forilling a diiodophosphorane. 
Similarly, triphenylphospbine in which steric effects are further reduced, also forills a 
stable diiodophosphorane (14). In its physical and chemical properties, therefore, 
diphenyltrifluoroinethylphosphine is closely related to triphenylphosphine. 

In an earlier paper (15), the ability of methyltrifluorometl~~~lphosphines to take part 
in complex formation was examined, and one purpose of the present investigation has 
been the study of the corresponding properties of the phenyltrifluoro~~~etl~ylphosphines. 
Three types of reactions have been examined, namely the tendency of each phosphine 
to form (a )  a phosphonium iodide with an alkyl iodide, (b) an addition compound with 
boron trifluoride, and (c)  a planar coinplex with platinum (11) chloride. 

As inight be expected neither pl~enylbistrifluoroi~~ethylphosphine nor diphenyltrifluoro- 
methylphosphine forins a phosphonium iodide with trifluoroiodomethane, nor is phenyl- 
bistrifluoromethylphosphine sufficiently basic to react with iodomethane. However, the 
more basic character of diphenyltrifluoroinethylphosphine is shown by its reaction with 
iodomethane to form diphenyln~ethyltrifluoromethyl phospho~liuin iodide, [(C6H6)2CF1 
CH3P]I. This yellow crystalline solid inelts a t  123-125' and is stable in dry air but i t  is 
very readily hydrolyzed by cold water to produce fluoroforin, hydriodic acid, and 
methyldiphenylpl~osphine oxide: 

Such ease of hydrolysis is consistent with other studies (IG) of the decoinposition of 
phosphoniuni hydroxides, which show that the most electron-withdrawing organic 
radical is always the one eliminated, the three less electron-withdrawing groups forming 
the phosphine oxide. 

By examining the stability of phosphine - boron trifluoride adducts, inforinatioil is 
obtained concerning the strength of the dative u-bond between phosphorus and boron. 
Such studies for the phenyltrifluoroinethylphosphines give results which parallel those 
obtained for the methyltrifluoroinethylphosphines (15). Triphenylphosphine-boron tri- 
fluoride is a stable white solid of low volatility with a melting point of 128-130'. The 
boron trifluoride adduct of diphenyltrifluoroinethylphosphine is an oil whose saturation 
pressure is greater than that  of its triphenylphosphine analogue. Boron trifluoride 
adducts of phenylbistrifluoroinethylphosphine and tristrifluoroillethylphosphine could 
not be formed. In confirmation of our previous results (8), it is therefore clear that the 
introduction of one CF3 group causes a very substantial reduction in the basicity of a 
phosphine, and the introduction of two such groups inakes the phosphine such a weak 
base that  a BFZ adduct is not formed. 

In coinplexes of phosphines with transition metal halides, such as platinum (11) 
chloride, the metal-phosphorus bonds contain both u and rr components. The way in 
which each of these components is influenced by the type of group attached to phosphorus 
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is reasonably well understood and was briefly outlined earlier (15). Bis(triphenylp11os- 
phine) dichloroplatinuln (11) has been prepared by Jensen (17) as the cis isomer, but 
preparations of the corresponding complexes of diphenyltrifluoromethylphosphine and 
phenylbistrifluoromethylphosphine give only the trans isomers. This is show11 by their 
zero dipole moments. Some caution must be used in interpreting these results in ternls 
of the relative stabilities of cis and trans isomers, since the proportions of the two isomers 
obtained in such cases often varies somewhat according to  the preparative method 
used. Although detailed studies of the cis-trans equilibria would be necessary to reach a 
conclusion regarding the stabilities of the two isomers, it is of interest that  both the phenyl- 
trifluoromethylphosphines seem to  give chiefly the trans isomer. As in the methyl- 
trifluoromethylphosphines, therefore, stepwise replacement of methyl by trifluoromethyl 
imposes steric restrictions on the phosphine which have the effect of stabilizing the trans 
isomer with respect to  the cis. However, in the phenyl series, the introduction of only one 
CF3 group seems to have a much greater effect, since methylbistrifluoro~nethylphosphine 
gives a very stable cis co~nplex (15). The situation is parallel to  that  for tri-72-butylarsine 
and phenyldi-n-butylarsine, of which the former gives only the trans complex, but  for 
the latter the cis-trans equilibrium is shifted in favor of the cis isomer (18). 

Both bis(phenylbistrifluoromethylphosphine) dichloroplatinum (11) and bis(dipheny1- 
trifluoromethylphosphine) dichloroplatinuln (11) react with bromine and iodine to  for111 
the compounds [ C G H ~ P ( C F ~ ) ~ ] ~ P ~ C ~ ~ X ~  and [(C,jH5)2PCF3]2PtC12X?, where X = Br or I. 
These are stable solids which are presumably P t  (IV) complexes of the type [R2R1PI2- 
PtX2C12, although further investigation is required to  establish such a formulation. 

The above studies on complex formation emphasize the effect of the highly electro- 
negative trifluoromethyl group in reducing the donor properties of phosphines, and they 
also reveal the importance of steric factors in the chemistry of the trifluoromethyl group. 

EXPERIMENTAL 

The general techniques used in the preparation, manipulation, and determination of physical and 
chemical properties of these compo~~ncls have bee11 described previously (1). 

Diphenylchlorophosphine was prepared by the method of Steube, LeSuer, and Norman (19). After 
aluminum chloride (222 g) had been added to a mixture of phosphorus pentasulphide (208 g)  and benzene 
(224 g), the mixture was refluxed for 5 hours and after being cooled was poured onto crushed ice. The 
resultant dark green solution of diphenylphosphinodithiioc acid was diluted with an equal volume of 
benzene and chlorinated a t  O0 by a stream of chlorine. Diphenyltrichlorophosphorane crystallized out and, 
after separation, was heated with red phosphorus (15.5 g) to 180°. After the more volatile products had 
been removed, the residual mixture was vacuum distilled to  give diphenylchlorophosphine (64 g, 63% 
yield), which boiled a t  17S0 a t  20 mm. 

Diphenylphosphine was obtained by the reaction of diphenylchlorophosphille with lithium metal in 
ether solution, followed by hydrolysis (6). 

Tetraphenyldiphosphine was prepared by refluxing an ethereal solution of diphenylchlorophosphine 
(11 g )  and diphenylphosphine (9g) .  The precipitated white solid was washed with ether and dried. 

Preparation of Diphenyllriflz~oromethylphoxphine 
(a)  Tetraphenyldiphosphine (1.2 g )  and excess trifluoroiodomethane (12.2 g )  were heated in a sealed 

Pyrex tube a t  185O for 12 hours. Removal of the volatile products, which were excess trifluoroiodomethalle 
and a trace of fluoroform, left an involatile liquid (0.4 g). Analysis of a sample purified by vapor phase 
chromatography showed it to  be diphenyltrifluoromethylphosphine. (Found: C, 60.8670; H, 4.25Y0; F,  
22.69%; P, 11.7970. Calc. for ClaHlaF3P: C, 61.41%; H, 3.94%; F, 22.45%; P, 12.21%.) 

The same product was obtained when tetraphenyldiphosphine (10 g )  and trifluoroiodomethane (10 g)  
were exposed to ultraviolet radiation for 7 days. 

(b)  Triphenylphosphine (2.5 g )  was heated with excess trifluoroiodornethane (14.0g) a t  185O for 4 
hours. Fractionation of the volatile products gave trifluoroiodomethane (10.6 g), fluoroform (0.46 g), and 
trifluoromethylbenzene (0.04 g). Vacuum distillatioll of the involatile residue gave diphenyltrifluoromethyl- 
phosphine (0.2 g), which was identified by its infrared spectrum. There remained a residue of diphenyl- 
iodophosphine. No reaction occurred between triphenylphosphine and trifluoroiodomethane a t  110°, while 
heating a t  214' gave only a resinous material which could not be identified. 
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(c) Dipher~ylchlorophosphine (5.6g) and trifluoroiodometha~~e (17.0 g)  were heated a t  205O for 12 
hours. The reactants were miscible and after being heated gave a reddish brown solution. The volatile 
products consisted of trace amounts of hexafluoroethane and fluoroforrn, unreacted trifluoroiodomethane 
(8.8 g), trifluorochlorornethane (1.24 g), and trifluorornethylbenzene (0.04 g). The ethereal extract of the 
involatile inaterials was found to  contain more trifluoromethylbenzene, phenyltrifluorornethylchloro- 
phosphine, and diphenyltrifluoromethylphosphine. These were separated by distillation. 

Diphenyltrifluoromethylphosphine is a colorless, oily liquid which boils a t  255-257O. Its vapor pressure 
equation is log P,, = 7.781-(2598/T), whence the latent heat of vaporization is 11,850 kcal mole-', and 
Trouton's constant is 22.9. Diphenyltrifluoromethylphosphine is stable in air, and prolonged heating a t  
300" causes only 15% decomposition. 

Hydrolysis Reactions 
(a) Water: The  phosphine (0.22 g) was sealed in a Pyrex tube with water (1.2 g)  and heated a t  120° 

for 48 hours. T h e  compounds were immiscible and the  phosphine was recovered quantitatively. 
(b) Hydrochloric acid: Diphenyltrifluorornethylphosphi~le (0.34 g) was recovered unchanged after being 

heated with concentrated hydrochloric acid (2.4 g)  a t  150°. 
(c) Aqueous sodium hydroxide: Diphenyltrifluorornethylphosphine (0.24 g)  was unaffected by  heating 

to  100° for 24 hours with 5 rnl of 20y0 sodium hydroxide solution. 
(d) Alcoholic potassium hydroxide: The phosphine (0.21 g )  was heated to  70° with 5 1n1 of 20y0 alcoholic 

potassium hydroxide solution for 96 hours. The volatile product was fluorofor~n (0.046 g), corresponding to  
75% hydrolysis of the phosphine. From the residual solution, diphei~ylphosphinic acid was recovered. This 
was identified by its infrared spectrum and its melting point of 193" (20). 

Reactions with Halogens 
(a) Iodine (0.18 g)  reacted with diphenyltrifluoromethylphosphine (0.18 g)  in carbon tetrachloride a t  

25". After the mixture had stood for an  hour, a brown oil separated, which was identified as  diphenyltri- 
Auoro~nethyldiiodophosphorane. (Found: I, 49.32%. Calc. for C ~ ~ H ~ O F ~ I ? F :  I, 50.0%.) When the phosphor- 
ane (0.123 g)  was heated to  80' with aqueous sodium hydroxide solution, fluoroform (0.016 g)  was evolved, 
representing 91.7% hydrolysis. T h e  phosphorane was unaffected by water and only slight decomposition 
occurred after heating of the solution to 200' for 24 hours. 

(b) Bromine (0.105g) and diphenyltrifluoromethylphosphine (0.166 g)  were reacted in carbon tetra- 
chloride solution. The resulting orange oil was identified as  diphenyltrifluoromethyldibrornophosphorane. 
(Found: Br, 38.07%. Calc. for C l 3 H l ~ F ~ B r Z P :  Br, 38.64%.) Diphenyltrifluoromethyldibromophosphorane 
(0.272 g)  was treated with aqueous sodium hydroxide solution a t  80° to  give fluorofor~n (0.044 g), re- 
presenting 96.1% hydrolysis. Acidification of the remaining solution gave diphenylphosphinic acid, m.p. 
194". 

Reaction with Trifluoroiodomethune 
Diphenyltrifluoromethylphosphine (0.22 g)  was quantitatively recovered after being heated with tri- 

fluoroiodomethane (0.86 g)  a t  100' for 24 hours. 

Reaction with Iodornetkane 
Diphenyltrifluoromethylphosphine (0.234 g)  was heated with iodomethane (0.269 g)  to  100° for 12 hours. 

.in orange oil separated from which the excess iodomethane was removed to  give a yellow powder, identified 
as  ~nethyldiphenyltrifluoromethyl phosphonium iodide, m.p. 123-126'. (Found: C, 42.4%; H ,  3.3%; 
I;, 14.2%; P, 7.6%. Calc. for C14H13F3PI: C, 42.6%; H,  3.3%; F, 14.3%; P ,  7.9%.) Reaction of the phos- 
phoniuin iodide (0.127 g)  with water (3.5 g)  gave fluoroform (0.022 g, 99.10j0) and left an acidic solution. 
Evaporation of this solution and extraction of the residue with benzene gave a white solid identified a s  
methyldiphenylphosphine oxide, m.p. 111-112". 

Reactions with Boron Triflz~oride 
(a)  The  passage of boron trifluoride through a petroleum ether solution of triphenylphosphine (0.368 g )  

precipitated a white solid which analyzed for triphenylphosphine-boron trifluoride. (Found: C,  65.5%; 
EI, 5.02y0. Calc. for C ~ I H ~ S P B F ~ :  C, 64.6%; H,  4.7%.) The adduct melted a t  128-130°; it was stable in 
dry  air but was decomposed rapidly by moisture and was insoluble in non-polar solvents. The saturation 
pressure is given by the equation log P,, = 3.840-(972/T) in the range 80-17O0, whence the  heat of 
sublimation is 4.43 kcal mole-'. 

(b) Diphenyltrifluoromethylphosphine (0.254 g)  was mixed with boron trifluoride (0.136 g). No reaction 
occurred a t  room temperature but when the mixture was cooled to  -78O, an  oil formed froin which excess 
boron trifluoride (0.063 g )  was removed by pumping. This loss of BF3 corresponds to  the formation of a 
1:l compound. The adduct, which is a n  oil, has the same properties towards air, moisture, and non-polar 
solvents a s  the triphenylphosphine adduct. The saturation pressure in the range 40-110' C is given by  
the expression log P,,, = 6.609-(1753/T), whence the heat of vaporization is 8.04 kcal mole-'. 

No reaction occurred between boron trifluoride and phenylbis(trifluoromethyl)phosphine either a t  25' 
or a t  -78O. 
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Reactio?~~ with Platinz~ir~ ( I I )  Cl~loride 
( a )  Diphenyltrifluorornethylphosphine (0.254 g )  in acetone was added to an aqueous solution of potassium 

chloroplatinite (0.21 g), and the mixture was heated for 30 minutes. Removal of the acetone gave a resinous 
mass which, after purification with animal charcoal and water, gave a pale yellow solid, bis(diphenyltri- 
fluoro~nethylphosphine) dichloroplatinum (11). (Found: CF1, 16.9%. Calc. for CIGH?OFBP?P~CI?: CF3, 
17.8%.) Treatment with ether gave a small portion melting a t  230°, while the b11l1i of the product was 
soluble in ether, and melted a t  63-65'. 

Reaction of the complex with a carbon tetrachloride solution of bromine or iodine gave a yellow and 
brown precipitate respectively. With bromine the product was bis(diphenyltrifluoromethylphosphine) 
dichlorodibro~noplatinum (11). (Found: CF3, 14.5%. Calc. for C?sH?oF6P?PtCI?Br?: CF3, 14.7G/b.) 

( b )  Phenylbis(trifluoromethy1)phosphine (0.793 g )  was heated with platinum (11) chloride (0.308 g )  to 
100" for 7 days. The product was recrystallized from acetone and was bis(phenylbistrifluoromethylphosphine) 
dichloroplatinum (11), m.p. 134-136'. (Found: C, 25.6%; H, 1.36%; F ,  29.44%. Calc. for C~sHloFlaPJ'tClz: 
C, 25.4%; H, 1.37%; F, 30.16%.) The same product was obtained by adding the phosphine to  an aqueous 
solution of potassium chloroplatinite, although in this case, the product also contained a small amount of 
material which melted above 300". 

Treatment of the complex with a carbon tetrachloride solution of either bromine or iodine, as in ( a )  
above, gave the dibrolno or diiodo derivative. These were characteri~ed by weight gain and by alkaline 
hydrolysis. 

Dipole moments were measured as described previously (8);  the platinurn (11) co~nplexes of both phenyl- 
bis(trifluoromethyl)phosphine and diphe~~yltrifluoromethylphosphinc were founcl to have zero dipole 
moments. 
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ABSTRi\CT 

Taliing irito consideration thc total amorint of the clcpolarizer that  reaches thc surface of a 
flat stationary electrode, the  follo\\~ing integral equation was obtai~ied by Stackelberg: 

a A 
-.A.'61 =lT dl. 
T D  

An equation of a similar forin was also assumed to hold even in the case of the dropping 
mercury electrode. By this procedure he obtaincd the same expression for the flux D[*C/ 
4 ( ( : 3 / 7 ) ~ D l ) ]  as obtained by Ilkovic. In the present work it has been shown that  the same 
espresslon for the flux is obtained by introducing 'A'  as a function of 't' in the basic integral 
. ~ n d  considering the effect which the ~noving surface will have 011 the thickness of the diffusion 
layer. The application of this new approach to  the casc of sphericaI diffusion to the dropping 
mercury electrodc has lead to the following new polarographic equation: 

INTRODUCTION 

The Ilkovic equation in polarography derive? by Ilkovic (I), i\ilacGillavry and RideaI 
(2), and Stackelberg (3) represents the polarographic diffusion current. The current 
intensity a t  any time It' is given by i = nFAD(aC/ax),=o. Each of the above authors 
deterinined the flux of the depolarizer a t  the electrode surface by different nlethods but  
they all obtained the sallle final result for the flux D[* C/d((3/7)  nDt) 1. Stackelberg (3,4) 
derived the follotving integral equation taking into consideration the total amount of the 
depolarizer that reaches the surface of a flat stationary electrode: 

Since the area of the dropping electrode is o: t2I3, the following integral equation was 
assumed to be valid in the case of the dropping inercury electrode: 

In the present work it has been shown that the same final expression for d61 is obtained 
when 'A'  is introduced as a function of 't' in the basic integral and the effect which the 
moving surface will have on the thickness of the diffusion layer is considered. The method 
has also been used in the case of spherical dilTusion to the dropping nlercury electrode. 
This approach has led to a new polarographic equation. 

n: number of electrons iilvolved in the reduction process 
4 : area of the electrode 
F: Faraday 
*C: coilcentration of the depolarizer in the bulk in millimoles per liter 
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290 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1902 

"C: concentration of the depolarizer a t  the surface of the electrode; i t  becomes zero 
in the limiting diffusion current region 

D:  diffusion coefficient of the depolarizer in cm2 sec-I 
t: duration of electrolysis in seconds 

*C-Oc : gradient of the depolarizer a t  a stationary flat electrode surface (% ) z = o  = d ( ~ D t )  

D(aC/ax), = O: flux of the depolarizer a t  the stationary flat electrode surface 
= d ( a D t )  : differential thicltness of the diffusion layer a t  a stationary flat electrode 

surface 
d6s: differential thickness of the diffusion layer a t  the dropping mercury electrode 

surface, for linear and spherical diffusion respectively 
6,: differential thickness of the diffusion layer a t  the surface of stationary spherical 

electrode 

gradient of the depolarizer a t  a stationary 

spherical electrode 
i: diffusion-controlled current in inicroamperes a t  any time 't' 

r ,  = ($)'/; ' f l  = u.t113 : radius of the mercury drop considered as a sphere a t  any 

time 't'. In the case of a stationary spherical electrode ' r  1' is the radius 
m: rate of flow of mercury in mg per sec 
d:  specific gravity of mercury 

4rr:= 4r($)2/:2/3 = b .t213 : area of the mercury drop a t  any time '1' 

THEORETICAL 

Two cases are discussed: (i) linear diffusion to a growing spherical surface and (ii) 
spherical diffusion to a growing spherical surface. 

Case (i). Linear Diffusion to a Growing Spherical Surface 
When the surface is stationary the thickness of the diffusioil layer is '6,. Let us suppose 

that when the surface is growing the thicliness of the diffusion layer is changed by some 
factor 'x' so that  the new thickness due to drop growing is xZ6] = The amount of 
the depolarizer reaching the electrode surface in time 'dt' as given by Fick's first law is 

*c-  Oc 
A .D-- dt. 

x26i 

The total amount transferred to the electrode surface during the time interval t = 0 
t o t  = t  is 
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SUBRAHMANYA: ILKOVIC EQUATION 291 

Hence for the dropping mercury electrode the following integral equation can be written 

When the surface is stationary the following integral equation can be obtained (4): 

Comparison of the integral equation obtained with the moving electrode with the 
integral equation obtained for the stationary electrode of the same area 'A' with diffusion 
layer thickness '6, indicates that the value of 'x' is 4 (3 /7) .  

I t  can therefore be said that the effect of the growing of the mercury drop is to  reduce 
the thickness of the diffusion layer from d ( ~ D t )  to 4((3/7)aDt) .  This result is the same 
as  that obtained by Stackelberg. 

Case (ii). Spherical Diffusion to a Growing Spherical Electrode 
The flux of the depolarizer a t  the surface of a stationary spherical electrode of radius 

'r,' is given by 

The total amount of the depolarizer reaching the electrode surface during the time interval 
t = O t o t = t i s  

I term I1 term 

I t  is clear that for spherical and linear diffusion to electrodes of equal area the reciprocal 
of the gradient differs by ' l / r l l ,  where 'rl '  is the radius of the sphere. Consequently, 
the integral representing the total amount of the depolarizer can be split up into two 
portions. The I1 term is identical with the case of linear diffusion to a plane electrode 
of the same area. The difference between spherical diffusion and linear diffusion lies in 
the first term. 

Since the thickness of the diffusion layer 6, a t  a stationary spherical surface is given 
by the relation 1/6, = l / r l+ l /d( r rDt) ,  one might consider the effect of growing surface 
on 1/6, due to the effects on l / r l  and l / d ( a D t ) .  Hence one can write = l /yr l+ 
l / ~ d ( a D t ) ,  where 'y' and 'x' must be determined. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



292 C.4NADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1968 

The total amount of the depolarizer that reaches the electrode surface in the case of 
the dropping mercury electrode would be 

This integral can be split up into the following two integrals: 

The two integrals can now be treated separately. Following the procedure that was 
followed in case (i) i t  can be shown that x = J(3/7). 

The value of 'y' can now be evaluated thus: 
When the drop is growing 'A' and 'rl '  become functions of time. Hence 

The following integral equatioil call be written: 

We can now compare this equation with the following that has been obtained in the case 
of a stationary spherical electrode of area 'A' and radius 'rl ' :  

These equations are of the same for111 except that instead of 'r , ' ,  'yr,' appears in the case 
of the dropping mercury electrode. Hence y2 = 3/4 or y = J3/2. 

The modified expression for the flux a t  the electrode surface can be written thus: 

The current a t  any time 't' is 

On expressing current in microamperes, 'A' and 'rl '  in terms of the amount of mercury 
flowing out per second, one gets 
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SUBRAFIMANYA: ILKOVIC EQUATION 

The mean current is 

The  following expression can be written for id, the limiting diffusion current: 

DETERMINATION O F  'K'  

Several authors have treated the problein of the modification of the Ilkovic's equation. 
They have obtained an equation of the following form: 

the value of 'K' being 17 (5), 39 (4, 6), or 45.1 as in the present work. The equation 
derived by I<outeclty (12) has the form 

the value of 'I<' being 34. The equation derived in the present paper has only two terms 
inside the brackets corresponding in form to those derived by Stackelberg (5), Icambara, 
Suzuki, and Tachi (4), and Liilgane and Loveridge (6) but differs from all other equations 
in that the value of 'K' is 45.1. I t  has to be pointed out that Kambara, Suzuki, and Tachi 
have employed the integral equation technique of Stackelberg for the case of diffusion 
to a growing spherical electrode. They have formulated the integral equation but in the 
subsequeilt mathematical operations the integration of l / r l  is inaslted and hence they 
get a value of 39 for 'K'. In the present approach to the problem the effect of the growing 
drop is separately evaluated on each of the terms appearing in the expression for the 
thickness of the diffusion layer of the stationary spherical electrode leading to a value 
of 45.1 for 'K'. Lingane and Loveridge (6) obtained a value of 39.1 for 'K'  for data for 
lead ions in 1 N potassium chloride. For the same data Strehlow and Stackelberg drew 
a least-square straight line and obtained a value of 17.4 for 'K' (7). The experimental 
determination of 'K'  and the consequent verification of the theoretical equations derived 
by Strehlow and Stackelberg (5), Kambara, Suzuki, and Tachi (4), Lingane and Loveridge 
(Ci), and by the present author, are very difficult. Airey and Smales (8) have suggested 
that niheil a drop falls from the capillary i t  leaves a part of the depleted diffusion layer 
a t  the end of the capillary. Consequeiltly the succeeding drop grows in a depleted region 
of the depolarizer solution. I-Ience the average current that is measured is smaller than 
the current one would expect froin the 'first drop'. Ilkovic (9) has pointed out that  the 
exhaustion effect may cause the diffusion current to decrease by as high as 15%. In 
order to verify the theoretical equations all experiments have to be conducted on the 
'first drop'. In the alternative one has to use Smoler's horizontal capillary (lo), where 
the drop dislodges a t  right angles to the tip of the capillary. With Sinoler's technique 
there is mixing up of the solution and the impoverishmeilt of the depolarizer does not 
exist a t  the tip of the capillary. Polarographers should also give careful thought to the 
suggestion of McKenzie (11) that  one should measure the instantaneous current a t  the 
end of the drop life when the effect due to the iinpoverishinent of the depolarizer is 
largely avoided. A detailed program of worlt employing Sinoler's electrode has been 
planned in order to find out the exact value of 'I<'. 
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APPENDIX 

(i) Constancy of 'x '  
In the derivatioil presented in this paper 'x '  has been introduced for the sake of con- 

venience. In fact, it is not necessary to introduce 'x '  nor assume anything regarding its 

dependence on ' t ' .  In the case 01 linear diffusion to a growing mercury drop surface we 

have 

Adjustment of 317 wit11 '61 or l / ( i ~ D t )  puts the integral equation into the same form as 

that obtained in the case of stationary electrode. I-Ience in the case of the dropping 

mercury electrode it can be written 

where 1 / ( 3 / 7 )  '61 = d6,. 
The basic technique employed in the present worlr is to evaluate the integrals of the 

time-dependent functions and then coinpare the final integral equation with that obtained 

in the case of a stationary electrode to obtain the thickness of the diffusion layer in the 

case of the growing surface. Since this means that the form of integral equatioils goveriling 

diffusion to the stationary and growing surface are the same, it call forinally be shown 

that under these conditioils 'x' illust be a constant. In the general case let 'x' be equal 

to f ( t ) .  The followiilg integral equation can be written for the case of the growing surface 

since the relation in the case of a growing surface is identical in structure wit11 that in 

the case of a stationary surface: 

where 
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Differentiating with respect to  ' t ' ,  multiplying both sides of the equation by  t7I6, and 
rearranging, one gets 

On integration it  is found 

t713 = A f ( t )  .t7I6 + constant. 7 - 7  2 ( )2 

The constant must be zero since when t = 0 both sides must be zero, which leads to  

f ( t )  = d ( 3 / 7 )  = constaat. 

Fii) Constancy of 'y '  
In a similar way it  can be proved that 'Y' also should be a constant. 
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ABSTRACT 

The nlethod developed by 1ll:ovic for solving the differential equation 

which governs the diffusion of the depolarizer to  the surface of the dropping mercury electrode 
is very difficult. In the present work a simple method is presented. The above equation is 
transformed into d C / d T  = d2C/as2 by introducing the two new variables s = xt213/2. .\/((3/7)D) 
and T = (1/4)t7I3. The  boundary conditions for the transformed differential equation are formu- 
lated and the equation is solved by the Laplace transform method. 

NOTATIONS 

C(x , t ) :  concentration of the depolarizer a t  a distance ' x '  from the electrode surface 
a t  time ' t ' .  

C ( 0 , t ) :  concentration of the depolarizer a t  the electrode surface a t  time 't' (OC) 

*C:  bulk concentration of the depolarizer 
D :  diffusion coefficient of the depolarizer in cm2 sec-I 
A : area of the electrode 
p :  variable in Laplace transformation 
L ( C ) :  Laplace transforin of C 
L-lzt:  inverse transfornl of 'LL'  
s = xtU3/2.\/((3/7)D) : new variable 
T = ( 1 / 4 ) t 7 I 3 :  new variable 

INTRODUCTION 

Several authors have treated the problem of diffusion of depolarizer to the dropping 
inercury electrode. A critical review of the various nlethods has been given by Markowitz 
and Elving ( I ) .  The methods employed fall into two classes. To  the first class belong the 
differential methods wherein a differential equation is formulated and the equation 
solved using the appropriate boundary conditions. To  the second class belong the integral 
nlethods where the problem is formulated as an integral equation. Ilkovic ( 2 )  treated the 
problem by assunling tha t  the depolarizer reaches the surface of the dropping mercury 
electrode by linear diffusion. Since the thickness of the diffusion layer is much smaller 
than the radius of the mercury drop the curvature of the diffusion layer does not signifi- 
cantly differ from tha t  of the inercury drop. In the formulation of the differential 
equation he also added an additional term to include the effect of the growing drop on 
the thickness of the diffusion layer. The following differential equation was formulated 
by him: 

Canadian Journal of Chemistry. Volume 40 (1962) 
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SUBRAHMAXYA: SOLUTION OF ILKOVIC EQUATION 397 

This differential equation was solved by him by en~ployi~lg the Fourier integral method after 
introducing a new variable zi = xt2l3. MacGillavary and Rideal ( 3 )  treated the problem 
as three dimensional spherical diffusion, and formulated the following differential equation : 

dC d2c 7 dC 
- - D 7+r.-- --.- 
dt - ( d r -  r dr) i' :f7 

where 'r' is the distance from the center of the mercury drop. Due to the simplifications 
introduced in the subsequent mathematical operations they obtained the same final 
equation as Illtovic for the current. The following equation for the average diffusion 
current was obtained : 

a, = fjo7nDll"cm2/3t'/G. 

Ilkovic had noticed that the differential thicltness of the diffusion layer in the case of 
linear diffusion to a stationary electrode was d(rrDt)  and in the case of linear diffusion 
to a growing drop d ( ( 3 / 7 ) r r D t ) .  Lingane and Loveridge (4) argued that  even in the 
case of spherical diffusion an equation for the diffusion current can be obtained provided 
a correction is applied to the gradient obtained in the problem of diffusion to a stationary 
spherical electrode. The gradient is written 

The following expression was obtained for the diffusion current: 

The value of 'K' was 39. 
Strehlow and Stackelberg (5) re-examined the derivation of MacGillavary and Rideal 

and modified the intermediate inathematical steps and obtained the same equation as 
above but in which 'K' has the value 17. Karnbara and Tachi ( 6 )  applied Ilkovic's 
technique of the formulation of the differential equation to the case of spherical diffusion 
to a growing drop. They obtained the same differential equation a s  MacGillavary and 
Rideal. After introducing a new dependent variable p (= rC) and transferring the co- 
ordinates from the center to the surface of the drop they obtained the following differential 

a Ion: equ t '  

The above differential equation is of the same form as that obtained by Ilkovic in the 
case of linear diffusion (eq. [ I ] ) .  The procedure employed for solving this differential 
equation is not clear. However, they get the same equation for the diffusion current as 
Lingane and Loveridge. 

The above is only a short account of the differential methods used in solving the 
problem of diffusioil of the depolarizer to the dropping nlercury electrode. I t  is clear that  
in these problems one ineets differential equations of the form of equation [ I ] .  The 
published procedures for the solution of such equations are either very difficult or not 
clearly given. Hence work was undertaken in this laboratory to exainine the possibilities 
of solving such equations by suitable mathematical techniques, i.e. conversion of these 
partial differential equations into standard forms by the technique of change of variables 
and then solution by the Laplace transform method. In the present paper the method 
of solving the Ilkovic differential equation is given. 
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THEORETICAL 

( i )  Transformation of Ilkovic's Dzfferential Equation 
In the differential equation 

'x' and 't' are the independent variables. Let us now express the above differential equa- 
tion in terms of the new independent variables 's' and ' T ' .  Employing the chain rule the 
following transformations can be written: 

(c) 

Since 

2 x a c  2 x  t ? / 3  . - . - . - = - . - . ac a s ac - -.-.- - -  3 t ax 3 t 2 4 ( ( 3 / 7 ) ~ ) ' K -  3 t as '  

a2c a ac a - -  -.-=- 
ax' - ax ax ax 

On substituting for aC/at, Da2C/ax2, and 2/3(x / t )  (aC/ax)  in terms of the new variables 
's' and ' T ' ,  in equation [I] one gets 

ac a2c - - -- 
aT - as' 

( i i )  Boundary Conditions for the Equation aC/aT = a2C/as2 
The boundary conditions for equation [I] can be written as follows: 

C(xlO) = *C; C(0,t) = OC; C(x,t) = *C as 'x' + a. 

Ilkovic transformed equation [I.] into ac/a t  = D(a2C/au2)t4/3 by introducing the new 
variable u = xt2I3 and has given the following boundary conditions: 

C(u,O) = *C and C(0,t) = OC. 
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SUBRAHMAKYA: SOLUTlON O F  lLKOVlC EQUATION 299 

For equation [2] obtained in the present work the following boundary conditions can be 
given : 

C(s,O) = *C, C(0,T) = OC, and C(s,T) = *C as 's' + a. 

I t  is interesting to exanline the significance of the boundary conditions tha t  have 
been given above for equation [2] .  The variable 'x' represents the distance of any point 
from the surface of the electrode and Ilkovic has restricted the range of 'x' such tha t  
'Ax '  is always a constant. The significance of this becomes clear if we consider the differ- 
ence in volume between concentric spheres of radius rl+x and rl: 

= 4 ~ ( 3 m / 4 ~ d ) ~ l ~ t " ~ x  = Ax (when 'x' is small as coinpared to 'r,'). 

I t  is interesting to  find out the error that  is introduced in neglecting 3rlx and x2 in 
comparison with 3r12. Let us take the case of a depolarizer with diffusion coefficient 
10-j cm2sec-l diffusing to the surface of a dropping mercury electrode with the following 
capillary characteristics: m = 1.5 nlg per sec; t = 5 sec. At the maximuin size of the drop 
the error introduced when the value of 'x' is equal to 4 ( (3 /7 )nDtJ  (thickness of the diffu- 
sion layer in the case of the dropping mercury electrode) is about 16%. When the value 
of 'x' is about one eighth the thickness of the diffusion layer, 'Ax' is constant within 
about 2%. For smaller values of 'x' the error introduced becomes much smaller. I t  is 
therefore obvious that the condition put by Ilkovic that  'Ax' be a constant highly 
restricts the range of 'x'. Similar results are also obtained in calculations made a t  different 
times during the life time of a mercury drop. 

Introduction of the variable 's', xt2I3/2d((3/7)D), suggests tha t  we are considering the 
value of C a t  different concentric spheres from the surface of the electrode. Regarding 
'T' i t  can be said tha t  changes in 't' are similar to  changes in 'T'. 

(iii) Solution of the Equation aC/aT = a2C/as2 
The boundary conditions are given by C(s,O) = *C, C(0,T) = OC, and C(s,T) = "C 

as 's' 4 a. a c / a T  = a2C/as?s a partial differential equation with constant coefficients. 
Hence the Laplace transform method can be used for solving this equation. 

We define the Laplace transform of C(s,T) (abbreviated as L C(s,T)) as  

The equation aC/aT = azC/as2 is transformed into 

since *C is the value of the function C(s,T) when T = 0. 
The solution of [3] is 

Since the concentration of the depolarizer does not increase indefinitely with an increase 
in 's', A l  = 0. C(0,T) = OC = constant. A Laplace transforination of a constant is the 
constant itself. 
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Therefore 

0 L C ( 0 , T )  = u ( 0 , p )  = constant = C 

A2 = -(*c-OC) 

2L = *c- (*c- OC)~-'/(")." 

C ( s , T )  = L-'z~(s,p) = L-'*c-L-~ (*C-OC)~-" (~) '~  

S 
= OC+ (*c-OC) erf --- 

2 d T  ' 

I n terms of the old co-ordinate systenl we have 

X 
C(x , t )  = OC+ (*C- O C )  erf 

2 d (  ( 3 / 7 ) D t )  ' 

The value of (dC/dx),,o can be obtained by differentiating with respect to 'x '  under the 
integral sign either from [4] or [5]: 

The current at any time 't' is given by 
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ABSTRACT 

T h e  infrared absorption spectrum o f  lnethyl laurate in carbon tetrachloride and carbon 
disulphide solutions has been compared with the spectra o f  seven derivatives deuterated 
in the w-methyl group, the a-methylene groups, the carbomethoxy group, and in binary 
and ternary combinations o f  these positions. T h e  spectra o f  n-dodecanes deuterated in the  
terminal lnethyl groups and o f  methyl laurates chlorinated in the  w-methyl and a-methylene 
groups have also been measured. 

From an analysis o f  these spectra, all the bands and inflections between 3100 and 700 cm-1 
in the spectrunx o f  methyl laurate can be assigned t o  localized group vibrations. T h e  spectra 
o f  some related acid chlorides, alcohols, and brolnides are also briefly noted. 

INTRODUCTION 

The molecular vibrations of open-chain polymethylene compounds have been investi- 
gated extensively. The  earlier work was reviewed by Sheppard and Simpson (1) in 1953, 
and the more controversial aspects of recent work have been discussed by Sheppard (2), 
J.  R. Nielsen, and Holland (3),  and Krimm (4) among others. Most of these studies have 
dealt with the solid state in which the chain is extended in the all-trans form. In  the 
liquid state, compounds containing short methylene chains exhibit inore complex spectra 
because a limited number of non-linear conformational isomers are present in equilibrium 
with the all-trans form. As the chain lengthens the number of conformational isomers 
increases, but the spectral band envelope sinlplifies because only the predominating 
all-trans and a few of the cissoid infrared-active vibrations give rise to  discrete resolved 
bands. 

Earlier work from this laboratory (5, 6) has dealt with the effect of chain length on 
the infrared spectra of straight-chain fatty acids and their methyl esters. I t  was observed 
that  the spectra of the acids and esters in the C14-C21 range were very similar when 
measured in solution. Oilly small variations occurred in the relative band intensities and 
these could not be evaluated quantitatively by the experimental techniques then avail- 
able. More recently we have studied quantitatively the effect of the chain length on 
the spectra of n-alkanes in solution, using an improved spectrophotometric technique 
(7). The  absorption characteristic of the carbomethoxy group has also been examined 
by comparing the spectra of methyl and ethyl acetates with the spectra of derivatives 
in which the methyl and methylene groups have been selectively deuterated (8, 9). 

These investigations showed that  the carbomethoxy group vibrations of fatty acid 
methyl esters are "insulated" from the chain vibrations, and it  is of interest to  deter- 
mine how precisely such spectra can be treated in terms of sets of independent absorp- 
tion bands specific respectively to  the chain and to the terminal groups. In the long- 
chain esters the vibrational inodes of the a-methylene group are perturbed by the 
proximity of the carbonyl. Absorption specific to the w-methyl group is also distinguished 

'Issued as N.R.C. No. 6650. 
Presented, i n  part, at the International Cor~ference of the European Molecz~lar Spectroscopy Groz@, Bolog?za, 

Italy, September 1959. 
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and the spectra of the long-chain esters can be most conveiliently discussed in terms 
of the four vibratioilal "zones" (a)-@) of structure I. 

CHa-(CH2)n-CH2-COOCH3 
(a) (b )  (c )  ( d l  

I 

In order to investigate possible interaction effects among the vibrations assigned to 
these units of structure, a series of coinpounds has been prepared in which the w-methyl 
group, the a-methylene group, and the carbornethoxy methyl group of a representative 
long-chain methyl ester have been selectively deuterated. Methyl laurate (11), with 
n = 9, was chosen for this purpose as this length of chain provides an optimum balance 
between the cumulative intensity of the weak chain methylene bands and the stronger 
absorption of the carbomethoxy group. 

Seven selectively deuterated derivatives of methyl laurate were prepared (111-IX). 
These include 111-V, deuterated respectively in the w-methyl group, the a-methylene 
group, and the carbomethoxy group, VI-VIII deuterated a t  two of these positions, and 
IX  deuterated a t  all three. The spectrum of n-dodecane (X) and its derivatives deuterated 
in one or both inethyl groups (XI, XII )  were also examined, as were two chlorinated 
analogues (XIII,  XIV) and two acid chlorides (XV, XVI). Attempts to prepare a third 
chlorinated analogue (XVII) were not successful. The acetylenic ester XVIII and the 
alcohols and bromides XIX-XXIV were obtained as intermediates in the syntheses, 
and certain aspects of the spectra of XIX,  X X ,  XXII ,  and XXIV will also be discussed. 

I I 
I11 
I v 
v 

VI 
VI I 

VIII 
I X  
x 

X I  
XI  I 

XI11 

XIV 
xv 

XVI 
XVII 

XVIII 
X I X  
X X  

XXI  
XXII  

XXII I  
XXIV 

EXPERIMENTAL 

The deuterated and chlorinated esters were synthesized by Dr. L. C. Leitch and Miss M. E. Isabelle, 
and their preparation has already been described (10). The hydrocarbons X I  and X I I ,  also prepared by 
Leitch and Isabelle, were obtained from the esters I1 and 111. These esters were reduced with LiAlDd to  
the alcohols X X I  and X X ,  which were converted with bromine and phosphorus to  X X I I I  and XXIV 
respectively. Dehalogenation of these bromides with zinc dust in deuterium oxide gave the hydrocarbons 
X I  and XII.  The deuterium content of several of these compounds was assayed by infrared analysis of 
the water formed on combustion (11) to give the following results, expressed as  atoms of deuterium per 
molecule: 

111 (2.86, 2.93); VI (4.80); VIII (5.12, 5.09); 
I X  (8.09, 8.06); X I  (2.89, 2.92); XI1  (5.81); 
X X  (5.10, 4.90); XXIV (4.91, 4.78). 

The infrared spectra were measured on a Perkin-Elmer Model 112 single-beam double-pass spectrom- 
eter using LiF, CaF2, and NaCl prisms. Carbon tetrachloride was used a s  solvent for the range 3200-1320 
c~n-1 and carbon disulphide below 1320 cm-'. 

RiIeasurements were made a t  1-mm path length. The spectrometer was calibrated with a ternary mixture 
of indene, camphor, and cyclohexanone (12) and the estimated precision of the band positions is & l  cm-I 
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JONES: METHYL LAURATE 303 

below 2000 cnl-I, diminishing to  +3 cln-1 a t  the higher frequencies. A nominal spectral slit width of 
2 cm-I was used between 2000 and 650 cm-l, increasing to  4 cm-I a t  3200 cm-I. A separate solvent back- 
ground spectrum was recorded on each chart, and the spectra were plotted a s  apparent molecular extinction 
coefficients (e:) against wavenumber. The reported intensities are the mean of a t  least two sets of measure- 
ments on separately prepared solutions; all peak intensities were measured a t  absorbances in the range 
0.1-0.8. Between 890 cm-I and 820 cm-1, where carbon disulphide absorbs, the spectra of several of the  
compounds were also measured qualitatively on capillary films of the undiluted liquids, using a Perltin- 
Elmer Model 21 spectrophoto~neter with NaCl prism. 

IiESULTS 

C-H Stretching Vibrations 
The spectra of representative coinpounds in the C-H stretching region are shown 

in Fig. 1 and the complete data are suinmarized in Table I. Bands D and F are the 

M E T H Y L  L A U R A T E  CH3-(CH2)10-COOCD3 CD3-(CH2)IO-COOCH3 

II I B 0 P C a 

W A V E  N U M B E R  (cm- '1  

TABLE I 
C-H stretching bands of methyl laurate and related compounds 

Band" 

. . 
V I ~  [ ~ O ~ O I  (20) 2993 (33) - 3~128 (54oj - 2857 i295j 

V I I  - - - 2921 (57.5) - 2849 (:<00) 
V I l I b  - - [29551 (210) 2i26 (52 i j  - 2857 ( i ioj  

IXb - - - - 2857 (285) 2926 (510) 
x b  c - - 2955 (310) 2923 (665) 2871 (175) 2854 (360) 

XI" - - 2956 (190) 2926 (600) - 2857 (335) 
S I I b  - - - 3926 (660) - 2857 (350) 

S V I I I d  3020 (20) 2995 (35) - 2926 (320) - 2855 (165) 
X S b  - - - 2926 (555) - 2857 (305) 

OThe band maxilna are in cm-1 followed by rk,, in parenthesis. The positions of points of inflection are indicated in square 
brackets. 

*For spectra measured with a CaFz prism a t  a nominal spectral slit width of 10 cm-1. The other spectra were obtained with a 
LiF prism a t  a nominal spectral slit width of 3 cm-1. All measurements are for solutions in carbon tetrachloride a t  a concentration 
of approximately 0.01 ,M. 

CData obtained a t  h~glier resolution are reported in reference 7. 
d ~ h e  acetylenic =C-H stretching band is a t  3310 cm-' (char: 150) mith sl~oulder a t  3895 cm-1 (ck,, 0 ) .  The CEC stretching 

band is a t  2116 cm-1 (A,, 15). 
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asylllmetrical and syn~metrical C-1-1 stretching bands of the polymethylene chain. Band 
C and the inflection E a t  2950 cm-I and 2870 cm-I are absent fro111 the spectra of 111, 
VI, VII,  IX,  XI I ,  XVIII,  and XX.  These compoullds lack the W-CH3 group and the 
bands are assigned to the asymmetrical and sy~n~netr ical  stretching modes of this group. 
The spectra of XXI I  and XXIV were not measured in this region. 

Absorption specific to  the C-H stretching modes of the carbo~nethoxy group is less 
obvious. In the spectruln of CI-I3.COOCH3 there are wealc bands a t  3026, 2999, and 
2957 cm-l; these are absent from the spectrum of3 CIl3. COOCD3 and have been assigned 
to the carbomethoxy methyl group (8). Similar bands near 3025 cm-I and 3000 cm-I 
are observed for 111, VI, and XVIII  but  not for V, VII-XII, and X X ,  consistent with 
their assignment to the carbomethoxy group. The  inflection a t  3020 cm-l (band A) and 
the maximum a t  2995 cm-l (band B) in the spectrum of methyl laurate call be assigned 
similarly. The third band near 2957 cm-l is not observed for methyl laurate, but  is 
presumed to be submerged beneath the stronger absorption of the other C-H bands 
(band a).  Greek letters will be used in general to  designate bands that are presu~llably 
present but are obscured by overlap in the methyl laurate spectrum. 

Wilmshurst (13) has assigned both the 3026 cm-I and the 2999 cm-I bands of methyl 
acetate to  asymmetrical C-H stretching modes of the methoxyl group, assuming that  
the molecule has the planar s-cis conformation XXV. The normally doubly degenerate 
mode is here split because of the presence of a plane of symmetry. The  3026 cm-I band 
is attributed to  the a' species, symmetrical with respect to  the plane, and the 2999 cm-I 
to the a" antisymmetrical species. The presence of a similar doublet in the spectrum 
of methyl laurate indicates that  the carbomethoxy group has the same s-cis configuration 
(XXVI). Wilmshurst's evidence for the s-cis configuration in methyl acetate is not 
conclusive, but i t  is based on analogy with methyl formate and fits the experimental 
data satisfactorily. Wilrnshurst assigns the a band to  the symmetrical mode. 

4 
0 

XXV (R = -CH,j 
XXVI (R = -CiiH?~j 

Absorption specific to  the a-methylene group of methyl laurate should be most readily 
detected by comparisons among the spectra of VII ,  IX ,  and XI I ,  but  no significant 
differences are observed in the contours of these band envelopes. 

C-D Stretching V,ibrations 
On deuteration of the w-methyl group three bands appear a t  2210, 2120, and 2075 

cm-I (Table 11). These are observed in the spectra of 111, X I ,  and XI I ,  with the intensity 
for XI1 approximately twice that  for XI .  The more intense band is tentatively identified 
with the asymmetrical C-D stretching mode. The  weaker doublet may involve a Fermi 
resonance of the sym~netrical C-D stretching mode with an overtone or combination 
band. 

Deuteration of the carbometlioxj~ group produces a more complex set of five bands 
a t  2272, 2247, 2192, 2125, and 2080 cm-l. On the basis of Wilmsl~urst's assignments for 
nlethyl acetate, three bands would be expected for the -COOCD3 group. 

Exchange of deuterium in the a-methylene group produces a very weak set of bands 
a t  2312, 2220, and 2150 cm-l. Ilere again the number of bands observed exceeds that  
anticipated for a pair of antisyn~lnetrical and symmetrical C-D stretching vibrations. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



JONES: METHYL L.4UR.4TE 305 

TABLE I1 

C-D stretching bands of deuterated methyl laurates and related con~pounds 

Banda 

Compound a - C D -  -0CDa -0CDa a-CD?- CDs-  -0CDa a-CD?- - 0 C D s  CDJ-- -0CDa CDs-  
111 - - - - 2210 (17) - - - 2120 (i) - 2075 (8) 
IV 2312 (2) - - 2220 (3) - - 2150 (3) - - - - 
v - 3272 (17) 2247 (35) - - 2192 (18) - 2125 (16) - 2080 ('22) - 

VI - - - . . . ,2212 (32)'.. . . - - - 2121 (12) - 207i (16) 
VII - (22701 (11) 2248 (23) - 2212 (32) [a1951 (20) - . . , ,2125 t32). . . . . . . .2078 (37). . . . 

VIII - 2275 (15) 2252 (24) - - 2195 (20) - 2125 (14) - 2080 (26) - 
IX - 2272 (16) 2250 (24) . . . ,2212 (38)'. .. . 2195 (26) - . . 2 1  (22) . . . , . . . ,2078 (36). . . . 
XI - - - - - - 2212 (34) - 2120 (10) - 20i7 (15) 

XI1 - - - - 2212 (67) - - - 2122 (18) - 2077 (26) 

aThe band maxima are ill cm-1 followed b y  e&,, in parenthesis. T l ~ e  positions of points of inflection are indicated by square 
brackets. The spectra \\.ere measured a t  a nominal spectral slit width of 2 cm-1 in carbon tetrachloride solution a t  a concentration 
of approximately 0.1 41. escept for IV, for which a concentration of 1.3 M was used. 

bL3road band. 

Apart from the obvious, but unproved, explanation in terms of Ferini resonance, the 
additional band could result from restricted rotation about the C-CO bond, leading 
to an equilibriunl between XXVII and XXVIII or related non-eclipsed structures. Sonle 
anonlalous C-D absorptioil could result fro111 incoinplete exchange of hydrogen, but the 
deuterium analyses indicate that the concentration of any -CHD- species illust be 
small, and would be unlikely to give a C-D stretching band of sigilifica~lt intensity. 

SXVII  XXVI I I 

XXIS XXX 

The spectra of esters deuterated a t  more than one center exhibit C-D bands that 
are consistent with the superposition of the spectra discussed above (Table 11). 

C=O Stretching Vibrations 
The positions of the C=O stretching bands are listed in Table 111. Deuteratioil of 

the carbomethoxy methyl shifts the band to lower frequency, as in methyl acetate. 
Deuteration in the w-methyl or a-inethylene has no effect. The illsensitivity to a-methyleile 
deuteration is notable, since deuteration of CH3. COOCH3 to CDa . COOCH 3, which 
sinlilarly iilvolves deuteriuin replacement on the a-carbon, lowers the carbonyl frequency 
by 5 cnl-l (8, 9). 

The spectrum of the a-chloro ester (XIV) has two maxima a t  1768 and 1751 cm-I, 
which probably result from restricted rotation about the C-CO bond (XXIX, XXX). 
By analogy with the doublet carbonyl maxima of chloroacetone (14, 15) and the w-halo- 
genated acetophenones (16), the 1768 cm-I peak is attributed to the s-cis isomer (XXIX) 
and the 1751 cin-I peak to the gauche form (XXX). Our sample of XIV had an additional 
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TABLE 111 
C=O stretching barids of methyl laurate and related cornpounds 

Cornpourid Band Ga I Compound Band G" 

I  I  1742 (550) XI11 1744 (580) 
I11 1741 (540) I X I V  1768 (135) . . 

I  V 1741 (495) 

V 1739 (550) 

VI 1743 (530) 

VII  1739 (515) 

VII I  1738 (540) 

I X  1739 (590) 11  XVII I  1742 (520) 

aThe band maxima are in cm-1 followed by tknx in parenthesis. The spectra were 
measured at a nominal s~ec t r a l  slit width of 2 cm-1 in carbon tetracliloride solution at a 
concentration of 0.01 M. 

weak maxi~nu~n a t  1723 cm-I which is difficult to explain in terms of conforinational isom- 
erism, nor is there any likely impurity that would absorb a t  this position. The acid 
chloride XV absorbs a t  1803 cm-I with secondary maxima a t  1760 and 1711 cm-I and 
the acid chloride XVI a t  1810 and 1784 cm-l. The satellite bands of XV may be due 
to impurity, but similar secondary absorptioil below the main C=O maximum is also 
observed in the spectrum of benzoyl chloride (17) and reinains unexplained. 

C-H Deformation Vibrations between 1500 and 1300 cm-I 
In this region of the spectrum the effects of selective deuteration are inost specific. 

Methyl laurate exhibits eight peaks (bands I-I-N of Fig. 2A and band 0 of Fig. 7A). 
There is also indirect evidence that  three bands (P-6) coiltribute to the H/I  system; an 
additional weak band ( E )  is submerged beneath band J and two more weak bands (j-, 7) 
lie beneath bands L and RII. Representative spectra are show11 in Figs. 2-6 and the 
numerical data are summarized in Table IV. 

Bands H and I (1467 and 1458 cm-l) 
This doublet results from the overlapping of several bands. The principal compoilents 

are the scissoring modes of the chain methylene groups, with secondary contributions 
from both methyl groups. The  dominant methylene coiltrib~itioil (band P) is apparent 
from the spectra of I X  and XI1  in Figs. 3D and 4C. The coiltribution from the asym- 
metrical C-H bending mode of the w-methyl group (band y )  is indicated by the pro- 
gressive diminution in the intensity of the IH/I band envelope for X, X I ,  and XI1  in 
Fig. 4. 

The short-chain n-alkanes exhibit a maximum a t  1467 cm-I with a satellite peak a t  
1457 cm-l. With increasing chain length, an intermediate band appears a t  1460 cnl-I 
which can be detected by graphical analysis for n-tridecane and is visually apparent 
for n-octacosane (7). The  1467 cm-I and the 1460 cm-I bands have been assigned to  
methylene scissoring vibrations and the 1457 cm-' band to the asyminetrical C-H bend 
of the methyl groups. The  contours and intensities of the IH/I band group in Fig. 4 
show that although the absorptioil a t  1457 cm-I weakens with deuteration of the methyl 
some absorption remains a t  1457 cin-l, and the 1467 cm-I band of XI1  is highly asym- 
metrical on the low-frequency side. This suggests that  inethylene scissoring modes 
(probably from coiled or bent chains) are coiltributing to absorption in the 1460-1455 
cm-I region as  well as the terminal methyl group vibration. The  temperature dependence 
of these bands is currently under investigation. 
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WAVENUMBER (cm- '1  WAVENUMBER (cm- '1  

W A V E N U M B E R  ( c r n - ' )  

The carbomethoxy inethyl group of methyl laurate also contributes to the absorptioil 
beneath the H/I  envelope (band 6). The spectrum of CD3. COOCH3 has a band a t  
1456 cm-1 which has been attributed to the asymmetrical C-H bending mode (8). This 
is not distinguishable in the spectrum of methyl laurate, but its presence is suggested 
by the fall in the intensity of band I when the carbomethoxy group is deuterated (cf. 
Figs. 2A and 2D; 3A and 3D). If the carbomethoxy group is planar (XXVI) there 
should be two bands, and Wilmshurst has reported the second (weaker) band a t  1469 cm-I 
in methyl acetate (13). 
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TABLE IV 

C-H deformation bands between 1500 and 1300 ctn-I of methyl l a ~ ~ r a t e  arid related compouncls 

Band a 
- 

C o m p o u ~ ~ d  H I E .T I< 

I1 1467(113) 1458 (107) - 1436 (136) 1419 (36) 
I11 ...... 1463 (96) ...... - 1436 (130) 1419 (32) 
IV 1466 (98) [I4581 (86) - 1436 (105) - 
v 1465 (102) [14581 (90j - - 

-- 
1418 (37) 

VI 1464 (88) [I4581 (78) 14'35 (126) - 
VII 1466 (75) [I4581 (63) - - 1419 (42) 

VIII 1466 (100) 114581 (75) [l-4401 (25) - - 
IX 1466 (72) 1458 (54) [14$0] (25) - - 
X 1467 (120) 1457 (86) 114441 (30) - - 

--- 
XII 1465 (68j [i457] '(48) j14-ioj (20j - - 

XI11 1467 (103) 1457 (93) - 1435 (138) [1410] (3'2) 
S I V  1468 (105) 1458 (98) - 1436 (130) - 

XV 1467 (95) 1457 (75) 114401 (30) - 1406 (48) 
SVI 1466 i95i 1457 (75) iimi i3oi - - 

, , . . ,  , 
XVI I I ..... : 1460 (80) ...... - 143j (140) 14.30 (37) 

S I X  1468 (83) 1458 (65) [I4401 (25) - - 

XX 1467 (73) 1457 (53) [I4401 (23) - - 

S X I I c  1468 (05) [I4571 (75) - - 
- 1430 (30) S S I V  1466 (73) (14571 (55) 1430 (20) 

Band 

Compound L I iVI 9 _\T 0 

11 1378 (51) - 1362 (62) - [I3401 (40) [I3051 (50)b 
I11 - - 1362 (60) - [I3401 (40) [l:i05l (46)" 
IV 1379 (35) 1366 (24) - 1:352 (24) 1340 (24) [I3001 (40)b 
V 1357 (68) - 1364 (72) - - 

- - 
[I3001 

V 1 1350 (14) 113531 (15) 1343 (21) [I3001 (GO)" 
VII -- - 1366 (72) - 1346 (63) [I3081 (50)b 

VIII 1378 (30) 1368 (18) - [I3581 (17) 
- 

1344 (25) [I3051 (75)" 
IX 113681 (18) - - 1344 (30) 113021 

XI 137!) t25) '1367' (13) - '1353'(i1) 1342 (10) 1300 (15) 
S I I  - 1368 (11) - 1353 (12) 13-12 (11) 1292 (16) 

XI11 - - 136-L (65) - - 
- -- 

[I3001 (50)" 
XIV 1378 (34) 1356 (20) 1342 (22) 1310 
XV 1378 (301 1365 (18) - 1354 (18) 1343 (19) 1304 (17) 

XVI 1359 i30) [I3651 '(15) - 1354 (14) [I3401 '(12) 1300 (20) 
SVIII  - - lava (62) - [13461 (50) [12081 

S I X  1350 (37) 1368 (22) - 1353 (16) 1340 (15) 1303 (20) 
XX - 1368 (17) - 1352 (18) 1342 (18) - 

SXI Ic  1379 (2G) 1373 (16) - 1353 (12) 1311 (11) [I2981 (2'3) 
SXIV - 1368 (12) - 1352 (13) 1343 (12) 1296 (20) 

aThe band maxima are in cm-1 followed b y  c k x  in parenthesis. T h e  positions of points of inflection are indicated by  square 
brackets. T h e  spectra were measured a t  a nominal spectral slit width of 2 cm-1 in carbon tetrachloride solution a t  a conce~~t ra t ion  
of approximately 0.05-0.10 M except for band 0 which was measured in carbon disulphide. 

"ntensified by superposition on other absorption. 
CAlso a band a t  1438 cm-1 (r:,,, 42) assioned to  C-H scissoring mode of -CII2Br group. 

Band J (1456 cm-') (Band E (1440 cm-I))  

The strong band J is absent from the spectra of esters containing the -COOCD3 
group (Figs. 2D, 3B, 3C, 3D). Its identification with a carbomethoxy methyl vibration 
is substantiated by its promiilence in the spectrum of VI (Fig. 3A), and in the spectr~un 
of CD3.COOCH3 (8). I t  is assigned to the symmetrical C-13 bending mode. The 
position and intensity of this band ~nake  it particularly useful for distinguishing between 
methyl and other types of alkyl esters. 

A considerably weaker broad band near 1440 cm-l is observed as an inflection in the 
spectrum of n-dodecane and other compounds lacking the carbolnethoxy group (VIII, 
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JONES: METIIYL LAURATE 309 

IX-XII, XX, XXI) (Figs. 3C, 3D, 4). This absorption (band e) coincides with the 
stroilgly Raman-active inethylene vibration of alkanes and probably derives from 
scissoring modes in which viciilal methylenes move in phase. 

Dodecyl bromide (XXII)  has a stronger band a t  1438 cm-I which is absent from 
the spectrum of XXIV (cf. Figs. BC, GD) and presunlably involves a C-H scissoring 

WAVENUMBER (cm-'1 WAVENUMBER (crn-I ) 

inode in the ternlillal -CI12Br group. Brown and Sheppard assign a band a t  1435 cnl-1 
in the spectruin of 1,2-dibroinoetl~ane to a similar vibration (18). Both XXII  and XXIV 
also absorb weakly a t  1430 em-'; possibly this is a scissoring mode of the inethlyei~e a 
to the -CH2Br or -CD2Br group. 

Band R (1419 cm-I) 
The weak band I< of inethyl laurate is absent i f  the a-inethylene is deuterated (Figs. 

2C, 3A, 3C, 3D) or chloriilated (Fig. 5B); it is prominent in the spectrum of V (Fig. 
2D), and is identified with the scissoriilg inode of the a-methylene group. In the acid 
chloride XV it is intensified and displaced to 1406 cin-I (Fig. 5C) and it is absent from 
the spectrum of XVI (Fig. 5D):' 

Band L (1378 cm-I) 
This is the well-recognized sylnilletrical C-1-1 bending band of the w-inetllyl group. I t  

is absent froin the spectra of 111, VI, VII, IX,  XI I ,  XI I I ,  XVIII ,  X X ,  and XXIV 
and is pro~niilent in the spectra of VIII and X (Figs. 3C and 4A). 

*Isabelle attd Leitch (10)  notedvthat lazwic acid also absorbs near 1419 cm-I but llze batzd does not dis l~ppear 
otz a-~tzeth3~lene deliterat~on. I fadz i  and Sl~eppard (19)  have slto.iuit llzis i s  a skeletal vibration of llte carboxylic 
acid dimer. 
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Band M (13G2 cnz-I) 
The presence or absence of this band runs parallel with that of band I< and it  is 

therefore due to  a-methylene. A similar band is observed for diethyl lietone (20) and 
has been assigned to  the wagging mode. Absorption between 1360 and 1320 cm-1 in 
the spectra of propionates and butyrates has been similarly assigned by Icatritzky, 
Lagowski, and Beard (21). 

Band N (1340 cm-l) (Bands 3- (1368 cm-l) and 7 (1353 cm-I)) 
The weak band N inflection is part of a triplet of which the other two components at 

1368 cm-I and 1353 cm-I (bands 3- and 7) are overlapped in the methyl laurate spectrum 
by bands L and M. All three bands are seen in the spectra of IV, VI, X-XII, XIX,  
X X ,  XXII ,  and XXIV. They are most prominent for XI I ,  X X ,  and XXIV (Figs. 4C, 
6B, GD) where they are free of overlap. Similar bands have been reported in the spectra 
of n-alkanes in the liquid state and are assigned by Sheppard and Simpson (I) to  hydrogen 
deformation modes in non-linear configurations of the chain. Nielsen and IHollalld (3) 
assign the 1368 cm-I component to  the twisting mode in the all-trans configuration and 
the 1353 cm-I band to  the trans-gauche structure. Sheppard would place all twisting 
vibrations below 1300 cm-I (2), in which case the 1368, 1353, and 1340 cm-I bands would 
all be associated with wagging modes. Similar bands in anlorphous polymethylene are 
also assigned to wagging  nodes by Icrimm (4). This is a controversial problem to which 
the new data presented here lllalies no direct contribution, apart from emphasizing the 
association of all these bands with chain Inethylene groups. 

Band 0 (1306 cm-') 
For technical reasons this band was nleasured in carbon disulphide solutioll and is 

illustrated in Figs. 7-10. I t  is broad and weak in the methyl laurate spectrum and partly 
obscured by stronger bands a t  lower frequency. I t  is seen more clearly in the n-alkane 
spectra (Fig. 10). Nielsen and I-Iolland (3) assign it to a methylene twisting fundamental 
by analogy with the strongly Raman-active band a t  1295 cm-I as also does I<rirnm 
(4). The possibility of it being a wagging vibration has also to be considered. 

" C-0 Stretching" Vibrations between 1 300 and 1150 cm-I 
Bands P, Q, and I< (1248, 1196, and 1169 cm-l) 

The spectrum of methyl laurate between 1300 and 1150 cm-I is dominated by three 
bands, P, Q, and I< (Fig. 7A). Strong absorptioll in this region is characteristic of carbox- 
ylic esters; the C-0 linkages are clearly involved since analogous structure is missing 
from the spectra of the acid chlorides XV and XVI (Figs. 9B, 9C). Although these 
bands have been extellsively disc~~ssed (22-24) no specific vibrational assignments have 
been made; it has been noted, however, that the spectra of methyl esters show unusual 
features, particularly near 1190 cm-I (24). 

The P, Q, and R ba lds  are all perturbed by deuteration, but  the effects are strikingly 
different for exchange in the a-methylene or carbomethoxy groups. On deuteration of 
the carbomethoxy group, band Q reinains essentially unchanged, P is displaced slightly 
from 1245 cm-I to 1256 cin-I, but band R is replaced by a prominent narrow band 
a t  108'7 cm-I (Fig. 7B). Deuteration in the a-methylene produces a lllore profound 
change. None of the P, Q, R band group is any longer recognizable and a new intense 
band appears a t  1252 cm-I (Fig. 8A). Chlorination of the a-methylene has a rather similar 
effect (Fig. 9A), two new pealis appearing a t  1265 cm-I and 1258 cm-l; this doublet 
may be associated with an eq~lilibriun~ between s-cis and s-trans conformations for which 
other evidence has been noted (band G). If the hydrogen in both the a-methylene and 
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JONES: METHYL L.iURATE 

I 

the carbomethoxy groups is exchanged (Fig. 8B) the effect on the inethyl laurate spec- 
trum approximates to  a combination of the two separate exchange effects; the high- 
frequency band appears a t  1275 cm-' and the low-frequency band a t  1088 cm-'. As 
would be expected, deuteratioil of the w-methyl group has no significant effect on this 
absorption (Table V). 

In attempting to interpret these changes it is convenient to consider first the fully 
exchanged structure R-CD2-COOCD3, which has the simplest spectrum. The  pair 
of strong bands near 1275 and 1088 cm-I resemble structure seen in the spectra of many 
acetate esters, viz. CH3. COOCI33, CH3. COOCD3, CD3. COOCI33, CD3. COOCD, (8) ; 
CH3. COOCzHs, CD3. COOC2Hs (9); CH3.COO. CH2.CHs. OOC.CH3, CH3. COO. 
CD2. CD2.OOC. CH3, CH3.CO0. CH(CH3)Z1 CH3. COO. CH,. CH(CH3)Z (25). The 
spectra of all the foregoing esters have a pair of strong bands in the ranges 1276-1217 
cm-I 675-275) and 1106-1034 cin-l (&,, 395-130). For methyl acetate Wilinshurst 
assigns the upper band to  the CO-0 stretching mode and the lower band to  the 0-CH3 
stretching mode (13). It would seem probable that  this pair of bands is the "normal" 
spectrum associated with the R1. CO. 0 .  R2 structure, though in view of its manifest 
sensitivity t o  changes in the R1 and Rz groups \Vilinshurstls assignments are over- 
simplified and i t  would be more realistic to  regard both bands as involving skeletal 
stretching modes extending through the -CO. OC- group. 
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Since replacement of the a-methylene deuterium in 13. CD2. COOCD3 by hydrogen 
strongly perturbs the 1275 cm-I band and gives rise to the P and Q bands of the methyl 
laurate spectrum, it would appear that the P and Q bands involve strong coupling 
with a vibration of the a-CI-12 group. If band M is correctly assigned to the a-methylene 
wagging mode, the twisting mode may be concerned here. 

The relation between the 1088 cm-I band of R .CDB.COOCD~ and band R of the 
methyl laurate spectrum is more obscure. The 1088 cm-I band is present in all the 
methyl laurate esters that contain -0CD8 and is absent from those that do not. I t  
could therefore be associated with an internal vibration of the -0CD3 group, possibly 
the asymmetrical C-D bending mode (cf. band J).  I-Iowever, the 1088 cin-I band is 
considerably more intense than band J ,  though this intensity might be gained by coupling 
with a skeletal mode. The band, however, does bear a close similarity to the band in 
the acetate spectra, noted above, where deuterium is not necessarily involved. A further 
difficulty is the seeming absence of both band R and the 1088 cm-I band from the spectra 
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JONES: METIIYL LAURATE 

WAVENUMBER (cm- I )  

of R .  CD2. COOCH3 and R .  CC12. COOCH3 (Fig. SA, 9A), neither of which shows any 
intense absorption below 1200 cm-I that can readily be attributed to the lower of the 
two postulated C-0 stretching modes. 

The colnplexity of these spectra recalls the confusion over attempts to interpret the 
"amide 11" bands of secondary amides in terms of localized bond vibrations. The present 
studies indicate that  the P, Q, and R bands of the methyl laurate spectrum involve 
vibrational modes that extend through the whole of the -CH2. CO. 0 .  CH3 unit. 

Vibrations below I 1  50 cm-l 
The spectrum of methyl laurate between 1150 and 650 cm-I is weak and the bands 

are broad. There are well-resolved peaks a t  1112, 1074, 1015, 875, 845, 755, and 720 cm-I 
(bands S-Y). These bands are no doubt superinlposed on inuch unresolved absorptioil 
associated with slreletal modes of various chain conformations. Considerable uncertainty 
still remains concerning the assignment of these bands even in the sin~plest case of the 
all-trans poly~nethylene chain (2, 4). 

Band S ( I  I 1  2 cm-I) 
This band is prominent in the spectra of 11, 111, V, VII, and XII I ,  which contain 

the structure R.(CHz)S.CH2.COOR. For the esters IV, VI, VIII,  and IX,  containing 
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the group -CD2.COOR1 there is a band near 1130 cm-'; the acid chlorides XV and 
XVI absorb near 1126 cm-l, the alcohols and bromides XIX,  XX,  XXII ,  and XXIV 
absorb between 1120 and 1115 cm-l, and the acetylenic ester XVIII a t  1100 cm-l. The  
intensities of these bancls are variable over the range E:,, 14 to  E:,, 100 and there is 
doubtful justification for assuming that they are necessarily associated with a common 
vibrational mode. If, however, this assumption is granted, a skeletal vibration of the 
-(CI-I2)g- chain perturbed slightly by the nature of the end groups would appear to 
be involved. For the 1~0i~101og0~~ series of fatty acid methyl esters, the band shifts 
progressively from 1095 cm-l to  1115 cm-l with lengthening chain, and for a given chain 
length the position is the same for the methyl esters as  for the free dimeric carboxylic 
acid (26). For n-alkanes Sheppard observes a band that  shifts progressively from 965 cm-I 
in n-butane to 1121 cm-I in ilonadecane (2, 27). This "1120 cm-l series" has been 
tentatively assigned to a terminal methyl rocking mode and to a C-C skeletal mode 
(R? and 9 in Sheppard's non~enclature). On chlorination of the w-methyl group of 
methyl laurate this band is displaced by only 6 cm-l from 1112 cm-I (E:,, 62) for I1 to  
1106 cm-l (&,, 68) for XII I .  This would suggest tha t  any coupling with the methyl 
rocking mode is small and tha t  the vibration is predominantly C-C skeletal. 

Band T (1 074 cm-I) 
A weak band between 1080 and 1070 cm-I is observed in the spectra of 11, IV, VI,  

X-XV. The assignment of this to a C-C skeletal mode is supported by the fact tha t  
a similar band is observed a t  1080 cm-I in the spectrum of XII ,  sandwiched between 
bands characteristic of the -CD3 groups a t  1115 cm-I and 1055 cm-l. Brown, Sheppard, 
and Simpsoil identify this band with the C-C skeletal mode a (the "1060 cm-'series") 
as also does Kriinm (4). In V and I X  this band may be obscured or overlapped by the 
strong 1088 cm-I band, but failure to  observe it  in the spectrum of I11 should be noted. 

Band U (1 016 cnz-I) 
This band appears prominently in the spectrum of 11, 111, XI I I ,  and XVIII,  all of 

which contain -CH2. COOCH3. A narrower band a t  1008 cm-I is associated with the 
-CD2. COOCH3 structure of IV and VI while a weaker doublet near 960 and 948 cm-I 
characterizes the -CHZ.COOCD~ group (Fig. 7B) and a triplet a t  998, 975, and 
950 cm-I the -CD2. COOCD3 group (Fig. 8B). 

I<atritzky, Lagowski, and Beard (21) note the 1015 cin-I band, which they locate in 
the range 1020-995 cm-I in various saturated methyl esters, and assign tentatively to a 
skeletal mode or to an in-plane 0-CH3 rock of the carbomethoxy group. Wilinshurst 
(13), however, associates this mode with bands a t  1230 cm-I in methyl formate and 
1248 ~111-l in methyl acetate. Conlparison among the deuterated methyl laurates indicates 
that band U, like the P, Q, R triplet, iilvolves the whole -CH2. COOR structural unit. 

Bands V and W (875, 845 cm-l) 
The spectra of capillary films of 11, 111, IV, and V are shown in Fig. 10. Bands near 

875 and 845 cnl-I are observed for 11, 111, and XI I I ,  which contain -CH2. COOCH3. 
The -CD2. COOCH3 group of IV absorbs similarly a t  855 and 815 cm-I but the spectrum 
of V, containing the -CH2. COOCD3 group, shows no resolved absorption between 890 
and 755 cm-I. Bands V and W of methyl laurate therefore appear to  be associated 
with the carbomethoxy methyl group and similar absorption is noted for various methyl 
esters by Katritzky and collaborators (21), who assign it  to  the methyl out-of-plane 
rocking mode. Wilinshurst (13) assigns a band a t  844 cm-' in the spectruin of methyl 
acetate to the CH3.C- rocking mode, and if this is correct there can be no analogy 
with the methyl laurate spectrum in this respect. 
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JONES: METHYL LAURATE 

Bands X and Y (755, 721 cm-l) 
Band Y is the well-recognized CH2 rocking vibration of the polylnethyle~le chain 

and its behavior is normal in all the compounds. The position of band X varies between 
755 and 740 cm-l and it is probably the second member of a progression of CI-12 rocking 
bands, the higher inembers of which are too weak for observation. 

Otlzer Absorption in  the Substituted Compounds 
Comparison of the spectra of the hydrocarbons X-XI1 (Fig. 11) indicates that on 

introduction of -CD3 bands appear a t  1115, 1054, 684, and 656 cm-l. The two a t  

WAVENUMBER (crn-'1 

FIG. 11. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



318 CANADI.4N JOURNAL OF CHEMISTRY. VOL. 40. 1962 

higher frequency are probably C-D bending modes and the others may be CDI-C 
rocking modes. The 1054 c n r l  band is observed for the methyl trideuterolaurates (111, 
VI, VII, IX) and for the alcohol X X  and the bromide XXIV (Table V), but the weaker 
band a t  1115 cm-I is obscured by band S in the ester spectra. 

The methyl trichlorolaurate XI11 exhibits prominent maxima a t  777 and 694 cm-I 
and the methyl a-dichlorolaurate XIV a t  709 cin-l. Presumably these bands involve 
C-Cl stretching modes. The acid chlorides XV and XVI show strong characteristic 
bands at  952, 722, 680 cm-I and 966, 744, and 693 cm-I respectively (Figs. 9B, 9C). 

CONCLUSIONS 

The complete spectrum of lllethyl laurate is shown in Fig. 12 plotted on a unifornl 
ordinate scale, and the band assignments are suinlnarized in Table VI. All pealts and 

5 0 0 1  ~ C I ,  - ( ~ I - I ~  \ -CH, - c n n c ~ ,  11" 

WAVENUMBER (cm-I)  

inflectiolls in the spectrum can be assigned to the specific units of molecular structure 
(a)-(d) of I ,  except for bands P, Q, R, and U, which involve both the (c) and (d) units. 
The remaining uncertainty in the con~plete interpretation of the spectrum is due more 
to lack of knowledge concerning the nature of the vibrational modes within these structural 
units than to their mutual perturbation effects. 

The use of the characteristic group frequency concept in analyzing the infrared spectra 
of complex molecules has been subject to some abuse, and has been used in different 
connotations by various spectroscopists. Theoretical spectroscopists, in particular, have 
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JONFS: METHYL LAURATE 319 

TABLE VI 
Summary of band assignments for methyl laurate 

Assignment 
-- 

Banda vmnx (cm-l) EL~ Group Mode 

asym. C-H stretch (a') 
asym. C-H stretch (a") 
sym. C-H stretch 
asym. C-H stretch 
asym. C-H stretch 
sym. C-H stretch 
sym. C-H stretch 
C=O stretch 
C-H scissor 
asym. C-H bend 
asym. C-H bend (a") 
C-H scissor or wag 
sym. C-H bend 
C-H scissor 
sym. C-H bend 
C-H wag or twist 
C-I-I wag 
C-H wag or twist 
C-H wag or twist 
C-H twist (or wag?) 
C-0 skeletal coupled with or-CH- 

deformation 
C-0 skeletal coupled with or-CH?- 

--. 

290 
550 
1131 band 4 

$ band 
107) band d 

deformation 
C-0 skeletal co~~pled  with or-CHs- 

deformation 
C-C skeletal coupled with end groups 
C-C skeletal 
C-0 skeletal coupled with a-CH2- 

deformation 
Methyl rock ? 
NIethyl rock ? 
C-H rock 
C-I-I rocli 

"Points of inflection are designated by square brackets. Greek letters identify bands that are not observed in the methyl laurate 
spectrum but are presumed to be present from the analysis of the spectra of the deuterated derivatives. 

been critical of its use for purely descriptive purposes, where there is often insufficient 
evidence from normal co-ordinate analysis to justify the localization of the vibration 
to the postulated restricted bond systems. I t  would be preferable to reserve this term 
for those situations where the vibration is in fact localized, in reasonable approximation, 
to motions of small groups of atoms, such as 0-1-1 stretching bands of non-hydrogen- 
bonded hydroxyl groups, and C=O stretching bands of ketones. In other cases, typified 
by the P, Q, R band system of inethyl laurate, the group of three bands, talten as a 
whole, characterizes the R .  CI-12. COOCf13 structure, though the ilormal vibrations 
which are responsible for these bands witllin the group are not yet understood. In these 
circumstances we would prefer to use the expression "characteristic zone absorption" 
instead of "characteristic group frequency". The emphasis is here displaced from an 
individual band to a pattern of absorption that inay extend over a wide wavenuinber 
range, and that may characterize a unit of inolecular structure consisting of a considerable 
nuinber of atoms. The word "zone" identifies the region of molecular structure involved, 
and is consistent with the definition of a zone as "an area or region set off or characterized 
as distinct from adjoining parts" (28). The P, Q, R bands of methyl laurate provide a 
rather simple example of this zone concept, which is also being applied to the descriptive 
analysis of steroid spectra in the 1350-650 cm-I range (29). 
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In a subsequent paper, the effects of varying the chain length on the fatty acid methyl 
ester spectra will be considered, and further discussion of the methyl laurate spectrum 
will be deferred in order that this additional data can also be discussed. 
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ABSTRACT 

The infrared spectra of straight-chain fatty acids and their 111ethy1 esters have been 
measured over the range 1500-650 cnl-I in carbon tetrachloride and carbon disulphide 
solution. The effects of the chain length on the peak intensities of the bands have been 
analyzed in relation to  the group frequency assignments derived from colnparative studies 
of deuterium-substituted methyl laurates. 

INTRODUCTION 

Colnparison of the infrared spectrum of methyl laurate with the spectra of deriv a t '  lves 
deuterated a t  specific sites (1) has shown that all of the 25 maxima and inflections between 
3020 and 700 cm-I in the methyl laurate spectrum can be attributed to localized group 
vibrations. Twenty-one of these bands can be assigned, in good approximation, to one 
of four "characteristic zones", (a)-(d) of structure I ,  while the remaining four bands 
involve coupled modes extending over zones (c) and (d). 

If the group vibrations are strictly localized within the respective zones, i t  is easy to  
predict the effects of increasing the chain length. Bancls associated with zones (a), (c), 
and (d) should be unaffected in position ancl intensity. For zone (b) the bands involviilg 
purely internal vibrations of each methylene group should intensify without wavenumber 
clisplacen~ent, while for the inodes that involve coupling between successive methylene 
groups, progressive waveiluinber shifts may occur. 

In order to exanline these relationships, the spectra of the straight-chain methyl esters 
have been ineasured over the range n = 0 to n = 15 and the corresponding carboxylic 
acids (11) have been investigated between n = 0 and n = 18. The  n-alkanes 
(CI-13--(CH2),-CI-13) have been studied previously fro111 n = -I to n = 34 under the 
same experilnental conditions (2). 

The acids and esters were obtained from commercial sources. The lower-boilii~g esters were distilled a t  
atmospheric pressure through a Todd column. Five percent of the third quarter of the distillate was 
collected, and the homogeneity \\;as checked by vapor-phase chromatography. Propioliic and butyric 

lIsszlrd as N.R.C. No.  6661. 

Canadian Journal of Cl~c~lristry.  Volumc -10 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



322 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

acids were dried with anhydrous sodiu~n sulphate and distilled a t  atmospheric pressure in the presence 
of potassium permanganate. 

The  spectra were measured from 1500 to  1300 cm-I in carbon tetrachloride solution and from 1300 
to  700 cm-I in carbon disulphide solution on a Perkin-Elmer Model 112 spectrometer under conditions 
described previously (1, 2). 

RESULTS 

In the preceding paper, the bands and inflections in the spectrum of methyl laurate 
were designated alphabetically in order of decreasing wavenumber, and the same 
identification system will be used here. Since these measurements do not extend above 
1500 cm-I only bands H-Y are considered. Bands H-M, P-U, and Y are clearly recog- 
nizable in the spectra of all the esters. Bands N, 0, V, W, and X, though observed in 
most of the ester spectra, are unsuitable for quantitative consideration, because of 
weakness, or for other reasons. They are noted in the last column of Table I but will 
not otherwise be discussed. The carboxylic acids are predominantly in the dimeric 
form (11); in their spectra, bands H ,  I ,  L, S, T ,  and Y can be unequivocally identified 
with their counterparts in the ester spectra. Other bands, common to the acids but  
not present in the ester spectra, are distinguished by lower case letters (bands a-f). 

The positions and peak heights of the methyl ester and acid bands are listed in Tables 
I and I1 respectively. The ester bands can be identified by reference to Fig. 12 of the 
preceding paper. The acid bands are shown in the representative spectrum of lauric 
acid in Fig. I. 

Solvent - - - -- - Solvent -- 

- 

- 
CS2 

LAURIC ACID 

WAVENUMBER (crn- 'I  

DISCUSSION 

In an initial analysis of the versus chain length relationships, the band intensities 
were plotted against 72, as was done previously for the n-alkane spectra (2). For most 
of the bands approximately linear relationships were observed, except in a few cases 
for low values of n. Representative plots for bands S and Y of both the esters and acids 
are shown in Figs. 2 and 3. The diagrams for the other bands are not reproduced, but 
the slopes (a) and the zero abscissa1 intercepts (0)  for a linear least-square fit through 
the points are reported in Table I11 together with the standard deviation (S) .  For the 
majority of the bands the distribution about the least-square fit appears random, except 
in a few cases where abnormal departures from linearity are noted for the shorter- 
chain compounds. 111 these instances the short-chain homologues were omitted in fitting 
the data. This is indicated under the column headed n' in Table 111. The more significant 
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TABLE I1 
Band positions and intensities for carboxylic acidsa (CH3-(CH,),,-CIIx-COOIi) o > z > 

Band 2, Band L Band d tl 
Chain Icngth Band 1-1 Band I Band a Band c F 

(1466 CIII-I) (1458 cmrl) (1440 an-') (1336 cm-I) 
Z 

(n) Ymnx ~ILmnx v n u  e?n:Lx ~ m a x  e ' h x  
0 

0 115& - - 1416 112 1385 45 38' 1284 83 C 

311 
0 

1 54- d 61" GOi 1415 109 1383 32 1278 113 Z > 
3 7GC 63 65' 1415 112 1381 37 36 1288 103 r 
4 77c 74 65; 1414 113 1381 38 36 1281 113 o 
5 83 82 65 1114 114 1380 39 36 1278 105 7 
(i 9 1 84 68' 1413 115 1380 39 36' 1284 116 2 A 

7 97 88 68' 1413 112 1379 39 36' 1278 107 I.. 
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TABLE I1 (Co?tcluded) 

Band e Band S Band Y 
Chain Length - Band f -- 

(n) vmnx e?,,,,, vmnx enmnl ( 9 3 4 ~  2 cm-l) vnmi Other b a n d s ~  

ilj 
"Bauds H-c were measured ill carbon tetrachloride solutions and bands d-Y in carbon disulpl~ide. Ul~less othenvise indicated, the band poqitiol~s are listed ill the colun~n headings and I 

t:,,,, in the coltt~nn. n 
"1463 cm-1. 
C1468 cm-1. 

E 
d ~ o t e  that band H is weaker tl1a11 baud I. 
'1460 cm-l. 
/I340 cm-1. 
OThe band positions are give11 first followed by r:,,, in parenthesis. Bands indicated in italics are superimposed on strong solvent absorpt io~~ bands and their positions and intensities are 

less certain. ..- 
?Anomalous; see section Bands d aird e. 
'.Inflection. 
3931 cn-I. 
k O ~ ~ e  of these bands may be a n l e t l~y l e~~e  rock. 
lone of these bands may be the analogue of band e .  

"'Tentativel~, identified uvith band X of methyl laurate. 
'LTe~~tatively identified with band 0 of n~etl~jvl laurate. 
"Tentati\.ely identified tvitli band T of ~nethyl laurate (see section 
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TABLE 111 
Sunlmary of linear relationships between band intensity and chain length 

(c;., = B f n a  where 71'( n< n") 
-- -- - 

Interpolation 
Number of range Standard Figure of 
compounds deviation merit 

Band H (1468-1466 cm-I) 
Alkanes" 7.74 40.3 15 6 34 2.21 1.75 
Acids 7.88 44.4 12 4 18 2.10 1 .87 
Esters 8.17 40.1 5 6 15 0.94 4.35 

Band J (1430 cnl-I) 
Esters 1.80 120.5 8 3 15 1 . 9  0.47 

Band K (1419 cm-') 
~ s t e r s  0.28 32.5 

Band b (1416-1412 cm-I) 
Acids 0.20 111 

Band L (1385-1378 cnl-l) 
Alkanes= 0.437 40.4 13 S 34 0.77 0.28 
Acids 0.534 35.8 13 3 18 0.47 0.57 
Esters 1.238 

Band WI (1362 cm-I) 
Esters 1.220 

Band d (1288-1278 cm-l) 
Acids 0.72 

Band P (1250-1244 cm-I) 
Esters -0.60 

Band e (1238-1230 cm-I) 
Acids -0.20 

Rand Q (1198-1196 cm-1) 
Esters 0.33 

Band R (1169-1165 cm-l) 
Esters -0.083 

Band S (1116-1098 cm-l) 
Acids 0.022 
Esters -0.78 

Band U (1020-1015 cm-I) 
Esters 0.40 

Rand f (936-932 cm-l) 
Acids 0.25 

Band Y (732-721 cm-l) 
Alkanesa 2.418 
Acids 2.308 
Esters 2.155 

oValues for u and 6 for the tr-alkanes differ sliglitly from the values reported in Table 5 of referellce 3. They are based on more 
accurate analysis of the same data. 

features of the &,, versus n relationships for some of the individual bands will next 
be discussed, in relation to the zones with which they are associated. 

Zone (a). The Terminal Methyl Group 

Band L 
Only band L near 1378 cm-I is uniquely identified with the terminal methyl gi-oup, 

and its assignnlent to the synlmetrical C-1-1 deformation is well established. The 
intensity increases slightly with the lengthening chain; the increment per inethylene 
(a )  is about 0.5 for n-alkanes and acids and about twice as  large for the esters. 

This increase in intensity is probably due to weak underlying absorption fro111 zone 
(b), principally band (, which is observed a t  1368 cm-I in the spectra of methyl laurates 
and n-dodecanes deuterated in the w-methyl group. The  effect of chain length on this 
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JONES: FATTY ACIDS AND METHYL ESTERS 

BAND S ( E s t e r s )  1 BAND S ( Ac ids  ) 

6 0  BAND Y ( E s t e r s  i I BAND Y ( A c i d s )  l 

underlying absorptioil is difficult to  evaluate quantitatively, but i t  is apparent from 
Figs. 4 and 5 of reference 2 that it intensifies considerably in passing from n-tridecane 
(n = 11) to n-octacosane (n = 26). The intercept f l  must be interpreted cautiously; 
values of 40.4, 35.8, and 39.5 were obtained for the n-alltanes, acids, and esters re- 
spectively. Since there are two U-methyl groups in the n-alkanes, the intrinsic intensity 
per methyl is about 20. The higher value for the acids and esters is probably due to 
overlap from the shoulders of neighboring bands. In the ester spectra there is obvious 
enhancement from the shoulder of band M a t  1362 cm-l. In the acid spectra there may 
be contributions from the wings of the strong bands a t  1413 and 1281 cm-'. The similarity 
of the values of the three classes of homologues therefore appears to be fortuitous 
and suggests that the transfer of peak-intensity measurements from one class of horno- 
logue to another must be treated circumspectly, though significance can probably be 
attached to the a values. 

For the acids, the peak frequency of band L is displaced progressively from 1385 crn-' 
to 1378 cm-I as  the chain lengthens (Table 11). This could be a true displacement resulting 
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from weak coupling with a skeletal mode,* though it could result from a superpositio~lal 
displacement effect of the underlying zone (b) band a t  1368 cin-l. Similar displaceineilts 
are noted for band L in the short-chain methyl esters. They were not observed in the 
n-alkane spectra, where chain lengths below n = 4 were not investigated. 

Zone (b). The Polymethylene Chain 
Bands S, T ,  X, and Y have been assigned to the polymethylene chain of methyl 

laurate, also the p component of band H. Band X is too weak and uncertainly located 
for quantitative consideration and is noted only in Tables I and 11. The con~plex I-1/1 
band system is discussed in a later section, and we shall be concerned here only with 
bands S,  TI and Y. 

Band Y 
I t  is well established that band Y is associated with the CH2 out-of-plane roclting 

mode. The intensity behavior is very similar for the esters, acids, and 12-alkanes, the a 
values being 2.418, 2.308, and 2.155 respectively. For the n-alkanes P is sinall (0.8); it 
is much larger for the esters and acids, indicating that there is underlying unresolved 
absorption in the spectra of these compounds. In butyric acid (n = 1) the band Y 
maximum is a t  748 cm-I and i t  shifts progressively to 721 cm-I in pelargonic acid 
(n = 6) and the higher homologues. The ester band behaves sin~ilarly. I t  is cominonly 
stated that this band reaches its constant position for a chain of four methylenes. The 
additional displacenlents for the -(CH2)5- and -(CH2)6- systems only amount to 
2-3 cm-l, but they are believed to be significant. 

Band S 
The position of this peak in the ester spectra shifts progressively from 1086 cm-I for 

72 = 0 to 1115 cm-I for n >/ 13. Band S is also observed in the spectra of the acids. For 
a given chain length it occurs a t  the same position in both the ester and acid spectra, 
but the intensity for the acids is only about one half of that for the esters. In neither 
series of homologues is the intensity much affected by chain length (Fig. 2). In the 
n-alkanes the intensity is lower by a factor of 10 and the band is not clearly recognizable 
in the solution-phase spectra. For the acids of shorter chain length there is some suggestion 
of an alteration in the intensity of band S for odd and even values of n (Fig. 2). This 
has not been observed on any other band and may be spurious. The wavenuinber shifts 
with chain length are consistent with the assignment to a predominantly C-C skeletal 
mode. In several of the lower members of both the acid and ester series band S exhibits 
pronounced asymmetry on the high-frequency side and in some compounds n second 
band is resolved (e.g. methyl caproate (Fig. 4)). 

Band T 
This weaker band was identified in the methyl laurate spectrum with a skeletal inode 

that Sheppard designated "the 1060 series" (4). In the ester spectra i t  is only resolved 
over the narrow range of chain length from n = 6 to n = 9, and is most prominent 
for 7z = 7. I t  shifts progressively froin 1050 cm-I for n = 6 to merge into the low- 
frequency shoulder of band S for n >, 13. In the spectra of the acids it can be distinguished 

"Although the symmetrical C-H defornzation mode of the methyl grorrp i s  conz?nonly regarded as a n  ittteri~al 
vibration, very simple calculations show that appreciable axial motion of the carbon atonz i s  involved, and this 
?nzrst produce some perturbation at the next carbon atom. For the XYJ nzolccule of CJ, symmetry Herzberg observes 
( 3 )  that the motion of the X atom amounts to 3my/mx.S:! .  s in  B, where m x  and m y  are the masses of the X and Y 
atoms, p i s  the angle between the XY bond and the symmetry axis ,  and S? the synzmetry co-ordinate. Front this 
i t  follows that the linear displacenzent of the carbon atom of the methyl group, i n  the absence of a n y  coz~pling z~hith 
the rest of the chain, woz~ld amount to abozct 8% of the displacenzent of each hydrogen atom. 
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METHYL CAPROATE 

(11.31 

120 

8 0  

40 

R METHYL HEPTYLATE 

( n . 4 )  

METHYL PELARGONATE I METHYL STEARATE I 

WAVENUMBER (cm-') 

as an inflection for n = 6 ,  11, 15-18 and is resolved for n = 7, 9, 13, 14. I t s  position is 
similar for the esters and acids of the same chain length. 

In both the acid and ester spectra there are other weaker inflections in the regions 
of bands S and T. Presumably these are derived from complex underlying absorption 
associated with skeletal modes of various subunits of the chain in trans-trans, trans- 
gauche, and gauche-gauche conformations. These show significant variation fro111 
compound to compound. 

Zone (c). T h e  a-1Methylene Group 
On the basis of the selective deuteration of methyl laurate, band K a t  1419 cm-1 

and band M a t  1362 cm-I have been assigned respectively to the scissoring and wagging 
modes of the a-methylene group. 

Band K 
In the ester spectra band I< has an almost constant intensity (a = 0.2); it lies on 

the shoulder of the strong band J ,  which is also insensitive to chain length. Band I< 
has no obvious counterpart in the spectra of the acids. 

Band M 
For band R/I a = 1.17 and it is therefore more affected by chain length than is band 

I<. This is almost certainly due to its superposition on the methylene chain absorption 
(bands 1, 7) and indeed the intensification effect is very similar to that of the neigh- 
boring band L, for which a = 1.24. The corresponding band in the spectra of the acids 
has not been positively identified. The acids do possess a band a t  1336 cm-1 (band c) 
which might be associated with this mode. 

Zone (d) .  T h e  Carbomethoxy Group 
Band J 
This band, which has been assigned to the carbomethoxy group, shows a snlall intensity 

increment with chain length (a = 1.80) ; this can be reasonably attributed to the overlap 
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effect of the wings of bands H ,  I, and E. The general appearance of the band is similar 
in all the ester spectra and there is no significant wavenumber displacement. 

Bands Involving Multiple Zones 
There are two types of bands involving more than one zone. One is typified by the 

H/I band system for which three components are recognized (bands 0, y, and 6), 
associated respectively with zones ( b ) ,  (a), and (d). The deuterium-substitution studies 
on methyl laurate lead to the conclusioil that the overlap is a simple additive one. The 
second type of multiple zone absorption is illustrated by the P, Q, R, and U bands 
of methyl laurate, where there can be no doubt that strongly coupled vibrations in- 
volving the participation of the atoms of both zones (c) and (d) are involved. 

Bands H and I 
In the H/I band system band H is dominant in the spectra of the long-chain hoino- 

logues of the acids, esters, and n-alkanes. For all three classes of compound the E,;,/~Z 

plot for band H is linear with a = 8 for esters and alkanes in which n >, 6 and for acids 
in which n >, 4. For all three homologous series the intercept is -40. 

For the short-chain compounds, the coinponents of the H/I doublet are separately 
resolved. Band I becomes more prominent as the chain length diminishes, and the 
contour changes are qualitatively in accord with the postulated contributions froin 
three componeilt bands associated respectively with the scissoring mode of the chain 
inethylene group (band P), the asymmetrical C-H bending mode of the W-methyl 
group (band ?), and the asymmetrical C-H bending mode of the carboinethoxy group 
(band 6). Band contributes predominantly to band H and bands y and 6 to  band I, 
though the distinction is not a sharp one. If the carbomethoxy group has the planar 
conformation I11 there should be an additional band due to the a', a" degeneracy 

splitting of the asymmetrical C-H deformatioil mode. Wilmshurst (5) has assigned 
the a' vibration of methyl acetate to a weak band at  1469 cin-l and the a" vibration 
to a stronger band a t  1450 cm-l. There is no indication of this second band in the spectra 
considered here, but the a' band could be making an undetected coiltribution to band H. 
There is evidence from the C-H stretching region of the methyl laurate spectrum that 
the carbomethoxy group exists wholly or predon~inantly in conformation I11 and it is 
difficult to  see why this should not hold also for the other homologues. 

Bands P, Q, R, sad U 
These bands involve coupled vibrations extending through the (c) and (d) zones. They 

are observed with little change in position or intensity in the esters for which n >, 5. 
For methyl heptylate (n = 4) band P is replaced by a doublet a t  1255 and 1234 cin-I, 
whereas for methyl caproate (n = 3) band P occurs a t  the normal position but with 
enhanced intensity. Band Q is "normal" a t  all chain lengths. The position of band R 
is unchanged a t  all chain lengths but it is significantly more intense for 7z = 3 and 
n = 4. The weaker band U is little affected. These bands are show11 in Fig. 4. The 
spectrum of methyl propionate (n = 0) has bands a t  1223, 1198, and 1175 cm-l which 
may correspond with the P, Q, and R bands. 
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From the perturbations in the contours of the P,  Q, and R bands of the lower horno- 
logues, it can be reasoned that zone (b) as  well as  zones (c) and (d) exercises some influence 
on these bands, particularly on band P. If this is so the perturbation effect of the poly- 
methyleile chain becomes constant when the number of methylene groups exceeds five. 
The effect could result from coupling with a skeletal mode of the chain, or i t  could be 
due to a steric effect influencing the conformation of the (c) and (d) zone structure. I t  
would obviously be of interest to investigate the effect of temperature on these band 
contours for the short-chain esters. For methyl laurate temperature variation from 30' C 
to -70' C has no pronounced effect on the P ,  Q, R band contour.* 

Other Bands Speci$c to the Carboxylic Acid Group 
Bands a-f of the acids (Fig. 1) have no counterparts in the ester spectra. 

Band a 
This weak band appears as an inflection in the spectra of the short-chain acids and 

is resolved for n >, 9. I t  might be identified with the scissoring vibration of the a-methyl- 
ene group, since it is absent from the spectrum of CH3. (CH2)9.CDz.COOD. 

Band b 
This band, which occurs near 1416 cm-l, exhibits an almost constant intensity. Sinclair, 

McI<ay, Myers, and Jones (6) assigned i t  erroneously to the a-methylene scissoring 
mode, but later I-1ad;i and Sheppard (7) showed it to be associated with the carboxylic 
acid dimer group and assigned it to a mode in which C-0 stretching vibrations are 
coupled with an 0-1-1 in plane deformation. In the acids substituted in the a-methylene 
group (e.g. isobutyric acicl, a-bromostearic acid) i t  is displaced to 1430-1420 cm-l. 

Band c 
'This band appears as a weakly resolvecl peak or inflection near 133G cm-I and has 

been tentatively identified with the a-methylene wag (see section Band M). 

Ua?zds d and e 
The prominent P, Q ,  R triplet of the ester spectra is replaced by the d and e doublet 

in the spectra of the acids. These are probably "C-0 stretching" bands of the dimer 
ring system coupled with 0-13 in-plane deformations (cf. band b) (7). The intensity 
of band d is reasonably constant for all chain lengths except n = 0, but the position 
of the peak wanders between 1278 and 1288 cm-l in an unsystematic fashion for the 
short-chain compounds; for 7z >, 9 it remains steady a t  1281&l cm-l. The weaker band e 
is more variable in position, though it also becomes stabilized for ?z >, 9. A distinct 
anonialy is observed for caproic acid (n = 3), where band e is replaced by a doublet 
a t  1262 and 1242 cm-l. Capric acid (12 = 7) also shows a splitting of the absorption in 
the neighborhood of band e. 

The shorter-chain acicls show numerous other weakly resolved peaks and inflections 
in the region of the d and e bands. These are noted in the last column of Table 11. They 
modulate the contour of the band envelope in a manner that is characteristic for each 
acid. This region of the acid spectra calls for more detailed examination under high 
resolution. In the solid phase these colnpounds exhibit well-defined progressions of 
equally spaced bands which are con~monly attributed to coupled wagging or twisting 
vibrations of the inethylene chain units. These vibrations may also be the cause of 
the fine structure in the liquid-phase spectra, though the uniforin spacing is not apparent. 

"He wish to thank Dr. R. A. Ripley for making these measurements. 
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Band f 
This characteristically broad band is well known ill the spectra of carboxylic acids 

and has been assigned by Davies and Sutherland ( 8 )  to an out-of-plane deformation 
inode of the carboxylic acid dilner ring. The intensity is relnarkably consta~lt ( a  = 0.27), 
consistent with its localization in zone ( d ) .  I t  exhibits a pronounced asymmetry on the 
low-frequency side. 

COSCLUDING REMARIG 

Over the range n' to n", where linear correlations between E ; ~ ,  and n appear to hold, 
the a  values effectively distinguish the bands associated with the internal modes of the 
zone (b)  bands, for which a  = 2-8, fro111 the other types of bands which give inuch 
lower values of a.  The zone (b)  bands associated with skeletal modes also show low a  
values, but are distinguished by progressive frequeilcy displacements. An exception must 
be made for the small frequency displacement of band L associated with zone (a ) .  Most 
of the bands associated with zones ( a ) ,  (c), and ( d )  do exhibit some intensification with 
increasing chain length, but this can be reasonably attributed to overlap effects fro111 
the shoulders of zone (b)  bands. In the course of this intensity analysis no serious ano- 
malies were observed that are inconsistent with the commonly accepted group frequency 
assignments for these bands, as reported in the earlier literature and substantiated by 
the measurements on the deuterium-substituted methyl laurates. 

In column 7  of Table I11 the standard deviation ( S )  is reported, where 

in which E~~~ is the experilnentally observed absorption ~naximum, c,,,, the value obtained 
fro111 the least-square fit, and m the number of colnpoullds measured. Statistical con- 
siderations suggest that random errors in excess of 2 s  are improbable. The quantity 
a / 2 S ,  shown in the final column of Table 111, is therefore a convenient measure of the 
significance of the peak intensity as a criterion of chain length. 

In the experimental section the absolute precision of the peak-intensity ineasure~nelits 
was not discussed. In the present state of infrared spectrophotometry, it is not possible 
to evaluate quantitatively the experimental errors affecting absolute peak-intensity 
measurements. Since the lneasurernents discussed here were tilade prior to the availability 
of coinmercial grating spectron~eters, they do not represent the highest standards of 
photometric accuracy now obtainable with these new instruments. The spectral slit 
width en~ployed was in the range 1-2 cm-l, and although the majority of the bands 
are broad, we have preferred to express the intensities in "apparent" and not "absolute" 
units. Several laboratories are currently concerned with the determination of absolute 
standards for infrared band intensity measure~nents. Mihen these data are available 
it will be of considerable interest to reinvestigate some of these acid and ester bands 
on a high-resolution grating spectrometer, accurately calibrated with respect to the 
absolute intensity. We would anticipate that the systematic errors associated with the 
finite slit function will principally affect the /3 values and that the increments per 
methylene will be less sensitive to this variable. 

In this and the preceding paper we have dealt in coilsiderable detail with the quanti- 
tative analysis of the infrared spectra of a family of compounds of a degree of complexity 
intermediate between the simple n~olecules susceptible to a rigid treatment by the 
methods of vibratioilal theory, on the one hand, and the large molecules of predominant 
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biological interest on the other. There are obvious difficulties in attempting to extencl 
to such inolecules the techniques of vibrational analysis applicable to sinall ones. While 
those concerned with the theory of inolecular vibratio~ls are well aware of this difficulty, 
organic chemists are naturally reluctant to accept the thesis that  much of the absorption 
that they observed in the spectra of co~nplex ~nolecules must be dismissed as of empirical 
significance only. This creates a strong temptation to overexteild the group frequency 
concept. The breakclown of the spectru~n into sets of bands associatecl 7.vith more or 
less clearly clifferentiated subunits of molecular structure inalces possible an analysis 
of complex spectra on a zonal basis without the necessity of invoking precise vibrational 
mechanisms. 

In these solution-phase studies of hon~ologous series we have been dealing with systems 
in which complex conformational equilibria are present, clue to the flexibility of the 
polymethyleile chain. The molecular spectroscopist can eliminate this by going to the 
crystalline state, and most of the literature dealing with the vibrational analysis of the 
polymethylene chain is restricted to solid-phase studies. The organic chemist seeking 
information about the contribution of polymethylene chain structure to the spectra of 
lnore complex molecules will not always be in a positioil to  lay out the chain in a crystal 
of known s-trans chain configuration. Furthermore, if bulky cyclic groups are also 
present there can be no assurance that  information derived from the ailalysis of the 
crystalline polymethylene chain system of simple l~yclrocarbons wiH be transferable to 
the very different packing system in more con~plex structures. Although the spectra of 
the liquid-phase polylnethylene systems are less informative, the information they do 
convey is more widely applicable. This problem is currently being investigated with a 
series of long-chain steroid esters. 

We wish to thanli Mrs. M. A. i\4acI<enzie and Mr. A. Nadeau for technical assistance 
with the measurement of the spectra. We are also grateful to Dr. A. S. I-Iay, who purified 
the compounds and ran preliminary spectra. 
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ABSTRACT 

The fit of polyno~nial series of varying degree to  infrared absorption bands in the neighbor- 
hood of the maxima has been investigated, and, in the instances considered, an  acceptable 
graduation was usually possible with a quartic equation. By differentiation of the polynomial 
a n  objective, and independently reproducible, numerical value can be obtained for the band 
maximum. The abscissal positions con~puted for the maximum converged as  the degree of the 
polynomial was raised, p;ovided the experimental points did not exhibit gross departures from 
a smooth distribution. The convergellce of the roots of the quadratic, cubic, and quartic 
functions was employed to  check the applicability of the technique in individual cases. A 
Lorentz curve can be fitted exactly by a parabola ~f the reciprocal of the absorbance is plotted 
a s  ordinate, but in practice no improvement in the fit of power series to  real absorption bands 
was achieved by using the reciprocal ordinates. 

Frequency shifts in the infrared spectra of benzene, acetone, and nitromethane on solution 
in carbon tetrachloride have been measured by this method. The  finite displacements observed 
contradict a recent statement in the literature that the peak frequencies of the bands in 
the spectra of these and other substances are ~~ninfluenced by solution in non-polar solvents. 

INTRODUCTION 

In a recent publication, de Maine, Daly, and de Maine (I) have claimed that ,  contrary 
to the observations of numerous other workers, the infrared absorption bands of a variety 
of organic compounds exhibit no frequency shifts between the spectrum of the pure 
compound in the liquid state and the spectrum in carbon tetrachloride solution over wide 
concentratioll ranges. 

As part of a study of the factors determining infrared profiles, a technique has been 
developed in our laboratory by means of which objective and independently reproducible 
values can be obtained for the ~naxiiiia of infrared absorption bands with a precision 
approaching that of the ordinate and abscissal data. The routine application of this tech- 
nique is facilitated by the availability of a suitable program for the IBM 650 computer. 

Several of the absorption bands of benzene, acetone, and nitromethane, which were 
investigated by de Maine and collaborators, have been remeasured on a high-dispersion 
grating spectroii~eter, and the peak positions evaluated by the new technique. This work 
was undertaken to test the general applicability of the computer program, and to check 
de Maine's measurements under nlore rigorous experimental conditions. 

LOCATION O F  INFRARED BAND MAXIMA 

Experience with the evaluation of wavenumber data for the calibration of infrared 
spectrometers (2) has established that,  over limited scanning ranges, an absolute 
accuracy within f O . l  cm-I can be achieved. Our measurements were made with a 

'Isszced as N.R.C. No. 6666. 
?ATational Resea~clc Cot~ncil Postdoctorale Fellow. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES ET AL.: 1.R. .ABSORPTION MAXIMA 335 

Perkin-Elmer Model 112G grating spectronieter, with corrections applied for tinie- 
dependent calibration drift. Other investigators have also shown that accuracy of the 
same order can be achieved with other types of comn~ercially available grating spectrom- 
eters (3). These instruments were calibrated from ineasurements of the rotational fine 
structure lines of vapor phase spectra, where precise location of the band maximum presents 
no serious problem. 

For the broader bands of spectra measured in condensed phases, both the absolute 
accuracy and the reproducibility of the ineasured peal; positions are limited by experi- 
mental uncertainty in locating the position of zero slope on the band envelope. In 
favorable cases this inight be done with an accuracy approaching the absolute accuracy 
of the calibration data. Normally, however, the uncertainty in the measured peak position 
will be considerably greater, particularly if subjective visual methods are used. 

In connection with the analysis of infrared band profiles fro111 the truncated band 
moments (4) the need arose to determine the positions of the band inaxinla as precisely 
as possible and to eliminate any personal bias associated with subjective methods. The 
fit of polynomial power functions of various orders to limited regions of the band envelopes 
in the neighborhood of the maxima was therefore investigated. 

If the equation of the absorption band envelope near the maximum can be approximated 
with sufficient accuracy by a power series of the form 

the position of the maximum will be adequately approximated by one of the roots of 
the first-derivative equation 

The graduation of the experimental points by such an nth degree polynomial equation, 
using the inethod of least squares, involves the solution of a series of n+l  equations 
of the forin 

a. C x,O+al C xi+a? C x;?+ . . . a,, C xi)l = C y i  
[;jl ao C xi+al C xi3+a2 C x$+ . . . a,, C xin+l = C xiyi 

a0 C xF+al C xl'+'+a2 C x?+?+ . . . a,, C xi2', = C xjllyi, 

where xi, yi are the measured co-ordinates. 
On inverting the [XI matrix, these equations can be solved for the coefficients no . . . a,, 

and the position of the maximum of the graduation can be obtained from equation [2]. 
Under idealized conditions, the infrared band profiles probably conform closely to the 

Lorentz contour 

where 2b is the band width a t  half maximal intensity, a/b" is the peak height, and x the 
wavenumber displacement froin the band center. In initial investigations, the fitting of 
power series of increasing order to the symmetrically disposed ordinates of the Loi-entz 
curve was examined. The results of these computations are suminarized in Table I ;  
they show that a fit acceptable within the limits of the observational precision is obtained 
lor a quadratic function over the range -0.5j to +O.5j, where j = x/b.  The Lorentz 
function has inflection points a t  &0.535j, and the fit is likely to deteriorate if the inter- 
polation is extended beyond 0.5j (i.e. beyond one half of the half-band width from the 
center). 
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TABLE I 

Graduation of synlmetrical Lorentz ordinates by poly~~o~nials of increasing degree 

(vo 800 cm-I; a / b V  ; b  1.2 cm-I) 
-- 

-0.25; to +0.25j -0.5; to +0.5j  
-- 

Ilegree of Discrepancet R,kl.S.E.$ Discrepancet R.M.S.E.; 
polynomial'" (cm-I) (cm-I) (cm-I) (an-l) 

*Because the cur\.e is symmetrical, the values of the discrepance and the K.M.S.E. for 3rd ant1 5 th  power functions are the 
same a s  for the 3ntl ant1 -1tl1, respectively. 

?The tl iscre~~ance is give11 by ( y ~ ~ ~ ~ ~ ~ ~ - ~ ~ ) ~ l ~ ~ ~ ~ i ~ ~ l ) ? / ( n ~ m b e r  of ordinates). 
fThc  root mean scluare error is the square root of the discrepance. 

The envelopes of absorption bands will not generally conform to the Lorentz contour, 
and allowance must be made for perturbations that may include appreciable skewness. 
I t  was therefore anticipated that a t  least a quartic function would be needed to obtain 
an adequate fit for real absorption bands over the same abscissal range, and that an 
objective value for the niaximunl might be obtained by successively fitting power series 
of increasing order. For the technique to have practical value it  would be required that 
above a certain degree the differences in successively computed maxima should fall below 
the limits of accuracy of the experimental observatioils ( ~ 0 . 1  ciii-I). 

In our experiments the spectra were determined on a single-beam spectrometer with 
which random errors may be encountered in both the background transiiiissioil curve 
and tlie experimental absorption curve. These errors involve both electronic noise of a 
comparatively high frequency, and longer-period perturbatiolls due to variation in 
amplifier gain, electrical surges, and other uiicontrolled factors disturbing the recorder. 
To avoid subjective influences on the data evaluation, no attempt was nlade to sniooth 
these irregularities when transposing the chart measurements to absorbance, prior to 
processing for the calculatioil of tlie peali frequency. The magilitude of these random 
errors depends on the instrumeiltal conditions, and the curves can be classified into three 
broad categories, as illustrated in Fig. 1. I11 case A, the band envelope appears smooth 
to the e) e ;  in case B one or two clearly recognizable irregularities are present, which inay 
reasonably be excluded as "catastrophic" errors affecting the particular ordinates. In 
cast C, large and seemingly random departures from a smooth contour occur extensively 
through the spectrum. Excluding the exceptioilal situation where the true band shape 
is in fact modulated by fine structure, case C is indicative of gross raildoill errors in the 
ineasurements, and u d e r  these coilditioiis attempts to apply precision techniques for 
evaluating the center of the bancl envelope are inapplicable and nieaningless. 

Some examples of the fit obtained with polynoillials of varying degree to real absorption 
bands are illustrated in Table 11. In the iuajority of instances, as the degree of the poly- 
nomial nas  raised the experimental points were approximated more closely and the 
abscissa1 positioils coinputed for the maxima either converged to a constant value or 
oscillatecl within the experimentally significant liiliits of A0.1 cnl-I. Exceptions were 
noted and these were usually for data conforniiilg to type C bands (e.g band IV of 
Table 11). 

With tlie increasing order of the polynomial, the nunlber of roots of the differential 
equation increases proportionately, and the selection of the correct root iuay require 
computation of the ordinates in doubtful cases. This is rarely so for cubic or quartic 
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0 

0 o 0  O O  

O o O O  0 0 
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0 

W A V E N U M B E R  

FIG. 1. 

T.-IBLE I1 
;\pproximatioti of real absorptioti bands by power series of increasing order 

rIbscissa1 clisplaceme~it of comp~ticd frorn visually estimated maxim~ttn* 
(cm-l) 

Band I Rand I1 Band 111 Band 1V 
Ilegree of 

polynomial 3' 1 /3' Y 1 /3' Y 1 /Y Y 1 /Y 

.':Ui~~ld I :  ~~eryletle,  5.SX10-3 11'1 it1 CS?, visually estiniatecl mas. 812.7 c~n-1; band 11. benzene, liqairl, visually estimated mas.  
lO:(fi.l cm-1; batid I l l :  benzene, :3.03 -11 it1 CC11, visoall?, estinlated mas. 1815.6 cnl-1; batid IV: benzene. 3.33 M in CClr, visually 
estirllated nlas. 11  7fi.l) c ~ l l - ~ .  

l'lle \ d u e s  in the 3' columrls \yere cotnl~otrrl for the absot-bance ordinates and in the l /y colu~nns for tlie reciprocal absorbance 
o ~ d i ~ i a t e s .  

I ia~tds I and I1 were of type A,  baliil I l l  1x1s of type N, and band IV of type C (see Fig. 1). 

pol>-nomials, for which the alternative roots are usually displaced by two or more cm-l 
from the significant root, and the correct choice is seldonl in doubt. On the basis of this 
sun-e)- it mas concludecl that  110 advantage will nor~llally be gainecl by fitting polyno~llials 
above the fourth degree and that,  provided the convergence or oscillatio~l of the com- 
putecl maxi~na ior the quadratic, cubic, and quartic graduatiolls meet the conditions 
noted in the preceding paragraph, the quartic value call routinely be accepted. 

If the Lorentz function is inverted, the parabolic equation 
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is obtained. I t  is therefore possible to fit a Lorentzian absorption band exactly by a 
quadratic equation if the reciprocal of the absorbance is plotted as ordinate. An extension 
of this argument would suggest that the perturbed Lorentzian envelopes of real absorptioil 
bands might also be graduated Inore precisely by power series i f  plotted in terms of the 
reciprocal absorbance. 

The values for the inaxima obtained by using the reciprocal absorbailces are given 
in the "l/y" colu~nns of Table 11, and they show no significailt differences froin those 
con~puted directly. Fro111 this it is to be inferred that the perturbations from the Lorentz 
band profiles in the neighborhood of the maxima are sufficiently large to require significant 
third- and fourth-order terms in the graduating function of the reciprocal curve. 

T H E  COMPUTER PROGRAM 

In handling a problem of this kind with a deslc calculator, i t  is convenieilt to choose 
the abscissal origin as close as possible to the band center, and to take equal numbers 
of points a t  equal abscissal intervals on either side of the origin. In this way the arithmetic 
is simplified as the odd powers of x vanish. For the computer program this simplification 
is not necessary, though i t  is still advantageous to choose the abscissal origin a t  the esti- 
nlated band center. Since i t  is desirable to restrict the range of the graduation within 
one half of the half-band width on either side of the i n a x i i n ~ ~ ~ n ,  the half-band width 
with respect to the positioil of the estimated nlaxiilluin nlust be estimated. The difference 
between this estimated width and the evaluated half-band width, is unlikely to signifi- 
cantly affect the interpolation range. Coinmonly the polynon~ials of the second, third, 
and fourth degree were evaluated, using, as  data points, the estimated band center and 
two points on either side. 

Our current program for the IBM 650 computer is based on one published by Spector 
(5) and consists of two parts. The first part inverts the [XI matrix and gives the coefficients 
of the graduating polynon~ial; control cards specify the degree of the polynomial and 
the number of data points. The second part, using these coefficients, evaluates (a)  the 
calculated ordinates, (b) the differences between the experimental and calculated ordin- 
ates, (c) the squares of these differences, (d) the sums of the differences and of their 
squares. The last quantity provides a check on the fit of the graduation. At present the 
roots of the first-derivative equations are evaluated by a separate program on a Bendix 
computer, but it is our intention to combine these operations into a single prograin for the 
IBM 1620 computer. The technical details of this co~nbined prograin will be published a t  
a later date. 

SOLVENT SHIFTS IN CARBON TETRACHLORIDE SOLUTION 

In their investigations of frequency displaceinents in carbon tetrachloride solution, 
de Maine, Daly, and de Maine (1) examined several bands in the spectra of benzene, 
acetone, and nitromethane, as well as other con~pounds. The solute concentration ranges 
extended up to 11.25, 13.64, and 18.51 moles per liter respectively for these three sub- 
stances, corresponding to the concentrations in the pure liquids a t  20' C. The authors 
concluded from their ineasureinents that no measurable frequency shifts were observed 
for any band in any solute - carbon tetrachloride pair studied, even for large changes 
in the electrical properties of the solutions. Since the reproducibility of their wavenumber 
measurements is given as "within 1 cm-1" it is to be assumed that  any solvent displace- 
ment in excess of 1 crn-' should have been detected, and would have been regarded as 
significant. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES ET AL.: I.R. ABSORPTION MAXIMA 

TABLE 111 

Infrared band shifts in carbon tetrachloride solution (cm-I) 
-- 

These experimei~ts 

Visually Concn. Displaceme~lt 
Previously estimated Conlpt~ted Accepied (mole per on 

reported values values'r values value Solvent liter) solution 

Benzene 1967,t 1957,t 1961s 1959.4 1959 90 1959.9 Liquid 11.24 - 
1960.4 1959.96 

-- - - 1956.6 1956.94 1957 2 CCI, 3.33 -2 7 
1957 5 1957 51 

- - - 1956 6 1957 00 1957.1 CCI, 2.22 -2.8 

Benzene 1810,t 1814,f 1815s 1815. 6 1815.68 1815.8 Liquid 11.24 - 
1815.6 1815.90 

- - -  1814.0 1814.01 1813.6 CCI, 3.33 -2.2 
1813.25 1813.24 

- - - 1814.0 1813.71 1813.8 CC14 2.22 -2.0 
1814.0 1813.87 

Be~~zetie 1390,t 1395,t 1393s 1393.7 1393 .68 1393.65 Liquid 11.24 - 
1393.7 1393.64 

I - - -  1391.9 1391.70 1391.9 CCI:, 6 .  98 -1.7s 
I ~ 1391 .!) 1392.07 

- - - 1 9  $1 1301 .92 1 3 1  1 CC1.j 3 .33 -1.7 

- - -  

Beli~ene 1034,t 1036,t 1036s 

- - -  

- - -  

Acetone 1710,t 17211 

- 17177 

- 17177 

rlceto~ie l'Zl5t - 

- l218?[ 

- 1'2~811 

Acetone 1085t 

- - 

h itromethane 1378,t 1371)* 

- - 

917,t !?LO** 

- - 

Si~rolnethane - - 

- - 

CCI, 

Liq~licl 

CCI, 

CCl,, 

1,iquid 

CCI., 

CCI, 

Liquid 

CCI., 

CCI, 

Liquid 

CCI, 

Liquicl 

CCI, 

Liquid 

CCI, 

Liquid 

CCI, 

-- 

655.5 655.80 

'"~ach pair constitutes t\vo independent measurements 5A.P.I. Catalog, infrared spectrum No. 498. 
on different spectra. IR. N. Hazeldine. J. Chem. Soc. 41.45 (1954). 

i d e  Maine. Daly, and de Maine (see reference 1). 'IS. A. Francis. J. Chem. Phys. 19, 942 (1951). 
$:\.P.I. Catalog, infraretl spectrurn No. 307. "A.P.I. Catalog, infrared spectrum No. 1751. 
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Our rneasurements of the positions of five bands in the benzene spectrum, three in the 
acetone spectrum, and three in the nitromethane spectrum are reported together with 
other relevant information in Table 111. These spectra were measured on a Perkin-Elmer 
112G spectrometer, calibrated from the data  in Tables 1-34 of the IUPAC calibration 
tables (2). Scanning speeds in the range 2-3 cm-I per ~ninute were usecl a t  chart speeds 
of 1 cm per minute corresponding to  a chart spread of 3.3-5 mm per cm-I. The calibratioll 
drift was checked by measurement of the rotational band a t  3048.25 cm-I in the spectrum 
of methane vapor, before and after each run, and did not exceed 0.005 cm-1 per minute. 
The solutes and the solvent were obtained from commercial sources and were distillecl 
through a Todd column immediately before use; the middle 10yo fraction was collected. 

For the benzene band a t  1036.0 cm-I the measured clisplacement on solution in carbon 
tetrachloride is insignificantly s~nall.  The solvent effects on the benzene band a t  14'78.8 
cm-I and on the nitromethane band a t  917.36 cm-', which only amount to about 1 ern-', 
could hardly have been detectecl using de i\/Iaine's technique. The nitromethane bancl a t  
656.56 cm-I is also rather solvent insensitive, but was not accessible for measurelnent 
with the sodium chloride optics used in de Maine's experiments. The remaining bands, 
however, all show significantly large solvent shifts in the range 1.5-3.2 cm-I. 

Analysis of tlie 30 sets of duplicate values in Table 111 give a standard error oi 0.31 
cm-I between pairs of lneasurelnents on identical bands. From this it may be conclucled 
that  the band positions can be reasonably reported to 4 0 . 3  cm-I and that experilnentall!- 
observed displacements in excess of 0.6 cm-I are statistically suggestive of ph\.sical 
significance. The half widths of these bands vary considerably and a more precise analysis 
of the significance of the frequency differences between pairs of measurements shoulcl take 
this into consideration. I t  would be preferable to express the discrepancies in i~llits of 
the fractional band width (j-units) instead of cm-I. These considerations will be dealt 
with in more detail in connection with the discussion of band profiles in a later publication. 

CONCLUDING REWIARICS 

We have to conclude that  the general statement that solution in non-polar solvents 
has no effect on the position of the infrared band maximi~m is erroneous. In some cases, 
however, the displacement may be appreciably less than 1 cm-I ant1 will only be detected 
by refined methods of measurement. In other cases it can be quite large and well within 
the limits of measurements of simple instrumental tecl~niques. 

We do agree with de Maine and collaborators that the I<irl;woocl-Bailer-l/Iagat 
equation, and the subsequent modifications that attempt to describe solvent shifts in 
terms of non-specific perturbing effects of the solvent cavity, are inaclequate; the solvent- 
solute interaction is much more localized. Once this is collceded it  is no longer possible 
to regard a molecule such as carbon tetrachloride as "non-polar", since it is the internal 
bond polarization and not the over-all dipole of the solvent molecule that is specifically 
involved. I t  is interesting in this connection to contrast the very small solvent effect of 
the nitromethane bands a t  (556.56 and 917.35 cm-I with the large effect on the 1380.0 cm-I 
band. These bands have been assigned (6) respectively to the symmetrical 1-0 
deformation vibration, the C-N stretching vibration, and the symmetrical 1-0 
stretching vibration. For the latter mode the lnotions of the ox\.gen atoms project more 
into the solvent cavity than for the two other modes where the C-N and K-0 motions 
have more internal character. The greater solvent effect on the 13'78.0 cm-I bancl can 
be visualized in these ter~ns,  particularly if there exists some form of weal; associatiol~ 
between the oxygen atom of the nitromethane molecule alicl the chlorine atom of tlie 
solvent acting along the N-0 . . . . . . . C1-C bond direction. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES ICT AL.: I.K. ABSORPTION MAXIMA 341 

ACKNOWLEDGMENT 

We wish to thank Dr. S. D. Baxter and Mr. A. Croteau of the Mathematical Ailalysis 
Laboratory of the National Research Council for providing the computation facilities 
and for advice and assistance with the application of the computer program. 

REFEREXCES 

1. P. A. D. DE ~'IAINB, L. 13. DALY, and b1. M. DE ~ ~ A I N B .  Call. J. Chem. 38, 1921 (1'360). 
2. Tables of wavenumbers for the calibration of infrared spectrometers. Prepared by the Commissioil 011 

Molecular Structure and Spectroscopy of the International Union of l'ure and Applied Chemistry. 
Reprinted from Pure and Appl. Chcm. 1, No. 4 (1961). Butterworths, London. 1961. 

3. P. KRUEGER. 111 press. 
-1. Unpublished work from this laboratory. 
5. J. SPECTOR. IBM 650 Program Library, 1;ile No. 64-027. 
6. D. C. SMITH, CHI-YUAN PAN, and J. R. NIELSEN. J. Chem. Phys. 18, 706 (1950). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE CHEMISTRY OF ALUMINUM-NITROGEN COMPOUNDS 
11. REACTIONS OF TETRAMETIlYLTETRAZENE 

WITH ALUMINUM HYDRIDE AND TRIALKY1,ALUMINUM COTvIPLEXES 

NEIL R. FETTER AND BODO BARTOCHA* 
Tlie Cl~e117istry Di-disiol~, U.S. i\ra-dal Ordltance Laboratory, Corolm, Calif., U.S.  A 

Recei\~ccl October 12. 1961 

ABSTRACT 

The reaction of tetramethyltetrazene with MeaAl:NMer, Et3A1, and H3AI:NMe3 has let1 
to a new method for the preparation of (hIe?AI-NMe2)?, (EtzAl-NMez)?, and EIzAI-X"JMe2, 
respectively. The reaction of tetramethyltetraze~le with Me3AI has produced AI(NMe2)3, 
MeAI(NMe2)2, and Me2AI-NMe?, and with Et3Al:NMea has produced Et3AI:Me?NN= 
NNMe2, EtzAI-NMe2, and the polymer (-AlEtNEt-) ,,. 111 all but one case, the complexes 
are formed by the interaction of a dimethylamine radical, which results from the cleavage of 
Me?NN=NNRle?, with the alu~ninum moiety and the subsequent elimination of an  allianc 
or hydrogen. 

Recently (1) we reported the reactions of several niethylhydraziiies with trimethyl- 
aluminum. As a continuation of this preparative survey on compounds with covalent 
aluminum-nitrogen bonds, we have found an interesting cleavage of tetramethyltetrazelle 
(hereafter abbreviated as T M T )  during its reaction with aluminum hydride trimethyla- 
mine, aluminum alkyls, and trialkylaluminum trimethylamine complexes. 

The tetra-substituted tetrazenes exhibit thermal instability when heated in inert 
solvents, and they decompose to  form tetra-substituted hydrazines and nitrogen (2) : 

However, when T M T  is treated with aluminum hydride trimethylami~ie, the dimethyl- 
amino groups do not combine, but react, with the aluminum-hydrogen bond to form 
H2Al-NMe2 plus hydrogen, nitrogen, and trimethylamine: 

Me2KN=NNNIe? + 2H3Al:Ni\le3 + 2EI?.qI--NMe? + 2NRle3 + N? + I-I?. 

The  reactions of TRilT with trimethylaluininu~n and tr iet l~ylalurnin~~~n proceed in a 
similar manner. However, in several cases more than one alkyl group on aluminum was 
replaced by a dimethylamino group; thus, in the reaction of MeaAl with TMT,  we 
obtained (Me2Al-NRile2)2, MeAl(NMez)n, and A1(NMe2)3. 

i l p p a r a t ~ ~ s  and Starting illaterials 
All the work described here mas carried out with the aid of a conventional high-vacu~un system. Infrared 

spectra were talten employing a Model IR-5 Beclcman infrared spectrophotometer with sodium chloride 
optics. The spectra of gases were taken i11 a 10-c~n cell equipped with KaCI windows, and the spectra o i  
liquids were talren in a NaCl cell with a 0.001-inch lead spacer. Molecular weights were dctermined cryo- 
scopically in an  all-glass apparatust which could be filled in an  inert atmosphere chamber.: The q o l v e ~ l ~  
used was Fisher certified reagent grade cyclohexane. 

Tetramethyltetrazene \\'as supplied by the Chemistry Division, U.S. Naval Ordnancc T c s ~  Station, China 
I.akc, Calif. I t  was \ a c u u n ~  distilled from CaHz before use. 

"Presel~t  address: U.S .  lVaaal Propellant PlanL, I?tdia?t FIcud, dlarylalzd, U.S.A.  
tBender 6 Hobein, G.vr.b.Zl., il4z~?riclr, Gern?a?ry. 
$Model Z5E@/HE73, D. L. Herring Co.. I m . .  S k e r ~ t ~ n n  Oaks, Calif., U . S . A .  

Canadian Journal of Cl~ernistry. Volume 40 (1962) 
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F E T T E R  AXD BARTOCIIA: ALUMINUM-NITROGEN COMPOUNDS 343 

The trinlethylalumin~tm was purchased from the Ethyl Corp., Baton Rouge, La., and the triethyl- 
aluminum, from Texas Xlkyls, Inc., Houston, Texas. Both materials were used without further purification. 
The t r i n ~ e t h ~ l a l u ~ n i n u ~ ~ ~  trimethylanline was prepared by a procedure described by Brown and Davidson 
(3). The compound was purified by vacuum sublimation a t  GO0 C. Triethylaluminum trimethylamine was 
synthesized in this laboratory (4) and was used without further purification. The aluminu~n hydride tri- 
n~ethyla~nine was prepared by a procedure described first by \Viberg (5) and later improved and si~nplified 
in this laboratory (4). 

The solvents used mere reagent grade, and no further purification was required. 

Analysts  
The compounds obtained were analyzed by hydrolysis, and evolved gases were measured in the vacuum 

system by fractionating the mixtures through a series of traps into a calibrated volun~e and removing the 
non-condensable material mith a Toepler punlp. Elemental analyses mere performed by the Schwarzkopf 
i\iIicroanalytical Laboratory, Woodside, New York. 

Reaction of Tetranzethyltelrazene wi th  Alunzinum Hydride Trinzethylamtne 
By vacuum distillation, 2.40 g (0.0207 mole) of T M T  was added to 1.95 g (0.0219 mole) of H3A1:NRIIe3. 

The mixture was allowed to  warm from -196" C to room temperature and was then maintained a t  65O C 
for 6 hours. During the reaction, 404.5 ml (STP) of a mixture of hydrogen and nitrogen (average molecular 
weight = 19.1) and 370.0 ml (0.0165 mole) of trimethylamine n-ere evolved. The evolution of trimethyl- 
amine did not occur until heating a t  65' C began. 

The crude product mas pumped a t  room temperature for 1 hour to remove any unreacted TMT. During 
this period the material changed from a liquid to a crystalline solid, which mas then vacuum sublimed a t  
60" C (0.005 mm Hg) onto a -15" C cold finger. The yield of sublimate (m.p. 89-91' C) was approximately 
90 mole%, based on the initial quantity of H3AI:NMe3. Anal. Calc. for C?HsNAI: C, 32.87; H ,  11.03; 
N, 19.17; Al, 36.92. Found: C, 32.08; H,  10.72; N, 19.32; Al, 37.37. The melting point and the analytical 
data agree very well with those reported by Ruff and Hawthorne (6) for H?AI-SM~Z (89-90" C). As a 
confirmation, H?Al:NRIIe? was prepared by the reaction 

LiAlHr + Me2HN:HCI --, H21Il-NMe2 + LiCl + 2H2, 

and a mixed nlelting point (90.0-93.0" C) mas taken. The infrared spectra were also identical. The e q ~ ~ a t i o n  
for the reaction of T M T  mith H3A1:NMe3 inay then be written: 

Reaction of Tetrantelhyltetrazene witlz Tri~nethylalz~nzi?zz~m Trimell~ylamine 
The T M T  (1.54 g, 0.0133 mole) was distilled onto 1.78 g (0.0136 mole) of Me3Al:NMea a t  -19G0 C. The 

mixture was allowed to warm to room temperature and mas then heated a t  90' C for 10 hours. During the 
heating, the water-clear solution turned a deep red and 301.0 ml (0.0135 mole) of nitrogen, 57.1 n ~ l  (0.00255 
mole) of methane, and 227.0 ml (0.0101 mole) of trimethylamine were evolved. The red solution was sub- 
limed a t  75" C (0.005 mm Hg) onto a -78" C cold finger. The deposit was a light yellow slush. This inaterial 
mas resublimed a t  room temperature onto a -15O C cold finger, and a white crystalline solid (n1.p. 147- 
149" C) deposited. Resublimed again, the compound had a melting point of 151-153" C, which agrees quite 
well with that reported for (MeZA1-NMe?)? by Brown and Davidson (3) (m.p. 154-156" C). This conclusion 
was confirmed by elemental analysis and molecular weight determinations: Anal. Calc. for C4H12NA1: 
C, 47.50; H, 11.97; Al, 26.68. Found: C, 46.72; H ,  11.59; Al, 25.79. Calc. for (Medl-NRIIe2)Z: molecular 
weight, 202.3. Found: molecular weight, 203.0 and 208.0. The reaction therefore proceeded as follows: 

, . Ihe  source of the hydrogen atoms, necessary for the fornlation of methane, is not known. 
The yield of sublimed (RIIezAl-NRIIe*)? was approxi~nately 50 mole%, based on the quantity of 

MeaAl:NMe3. 

Reaction of Tetrametlzyltetrazene witlz Trimetlzj~lalz~minun1z 
The T M T  (2.82 g, 0.00243 mole) was vacuum distilled onto 1.60 g (0.0222 mole) of Me3A1 dissolved ill 

25 ml of pentane. The mixture was allowed to warm from -196" C to  room temperature and then to  remain 
a t  ambient temperature for 18 hours. -4t the end of this period the solution had a faint red color. The 
pentane and any excess T M T  were removed by pumping, and the resulting colored liquid was s~tblimed a t  
55" C (0.005 mm Hg) onto a -15" C cold finger. A slushy deposit of white crystals formed on the cold 
finger, and the liquid in the bottom of the sublimation vessel turned a deep red color. 

The solid material was heated in vacuum a t  85' C for 1 hour. The mixture turned deep red, but no further 
gas evolution was observed. This mixture was sublimed a t  50" C (0.005 min Hg) onto a -15" C cold finger, 
and white crystals (m.p. 150.0-153.0" C) deposited on the cold finger. The melting point indicated that the 
sublimate was (WIezAl-NMez)z and an elemental analysis confirmed this: Anal. Calc. for C4H12NA1: 
C, 47.50; H ,  11.97; N ,  13.85; Al, 26.68. Found: C, 46.94; H ,  12.03; N, 13.55; Al, 26.73. 
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'The red liquid from the sublimation vessel was vacuum distilled a t  40' C (0.005 111111 Hg), and approxi- 
nlately 1 ml of clear liquid was obtained. About 1 rnl of deep red gtrm was left behind in the flask. 

The clear distillate (m.p. -30" C) will slo\vly turn red in about 8 hoi~rs if heated to 50' C and will convert 
allnost completely into the dark red gum in about 1 hour a t  90' C. In fact, there is evidence that the clear 
l i q ~ ~ i d  will change color very slowly a t  room temperature; hence, isolation has been difficult. However, 
elemental analysis gave results that agree with the empirical formula C ~ H I S N ~ A I :  Anal. Calc.: C, 45.26; 
H, 11.39; N, 26.39; Al, 16.95. 1;o~lnd: C, 45.35; 11, 11.50; N, 26.40; ill, 16.98. Fro111 these data, we propose 
the formula AI(NMe2)a for this complex. Two molecular weight determinations showed the compound to 
11e associated in cyclohesane: Calc. for ;ll(Ni\Iep)r: 159.1. Found: 199 and 193. 

Characterization of the red tar has been difficult because of p~lrification proble~ns. Ilowever, an elemental 
analysis of this material agrees with the empirical f o r m ~ ~ l a  C5Hl6Z\T2A1. Anal. Calc. for C5Hl;N2AI: C, 46.13; 
H, 11.62; N, 21.52; Al, 20.72. Foi~nd:  C, 47.90; 11, 10.88; X, 20.40; Al, 21.01. 

A n~ethanol hydrolysis of 0.1478 g (0.00114 mole) of the red fluid yielded 35.9 1nl(0.00160 mole) of ~nethane; 
hence we assigned the formula i\fIe!ll(NMe?)2 to this ~naterial. 

The yields of Me2Al-Nh1Ie~ and -;lI(S%Ie?)a were approximately 30 mole%, based on i\iIe,.ql, and the 
remainder was the red residue. 

The equation for the reaction is some\vhat con~plex, but it appears that a t  least two routes are possible: 

2MezAl + Me?NN=NNMe: + (Me?Al-NiVIe2) + N2 + 2CH4 [I] 
2Me,AI + 31\'Ic?3'S=SNMe2 + ~ X I ( N I V I ~ ? ) ~  + 3N? + 6CH4 [21 

1 A 

red tar (MeAI(NMe?)*) 

111 allorher reaction, using 1.50 g of iLIerAl (0.0201) mole) and 1.20 g (0.010'3 mole) of TMT, a t  room 
teinperature, 325 1111 (0.0145 ~nole) of nitrogen, but only 85.6 rill (0.00383 ~nole) of methane, were recovered. 

Reactiorl qf Telratrlethyltetrazetze wit12 Triethylal~~iilitzuttz Tri,rzeflzyla7t~ine 
111 the reactions discussed so far, the cleavage of 'TMT into nitrogen and .NMeZ radicals has occurred 

before prorlucts could be isolated. In this reaction, a complex has been isolated which appears to contain an . . 

uncleaved T M T  molecule. 
The TM'I' (0.982 g, 0.00845 mole) \\;as distilled into 1.054 g (0.00646 mole) of EtrAl:NMe3 a t  -196' C. 

The mixture was allowed to  warm to room te~nperature, and it \\.as then heated and maintained a t  GOo C 
for 20 hours., During the heating period, 68.5 ml (0.00306 mole) of NMer was evolved, but examination by 
infrared and mass spectrometry indicated that no ethane was present. The mixture was pumped a t  room 
te~r~perature for 1 hour to remove any escess T M T  ancl was then purified by vacuum t ra~~sfe r  a t  60-65' C 
(0.005 m m  Ilg). Approxiiuately 0.5 ml of a clear liquid was obtained. Elemental analysis gave values which 
agl-cctl with the empirical formula CloH2rN4A1: ilnal. Calc. for C ~ O H ? ~ N ~ ; \ I :  C, 52.14; I-I, 11.82; N, 24.33; 
:\I, 11.71. I7ountl: C, 50.87; I-I, 12.01; N, 25.44; Al, 10.52. From these data we propose the formula EtrA1: 
WIe?NX=XSMe2 for the distillate. 

Hydrolysis of 0.4416 g (0.00192 mole) of the above product \vith methanol produced 125.2 ml (0.00560 
mole) of ethane. The molar ratio of ethaue to Et3Al:h4e?NS=X\TSRiIez is 2.91, close to the calculated value 
of 3:l. The reaction ma). t11~1s bc lvritten: 

60" C 
Et3Al:NMe~ + MezKN=NNMe? - EtlAl:MezNN=NNiVIea + NiVIea. 

111 another experiment, 0.586 g (0.00505 mole) of TMT was distilled onto 1.509 g (0.00919 mole) of 
Et3Al:NMe3 and was then heated a t  85' C for 6 hours. A cracli ill the vacuum system prevented measure- 
ment of the evolved gases, but the crude product was recovered. It  was purified by vacuum transfer a t  65' C 
(0.005 Inn1 Hg), and approximately 1 ml of clear liquid and a viscous orange residue were obtained. Elemental 
analysis of the liquid gave results which agree with the calculated empirical formula CeIllsNAl: Anal. Calc. 
for C6HIGZ\;A1: C, 55.79; H ,  12.49; N ,  10.84; Al, 20.88. Found: C, 55.08; H, 12.53; I\T, 14.02; Al, 18.57. 

Ilydrol!;sis of 0.4050 g (0.00281 mole) of the distilled product with methanol gave 95.0 in1 (0.00423 mole) 
of ethane. This corresponds to  a ratio of 1:1.51 of con~pound to ethane. The infrared spectrum agreed 
closely with that obtained from Et2A1-NMe* prepared from the reaction of EtxA1 and HNMez (7). Based 
on tllese data, the formula Et2A1-NI\/Ie* has been assigned to  the complex. 

&~llthough the orange residue obtained above could not be distilled or otherwise purified, an elemental 
analysis gave results which agree with the empirical formula CdHloNAl: Anal. Calc. for C4HloNAl: C, 48.47; 
I-I, 10.17; ;'\', 14.13; Al, 27.22. Fou~ld:  C, 48.20; H, 10.99; N, 14.00; Al, 26.26. 

This material is very viscous and appears to  be polymeric; hence, we have assigned it  the formula 
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111 order that the evolved gases could be characterized and measured, the experiment was repeated, and 
1.2S:i g (0.00743 mole) of Etli\l:NMen was reacted with 2.024 g (0.0174 mole) of T M T  under the second 
sct of conditions described above. From the mixture, 74.0 ml (0.00330 mole) of nitrogen, 201.0 ml (0.00895 
lnole) of tr imcth~lamine, and a trace of T M T  were recovered. No ethane or ethylene were detected in the 
infrared spectra of these gases. 

Two molecu1a1- weight determinatio~~s of I.3tlAI-BMe? i r ~  cyclohesane gave the values 241 and 235 
i wlr .  : 288.3 for (EtzAl-NRIIe?)z). 

The reaction of T M T  with Et3Al:NhIe:, a t  60° C appears to  involve the fo rma t io~~  of a complex in which 
'1'1I.f is exchanged with NRIIe,; ho\\revcr, when the reaction is run a t  80-85' C, the 'TMT cleaves: 

Untler these reaction conditions Et.i\l-YMe? also appears to lose two methyl groups to form the polymeric 
111'1~eria1: 

80" C 
nEt?.Al-ShIe? - [-AlEtXEt-I,, + nCzH6. 

'l'hc yiclds of the t\vo con~plexes cliscussetl above were approximately 50 mole% (based on Et:,Al:NNIe3), 
:11it1 thc remainclcr in thc sccond experiment was polymeric material. 

Renctiot~ of Tetranaetl~yltetrazene with T,ietl~ylalzrmi?zzi?iz 
\\.ith 25 ~ n l  of pentalle as a solvent, 1.952 g (0.0168 ~ i ~ o l e )  of TNIT was vacuum distilled onto 1.045 g 

(0.0170 mole) of Et3AI a t  -196" C. The lnistllre \\,as warmed to room temperature and then heated a t  
55" C for 18 hours. The pentane was removed in vacuum, and the remaining brown fluid was purified by 
vacuum transfer a t  90° C (0.005 mnl Mg) (b.p. from reference 7 66" C a t  0.15 mm I-lg). A yield of approxi- 
n~acely 75%, based on Et3AI, \\.as obtained. The experiment was repeated in nonane so that  the condensable 
:,.ases could be recovered more easily. Under the conditions described above, 1.422 g (0.0123 mole) of T M T  
\\.as reacted with 2.330 g (0.0204 moIe) of Et3AI. From the reaction were recovered 252 ml (0.0112 mole) of 
nitrogen and 82.5 nil of a condensable (-196" C) gas which was estimated, by infrared analysis, t o  be a 
misturc consisting of 90% ethane and 10% ethylene. No trimethylamine or dimethylamine was observed. 

Elemental analysis of the distillate gave values which agree with those calculated for Et?AI-NMez: Anal. 
Calc. for CBH16rAl: C,  55.711; I-I, 13.40; N ,  10.84; Al, 20.88. Found: C,  56.64; H, 12.73; N, 11.64; Al, 20.76. 
Methanol hydrolysis of 0.2872 g of the distillate (0.00222 mole EtpAI-NMe?) produced 83.4 ml (0.00'372 
~ i i o l c ~  of ethane. 

;\lthough Et.r\l-NhIe? is a licl~~id a t  room temperature, ~nolecular weight data indicate that the con~ples 
is a tlimer. T\vo determinations gave the values 285 and 283 (calc. for (EtzAI-NMez)?: 288.4). 

'l'he infraretl spectrum of the complex was cornpared with that  of a sample of EtnAI-NMe? prepared 
(7) fro111 thc reaction of Et3AI with NHMe? and found to be identical. 

1:1-om these data,  the equation for the reaction of Et3AI and T M T  is 

2Et3AI + MezKX=KKNIc2 --, (Et?Al-NMe?)? + N. + 2C?Hs + (CsI-14). 

S o  other products were isolated, and there appear to be IIO side reactions as is the case \\:it11 Et3Al:NNIes 
nntl ThIT.  

I>ISCuSSIoS 

The reaction between II~,Xl:l\;i\Ie, and TRlT appears to be straightforward, with the 
formation of I-12A1-Ni\/Ie2, 1-12, N2, and NA/leJ. 

I-Iowever, the reaction between Me3Al and TYIT is more complex. If the latter reaction 
proceeded in the manner of the former, ethane and not methane should have bee11 
observed. The source of the h~,drogen atom required to form methane must await further 
stud! of the ~nechanism of this reaction. 

, . 
1 he referee of this paper proposed a reaction scheme which would eliminate the problenl 

of the I~ydrogen atom in methane forn~ation. The  reaction would proceed as  follows: 

RJAl + Me2-N=N-NNIe? + R3AI:RIIe2N-N=N-NMe? [ I ]  

I<3~\1:NIe?N-I\'=N-NNIe? --, RzAI-NMez + R-N=N-NNIe2 [2 1 
R-N=X-XMe? + R3Al + R?AI-SNIe? + R-X=N-I<, [3 1 

where R = Me or Et. 
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An examination of the infrared spectra of the condensable gas from the reactions of 
this type showed, for the reaction of Me3AI:NR/le3 with TWIT, a strong absorption a t  2100 
cm-I plus a wealter one a t  2400 cm-I. These peaks have been shown by Pierson, Fletcher, 
and Gantz (11) to be characteristic of diazomethane, but not azomethane; hence, a fourth 
reaction, 

&IeN=NMe + CHn + CHzN?, [4] 

 nus st be added to the three written above. This mode of decomposition of azomethane 
does not follow the classical route a t  high temperature to ethane and nitrogen (12), but 
is necessary to  account for the diazonlethane and methane observed in the reaction gases. 

An absorption a t  2100 cm-I is also present in the condensables from the reaction of 
Me3AI with T M T ,  but it  is much weaker than that observed for Me3AI:NMe3. 

The infrared spectra of condensables from the reactions Et3AI and Et3AI:NMe3 with 
T M T  also have weak absorptions in the 2100 cm-I region; hence, this mechanism appears 
to apply to all of the reactions involving the aluminum alkyls. 

Another striking feature of the reaction of i\iIe3Al with TAlIT is the for~nation of a 
compound to which we have given the formula Al(NMe2)3. A complex of this composition 
was first reported by Wiberg and May (8), who prepared it  by the reaction of aluminum 
hydride etherate and dimethylamine: 

This compound has also been reported recently by Ruff (9) and by Longi, Mazzanti, and 
Bernardini (10). The  former author employed two methods of preparation, namely: 

The latter authors en~ployed the reaction of triisobutyl aluininu~n with dimethylamine a t  
high temperature : 

195" C 
(i-Bu)rAl + 3HNMe2 - + Al(NMez)3 + 3i-CrHs. 

heptane 

They indicate that  the product is a solid but do not report a nlelting>oint. The physical 
constants of the complex (Table I) we have prepared differ markedly from those described 
previously. 

TABLE I 
Physical constants of Al(NMe?); 

M.p. (" C) Mol. wt. (calc.: 159.1) 

Authors -30 199, 193* cryoscopically 
Wiberg (8) 87-88 162t ebullioscopically 
Ruff (9) 87-89 3531: cryoscopically 
Longi et al. (10) Not reportcd 3201 cryoscopically 

*In cyclohexane. 
+In ether. 
i I n  benzene. 

We have repeated the preparation of this complex, and the elemental ailalysis and 
other physical properties have been confirmed. I t  is hoped that  instrumental studies being 
carried out in this laboratory will reveal the structure of this complex. 

Finally, i t  should be noted that the data presented above indicate that  i t  is possible 
to  obtain from this reaction a con~plete series of dimethylamino substitutions on trimethyl- 
aluminum, namely MeZAI-NMe2, MeA1(NMe2)2, and A1(NMe!J3. However, there 
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appears to be a discrepancy in the reaction sequence. Although one would assume that  
Al(Nl\11e~)~ would be the most stable complex, heating the liquid Al(NMe2)3 produces the 
red fluid which analysis has established as MeAI(NMe2)z. I-Ience, this comples and 
Me2Al-NMe2 seein to be the most stable materials of this series. 

Whether the coillplex Et3Al:Ni\/Ie2NN=NNMez is the precursor to (Et2Al-NXle2)2 is 
not known, but it does appear that (Et2AI--NRIIe2)2 undergoes an unusual rearrangement 
in which an ethyl group migrates to the nitrogen atom and two methyl groups are elimi- 
nated, presun~ably to form ethane. I t  should also be noted that the formula (-AlEtnTMe?) 
also fits the elemental analysis to which the formula (-AlEtNEt-), was assigned. The 
first forlnula above would require a structure of the type 

to satisfy the valency of aluminum. In our experience, compounds of this type are rare, 
if non-existent; hence, for this reason and because of the polyineric character, we have 
chosen the latter formula. 

The structure of Et3Al:Me2NN=NNMe2 inay be one of unusual character involving 
a cyclic ring with a pentavalent aluminum atom: 
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ABSTRACT 

By determining the amount of formaldehyde produced on periodate oxiclation of boro- 
hydride-reduced apple- and cherry-wood xylans the degree of polymerization was shown to  
be 155 and 100 respectively. Acid hyclrolysis of the polyols obtained by periodate oxidation 
and borohydricle reduction gave ethylene glycol in anloi~nts indicating that these sylans have 
a small degree of branching. Milcl acid hydrolysis of the polyols demonstrated that in these 
xylans D - g l ~ ~ ~ l r o n i ~  acid as  well a s  4-O-methyl -~-gl~1~~1ro1~ic  acid was prescut and that  some 
of the former occupied non-terminal positions. 

The constitution of nurnerous he~nicelluloses has been investigated by graded hydrolysis 
and characterization of tile products and also by methylation followed by identification 
of the inethylated n~onosaccl~arides produced on hydrolysis. These methocls and the r e s ~ ~ l t s  
obtained have been extensively reviewed (e.g. refs. 1, 2). 

Recently a modified periodate degradative procedure has been described based on the 
mild acid hydrolysis of the polyalcohol obtained after borohydride reduction (2, 3). The 
conditions of hydrolysis are such that true acetal systems are cleaved whereas glycosidic 
bonds are stable. This method holds great promise as a convenient means of examining 
the fine structure of polysaccharides. I t  has so far been applied to oat glucan (3), brorne 
grass hemicellulose (4), and oat hull hemicellulose ( 5 ) .  The present paper reports the 
application of this nlethod to the 4-0-methyl-D-glucurono-xylans obtained from apple 
and cherry wood. 

These two hemicelluloses have previously been examined by the ~nethylation tech- 
nique and were assunled to have essentially linear structures of D-xylose units joined by 
@(1 + 4) linkages. Each polysaccharide carried branches of 4-0-methyl-D-glucuronic acid 
with a xy1ose:acid ratio of about G:l. From the quantity of 2,3,4-tri-O-methyl-~-xylosc 
found, the chain length was estimated to be 120 for the applewood xylan (G) and 110 for 
the cherrywood xylan (7). 

When the degree of polymerization (D.P.) of these polysaccharides was determined 
by measuring the for~naldehyde produced upon periodate oxidation of the borohydride- 
reduced xylans (8) a value of 155 was obtained for the applewood xylan and 100 for the 
cherrywood xylan. These values are based on the assumption that the reducing end-group 
was not substituted a t  position 2. Complete acid hydrolysis of the polyalcohol obtained 
after reduction (NaBH4) of the polyaldehyde fro111 the applewood xylan gave ethylene 
glycol (1 mole, from terminal, non-reducing xylopyranose units), glycerol (40 moles, 
from internal 1 + 4-linked xylopyranose units), and xylose (7 ~noles, from xylose residues 
substituted a t  C2 (3 ,  and C4, hence immune to periodate attack). The  quantity of ethylene 
glycol found indicated that the xylan possessed a repeating unit consisting of about 50 
sugar residues, which suggested that the xylan possessed two branch points other than 
those caused by the direct attachment of a single uronic acid residue to the main chain. 

When the cherrywood xylan was subjected to the same sequence of reactions the ratio 
of ethylene glycol:glycerol:xylose was 1 :42:10. These results suggested that this xylan 
had one such branch point. 

Canadian Journal of Chetnistry. Volume 40 (l9G2) 
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;\iIild acid hydrolysis (3) of the polyalcohols derived from each xylan followed by 
adsorptioil of the acidic fragnlents of an anion exchange resin left a neutral residue which 
was composed of ethylene glycol, glycerol, and a non-reducing xyloside identified as 
2"-O-glyceryl-/3-~-xylopyranoside. The three compounds were converted to their crystal- 
line p-nitrobenzoates. The xyloside was further characterized by periodate oxidation, 
reduction (NaBf-14), and hydrolysis, which gave a 1 :1 ratio of ethylene glycol :glycerol, 
each characterized as their p-~litrobenzoates. The glycoside, 2'-0-glyceryl-P-D-xylo- 
pyrailoside, mainly originated, as anticipated, from the xylose units substituted a t  
C2 (3, by uronic acid. This glycoside has been prepared previously by Perlin and his 
associates (9). 

The acidic inaterial adsorbed on an anion exchange resin was eluted with alkali, and 
the free acids were regenerated by passage through a cation resin. Evaporation of the 
eluate gave an acidic residue, chromatographically free of glycerol, which was subjected 
to heat under vacuuill to eifect lactonization. Reduction (NaBI-14) of the product (10) 
and chromatographic examinatio~l of the final residue in each case revealed three com- 
pounds, two in minor quantities corresponding to glycerol and erythritol and the major 
component correspondi~lg to a synthetic sample of 2-0-~nethyl-D-erythritol. The molar 
ratio of erytl11-itol:glycerol:2-0-methyl-D-erythritol was about 1:2.2:12 for the apple 
sylan and 1 : l.G:9 for the cherry xylail. The three polyols were converted to their crystal- 
line p-nitrobenzoates. The 2-0-methyl-D-erythritol arose, as expected, from periodate 
cleavage of the 4-0-methyl-D-glucuronic acid residues. Glycerol possibly arose from 
u-glucuronic acid residues while erythritol could oilly arise in this analysis sequence 
from a D-glucuronic acid residue substituted a t  C4 with a residue other than methoxyl, 
presumably a xylopyrailose unit. This structural feature would thus explain the formation 
of greater amounts of ethylene glycol than anticipated 011 the basis of the D.P. determina- 
tions, had the structures been strictly linear. Approximately equimolar quantities of 
acids and 2'-O-glyceryl-/3-~-xyloside were obtained from both xylans. From the ratio of 
xylose to glycerol it may be deduced that in the apple xylan there is 1 uronic acid per 
7 xylose units and that with the cherry xylan the ratio is 1:s. 

These results show that both xylans possess similar structures and they largely con- 
firm the earlier findings fronl the inethylation studies (G, 7). The present periodate 
investigation has, however, revealed several points which were not observed in the earlier 
work (6, 7). When only small amounts of monomethyl pentoses are obtained in methyla- 
tion studies it is difficult to ascertain whether these are of constitutional significance 
or are formed by demethylation. The isolation of ethylene glycol by periodate oxidation, 
reduction, and hydrolysis appears to be less subject to such uncertainties and indicates 
that these two xylans have a slightly branched structure. 

Froni the analysis of the acidic fraction after periodate oxidation, reduction, and 
l~!.drolysis it is apparent that about 20% of the acid portioil of the apple xylan is D-glu- 
curonic acid, rather than its 4-0-methyl ether, and that of this about 30% (or 6% of the 
total acid) occupies non-terminal positions. In the case of the cherry xylan about 22y0 
of the acid is D-glucuronic acid and of this 40% (or 8% of the total acid) occupies 11011- 
terminal positions. 

In the earlier studies on these xylans chromatographic examination of the aldobiouroilic 
acid fraction, produced on hydrolysis of the polysaccharides, showed i l l  each case a 
con~ponent having an R,,l,,, 0.7. This component only showed faintly on the chromato- 
grams and was assumed to be present in trivial amounts. The present work shows that 
this assun~ption was in error and that an unmethylated aldobiouroilic acid is a significant 
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percentage of the acid component. This error in interpretation may well account for our 
inability to crystallize the methyl 2-0-(2,3,4-tri-0-n1ethyl-~-glucosyl)-3-O-inethyl-~- 
xylopyrailoside obtained by reduction of the partly inethylated acid fraction (6, 7). 

I t  is thus apparent that the technique introduced by Srnith (3) is a powerful tool in 
the elucidation of the structure of polysaccharides. 

EXPERIMENTAL 

Chromatographic studies mere conducted by the descending technique using M'hatnian No. 1 filter paper. 
'The solvent systems used were (a) 1-butano1:pyridine:water (6:4:3); (b) 1-butano1:ethanol:water (4:1:5) 
(upper phase); and (c) butanone-water azeotrope. Non-reducing sugar alcohols were detected with 
ammoniacal silver nitrate while reducing sugars were detected with p-anisidine trichloracetate spray. 
Whatman No. 3 M M  paper was used for preparative separation of con~pounds. 

The melting points reported are uncorrected and the specific rotations quoted are equilibriunl values. 
Unless otherwise stated, all evaporations were carried out under reduced pressure a t  a bath temperature 
of 40" C. 

Detcr?nination of D.P. 
The  D.P. of applenrood xylan, using 62 mg of material, was estimated by a chemical procedure described 

elsewhere (8). After 72 hours of contact with periodate, the formaldehyde production from the reduced 
xylitol end-residues became constant. On the basis that  1 mole of formaldehyde was produced from each 
xylali molecule, the  0.084 mg CH2O released corresponded t o  a D.P. of about 155. Similarly, 34.8 mg of 
cherrywood xylan yielded 0.074 mg CH?O corresponding t o  a D.P. of about 100. 

A. Applewood Xylan 
Periodate Oxidation 
Sy lan  (2.964 g) was dissolved in dilute alkali after which the solution was made slightly acidic and the 

volume adjusted to  200 ml, and after cooling to  5' C, 0.5 M periodic acid was added (50 mI). After 72 hours, 
0.878 mole of periodate had been consumed per sugar re'sidue and no change was observed thereafter. T o  
the solution was added BaC03 t o  precipitate periodate and iodate, and t o  the clear filtrate was added NaBH, 
(945 mg) and the solution left overnight. The solution was neutralized, evaporated, and borate renloved 
from the polyol by several treatments with methanolic hydrogen chloride. 

Partial Hydrolysis of Polyol 
The polyol was dissolved in 0.2 1l.I hydrochloric acid and left a t  roonl temperature for 10 hours. The 

solution was passed through cation and anion exchange resins in that  order and the neutral effluent evap- 
orated to  a syrup (1.595 g). Chromatographic examination of the syrup revealed the presence of glycerol, a 
slow-moving, non-reducing component believed t o  be a xylosyl glycerol, and a small amount of ethyleue 
glycol. Par t  of the mixture was resolved using sheets of Whatman No. 3 MM paper and solvent C. 

Conzponent No. I ,  ethylene glycol, 24 mg by weight, 20.2 m g  (0.326 mmole) by chromotropic acid deter- 
mination. The di-p-nitrobenzoate prepared in the usual manner had m.p. and mixed m.p. 13'&141° C. 

Conzponent No. 2, glycerol, 995 mg by weight, 988 mg (10.7 mmoles) by chromotropic acid determination. 
An aliquot was treated with 9-nitrobenzoyl chloride t o  give the tri-p-nitrobenzoate, m.p. and mised m.p. 
188-190°C. 

Component No. 3, 2'-0-glyceryl-~-~-xylopyranoside, 530 mg by weight, 532 mg (2.38 mmoles) by the 
phenol - sulphuric acid (11) analysis. The compound in water had [a]D2' -33" (c, 4.0), R,,I,,, in solvent c 
of 0.80, R, was 1.45. Hydrolysis in 1 N HzS04 of a n  aliquot (120 mg) of the colnpound gave glycerol and 
sylose in equimolar proportions. Glycerol, 43.2 mg (0.47 mmole), was converted t o  the tri-p-nitrobenzoate, 
n1.p. and mixed m.p. 18&190° C. D-Xylose, 74.1 mg (0.49 mmole), [ a ] ~ ~ ~  $18.1" in water (c, 1.5). The sugar 
crystallized from a mixture of acetonitrile, methanol, and petroleum ether, m.p. and mixed m.p. 143-145" C. 

The glycoside was further characterized as follows: 
(a) Preparatioil of p-nitrobenzoate: T o  the compou~ld (40 mg) dissolved in pyridine (2 ml) was added 

a lOyo molar excess of p-nitrobenzoyl chloride, and the  solution was heated a t  70" C for 40 minutes. After 
isolation and recrystallization from a petroleum ether - ethyl acetate mixture the penta-p-nitrobenzoate 
had m.p. 101-102" C, [a]DZ2 -37.1" in ethyl acetate (c, 0.47). Calc. for C43H310??NS: N,  7.23%. Found:N, 
7.15%. 

(b) Periodate oxidation: An aliquot (140 nlg, 0.62 mmole) was treated with a 15% nnllar excess sodi~inl 
periodate a t  5' C. After 14, 24, and 48 hours, between 2.16 to 2.18 moles of periodate had been consumed 
per mole of compound, the theoretical value being 2.00 nioles. The  amount of formic acid produced was 
0.66 milliequivalent, expected was 0.62 milliequivalent. No formaldehyde was formed. The dialdehyde 
(120 mg), [ a ] ~ ~ ~  +11.3", was reduced (NaBH4); the product, freed from borate, had [ a ] ~ ~ ~  -16.8" in methanol. 
The compound was cleaved with 1 N sulphuric acid on a steam bath for 10 hours t o  yield ethylene glycol 
and glycerol in equimolar quantities as  expected. Ethylene glycol gave the corresponding di-p-nitrobenzoate, 
m.p. and mixed m.p. 138-140" C, while the tri-p-nitrobenzoate of glycerol had m.p. and mixed m.p. 188- 
190" C. 
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(I~rc~nlilalioe ~7~alysi~.-rl  portion of the syrup obtained by partial hydrolysis of the polyol \\;as separated 
chromatographically using solvent c for 10 hours and the ratio of components 1, 2, and 3 was determined 
calorimetrically using a periodate - chrornotropic acid procedure (8) for the alcohols and the phenol - 
sulphuric acid method (11) for the xyloside. T o  the figure for glycerol obtained by the former method was 
added 1 mole of glycerol for each mole of xylose found. The ratio thus obtained for ethylene glycol: glycerol 
(total): sylose was 1:40:7. Thesame ratio was obtained when the polyol (10 mg) was heated a t  100" C with 
sulphuric acid (1 N, 15 ml) for 8 hours, thus hydrolyzing the glycoside. W'hen this ratio was determined 
gravimetrically fro111 the weights of the three components isolated the ratio was 1:38:6.5. 

Isolation and chnraclerizalion of acidic componenls.-The acidic material previously adsorbed onto thc  
allion exchange resin was eluted with allcali followed by regeneration of the pure acid by passage through 
cation exchange resin. The acidic solution was evaporated and the residue treated several times with meth- 
anol to  affect removal of HCI. The residue was transferred to a tube litted with a cold linger paclced with 
solid CO?, and the material was heated a t  80-90' C i7t vaczlo for about 2 hours to  affect lactonization. The 
residue was dissolved in water, NaBMl added (400 mg), and the solution left overnight. After evaporation, 
borate was removed as  described previously and an aqueous solution of the residue deionized. The final 
product (285 mg) was examined chro~natographically. A major component corresponding to  a synthetic 
sample (12) of 2-0-methyl-D-erythritol was observed. Also present in mirlor quantities were compounds 
corresponding to glycerol and erythritol. The residue (230 mg) was resolved using Whatman No. 3 MA31 
paper and solvent c. Glycerol, 20.2 mg (0.22 mmole), was converted to the tri-p-nitrobenzoate, m.p: and 
mixed m.p. 187-1!)O0 C. Erylhrilol, 12.0 mg (0.098 mmole) was treated with P-nitrobenzoyl chlor~de to  
give the tetra-p-~~itrobenzoate, m.p. and mixed m.p. 348-250" C. 2-0-A[ellzyl-D-erylhrilol, 161.5 mg (l.l!) 
mmoles), [ff]D" 4-28" in ~nethanol (c, 3.2), was converted to the tri-p-nitrobenzoate, m.p. and mixed m.p. 
218-220" C, [ff]Dr2 - 17.2" in pyridine (c, 1.5). The molar ratio of erythritol:glycerol:2-0-methyl-D-erythritol 
was 1:2.2:12. Using this ratio, the 285 mg of mixed alcohols obtained by reduction of the acidic components 
correspond to  2.31 mmoles and a s s u n ~ i ~ ~ g  that this reduction is essentially quantitative there must have been 
2.31 ~nlnoles of acidic components. This ligure talcen in conjunction with those previously deterrnined gives 
the ratio for ethylene glycol:glycerol:xylose:acicls as  1:40:7:7. 

H. Cl~erry~oood Xylan 
Periodate Oxidalio IL 

;\ quantity (946 mg) of s y l a ~ i  was dissolved in allcali (about 0.2 N NaOH), the solution acidified wit11 
acetic acid, and the volume adjusted to 100 ml. T o  the cooletl (5" C) solution was added 0.5 M periodic 
acid (20 ml) and the oxidation was allo\ved to  proceed a t  5' C in the dark. Periodate consumption was 
determined periodically, and after 4 days, 0.845 mole of periodate had been consumed per mole of sugar 
with no further change upon longer standing. The  periodate and iodate ions were removed from the solution 
by precipitation (BaC03) and the solution was treated with NaBH., (1.5 g) overnight. The  solution was 
neutralized, evaporated, a ~ ~ d  the residue treated several times with methanol containing about 1% HCI to  
remove borate. 'The residue was dissolved in 0.2 IV hydrochloric acid, left overnight, and then passed through 
cation and anion exchange resin colu~nns in tha t  order, and the effluent evaporated. 

Cl~arnclerization of ~zez~lral conzpo?zenls.-The neutral residue was chromatographecl and found to  contain 
ethylene glycol (minor amount), glycerol, and a slower-migrating, non-reclucing co~npound believed to  be 
a xylosyl glycerol. The components were resolved using sheets of Whatman No. 3 M M  paper a r ~ d  solvent c. 

Component No. 1, ethylene glycol, 4.3 rng by weight, 4.0 mg (0.064 mmole! 11). chromotropic acid 
determination, was converted to  the di-p-nitrobenzoate, 111.p. and mixed m.p. 138-140" C. 

Conzpo~zenl No. 2, glycerol, 183 nlg by weight, 180 rng (1.96 mmoles) by  chrolllotropic acid detern~ina- 
tion, was transfor~ned to  the tri-p-nitrobenzoate, m.p. and mixed m.p. 188-190" C. 

Conzponenl No. 3, 2'-0-glyceryl-6-D-xylopyranoside, 140 mg (0.625 m~nole),  [ff]DY' -30" in water (c, 
'2.8). The co~npound had all R, of 1.34 in solvent a ,  1.45 in solvent b, and showed an Hxs~,,, of 0.76 in 
s o l v e ~ ~ t  c. A portion of the glycoside was characterized as  described previously and gave identical results. 
The compound was boiled in IV II?S04 for about 10 hours after which the observed rotation had changed 
to positive. Chromatography of the hydrolyzate showed the presence of xylose and glycerol in equal molar 
proportions. Xylose, 34 nlg (0.23 mmole), [fflD2? +18.2 in water (c, 1.3), was crystallized from hot aceto- 
nitrile after addition of a few clrops of ether, m.p. and mixed m.p. 1-13-145' C. Glycerol, 21 mg (0.23 
nlmole), was convertccl to the tri-p-nitrobenzoate, 1n.p. and mised 111.p. 188-190" C. 

Isolation and clzaracteriznlion of acidic components.-The material derived from the uronic acids ant1 
believed to be mainly 3-0-methyl-D-erythrorlic acid was eluted with alkali from the anion excha~tge column 
and the efllucnt passed through a column of cation exchallgc resin. The residue left after evaporation \\;as 
transferred to  a tube litted with a cold linger paclced with solid COr a ~ ~ d  the contents heated for about 
3 hours a t  85-90' C in  vaci~o to  effect lactonization. The resiclue was dissolved in water, NaBIId (0.3 g) 
was added, and the reduction mixture was left overnight. After evaporation of the solvent and rcmoval 
of borate by several treatments with ~nethallolic hydrogen chloride, chromatography of the residue (90 mgi 
revealed the presence of components presumed to  be glycerol and erythritol in acldition to the major 
component co-chro~natographing with a salnple of 2-0-1nethj.1-D-erythritol prepared previously (12). The 
mixture was resolved using Whatman No. 3 Mivl paper and solvent c as  irrigant. Glycerol, 9.0 nlg by weight, 
8.8 nlg (0.096 mmole) by chronlotropic acid, was convertecl to the corresponding tri-p-nitrobcnzoate, 
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11i.p. and mixed m.p. 188-190" C. Erythritol, 7.3 mg by weight, 7.1 tig (0.058 11m1ole) by chro~notro~ic  
acid, was converted to the tetra-p-nitrobenzoate, 1n.p. and mixed n1.p. 248-250" C. 2-0-Methyl-D-erythritol, 
73.5 mg by weight, 72.8 mg (0.535 m~nole) by chro~notropic acid, [ C Y ] D ~ ~  +2g0 in methanol (c, 1.46), gave 
upon reaction with p-nitrobenzoyl chloride the corresponding tri-p-~~itrobenzoate, 1n.p. and mixed m.p. 
219-220" C, [a]02' -17.5" in pyridine (c, 1.2). 

The molar ratio of alcohols derived from the acidic fraction to 3'-0-glyceryl-8-D-sylopyranosidc w ~ s  
approsirnately 1 : l .  The~nolar ratioof erythritol:glycerol:2-0-nietliyl-D-erythritol was l:1.6:9, and hence the 
molar ratio of ethylene glycol:glycerol (including the glycerol in the xplosyl glycerol component) :xylose:acitls 
was approsirnately 1 :42: 10:lO. 
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SYNTH~SES D'ACIDES A M I N ~ S  CYCLIQUES A PARTIR 
DE DERIVES DE L'ACIDE ADIPIQUEl 

LISE NICOLE ET LOUIS BERLINGUET 
I~lparlcrrtent dc Biocl~imie,  F(~cz~ltc' de ~lfe'decine, Uni~~crsitc' La-dal, Qutbec, Qul .  

RCCLI le 10 juillet 1961 

ABSTRACT 

l'hc I)iecl;man~~ reaction has bee11 rcinvestigatctl in vie\\ ol obtaining all;>-I-substituted 
cyclope~~tanor~es. Control of the r cac t io~~  during allcylation now permits either the opening 
of the cyclope~~talle ring to give, without the isolation of intcr~necliatcs, s ~ ~ b s t i t ~ ~ t e t l  adipic 
esters in escellent yields or nornlal subst i t~~t ion 011 the ring. 

Methyl- and allyl-substit~~ted cyclopentanones were obtained from the corresponding 
Dieclcmann esters or from the substituted adipic acids. These Icetones were transfor~ned by 
the Strcclcer method into their corresponding spirohydantoins. I n  both cases, two diastereo- 
isomers were isolated and studied. 

l-A1nii1o-2-methyl-cyclo~~e1~ta1~ecarbosylic acid and 1-arni~~o-Zallyl-cyclopentanccarbosylic 
acid nrerc prepared ill  good yiclcls from the spirohyclantoi~~s ancl characterized. 

ISTRODUCTIOS 

L'acicle amino-1 cyclopentane-carboxylique possPde des propri6t6s cliimioth6rapeu- 
tiques contre certains types de cancer. R6cen11nent, on a di-montr6 que cet acide amin6 
non-nature1 peut rCduire le d6veloppelnent de 1'hCpatome de Novikoff ( I )  et du car- 
cinosarcome Walker 256 chez le rat (2a, 2b) ainsi que le sarcome 180, le carcino~ne 755 
et la leuckmie L-1210 chez la souris (3). 

Dails le but d'attknuer la toxicit6 cle cette substance, tout en conservant soil activitC, 
nous avons pens6 en modifier la structure molCculaire en introduisant sur le noyau, en 
positioil 2, une chaine aliphatique. 

Pour obtenir ces acides aminks cycliques, nous avons employ6 la mCthode de synthPse 
de Streclier e t  Bucherer en partant de la cyclopenta~lo~~e substituCe en position 2. Ces 
c6tones cycliques alkyl6es peuvent Ctre obtenues par substitution directe au 1110~7e11 
d'halogPnes ou d11ialogCn~ires d'alkyles en prCsence de sodium dans l'ammoniac liquide 
(4). Dans ce cas, i l  y a presque toujours formation de dCriv6s bi-substituks lesquels 
sent so~~vei l t  difficiles B Climiner. Nos essais biologiques demandant cles produits d'une 
trPs grande puretC, nous avons prefer6 utiliser une m6tliocle oh i l  ne peut y avoir de 
bi-substitution. 

L'Cther cle Dieclimann (11) est un ester 0-c6tonique qui permet une alkylation simple. 
Par dCcarboxylatioil subskquente, on obtient une cCtone cj,clique 1110110-substitube (VII). 
Cette synthPse de cktones cycliques substitukes par l'intermi-diaire cle I'Ctlier de Dieck- 
mann a CtC utilis6e par plusieurs auteurs, lesquels meiltionnent ini-vitablement que les 
rendements sont trPs variables (5-11). Sans raison apparente, on obtient, lors de l'alkyla- 
tion, soit 1'6tlier de Dieckmann substituC (V), soit le di-ester de l'acicle aclipique subs- 
titu6 (111). 

Cornubert et Borrel en ont CtudiC les conditions expCrimentales (12) et plusieurs 
auteurs (10, 11, 13) ont avanct? des mCcanismes de rCaction. On admet aujourd'hui (14) 
que la tempCrature, la grosseur cle la chaine alkyl6e substituke e t  surtout la concentration 
en Cthoxyde de sodium sont responsables de l'ouverture des t?thers de Dieclimann sub- 
stitu6s en esters adipiques correspondants. 

'PrBsrnle' a11 rongrds annzrel de l ' lv~st i tnt  de Cl~ imie  du  Canada, tenu ci Oltawa en  jz~iiz 1860. 

Canadiali J o u ~ n a l  of Chemistry. Volurne 40 (1962) 
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Kous avons repris ces travaux dans le but de prCparer les cCtones cycliques substitukes 
avec le inoins possible dlintermCdiaires e t  de contraler lorsqu'il y a lieu l'ouverture des 
Ctllers de Dieckmann. 

Lorsqu'on effectue la cyclisation de l'adipate di-Cthylique par un Cquivalent de sodium 
dans le toluPne, il y a Climination d'une molCcule d'Cthano1, qui peut se coinbiller avec 
le sodium rbsiduel pour donner l'ion Cthoxyde C?H50-, responsable de l'ouverture du 
cycle. En Climinant par distillation partielle l'alcool ainsi form6 avant de faire l'alkyla- 
tion, on parvient 2. Cviter cette ouverture du cycle. Ainsi on obtient avec 8870 de 
rendement la carbosy(lthy1-2 inCthy1-2 cyclopentanone-1, (V, R = -CH3) par mCthylation 
directe de 1'Cther de Diecltmann. 

Si, au contraire, 011 veut obtenir le di-ester de l'acide adipique substituk en a ,  on 
ajoute, aprPs alltylation, un excPs dlCthanol. On obtient sans isoler d'intermCdiaires e t  
avec des rendements respectifs de 89% et  de 80y0 les di-esters inCthy1-2 adipate de 
diCthj-le (111, R = -CH3) et  allyl-2 adipate de diCthyle (111, R = -CH2-CH-CH,). 
L'absence ou la prCsence d'Cthano1 lors de l'alltylation est donc en grande partie res- 
ponsable de la stabilitk ou de l'ouverture du cycle. 

L'obtention des cCtones substitukes en a prCsente une autre difficultk. La dCcarboxyla- 
tioil de 1'Cther de Dieckinann alltylC en position 2 par kbullition en inilieu acide ou en 
prCsence de baryte ne se fait bien qui si la chaine alkylCe est infkieure A trois atomes 
de carbone. Le traiteinent de l'allyl-2 carboxyCthy1-2 cyclopentanone-1 (V, R = 

-CH2-CH=CH2) par l'acide sulfurique A chaud pendant 6 heures, ne perillet d'obtenir 
que 30% de l'allyl-2 cyclopentanone-1. On rCcupPre, inchange, le produit de depart. Ceci 
est dfi de toute Cvidence 2. un empcchement stCrique, puisque dans les in&ines condi- 
tions la dCcarboxylation de l'allyl-5 carboxyCthy1-2 cyclopentanone-1 (IV, R = 

-CI-1:-CH=CH?) donne un rendement presque quailtitatif. Cope et al. (15) rapportent 
des difficultks analogues lors de la dCcarboxylation de l'allyl-2 carboxyCthyl-2 cyclo- 
pentanone-1, de m&me que Cornubert et  Borrel (12) pour la mCthyl-5 propyl-2 carboxy- 
Cthyl-2 cyclopentanone-1. Lorsque cet emp&chement stCrique existe, il y a Cvideinment 
avantage B effectuer la dCcarboxylation sur la carboxyCthy1-2 cyclopeiltanone-1 substituke 
en position 5, laquelle s'obtient par cyclisation de l'ester di-Cthylique de l'acide adipique 
substitue. Dans ces conditions l'allyl-2 adipate di-Cthylique (111, R = -CH,-CH=CH?) 
donne avec un rendeinent de 66% 17Cther de Diecltmann substitui: en position 5 (IV, 
R = -CH2-CH=CHP) lequel se dkcarboxyle avec facilitC pour donner quantitative- 
illeil t l'allyl-2 cyclopentanone-1 (VII, R = -CH2-CH=CH2). 

On peut aussi cycliser directement, par chauffage, en prCsence de baryte, suivant la 
n1Cthode habituelle, un acide adipique substitub. Le rendement est excellent dans le 
cas de la mCthyl-2 cyclopentanone-1. 

Dans les nl$mes conditions, la cyclisation de l'acide allyl-2 adipique (VIII) donne 
de faibles rendeineilts (18-50yo) en allyl-2 cyclopentanone-1. I1 se forme plut6t de la 
mCthy1-4 (3-carboxypl-opy1)-2 butyrolactone (IX) qu'on obtient aussi avec un excellent 
rendeinent par chauffage de l'acide allyl-2 adipique en inilieu chlorhydrique. Une lac- 
toilisatioil de m&me type a dCjA 6th rapportke pour un produit analogue (16). 

Par la mCthode de Strecker, nous avons transforn~i. les cyclopentanones substituCes 
en spirohydantoTnes correspondantes. L'introduction d'un substituant sur le cycle 
cyclopentane crCe deux centres asymCtriques, donc deux paires de diastCrCoisomPres 
que nous avons rCussi B skparer. 

I1 est curieux de constater que Granger e t  Techer (17) n'ont obtenu qu'un seul acCtyl 
amino-1 cyano-1 1nCthyl-2 cyclopeiltane B partir de la mCthy1-2 cyclopentanone-1. 
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NICOLE A N D  BERLINGUET: ACIDES AMIN& CYCLIQUES 355 

V I  V I I  

Par cristallisation fractionnke, nous avons pu isoler les deux diastkr6oisomi.res de la 
mkthyl-6 diazaspiro-1,3(4-4) nonane dione-2,4 ayant des points de fusioil de 197-199" 
e t  136-138" e t  les deux diastkrkoison~&res de l'allyl-6 diazaspiro-1,3(4-4) nonane dione-2,4 
dont les points de fusion sont de 170" e t  140". 
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I-IOOC-CH,-CH?-Cl-I?-CI-I-COOH 

Quantitativement, il y a toujours un rapport de 2 A 1 entre les deux fornles isoin6riques, 
celle qui a le point de fusion le plus 6lev6 et qui est la moins soluble Ctant la fornle pr6- 
dominante. L'autre isom&re plus soluble est moins stable. C'est ainsi que nous avolls 
trait6 I'isomPre de la (m6thyl-2') cyclopentyl hydantoi'ne-5 ayant un point de fusion 
de 136"-138" par une solution de soude A 10% pendant quelques heures. Le produit 
obtenu fond A 185", soit le point de fusion du n1Clange. Dans ces conditions, l1isom&re 
ayant un point de fusion de 197" est stable. 

Peu de cas d1isorn6rie sernblable ont 6th rapport& (18) et A notre connaissance aucull 
diast6rCoisom&re de spirohydanto'ine n'a 6th isolC. 

Nous avons donc 6tudiC ces produits plus en dirtail. Les spectres A infrarouge lie 

permettent pas de inettre en Cvideilce la structure diKCrente des deux diast6rCoisonl&res. 
Par ailleurs, les spectres obtenus par r6sonance nuclCaire magn6tique* sugg&rent que les 
deux produits ayant des points de fusion de 138-140" e t  197-199" e t  dont l'analyse 
correspond A la forinule de la (n16thyl-2') cyclopentyl h-).dantoi'ne-5, sont en fait deus 
diastCr6oisom&res. 

La chron~atograpl~ie sur papier des deux spirohyclantolnes rnCthyl6es suivie de r6v6la- 
tion au chlore e t  A l'iode suivant la technique de Rydon et Smith (19) n'a cependant 
pas permis de &parer les deux isomi.res puisque les valeurs R, ont toujours CtC identiques 
dans plusieurs solvants. 

L'hydrolyse par la baryte A 160" de ces spirohydantoi'nes substitu6es donne les acides 
ainin6s correspoildants avec cl'excellents rendements. I1 est probable que ce traitenlent 
alcaliil A chaud a pour effet de changer la configuration des deux carbones asym6triques, 
de telle sorte que m6me en partant d'un diast6r6oisom&re de l'hydantoi'ne on doit 
s'attendre ?L obtenir un nlClange des deux diast6r6oisonlitres de l'acide a1llin6 corres- 
pondant. 

Nous n'avons pu isoler d'iso1ni.r-es stCriques aprits hydrolyse alcaline de l'une ou l'autre 
des (1116thyl-2') cyclopentyl hydantoi'ne-5. Les produits obtenus ont toujours eu des R, 
ideiltiques tant en chroinatographie sur colonne de Dowex-50 que par chronlatographie 
sur papier en utilisant diffCrents solvants e t  meme par chroinatographie sur papier 
iinbib6 de rCsines 6changeuses d'ions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NICOLE AND BERLINGUET: ACIDES .AMIN~S CYCLIQUES 357 

Par hydrolyse des deux isom&res de la (mCthy1-2') cyclopelltyl hydantoi'ne-5 au moyen 
de l'acide iodhydrique en presence de phosphore rouge, on obtient parall&lement deux 
produits ayant une solubilitC quelque peu differente dans l'eau. 

Les picrates de ces deux acides aininCs ainsi que les dQivCs phCnyl-urCidos des deux 
acides correspondants ont dans chacun des cas des points de fusion identiques. Les sels 
de cuivre ont par ailleurs uile solubilitC diffbrente dans l'eau e t  peuvent servir B &parer 
les diastCrCoisomi.res. 

Les deux spirohydantoi'nes ayant des points de fusion de 137" e t  198" donnent par 
hydrolyse acide deux acides amino-1 mkthyl-2 cyclopentane-carboxyliques. Par traite- 
~ n e n t  avec KOCN, ces deux isom&res donnent des acides hydantoi'ques dont les points 
de fusioil sent diffkrents. 

Ces acides hydantoi'ques redomlent les deux spirohydantoi'nes de dkpart par chauffage 
en lnilieu acide. Les acides aminks isolCs sont donc bien des isolnPres qui conservent leur 
configuration lors de la transformation en hydantoi'nes. 

L'hydrolyse alcaline de ll(allyl-2') cyclopentyl hydantoi'ne-5 donne un acide amin6 
dont l'analyse correspond A l'acide amino-1 allyl-2 cyclopentane-carboxylique mais qui 
en realit6 doit &tre un melange des forlnes a110 et  thrCo. 

Cette hydantoi'ne est par ailleurs peu stable en lnilieu acide e t  on obtient par chroma- 
tographie des solutions d'hydrolyse, deux taches d'acides aminCs dont uile correspond 
B l'acide amino-1 allyl-2 cyclopentane-carboxylique, l'autre Ctant probablement un 
procluit d'adclition sur la double liaison lequel produit d'addition peut se cycliser ou 
non. 

Ces acides amino-1 cycloalkyl-carboxyliques substituks sont solubles dans l'eau e t  
partiellenlent dails 1'6thanol. 11s sent tout B fait insolubles dans I'acCtone d'od ils prCci- 
pitent sous forme de gels volumineux. 11s se volatilisent sur une plaque chaude pour 
doniler une vapeur se solidifiailt rapidenlent. 

Des travaus biologiques avec ces acides aminks soilt en cours e t  seront p~tbliCs sous 
peu. 

PARTIE ESPI~RI~:IEN'T~-ILE 

:ltlipo/c de diktl~yle ( I )  
On prCpare l'adipate de di6thyle A partir de 400 g (2.74 mole) cl'acide adipique, en preseilce d'acide 

S L I I I L I ~ ~ ~ L I C  (120 ~ n l ) ,  d'Cthanol j. %To (GOO ~ n l )  e t  de benzkne (2000 ml) s ~ ~ i v a n t  la m6thode de Van Ryssel- 
berghe (8). Rendement 477 g (8670). P.6. 1:30° Q 15 mm,  ~ D ? O  I .427 (lit. p . 6  138' Q 20 mm, nrim 1.427) (8). 

C(~ibo.vyktlzyl-2 cyclope~zta~~one-1 (ither de Dicckwzann) ( I I )  
011 fait la cyclisation de l'aclipate de diCthyle par le sodium dans Ic toluene suivant la nl6thode dkcrite 

par C o r ~ ~ u b e r t  e t  Borrcl (12). A partir de 200 g (0.988 mole) d'adipate de diethyle, on obticnt 110 g d'6ther 
dc Dieckmar~~~ .  Renclemcr~t 7lYO. P.6. 110-115" B 10 mm,  n ~ ? ~  1.454 (lit. p.6. 114' j. 20 Inm, III,"' 1.452) (8). 

G~ibo.vye'lhy1-2 111it1~yl-2 cyc1opentano~1.e-1 ( V )  (R = -CH3) 
( a )  -4 partii de L ' i t l ~ e ~  de Uieckrnun~r 
011 fait la m6thylatio11 dc 1'6ther de Ilicclaiiann selon la m6thodc de C o r ~ ~ u b e r t  e t  Borrel (12) par con- 

densa t io~~  de I'iodurc cle 1n6thyle nvcc le derive sod6 dc la carboxy6thyl-2 cyclopentano~~e-1. Tel que 
mc11tionn6 par C o r n ~ ~ b e r t  et  Borrel, cettc rCaction cloit @tre effectl16e A tres basse te~npCrature et: en presence 
cl'~lnc quantit6 rigo~lreusement esactc dc sodium. Autre~nent,  on s'espose Q obtenir I'ester n16thyl-2 adipate 
clc di6thyle qui se forme par ouvcrture du cycle cyclopentanicl~~e. 

SI6me crl pre~lant  t o ~ ~ t e s  ces pr6cautions, il arrive, comnle l'ont nlcntionn6 plusieurs auteurs, que ce soit 
le cli-ester substitu6 ouvert qu'on obtienne. 
.-i partir de 60 g (0.384 mole) d'6ther de Uieckmann, on obtient 57.5 g de carbosy6thyl-2 m6thyl-2 

cyc.lopentano~~e-1. Rendement 88T0. P.6. 104Oj. 12 mm, nn20 1.140 (lit. p.6. 105O Q 13 111111, ? ~ n ~ ~  1,4464) (5). 
(b )  Uirecte?lre?it ci purtir de l'adipatc de d i k t ~ y l e  
On chaulfc dans un ballon ~nurli d 'un  rCfrigCrant e t  d ' ~ ~ n  agitateur 14.0 g (0.61 molc) de sodil~m dans 

725 ml de toluene d6-thioph6nC. Lorsque le sodiu~n est fondu, on agite vigoureuseme~~t pollr fmctionner 
Ic sodiunl ell filles pnrticules. On a j o ~ ~ t e  alors l'ndipntc de di6thyle (101 g ,  0.50 mole) e t  OII  chauffe B reflux 
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CO-NH CO-NH 1 

durant 3 heures. On ajoute alors au melange un exces de carbollate d 'arnrno~~i~l ln  e t  1'011 cfiauffe durant 16 
heures B 60" sur un bain-marie. 011 Cvapore la solution de 1noiti6 pour chasser I'alcool. On filtre la rCsine, 
on ajuste le pH B 5-6 e t  on refroidit. Une premiere prCcipitation donne 71.0 g de cristaux, p.f. 168". En 
Cvaporant de nouveau, on obtient une seconde pr6cipitation de cristaux, 11.0 g, p.f. 145". Rendement brut 
total 82.0 g (89%): 

Le premier prec~piti. (71.0 g) est form6 du melange des deux diastCrCoisom~res. On peut les sCparer par 
recristallisation fractionnke clans I'eau. Le PILE insoluble cristallise facileinent. Apres filtration, on obtient 
41.5 g d'un produit qui commence B sublimer B 130" et qui fond compl&tement B 197-199". Anal. Calc. 
pour C8Hj2N202: N, 16.65%. Trouv6: N, 16.82%. 

On recristallise de l'eau les 11.0 g de cristaux obtenus lors de la seconde prhcipitation. Si, B cette solution, 
on ajoute les eaux-meres du debut, on obtient, par concentrations e t  filtrations successives, un total de 
29.5 r. du  second diastCrCoisom&re fondant B 136-138'. Anal. Calc. pour C ~ H I ~ N ~ O ~ :  N. 16.65%. Trouvk: . - 
N, 16.82%. 

Le rendement total des deux diast~rCoisom&res est 71.0 g (77%) dont 41.5 g ont un point de fusion de 
197-199" e t  29.5 g ont un point de fusion de 136-138". 

Les rendements hab i t~~e l s  en hydantoi'nes varient entre 70 e t  85%, mais on a toujours la prCdominance 
de I'isomere fondant B 197" sur l'isomere fondant B 138" dans les proportions de 2 B 1. 

I'ropriblbs des diastbrboisontbres de la  rn611zyl-6 diazaspiro-1,s (4-4)  ttottane dione-2,4 
Les deux diast6rCoisomPres des spirohydantoi'nes sont insolubles dans l'ether, Ifacetate d'Cthyle e t  le 

benzene. Ils sont totalement solubles dans I'acCtone e t  partiellement solubles B chaud dans I'eau e t  dans 
l'bthanol. 

On peut les separer soit par cristallisation fractionnCe de l'eau soit en les dissolvant B chaud dans I'acCtone 
e t  en ajoutant de I'Cther de petrole jusqulB turbidite. Le diastCrCoisom&re le p l ~ ~ s  insoluble prCcipite Ic 
premier. Son point de fusion est 197-198°. Cet isomere est beaucoup p l ~ ~ s  stable que l'autre isomere fondant 
B 138". Un chauffage de 2 ou 3 heures en presence de soude B 10% ou en tube scelle avec HBr 48% ne parvient 
pas B le transformer. Tout  au plus peut-on deceler une trace de l'acide amin6 correspondant par chromato- 
graphie sur papier, lequel provient de l'ouverture de l'anneau de l'hydantoi'ne. Par recristallisation de I'eau, 
on recueille l'hydantoi'ne inchang6e ayant un point de fusion de 198". 

L'isomere fondant B 138' est par contre rnoins stable. On peut le transformer en I'autre diastCrCoisornerc 
par chauffage prolong6 en milieu alcalin ou mCme en milieu trbs fortement acide. C'est ainsi que l'on dissout 
2.92 g de l'hydantoine fondant B 138" dans 6 ml de NaOH B 10% e t  18 ml d'eau distillbe. On laisse sur un 
bain-marie bouillant toute la nuit. Le lendemain, on acidifie avec HC1 concentre et  en portant a u  froid, 
l'hydantoine cristallise en gros b2tonnets (1.42 g) qui cominencent B sublimer vers 140" mais ne fondent 
completement qu'8 182-188'. 

Si on traite l'hydantoine ayant un point de fusion de 138' en tube scell6 pendant 2 ou 3 heures avec HBr 
48%, on parvient B ouvrir partiellement l'anneau de l'hydantoine e t  on peut deceler l'acide amin6 corres- 
pondant par chromatographie sur papier. On recupere cependant une certaine quantite d'hydantoine qui 
maintenant a un point de fusion de 185-190". 
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Par aille~irs aprks une ebullition clc 17 heures cn presence cl'acide chlorhyclriquc concentre, ou de que lq~~cs  
minutes en presencc de soude i 10%, on rCcupkre clans chaque cas les deux hydantoines inchangees. 

Acidc amino-1 nztlhyl-2 cyclopenban,e-carboxyliqzie ( X I )  ( K  = -CH3) 
(a) Hydrolyse nlcaline 
Dans LIII autoclave, on hydrolyse 14.3 g (0.085 mole) cle l'hydanto'ine ayant u n  point de  fusion cle 197" 

avec 40 g (0.127 mole) d'hydroxyde de  ba ryu~n  dissous dans 120 ml d'eau b o ~ ~ i l l a ~ ~ t c .  On porte la temperature 
Q 165" durant une B heure. On laisse le melange refroidir, puis on ajoute 80 g (1.42 mole) de  carbonare 
d'amrnonium. 

On concentre la solution par ebullition e t  on filtre le carbonate de baryum. Aprbs avoir tvaporb le Gltrat 
sous pression reduite, on reprend le residu par l'eau bouillante. Par cristallisations successives de I'eau, on 
obtient I'acide amink, lequel cristallise avec une 111olCcule d'eau. Anal. Calc. pour C71113NO?.H?O: N, 8.70%. 
'Trouvi.: N, 8.79%. Rendement 10.9 g (90%). On seche le produit Q I'etuve Q 110" pendant quelques heures. 
Le produit se dCcompose en bru~lissant vers 290". Anal. Calc. pour C ~ H I ~ N O ? :  K, 9.78%. T ~ O L I V ~ :  N, 9.9470. 

On prockde de la faron dCcrite plus haut pour hydrolyser I'autre isomhe de I'hydantoi'ne ayant un point 
de fusion de 138". En partant de 9.6 g (0.057 mole) d'hydantoi'ne, on obtient aprks sirchage i I'etuve 5 g 
d'acide amin6. Rendement 61%. L'acide amink n'a pas de point de fusion c t  commence Q se d6composer B 
290". Anal. Calc. pour C7Ml9NO?: N, 9.78%. Trouvi.: N ,  9.87%. I1 cristallise aussi avec une mol6culc d'cau. 
.i\llal. Calc. pour C7H13NO2: N, 8.70%. Trouv6: N ,  8.62%. 
(b) Hydrolyse acide 
Dans nn ballon muni d 'un refricerant. on olace 11.0 e (0.065 mole) de l'isombl-c fondant Q l!)So tlc la - . . - .  

methyl-6 diazaspiro-1,3(4-4) nonane dione-2,4, 125 ml d'acide iodhyclrique 57% et 1 g de phosphore rouge 
amorphe. On chauffe i reflux pendant au   noi ins 48 heures. E n  di~ninuant le temps d'llydrolyse on s'espose a 
retrouver des quantitCs importantes d'hydantoine de depart. Apres avoir refroidi la solution, on filtre Ic 
phosphore et  on bvapore Q sec sous vide. 

On dissout le residu dans I'eau bo~~i l lante  e t  on verse cette solutio~l sur un excbs de '\gOI-I frakhcment 
prepare. AprPs avoir agitir pendant 2 heure, on chauffe Q i.bullition e t  on filtre les sels d'argent. On saturc le 
filtrat de sulfure d'hydrogkne. On liltre le sulfure d'argent e t  on rinse Q I'eau chaude. Apres avoir verifik quc 
le filtrat ne contient plus d'ions d'argent ou d'iode, on le d6colore avec du noir animal e t  on Cvapore Q scc 
sous vide. 011 reprend le residu dans un minimum d'eau et  on porte au froid. On kvapore Q sec e t  on reprend 
par u n  ~ninimum d'eau bouillante. L'acide amin6 pritcipite au froid. 0 1 1  concentre les eaux-meres pour 
obtenir d'autres cristaux. Par addition subsCquente d'ethanol e t  d'acktone, on recupkre les dernihres traces 
de I'acide anline. Rendenlent total en acide amini. 8.41 g (90yo). L'acide amink sublime i partir de 160" et 
se dCco~npose en brunissant vers 290". Anal. Calc. pour C7H13NO9: N, 9.78%. 'l'rouve: N, 9.73%. 

On prockde de la fason dCcrite plus haut pour hydrolyser l'autre isomkre de I'hydantoine ayant un point 
de fusion de 138". En partant de 18.2 g (0.109 mole) d'hydantoi'ne, on obtient 14.5 g d'acide atnine. Re~ltlc- 
ment DG%. L'acide amin6 sublime vers 220" e t  se decompose ri 297-299". Anal. Calc. pollr CiHlnNOy: S ,  
9.78%. Trouve: N, 9.94%. 

Proprihtis de l'acide ainino-1 ~l i i thyl-2 c~~clo$e?ztn?ie-c(~rbo~yliqz~e 
L'acide amin6 n'est presque pas soluble dans 1'6thanol bouillant. I1 cst insoluble d a ~ ~ s  la plupart des solvants 

organiques. I1 est plus soluble dans I'eau, Q froid, e t  on peut lc recristalliser assez fiicile~nent. I1 est i o ~ ~ t c f o i s  
partiellement soluble dans u n  melange eau-ethanol. 

On peut le precipiter trks facile~nent des solutions aqueuses ou alcooliques par addition d7acCtone. I1 se 
forme alors un volumineux gel qui se filtre trhs aisement. 

Lorsque l'acide amin6 solide est projet6 sur une plaque chauffante, maintenue Q 300°, il se volatilise cn 
une sorte de sublime qui se solidifie im1n6diatcment au  contact de I'air. 

Picrates de l'acide amino-1 mttkyl-2 cyclope7ztane-carboxylique 
Les divers Cchantillons de I'acide amin6 obtenus tant par hydrolyse acide que par hydrolyse alcaline des 

deux diastCrCoisomeres ont toujours donne des picrates dont le point de fusion est 215-216". Ces picrates 
recristallisent dc I'eau e t  ils sont assez solubles dans I'ether. Calculi. pour C13HleN4Oe: N,  15.07%. Trouv6: 
N, 14.84%. 

Sels de cuivre de I'ncide amino-1 mhthyl-2 cyclopewtane-carboxylique 
On fait bouillir pendant 2 heures une solution aqueuse de l'acide amino-] methyl-2 cyclopentane-carboxy- 

lique avec un excks de carbonate de cuivre. On filtre Q chaud et  on recueille aprbs avoir refroidi le sel clc 
cuivre de I'acide amin6. 

Les deux diast6rCoisomeres donnent des cristaux d'un bleu violet en forme d'aiguilles. Les deux sels de 
cuivre ont des solubilitCs diiferentes dans l'eau e t  par recristallisation fractionnee on peut separer les deux 
diasterkoisomeres. 11s sont aussi partiellement solubles dans 1'Cthanol e t  le methanol Q chaud. 

Les sels de cuivre cristallisent avec une molCcule d'eau. Calcule pour C14H?404N?Cu.M?O: N, 7.66%. 
TrouvC: N, 7.64%. Aprhs sechage Q I1i.tuve on obtient le sel anhydre. Calcule pour Cl~H24O~N2Cu: N, 8.06%. 
TrouvC: N, 7.98%. 
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Chlorhydiate de l'estei ithylzqi~e de I'nc~de nltzino-1 ~ t r i l l~y l -2  cyclopentn?ze-cnrbo.iyliql~e 
011 suspend 2.80 g (0.010 mole) d'acide amino-1 methyl-2 cyclopentanc-carbosyliq~~e dans 100 ml d'ethdnol 

bouillant dans lequel b'lrbote HC1 gazcus. r\pr&s 2 heures d'Cbullition, on evapore B sec e t  on recristallisc 
de I'ethanol par adtlition d'ether. Renclement 2.7 g (66%). P.f. 200". i\nal. Calc. pour C91-IIsNO?C1: N, 
6.56%. Trouvi.: iY, 6.86%. 

Acide uriido-1 711Ethyl-2 cyclopentn?te-carboxyl~iqz~e 
011 chauffe at1 bain-lnarie per~dant 2 heures, une solution conteuant 2.86 g (0.02 mole) d'acide amino-1 

cyclopentane-carboxyliq~~e e t  1.62 g (0.03 ~nole) de cyanatc dc potassiuni dans 40 1111 d'eau. 011 refroidit 
dans la glace e t  on acidilie avec HC1 conce~itre. 011 hltre les cristaux blancs e t  on les seche. Rendemcnt 
2.86 g (77%). P.f. 205". Anal. Calc. pour CSHl4N?03: N, 15.08y0. TrouvC: N,  11.70%. LC poids 1nol6culaire 
troilvi. par rleutralisation avec NaOH 0.1 N e s t  194. Calcule: 186. Les analyses ont Ct6 faites sur les c r i s t a ~ ~ s  
s6chi.s B I'etnve, le produit ayalit te~idalice B cristalliser avec des niol6cules d'eau. 

Les deus  diastCr6oisonibres de I'acicle anlino-1 cyclopentane-carboxyliq~~e se cornportent de la mi?~ne 
fason e t  donnent avec le mCme re~iden~erit  le produit decrit plus haut. 

Cyclisalio?t en spirolzydant&zes 
011 chauffe B reflus pendant 2 heures un melange de 10 ml d'acicle clilorhydrique concentr0 e t  40 nil 

cl'eau dans lequel est dissous 1.0 g d'acide ureido-1 rllethyl-2 cyclopenta~ie-carbosylique obtenu B partir 
de I'iso~nbre le ~iloins soluble de I'acide amino-1 methyl-2 cyclopentane-carbox).liclue. 011 Cvapore B sec et  
o n  reprend le rOsidu dans l'acbtone chaud. Par addition d'ether de petrolc, la methyl-6 diazaspiro-l,3(-1-4) 
nonane diorie-2,4 cristallise. Rendelllent 0.70 g (79%). P.f. 195". 

Dans les m@n~es  conditions, l'acide ureido-1 niethyl-2 cyclopentane-carboxylique, obtenu B partir dc  
I'isombre le plus soluble de l'acide a~nino-1 mbthyl-2 cyclopentane-carbox>~liqi~e, donne I'autre isomere dc  
la spirohydantoi'ne dolit le point de fusion est 140°. 

Ces transfortnations i~idiquent bien que les deux diasti.rCoisoni&res de la spirohydantoi'ne donnent par 
hydrolyse acide les diasti.rCoison16res des acides anlines correspondants. Les acides aminks peuvent &tre 
transformes de nouveau par I'interm6diaire des acides ureido correspondants en diast6r6oisombres de la 
spirohydantoi'ne de depart. T o ~ ~ t e s  ces transformations se font dolic sans pcrte de conliguration pour le 
deusieme carbone asym0trique. 

.-lcidc N-phe'nylz~rbido-1 me'lhyl-2 cyclope?ztane-carboxyl~qiie 
Dans urle hole conique, on dissout 2.86 g (0.02 mole) d'acide amino-1 in6thyl-2 cyclopentane-carbosyliq~~e 

le plus insoluble dans L I I L  minimunl d'eau. On ajoute ensuite de la soudc (0.80 g,  0.02 mole) e t  on agite la 
solution. En une seule portion, on ajoute alors l'isocyanate de phC~iyle (0.38 g,  0.02 nlole). 011 agite vig-011- 
reusemcnt pendant 15 minutes. Puis on liltre la diphenyl ur6e qui a pu se former e t  on \erse le filtrat sur 
la glace. L'addition d'acide chlorhydrique concentre prCcipite l'acide ph6nylurCido-1 mkthyl-2 cyclopentane- 
carboxylique. On hltre le pri.cipit6 e t  on recristallise dans un n16lange eau-6thanol. Rende~nent 3.45 g 
(66%). P.f. 145". Alial. Calc. pour Cl4HlsK?Oa: X, 10.68%. Trouvf.: N, 10.40%. 

.WttAyl-6 plze'nyl-S diazasfi'ro-1,s (4-4) no~rnne dione-2,d 
On cyclise par chauffage dans 50 n ~ l  d'acide chlorhydriquc dilui. pendant quclques heures, 1.0 g d'acidc 

N-ph&nylurbido-1 methyl-2 cyclopentane-carboxylique obtenu plus haut (0.0038 mole). Eli refroidissant, 
les cristaux de la spirohydantoine s~lbstituee apparaissent. On liltre e t  on shche. Rendement 0.8 g (86%). 
On rerristallise de I'eau e t  de 1'Cthanol. P.f. 148". Anal. Calc. pour Cl4HlaN202: S ,  11.49%. TrouvC: I';, 
11.52y0. 

Essmis de se'paralion des diastkrkoisonzdres 
Les acides amino-1 methyl-2 cyclopentane-carboxyliques, obteri~ls B partir de l'une OLI l'autre des deus 

formes isom&riques des hydantoi'nes soit par hydrolysc alcaline soit par hydrolyse acide, ont des propriktes 
chimiques trbs voisines. Par recristallisation fraction1ii.e de l'eau, on parvient toutefois A isoler deux fractions 
dout les solubilit&s dans l'eau sont assez diHCrelltes. 

Dans le but de mieux sCparer ces diastCri.oisombres, nous avons utilise la chromatographie sur papier 
dans plusieurs syst&~nes de solvants. Tel que l'indique le Tableau I ,  les clivers echa~itillons de l'acide amino-1 
~nethyl-2 cyclopentane-carboxylique inigrent tous avec des v a l e ~ ~ r s  R J  identiques. 

N 'aya~i t  pu separer les deux diast&ri.oisombres par chromatographie sur papier, nous avons utilisC des 
fe~~i l les  de cellulose imbibees de resines Cchange~~ses d'ions." Plusieurs auteurs ont utilise avec profit ces 
feuilles de cellulose pour sCparer des acides aminks dont les solubiliti.~ sont trhs voisines dans les solvants 
~iti1isi.s P O L I ~  la chro~natographie classique (24-27). Nous avons surtout utilisC le type WA-2, faiblenient 
acide. Les autres types SA et SB, acide fort e t  base forte, donnent des mauvaises migrations. C o ~ n n ~ e  
I'indique le Tablea~l 11, les diverses valeurs R J  des i.chantillons d'acide amin6 sont trhs voisines, pour tous 
les solvants emp1oyi.s. WICme dans ces conditions, il a CtC inipossible de separer les diast&r&oison~bres attendus. 

Nous avons linalement essay6 de faire la separation par adsorption sur une colonne de rCsine Dowes-50 
e t  elution subsequente avec diverses solutions. Les acides amino-1 m6thyl-2 cyclopentane-carboxyliques 

*Echantillons gracieuse?nent foiirnis par Reeve Angel, 9 Bridewell Place, Clifton, N.J.  
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TABLEAU I 

Acide amino-1 mCthyl-2 cyclopentane-carboxylique 

Valeurs R, 

I n )  Obtenu nar hvdrolvse alcaline de I'hvdantoine fondant i 197'. 
( 6 )  0bten" bar 11rdrol;se al&line d e  l'hcdantoine fondant :i 136'. 
rr) Obtenu tlar hyclrolycc acide dc I'hydantoine fondant <i 197'. 
( - 1 )  Obtenu par hy<lroly:c xri~le ile I'liydantoine foncl;~nt 5 138'. 

'I-ABLEAU I1 

Chromatographie de l'acide amino-1 methyl-2 cyclopentane carbosylique 
sur papier de type faiblement acide IV-'4-2 

Valeurs K,  

SystPn~es de solvants (a) (bl (c) (d) 

-4cide acktique - eau (90:lO) 0 .72  0 .71  0 .73  0 .78  
Eau 0 .69 0 .08  0 .72  0 .72 
Tampon veronal (0.05 M, pH 8.6) 0 .70  0 .68  0 .70 0 .70  
Acide acbtique - pyridine (pH 6.4) 0 .75 0 .75 - - 
PhCnol-eau (92%) 0.58 0 .60 - - 

(0) Obtenu par hydrolyse alcaline de I'hydantoine fondant $ 197". 
( b )  Obtenu par hydrolyse alcaline de l'hydantoine fondant a 138'. 
(6) Obtenu par hydrolyse acide de I'hydantoine fondant i 197". 
( d )  Obtenu par hydrolyse acide de I'hydantoine fondant i 138". 

sont fortenlent adsorbks sur la resine. 11s ne sont CluCs qu'B l'aide d'une solution d'ammoniaque B 10%. 
Nous n'avons pu, ici encore, mettre en evidence la prbsence des deux diastCr6oisomkres. 

La migration de cet acide amin6 cyclique lorsqu'on la compare B celle de d'autres acides aminks coninte 
la lysine, la glycine e t  l'acide glutamique indique que l'acide amino-1 methyl-2 cyclopentane-carboxylique 
est relativement basique. Le comportement de cet acide amin6 sur la colonne de Dowex-50 confirme le 
m81ne fait. Tel que dC~nontrC par Tillson e t  No11 (28) pour l'acide amino-1 cyclopentane-carbosyliq~~e, 
l'acide amino-1 mCthyl-2 cyclopentane-carboxylique ne peut &tre titre par un alcali en prbsence de formol, 
suivant la ~nethode classique de Sorensen. 

Spectres d'absorption duns l'infrarouge 
Les spectres d'absorption dans l'infrarouge ont Ctk pris avec le spectrophotomktre Beckman, modhie 

IR-4. L a  comparaison entre les spectres des deux isombres, soit de la (nlethyl-2') cyclopentyl hydantoine-5, 
soit de ll(allyl-2') cyclopentyl hydantoi'ne-5, ne permet pas de conclure B la pr&sence de deux diastereoiso- 
mbres. Les bandes d'absorption sont A toute fin pratique presque identiques. 

Spectres nzagn6liques de rtsonance nucldaire 
Les spectres des deux Cchantillons de la (methyl-2') cyclopentyl hydantoi'ne-5 ont 6tC pris dans une 

solution de chloroforme deut6rC avec une trace de tCtram6thylsilane comme reference interne. La position 
des bandes est mesuree en cycles par seconde. On voit dans la Figure 1 que les deux bandes situees de chaque 
cat6 du spectre du chloroforrne A 436 c.p.s. sont dues aux groupes NH. Le doublet que l'on observe i 54 
c.p.s. est d t ~  au radical mCthyle. Cette bande est s&parCe en deux par suite de la vibration du proton voisin. 
Les autres bandes qui forment un complexe proviennent des sept protons du cycle A cinq carbones. Le 
spectre correspond donc B Ia structure proposte. 

Le spectre de l'autre isomere montre lui aussi deux bandes dues aux groupes NH. Le triplet observC 21 
01 c.p.s. est en realit6 un doublet dont la ligne gauche est superposCe sur la ligne droite de l'autre. On 
rctrouve ici aussi le complese provenant des sept protons du cycle cyclopentanique. 

FIG. 1. Spectre magnetique de rCsonance nuclkaire des deux isombres de la mCthyl-6 diazaspiro-1,3 (4-4) 
nonane dione-2,4. Gchantillon I (p.f. 197"); khantillon 11 (p.f. 138"). Les spectres ont Ct6 pris dans une 
solution de chlorofor~ne deut6ri. avec une trace de tCtramkthylsilane comtne reference interne. Le taux de 
balayage est X10-36/300 e t  la vitesse est de 3 pouces/minute. Le noyau est H'  e t  la fr6quence 60 Mc. 
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I1 semble aussi cl'aprbs les spectres que l'isomiire clont le point cle fusion est 138O ne soit pas pur ct c~u'il 
conticnne un peu de I'autre isombre. 

Toutefois la colnparaison des deux spectres indique bien qu'il s'agit 15 de clcux diastCrhoisombrcs, Ile 
diff6rant que par l'orientatio11 du radical ni6thyle par rapport au noyau h6t6rocyclique. 

Allyl-2 adipatc dc diilhyle (111)  ( R  = -CH?-CH=CH?) 
On passe directenlent de l'adipate cle diCthyle non substituC au di-ester substituh en alpha, sans isoler 

d'interm6diaires. 
On chauffe B reflux avec Line bonne agitation, l'aclipate de diethyle (303 g, 1.5 mole) dans 1500 ml de 

toluene sec, en presence de 43.0 g (1.8'3 mole) de sodium. Apres 3 helms d'6bullitio11, le sel cle sodiun~ de 
1'6ther de Dieclimann pr6sente l'aspect d'une lnasse volumineuse e t  spongieuse. 011 ajoute alors 243 g ('2.0 
moles) de brornure d'allyle en  une seule portion et  on chauffe B reflux pendant 5 heures. 

On ajoute un pelt d'eau pour extraire les sels inorganiques e t  on r a m h e  le pH B 7.0 avec quelques gou~ tcs  
d'acide ac6tique. Aprks avoir sCchC la couche de toluene, on distille sous vicle le tolubne et l'ester adipicluc 
substitub. Rende~nent 290 g (80%). P.6. 150" i 14 mm, nD'O 1.443. 

Allyl-2 carboxydthyl-2 cyclope?zta?to?ze-1 ( V )  ( R  = -CH?-CH=CH?) 
On utilise la n16thode d6crite par Vavon et  Horeau (9) dans laquelle on ajoute lelltement B une so l~~ t ion  

de carboxy6thyl-2 cyclopentanone-1 (40 g, 0.256 ~iiole) et  de bromure d'allyle (34 g,  0.281 n~ole) dans 100 1111 
d'kthanol, line solution d'hydroxyde de sodium (12 g,  0.300 mole) dans 50 ml d'eau. Rendement 30 g (60%). 
P.C. 125-127" A 13-15 mm, nD20 1.459 (lit. lago B 16 111111) (9). 

Allyl-5 carboxye'thyl-2 cyclopentano?ze-1 ( I  V )  ( R  = -CI$,-CH=CH2) 
011 effectue la cyclisation en ajoutant goutte B goutte l'allyl-2 adipate de diPthyle (121.6 g, 0.5 mole) B 

une suspension de fines particules de sodiiim (14.0 g,  0.61 mole) dans 800 lnl de toluene sec et  d6-thiophen6 
maintenu B 35-40". On chauffe ensuite pendant 4 heures B 70". On acidifie alors A 0" par H?SO( dilu6. On 
estrait au toluene qu'on lave au bicarbonate diluC e t  qu'on sbche e t  clistille. Rendement 65.0 g (66%). 
P.6. 127-130" A 10 mm, nnzo 1.462. 

Allyl-2 cyclopenta?zone-1 ( V I I )  (R = -CH*-CH=CH?) 
( a )  P a r  ddcarborylation de l'allyl-2 carbosykthyl-2 cyclopentnnone-1 
On place dans un ballon de 500 1111 B trois cols, surmontb d'un refrigerant, I'allyI-2 carboxy6thyl-2 

cyclopentanone-1 (21.0 g,  0.107 mole) e t  150 ml d'acide sulfurique 6 N. On agite fortenlent de facon A bien 
lnettre en contact les deus  couches et  on chauffe au bain-marie pendant 6 heures. Apres avoir refroidi, on 
extrait plusieurs fois i I'Cther qu'on seche et  qu'oli distille dans le vide. On obtient un rCsidu liquidc qui 
donne aprbs distillation fractionnee dans le vide, dells fractions. La premiere, l'allyl-2 cyclopentanonc-1, 
pese 4.0 g (30.7y0) passant 2 55-57O2 18 mnl, nnZ0 1.458. La cbtone donne avec la dinitro-2,4 ph6nylhydrxzinc 
des cristaux jaunes, recristallisCs du ln6thanol e t  ayant un point de fusion de  130-132". 

L'autre fraction est surtout form& de  l'allyl-2 carboxyCthy1-2 cyclopentanone-1 inchange. On recueille 
ainsi 5.0 g (33.8% du produit initial) passant entre 75-125" A 18 mm, 1.465. 

En  prolongeant le temps de chauffage, le rendement reste sensiblelllent le ni&lne. 
Si l'on effectue la dCcarboxylatio~l de l'allyl-2 carboxyethyl-2 cyclopentanoile-1 par chauffage en pr6sc11cc 

d'une solution d'hydroxyde de baryum (12) le rendement diminue sensiblement. 
(b)  P a r  d6carboxylation de l'allyl-5 cnrboxydtlryl-2 cyclope?ztano?te-1 
Tel que decrit plus haut, on d6carbosyle l'allyl-5 carboxyethyl-2 cyclopentanone-1 (86.0 g, 0.439 molc) 

par chauffage pendant 4 heures sur un bain-n~arie bouillant en prCsellce de 300 ml de H2S04 4 N.  A p r k  
extraction A 116ther, on obtient environ 50 g (%yo) d'allyl-2 cyclopentanone-1 brute: ?zn20 1.458. Par distilla- 
tion, on obtient 37.5 g (69y0) de c6tone pure, passa~lt  A 77-80" sous 23 mm,  ou B 175-180" sous 758 mnl, 
?ZD" 1.459. 

On peut aussi effectuer la dCcarboxylation en chaulfant A reflux l'allyl-5 carboxy6thyl-2 cyclopentanonc-l 
(20.0 g, 0.102 mole) pendant 4 heures en presence d'hydroxyde de baryuln (20.0 g, 0.063 mole) dissous 
dans 100 ml d'eau (12). On filtre le carbonate de baryuni form6 e t  on extrait plusieurs fois B l'6ther qu'on 
seche e t  qu'on distille. On obtient: 11.0 g (88.7%) d'allyl-3 cyclopentanone-1 brute, nn20 1.459. 

(c )  P a r  cha~iffage de l'acide allyl-2 adipique 
On place dans un ballon B trois cols, l'acide allyl-2 adipique (25.0 g,  0.135 mole) intimement mClallgt 

avec de l'hydroxyde dc baryum (2.0 g, 0.006 mole). On chauffe pour que la tempkrature du melange se 
maintienne entre 290-30O0, e t  on recueille le melange d'eau e t  d'allyl-2 cyclopentanone-1 qui passe lentement 
par distillation. AprPs 6 heures de chauffage, on extrait A l'ether le distillat obtenu. Apres avoir sCchC e t  
CvaporC l'ether, on obtient 9.0 g (54%) d'allyl-2 cyclopentanone-1 impure. 

La formation de la cCtone est fort lente. Si aprbs quelq~les minutes de chauffage, on distille sous vide le 
melange, on obtient pluti3t la mbthyl-4 (3-carboxypropy1)-2 butyrolactone. 

iMe'thyl-4 (3-carboxypropy1)-2 bzityrolactone ( I X )  

( a )  P a r  traitement de l'acide allyl-b adipique par l'ltydroryde de baryri~n 
Ainsi par chauffage de l'acide allyl-2 adipique (37.2 g, 0.20 mole) avec de l'hydroxyde de baryum (3.0 g, 

0.009 mole) B 290-30O0, on obtient apres 1 heure de chauffage, environ 7-8 n ~ l  d'un melange az6otropique 
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d'cau e t  d'allyl-2 cyclopentanone-1. On fait alors le vide dans I'appareil c t  on recueille 21.5 g, d'lrn liquidc 
passant ?I 210-215" 2 17 mm. On reprend les deux distillats dans 50 1111 d'ea~r e t  on ajoute suff isam~ne~~t  de 
soude pour avoir un pH alcalin. On extrait Q I'Cther plusieurs fois e t  aprhs avoir sCchC e t  distill6 I'Cthcr, 
on recueille 4.5 g (18.3y0) d'allyl-2 cyclopentanone-1 passant Q 180" sous 760 nun. 

On acidifie alors la fraction aqueuse avec II?SO4 diluC e t  on estrait  au  benzene I ' l ~ ~ ~ i l e  qui se &pare. On 
seche e t  on distille sous vide le benzene, ce qui laisse un rCsidu huileux pesant 18.5 g (50%) e t  q ~ ~ i  ne tardc 
pas A cristalliser. Un Cchantillon de la mCthpl-4 (3-carboxypropyl)-2 b~~tyrolactone est recristallisC du 
benzene e t  de I'Cther de pCtrole. Les cristaux obtenus ont un point clc fusion de 90-02". 

Le poids ~noliiculaire trouvi? par ~leut ra l i sa t io~~ avec NaOH en prCsence de phCnolphtalCine est 187. Calcul6 
pour ~ 9 ~ 1 4 0 4 :  186. 

La distillation sous vide d'un kchautillon pesant 7.2 g,  donne 5.0 g d'une huile ayant 1111 point dlCbullitio~l 
de 230" Q 20 mm et qui cristallise rapidement en donnant des cristaux fondant Q 00". 

(b) A partir de l'acide allyl-2 adipique par l'acide chlorhydrique 
On chauffe Q reflux pendant 7 heures 48.5 g (0.261 mole) d'acicle allyl-2 adipique avec 150 ~ n l  d'acidc 

chlorhydriq~~e dilui? 1:l .  On Cvapore alors Q see dans le vide sur bain-marie e t  on obtient un rCsidu qu'on 
recristallise du benzbne chaud auquel on a j o ~ ~ t e  de I'Cther de pCtrole. Rendement en mCthyl-4 (3-carbosy- 
propyl)-2 butyrolactone 42.0 g (86.6%). Poids mol6culaire trouvC par neutralisation avec NaOFI ell 
prCsence de phCnolphtalCinc e t  en calculant une seule fonction acidc: 184. CalculC pour CoH140.,: 186. 

(c) A partir de l'allyl-2 adipate de dittkyle 
On chauffe Q reflux pendant 7 heures l'allyl-2 adipate de diCthyle (81.7 g,  0.337 mole) avec SO0 ml d'acide 

chlorhydrique dil~16 1:l. On kvapore Q sec e t  on obtient un rCsidu q~l 'on  distille dans le vide. 011 rec~~eillc 
48.0 g (76.5y0) de la lactone, passant Q 210" sous 5 mm. 

Acide allyl-2 adipiqzre (VI I I )  
On fait bouillir Q reflux pendant 17 heures un mClange d'allyl-2 adipate de diCthyle (62.0 g, 0.256 niolc) 

e t  d'hydroxyde de potassiun~ (35.0 g, 0.625 mole) dans 750 ml d'Cthanol. On Cvaporc ensuite I'Cthanol daus 
le vide sur un bain-maric e t  on reprend le rCsidu dans l ' e a ~ ~ .  011 extrait Q I'Cther l'allyl-2 adipate d'Cthyle 
qui aurait pu rCsister Q la saponification. En acidifiant la portion aqueuse avec H?SOI dilub, une Cpaisse 
huile incolore vient flotter en surface. AprPs I'avoir extraite Q I'Cther, OII seche e t  on Cvapore I'Cther. L'huile 
incolore rCsiduelle pese 45.1 g (%yo). Cette huile cristallise tres lentenlent Q tempCrature de la cha~nbre  
pour donner un solide ayant un point de fusion de 55". On peut recristalliser l'acide d'un mClange be~~zi.ne - 
Cther de pCtrole ou Cther - Cther de pCtrole. P.f. 57". Poids mol6culaire trouvh par ncutralisation avcc 
NaOH e t  en calculant deus  fonctions acides: 180. CalculC pour CgH1.104: 186. 

L'acide allyl-2 adipique est relativement stable en milieu aqueux. Si l'on fait bouillir 2.0g en prCsence de 
150 ml d'eau pendant 5 heures e t  qu'on extrait le tout Q I'Cther, on retrouve une huile q ~ ~ i ,  recristallisCe 
du benzene - Cther de pCtrole, redonne 1.5 g du produit initial, soit l'ncide allyl-2 adipique. P.f. 56". Poids 
molCculaire trouvb par neutralisation avec NaOH e t  en calculant deux fonctions acides: 185. Calc~~lC pour 
CgH1404: 186. 

Allyl-6 diazaspiro-1,s (4-4) nolzane diot~e-2,4 (XII) ,  (allyl-2') cyclopentyl hydantuine-5 
On ajoute l'allyl-2 cyclope~~tanone-1 (37.5 g,  0.30 mole) Q un mClange de cyanure de potassi~~rn (65.1 g, 

1.0 mole), de chlorure d'ammonium (53.4 g, 1.0 mole) e t  environ 5 g de rCsine I R  A-400 (2'3) en suspension 
dans 100 1n1 de mCthanol e t  100 ml d'eau. On agite Q la ten1pCrature de la chambre pendant 2 heures. On 
ajoute alors un excPs de carbonate d'ammonium (2.0 moles) e t  on chauffe le tout Q GOo pendant 15 heures. 
On filtre la rCsine insoluble, on Cvapore alors les trois-quarts du volume total pour chasser le n~Cthanol e t  
en  portant au froid, l'hydantoine cristallise de la solution saline. Rendenlent brut 40.0 g (83.3%). p.f. 
148-155". 

L'(ally1-2') cyclopentyl spirohydanto'ine-5 est soluble Q chaud dans I'Cther, I'acCtate dlCthyle, e t  par- 
tiellement dans l'eau. Elle est aussi soluble Q froid dans I'acCtone et  I'Cthanol e t  i~~soluble dans I'Cther de 
pCtrole. 

On peut recristalliser l'hydantoi'ne brute soit de l'eau, soit de 1'Cther - Cther de pCtrole, soit de 11ac6tate 
dlCthyle - Cther de pktrole. 

On obtient ainsi une premiPre prCcipitation de cristaux dont le point de f ~ ~ s i o n  est 175-li6°. Anal. Calc. 
pour C10Hl&JzO?: N, 14.44%. TrouvC: N, 14.41%. 

Par  cristallisation fractionnCe, on obtient le deuxiPme isomere dont le point de fusion est 142-1439 
Celui-ci beaucoup plus soluble que l'autre. Anal. Calc. pour CIOHI~NZO?: N ,  14.44%. TrouvC: N, 14.43%. 

Le point de fusion lnixte des deux diastCrCoiso~nPres est 150-155'. 

Acide amino-1 allyl-2 cyclope?ztane-carboxylique (XI) (R = -CHz-CH=CH2) 
(a) P a r  hydrolyse alcaline 
Dans un autoclave, on hydrolyse 37.0 g (0.19 mole) de l'allyl-6 diazaspiro-1,3 (4-4) nonane dione-2,$ 

avec 120 g (0.38 mole) d'hydroxyde de baryum dissous dans 500 ml d'eau bouillante. On porte la tern- 
pbrature Q 165" durant 3 heure e t  on isole l'acide amin6 tel que dCcrit pour l'acide amino-1 mCthyl-2 cycle- 
pentane-carboxylique. Par  Cvaporations successives des eaux-meres, on isole 23.1 g (i1.5y0) de l'acide amink. 
Dans le systkme de solva~lt  pyridine-eau (80:20), l'acide alninC donne une tache violette avec la ninhydrine, 
dont le R, est de 0.81. Anal. Calc. pour CgIIIbNOz: N, 8.29%. Trouvi?: N, 8.12%. 
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L'acide amin6 est assez soluble dans l'eau, partiellement dans 1'Cthanol e t  il forme un gel volu~~lineux 
par additio~l d'acetone A une solution aqueuse. Le picrate donne une huile qui ne cristallise pas de l'eau. Les 
sels de cuivre, prepares de fagon habituelle, sont peu solubles dans l'eau e t  ils cristallisent en aiguilles 
soyeuses bleues. Anal. Calc. pour ClsH?sN?O,Cu: N, 7.03%. Trouv6: N, 6.60%. 

Comme or1 doit s'y attendre, l'acide amin6 n'est pas tellement stable A chaud en milieu chlorhydrique, 
puisqu'on retrouve apres quelques heures d'ebullition deux taches par chromatographie sur papier. Une 
des taches correspond A l'acide allyl-2 amino-1 cyclopentane-carboxylique de dCpart. L'autre provient 
probable~ue~lt d'un acide anlink bicycliq~re form6 par addition d'eau sur la double liaison e t  cyclisation 
subs6quente. 

Acide ,V-phd?zylurkido-1 allyl-2 cycloficnta?ze-carboxylique 
On agite violemment pendant 10 minutes un miilange formi: de 0.845 g (0.005 mole) d'acide amino-1 

a11y1-2 cyclopentane-carboxylique, 0.20 g (0.005 mole) d'hydroxyde de sodium e t  0.6 n ~ l  d'isocyanate 
de phbnyle (0.005 mole) dans 30 nll d'eau. 011 acidifie avec HC1 concentri: e t  on filtre le precipit6 obtenu, 
qu'on recristallise de l'eau et de 1'6thanol. Rendement 1.0 g (69.5%). P.f. 138'. Anal. Calc. pour C~OH~ONZO~:  
N, 9.74%. Trouvi:: N, 9.75%. Poids ~nolkc~~laire trouc6 p a  neutralisation avec NaOH: 294. Calculi: pour 
CIc,ll,eN?03: 288. 

Les auteurs renlercient &I. Bertin Girard pour sa prCcieuse aide technique. 
11s rernercient 1'Office des recherches scientifiques de la Province de QuCbec pour une 

bourse accordCe 5 l'un d'eux (L. N.), ainsi que 1'Institut National du Cancer du Canada 
pour son aide financi6re. 

11s renlercient de plus le Dr. R. Deghenghi pour 116tude des spectres ?I l'infra-rouge 
e t  le Dr. J. N. Shoolery pour l'interprbtation des spectres rnagnktiques de rCsonance 
nuclCaire. 
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THERMODYNAMIC PROPERTIES AND GEOCHEMISTRY 
O F  ISOTOPIC COMPOUNDS O F  SELENIUM 
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ABSTRACT 

Using "normal vibration equations" and statistical mechanics, the isotopic vibrational 
frequencies and the partition function ratios for various Se7" and Ses2-containing cornpounds 
have been calculated. The equilibriun~ constants for selenium isotope exchange reactions 
derived from these partition function ratios indicate that noticeable fractionation of selenium 
isotopes can be expected in the laboratory and in naturally occurring processes. 

The Ses2/Se76 ratios for 16 natural samples have been compared Inass spectro~netrically. 
Variations of up to 1.57, found in this ratio are discussed. 

A kinetic isotope effect of 1.5% fou~rd in a chelnical reduction of selenite ion to elemental 
selenium is also discussed. 

INTRODUCTION 

I t  is well known that isotopes of the lighter elements differ in their chemical properties 
to the extent that sigilificant fractionation of these isotopes occurs in laboratory and 
natural processes. This is explained theoretically by the dependence of l-nany thermo- 
dynamic properties of inolecules upoil their vibratioilal frequencies which, in turn, depend ~ upon the masses of the atoms in the molecule. Earlier theoretical studies of possible 

I chemical exchange processes involving the isotopes of many of the lighter elements were 
made by Urey and Rittenberg (I) ,  Urey and Greiff (2), and Urey (3). Equilibrium 
constants for isotope exchange reactions were predicted to differ from unity and Inany 
of these have been confirmed experimentally. 

Because of the large number of isotopes for many of the heavier elements, the per- 
centage mass difference between the lightest and heaviest isotope is often considerable 
and, therefore, chemical differences are to be expected in these isotopes. With this in 
mind, investigations of the selenium isotopes were carried out. Selenium, element 34, has 
six stable isotopes, 74, 76, 77, 78, 80, and 82, with abundances of approxinlately 1.0, 
9.0, 7.5, 23.5, 50.0, and 9.0y0. Although the percentage nlass difference between Se74 
and SeE2 is about lo%, Se76 and Sea< in which case the percentage mass difference is 
greater than 7y0, were examined because of the more favorable abundance of Se7%ver 
that of Se74. 

The examination of the isotopes of selenium was also pro~npted by the results which 
had been obtained from studies on sulphur isotope abundances. The variations of up to 
5y0 initially found in the natural S34/S3+atio by Tllode et al. (4) in 1949 have been 
widened to 8% by subsequent investigations. Here the percentage inass difference is about 
6% and a theoretical study by Tudge and Thode (5) in 1950 predicted equilibrium con- 
stants significantly different from unity for exchange of S3? and S3"etwee~l sulphur- 
containing conlpounds. The studies on sulphur isotope abundances have proved   no st 
interesting because of the wide distribution and the many chemical forms and valence 
states in which sulphur exists in nature. 

Since selenium is, to some extent, cl~emically similar to sulphur, one might e ~ p e c t  to 
1 

find some analogous fractionatioils of the selenium isotopes in nature. On the other 
I 

I *Present address: Department of Physics, Universily of Alberta, Edmonton, Alberta. 
i 
! Canadian Journal of Cllemistry. Volume 40 (1962) 
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hand, a s t~ ldy  of the selenium isotopes might yield new and interesting infornzatio~~ 
because of the physical differences between selenium and sulphur and their compounds. 
Therefore, the Se82/Se7'j ratio has been investigated both theoretically and experimentally 
to determine the extent to which it might be altered in natural and laboratory processes. 

'TIIEORY 

Isotopic Eq~i i l ib~iu j t z  Exclzange Reactions 
Since the first application of statistical mechanics to the calculatiorl of isotopic equili- 

brium exchange constants, Urej- ( 3 )  ancl Bigeleisen and Mayer ( 6 )  have carried out 
further simplifications which make it  possible to calculate these equilibriunl constants, 
with the exception of the hydrogen isotopes, from a knowledge of the isotopic vibrational 
frequencies of the participating molecules. 
!l typical isotope exchange reaction can be written as 

aAl + bB, + a h ?  + bB1, [I] 

where -4 and B are molecules containing the element being exchanged and the subscripts 
1 and 2 refer to the light and heavy isotopes respectively of this element. 

The equilibrium constant for this exchange is given by 

where the Q's are the total partition functions of the molecules. Urey (3) and Bigeleisen 
and Mayer ( 6 )  showed that  the equilibrium constant for isotopic exchange reactions 
could be expressed in terms of isotopic partition function ratios Q?/QI which depend only 
on the vibrational frequencies of the isotopic molecules. In the present work, the simpli- 
fication of Bigeleisen and Mayer ( 6 )  was used in which the isotopic partition function 
ratio is given by 

where 2~ = l ~ , c w / k T ;  L1zv" is the vibrational frequency in cm-I units. The summation is 
over "i" fundamental vibrational frequencies of the molecule and an 12-degenerate fre- 
quency is summed "n" times. 

Asri = 2 . 1 i l - ~ ~ 1 z i  and is always positive. The  u's are the symmetry nu~nbers  of the mole- 
cule and u1 /u2  is unity if the nzolecule coiltaiils only one atom of the element being 
exchnngecl or more than one atom occupying indistinguishable positions. The function 
(1/2-- 1/zL2+1./(eU2- 1 ) )  has beell termed the free energy function G ( I L )  by Bigeleiseil and 
Mayer ( 6 )  and has been tabulated for values of I I  from 0 to 25. 

Using this theory, the partition function ratios were calculated for Se8?- and Se7G- 
containing compounds. In the absence of specific spectroscopic data for these isotopic 
molecules, the experimental frequencies available were assumed to apply to the molecule 
containing the most abundant species Seso, and the frequencies of the SeiG and Sea2 molec- 
ular species were calculated bj. means of "1;nown vibration equations". These equations 
relate the fundainental vibrational frequencies of molecules to "force constants" and 
atomic weights on the assumption of a particular inodel of the molecule in question. 

ICz~z~t ic  Isotope e f e c t s  
Since the discovery by Urey and Wasllburn (7) tha t  partially electrolyzed water is 

enriched in deuterium because protium is evolved faster a t  the cathode, it has been shown 
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KROUSE AND THODE: ISOTOPIC COMPOUNDS OF Se 369 

that isotopic molecules of other light eleineilts have different rates of reaction and that, 
in general, the molecule containing the lighter isotope reacts faster. 

The ratio of rate constants for coinpeting isotopic reactions, in principle, can be calcu- 
lated from formulae given by Eyring ( 8 )  and Bigeleisen ( 9 ) .  Malting only the assumptions 
inherent in the "theory of absolute reaction rates" of Eyriilg ( 8 )  and Evans and Polanyi 
( l o ) ,  Bigeleisen obtains the following expression for the ratio of the reaction rates: 

3n-6 811-7 

= Ki S - [ l  + x G ( z i l ) b i l  - x G(ui)*Azi$],  
k?  K ?  V?L 1 [J I 

where, as before, G ( u )  is the Bigeleisen and Mayer (6) free energy function,f refers to 
the transition state of the absolute reaction rate theory, 1 and 2 refer to the light and 
heavy n~olecules respectively, S is a statistical factor and depends on the synl~uetry 
numbers of the molecules and, finally, v, is the imaginary frequency along the reaction 
co-ordinates in the transition state. The factor vlL/v? ,  gives the ratio of the number of 
light and heavy molecules in transition state which deco~npose in unit time. K1/K2, the 
ratio of the transmission coefficients for the isotopic reaction, has been show11 by Hirsch- 
felder and Wigner (11)  to be nearly unity above room temperature. 

According to the theorem of Slater (12) ,  developed for uni~nolecular reactions, the 
frequency factor v l L / v z L  of equation [4] inay be replaced by (p2*/pl+)'/ ' ,  where p is the 
reduced inass across the bond being ruptured. This is based on the prenlise that oilly the 
illations of the two atoms across the ruptured bond are involved. 

Bigeleisen and Wolfsberg (13) have suggested a reaction co-ordinate which tears the 
two decoinposition fragments apart. Such a co-ordinate ~vould lead to 

\vhere p ,  the reduced Inass across the ruptured bond, is evaluated by using the masses 
of the t ~ v o  frag~nents rather than the inasses of the two atoms. The choice of the co- 
ordinate to use, the Slater co-ordillate or the co-ordinate that tears tlle two fragments 
apart, will probably depend on the reactions under consideration and the relative bond 
strengths of the ~nolecules. The usefulness of equation [4] is also limited because of the 
lack of kno~vledge coilceriling the "transition state" and the inability to calculate the 
last tern1 of the equation 2 iG(zii)+Alii*. Because of these difficulties, simplifying assump- 
tions must be made in the calc~~lation of kinetic isotope effects. 

Reszilts of Tlzeo~etical Calcrilatio~zs 
Table I summarizes the vibrational frequencies calculated for some Sei6- and SeS2- 

containing species. The spectroscopic clata and the lnethod of calculatioil used are found 
in Herzberg (14) .  Corrections for anhar1nonicit)7 were talcell into account. 

Table I1 summarizes the fundamental vibrational frequencies that were calculated 
for Ses2- and Se5"containing polyatomic ~nolecules. Iieferences are given for the spectro- 
scopic clata and the nor~nal vibrational force equations ~ ~ s e d  in the calculations. 

Table I11 s~~mmarizes the partition function ratios and the eq~~ilibrium constants for 
SeiG-SeS2 exchange reactions. The method of tabulation is that used by Urey (15) .  Tlle 
partition function ratios are listed in the first row under their respective conlpound a t  
0" C', 25" C ,  100" C ,  and 250" C, while the equilibriuin constants are contained in the 
main bod\- of the table a t  the intersection of the pertaining row and colunzn. An equili- 
brium constant greater than unity indicates that the heavier isotope will concentrate in 

I the compound listed in the left col~1m11. 
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TABLE I 

Diatomic molecular frequencies (cm-l) 

Molecule 

PbSe Ge7"Se SnSe CL2Se Si2sSe SeSem Se2 SeOLB 
- 

Frequency observed 
for Sem-containing 
species (Herzberg) 276.6 404.4 329.8 1026.4 576.5 389.7 389.7 897.9 

Frequency calculated 
for Sea2-containing 
species 274.2 403.0 327.3 1024.7 574.7 387.3 381.9 896.1 

Frequency calculated 
for Se7B-containing 
species 281.8 410.5 334.9 1029.8 580.3 394.7 399.8 901.8 

TABLE I1 

Polyatornic molecular frequencies (cm-I) 
(The number in parentheses indicates the degeneracy of a frequency) 

Molecule W I  w2 wa w4 Ws w6 Reference 

Observed (28) 
Calculated (29, 30) 

Observed (31) 
Calculated (32) 

SeaoFs 708 662 (2) 787 (3) 461 (3) 405 (3) 245 (3) Observed (33) 
Se7BF6 708 662 (2) 794.7 (3) 463.8 (3) 405 (3) 245 (3) Calculated (34) 
Sea7Fo 708 662 (2) 783.9 (3) 459.7 (3) 405 (3) 245 (3) 

EXPERIMENTAL 

'The Sea"Se7B ratios of various samples were compared using selenium hexafluoride gas in a mass spectrom- 
eter. 

Preparation of Savzples 
Selenium was extracted in its elemeiltal form from natural samples by the hydrobromic acid - bromine 

technique as outlined by Noyes and Bray (16). The adaptations of this method to  natural samples by Robin- 
son et al. (17) and Williams and Lakin (18) were generally followed. The extracted selenium was then 
fluorinated to SeF6 in a moilel fluorine line. The prepared SeFn was handled in ~nonel sample tubes to avoid 
contaminations. 

Reduction of Selenite Ion to Elemental Seleniurn (Kinet ic  Isofope E fec t  S tudy)  
Hydroxyla~nine hydrochloride was used to  reduce sodium selenite to elemental selenium in dilute solution 

according to the reaction 

Five grams of sodium selenite were dissolved in 50 rnl of water, and enough hydroxylamine hydrochloride 
(-0.04 g) in solution was added to  slowly precipitate about 1% of the total selenium present. After 2 days, 
this precipitate was separated froin the solution with a centrifuge. The remaining 99% of the selenium was 
then precipitated with excess hydroxylamine hydrochloride and separated. The Ses2/Se7G ratios for these 
two samples were then compared after fluorination to SeF6. 

Mass Spectrometry 
I11 the normal electron bonlbardment of SeF6, the most abundant ion species is SeFe+. 'Therefore, a 6-in. 

radius, 90" mass spectrometer was equipped with two collector slits for the simultai~eous collectioil of Se76F5+ 
and Se82FS+ ions. The well-known null method of recording was used where a measured portion of the voltage 
produced by the one ion current is fed back inversely to  cancel the voltage produced by the other ion current. 

The sample handling system was of lnonel const r~~ct ion and entirely free of grease and mercury, which 
were found to produce contaminations. This system allowed two samples to  be alternately introduced 
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KROUSE AND THODE: ISOTOPIC COMPOUNDS OF Se 371 

TABLE 111 

Equilibrium constants for Se82/Se78 exchange reactions 

into the mass spectrometer under identical conditions. Usually, 5 minutes were required to switch these 
samples and in this operation, parts of the line used in common by both samples were evacuated and flamed. 
No difficulties with memory effects were experienced. Up to  three continuous recordings of each sarnple 
were made in an  hour. With this method of con~parison, measurements of the ratio in two samples, within 
a single run, could be obtained with a standard deviation of &0.0005. The same reproducibility could be 
obtained also for comparisons of the same sanlples on different days and for different che~nical extractions 
from the same natural sample. 

Erperinze?zfal Reszrlts 
Table IV and Fig. 1 summarize the selenium isotope abundance data obtained for a variety of natural 

samples. 
I n  view of the remarkable  uniformity in the S32/S34 ratio in meteorites of all types (15, 19, 20) and the 

corlsiderable evidence that this ratio represents the primordial ratio of sulphur isotopes in terrestrial sulphur, 
it seemed reasonable in the first instance to assume that  the selenium extracted from troilite in the  Crunyon 
Diablo meteorite represents the primordial ratio of the selenium isotopes. The Canyon Diablo meteorite 
sample was therefore used a s  a primary standard and a sample of selenium from. Noranda was used as  a 
secondary standard because of the small amount of meteoritic selenium available. 

I n  Table IV and Fig. 1, 6 8 2  is the enrichment of Ses2 in % defined by 

Sesz/SeTG sample - Sesz/Se7hmeteoritic 
bsz = Ses2/Se7G meteoritic 

X 1000. 
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TABLE IV 

Variations of the SeB2/SeiG ratio in natural salnples 

Sample 
No. Location 

Canyon Diablo 
meteorite 

Alleged type of deposit 

Selenium in troilite 

Noranda, Quebec Hypothermal or magmatic hydrothermal 
massive sulphide 

Murdochville, 
Quebec 

Hypother~nal or mag~natic hydrothermal 
massive sulphide 

Flin FIOII, 
Manitoba 

Sudbary, Ontario 

Hypothermal or magmatic hydrothermal 
massive sulphide 

Molten magma or igneous origin 

Mt .  Lyell, Australia 

Mt .  Wingen, N.S.W. Seleni~lm precipitated below a pyrite bed 

Urnangite (Cu?SeCuSe) in hydrothermal 
pitchblende bearing sulphide vein 

Beaverlodge Lake, 
Saskatchewan 

Beaverlodge Lake, 
Saskatchewan 

Chalcomenite (CuSe03.21-1?0) in  associa- 
tion with No. 8 

Unknown Refined selenium, Phelps Dodge Refining 
Corp., New Yorli 

Unknown Rehned selenium, American Smelting ant1 
Refining Co. 

Unknown Commercial SeFF,, illlied Chemical and 
Dye Corp., Baton Rouge, Louisiana; 
selenium was purchased from Conlpany 
in No. 11. 

13 Southwestern 
U.S.f\., exact 
location unlanown 

dstragalus biszllcatus plant containing sele- 
nite and complex organic selenium 
compouncls 

Aslragalz~s pattersolzi plant containing 
selenite ancl colnplex organic seleni~r~n 
compounds 

Soil sample containing selenite a11d com- 
plex organic selenium compounds 

Elcmcntal selenium~ in volcanic sulphur 

1-1 Southwestern 
U.S.A., exact 
location unknown 

15 County Meath, 
Ireland 

16 h l t .  Shirane, 
Japan 

Table V sunlmarizes the results obtained on thrcc reductions of Ka2Se03 to elemental selenium a t  3" C. 

Fractionation in reduction 
of sodi~um selenite 

to  elemental selenium 

Run R 

1 1 .014 
2 1.016 
3 1.016 
Average 1 . 0 1 5 f  0.001 

The isotope effect which occurrcd it1 the 1% reaction is expressed by 

R =  Se'G/Se" reduced Se ( lyo )  
Se7G/SeB2 remainder of solution (90%) ' 
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KROUSE AND TIIODE: ISOTOPIC COMPOUNDS O F  Se 

1 FIG. 1. Variations in the SeS2/SeiG ratio found for natural samples. 
I 

I DISCUSSION AND CONCLUSIONS 

Isotope Distribution in Nature 
I t  is obvious from the theoretical study (Table 111) that Se7G and Se9"iffer in their 

chemical properties to the extent that isotope fractionations of up to Gyo ai-e predicted 
for Se7G-Se8e equilibrium exchange processes, provided that mechanisms are available 
for such exchanges. 

Table IV and Fig. 1 show that the Se8?/SeIG ratio in the natural samples examined 
varied by 1.5y0. The selenium samples froin plant materials and soil show the largest 
variations to both sides of the meteoritic value, whereas selenium in massive sulphide 
ores shows little or no deviation from the meteoritic seleniuin value. 

I t  is interesting to coinpare these selenium isotope results with similar results obtained 
in sulphur isotope studies. 

There is an indication that the seleniuin extracted from massive sulphide ores is slightly 
enriched in the heavy isotope Sea? (682 = +0.5%0). The effect in the case of sulphur is 
more pronounced. For example, samples of Sudbury igneous ore have been found enriched 
by 0.5 and 2.5%0 in Sea? and S34 respectively, the meteoritic values being talcen as standard 
in each case (21). 

The Se82/Se7G ratio for volcanic elemental seleniunl from Mt.  Shirane, Japan, is, of 
course, not indicative of the average value of the selenium in this volcano, since seleni~im 
is also present in other compounds. Since the theoretical study indicates that fractionation 
of seleniunl isotopes is possible between such cornpounds in volcanic gases, the depletion 

I 

of Sea2 (682 = -2%0) found would indicate that such a fractionation occurred in this 
I volcanic sample. Elemental sulphur from the same location is also depleted in the heavy 
I isotope S34 (634 = -5%0) (Sakai et al. 22). 

The sainple froin Beaverlodge Lalre, Saslratchewan, which contains umangite (Cu?Se- 
CuSe) and chalcomenite (CuSe03.2H20) (samples 8 and 9, Table IV), is considered to 
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have been derived from primary sulphide ore as the selenide and subsequently partially 
oxidized (Robinson (23)). The results found show that  little or no fractionation of the 
selenium isotopes occurred in this natural oxidation process. 

The variations found in the Se82/Se76 ratio for seleniuin extracted from plant material 
and soils indicate large isotope effects which have occurred probably in oxidation and 
reduction processes in biological systems. I t  is now fairly well established that the major 
portion of sulphur isotope fractionation in biological systems occurs in the bacterial 
reduction of sulphate (Thode et al. (24, 25)). In addition to reducing sulphates, anaerobic 
bacteria are known to reduce selenates and selenites as well, and these might provide a 
mechanism for fractionation of the selenium isotopes. 

Eqz~i l ibr iu t~z  Isotope Effects 
The fractionations in the Se82/Se76 ratio is not expected to be as high as that  found in 

the S34/S3Qatio for two reasons: 
(1) From statistical mechanics, the partition function ratios are lower, e.g., for S3Q4-/ 

S3204', Q2'/QI1 = 1.088 a t  25O C ;  while for Se8204'/Se7604", Q2'/Q11 = 1.038 a t  25" C. 
(2) The potential for oxidizing elemental selenium to the +6 valence state is quite 

high (Se + H2Se04 -1.89 volts) in coinparison to  that  of sulphur (S  + HzS04 -0.58 
volts). For this reason, sulphates are abundant in nature, while selenates are rarely found. 
Since isotope effects are higher in equilibrium exchanges if a greater valence change is 
involved (See Table 111), the above fact further lowers the natural isotope fractionation 
expected with selenium in colnparison to  sulphur. 

Kine t ic  Isotope Effects 
I t  has been found in studies of kinetic isotope effects in the bacterial reduction of 

sulphate that,  while the fractionation varies with the metabolic rate, the inaxiinurn value 
obtained a t  low metabolic rates approaches that obtained in a direct chemical reduction 
(Harrison and Thode (25, 26)). For this reason, the isotope effect found in the reduction 
of selenite is of importance. The results (Table V) indicate a kinetic isotope effect of 
(R-1)XlOO = 1.5% in the chemical reduction of selenite to elemental selenium. 

The question may arise about whether this is a true kinetic effect in which case R = 

k l / k 4  for 
k 1 

Se7Q3' + Se76 

or whether some isotopic exchange of seleniuin has also occurred between the reactant 
and the product in the course of the experiment. Such an  exchange would result in a 
gradual increase of (R- 1) since the equilibrium isotope constant for the exchange 

would be considerably larger than 1.015. In  this connection, Haissinsky and Pappas (27) 
observed with tracer experiments tha t  amorphous selenium exchanges with its ions in a 
5.5 N HC1 solution 0.1 M with respect to Se02. The rate was found to  increase with acid 
concentration approaching 40% in 1 hour a t  10 N HC1. Since this exchange was found 
to take place only a t  high acid concentrations, i t  would seem that a true kinetic isotope 
effect was observed in the almost neutral dilute solutions of the present work. 

The kinetic isotope effect for the reduction of selenite to elemental seleniuin could be 
calculated using the equation of Bigeleisen (9) if the isotopic vibrational frequencies 
were known for the selenite ion and the activated complex. The former is currently being 
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KROUSE A N D  THODE: ISOTOPIC COMPOUNDS OF Se 37.5 

calculated, while the latter is unknown. The analogous reduction of sulphates indicated 
that  the rate-controlling step is the initial S-0 bond breakage. If the rate-controlling 
step in the reduction of selenites is assumed to be the initial Se-0 bond breakage, a 
simple calculation can be made by considering a Se-0 diatomic model whose bond is 
completely broken in the activated complex. With this model, kI/k2 from the Bigeleisen 
equation is found to  be 1.015 and 1.014 a t  0' C and 25' C respectively. In view of the 
simple model assumed, the close agreement with the experimental value indicates only 
that  the result is of the order expected. 
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NOTES 

DI-(4-OXA-5l~-CHOLESTAN-3l~-YL) ETHER 

Solutions in water-saturated ether of 4-oxa-5a-cholest-2-ene (I) (I) ,  recovered from 
experiments carried out a t  different times, were stored in an uilstoppered flask a t  room 
temperature. The gradual evaporation of the solvent caused the deposition of a solid 
which, after purification, nlelted a t  205-208O and analyzed as C52H9003 (i.e. two illolecules 
of I and HZO). This coinpound must be di-(4-oxa-5a-cholestai1-3a-yl) ether (111), formed 

by hydration of the unsaturated ether (I) to give 4-oxa-5a-cholestan-3a-01 (11) (I),  
followed by reaction of the latter wit11 a second nlolecule of I. This second reaction was 
employed (with a trace of acid as a catalyst) in a inore deliberate synthesis of the 
compound. 

Similar results have been obtained in the acid-catalyzed hydration of clihydropyran 
(2), analogues of I1 or I11 being obtained according to coi~ditions. 

On hydrolysis with aqueous acid in tetrahydrofuran solution the ether (111), m.p. 
205-20g0, yielded 4-oxa-5a-cl~olestan-3a-01. 

Arguments based on optical rotations indicate for the ether the 3a,3'a configuration 
sho\vn in 111. I t  seems likely (3, 4) that conversion of 4-oxa-5a-cholestan-3a-01 into a 
3a- or 30-alkoxy derivative is accompanied by shifts in molecular rotation of the same 
sign and of about the sallle magnitude as  those accompanying the conversion of a-D-glu- 
cose into the corresponding alkyl a-  or 0-D-glucoside (1). The conversion of two molecules 
of a-D-glucose into a ~llolecule of a,a'-trehalose is accompanied by a shift of +271° (both 
rotations measured in water (5)), fairly close to  the difference (+386", both measure- 
ments for chloroform solutions) between the molecular rotation of the ether (111) and 
of two ~llolecules of 4-oxa-5a-cholestan-3a-01. The  formation of a#'- and of 0,P'-trehalose 
from two molecules of a-D-glucose involves shifts of - 62" and - 537O respectively (5). 

EXPERIMENTAL 
Di-(4-osa-5a-cholesta~ttSa-~~l) Ether 

(a) Froiiz 4-Oxa-5a-clzolest-2-ene 
Ether solutio~ls of 4-osa-5a-cholest-2-ene were stored in an uncovered flask. The residue, after evaporation 

of the ether, was recrystallized several times from petroleum ether (b.p. 65-75"), giving shining plates 
melting a t  205-208O (apparatus preheated to 190"; m.p. affected by rate of heating); [ o l ] ~ ~ ~  +116° (c, 1.30 
in chloroforln); vg:.)i in cm-I (molar extiilction coefficiellts in parentheses): 2930 (1120), 2860 (620), 1470 
(300), 1440 (250), 1385 (235), 1370 (187), 1357 (156), 1339 (127), 1325 (108), 1161 (172), 1143 (313), 1123 
(230), 1102 (245), 1092 (240), 1064 (425), 1052 (356), 1032 (520), 947 (236), 935 (233), 914 (104), 899 (142). 
Calc. for C52Hg003: C, 81.82; H,  11.89%; mol. wt., 763. Found: C, 81.65; H ,  11.67; mol. wt., 754 (Rast). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 377 

i b )  From Reaction of 4-Osa-60-cltolestan-3a-01 with 4-Oxa-60-clzolesl-2-ene 
.\ solution of 4-oxa-50-cholestan-3or-ol (30 mg) and 4-oxa-5a-cholest-2-ene (30 mg) in anhydrous ether 

(5 1111) containing a trace of hydrogen chloride \\,as allowed to evaporate a t  room temperature. The residue 
\\'IS recrystalli~ed from ligroin, and the crystals \\,ere washed \vith ethyl acetate; the remaining solid (7 mg) 
\\-as shown by ~llelting p o i ~ ~ t  and infrared spectrum to be identical with the compound obtained above. 

Iijfdrolysis of Di-(4-ox-a-6a-cltolestan-3a-y1) Ether 
.-I solution of di-(4-oxa-50-cholesta11-30-yl) ether (43 ~ n g ) ,  water (20 drops), and concel~trated aqueous 

hydrochloric acid (2 drops) in tetrahydrofuran (5 ml) was refluxed for 1 hour. The solvent was removed a t  
reduced pressure, and the residue taken up in ether, washed with water, and dried over sodium sulphate. 
Ev~~porat ion of the ether left a crystalline solid (42 mg), 1n.p. 120-135", shown to contain 4-osa-50-cholestan- 
30-01 by its infrared spectrum. Recrystallization from methanol raised the melting point to 179-182" (28 ing), 
~~ndepressed b!. admixture \\,it11 a(1thentic material. 

We are grateful to the National Research Council for a Studelitship (to I.  P.) and for 
financial support of the research, and to Miss D. J. Holder for a supply of 4-oxa-Sa- 
cholest-2-ene. 
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STEROIDS 

111. 12-METHYLENEPROGESTERONE 

We wish to report the synthesis of 12-inethyleneprogestero~~e and ail alterilative 
route for the preparation of 12-11ydroxy-12-n1ethylpreg11a11e derivatives (1, 2). 

Partial succinylation of 3a,12a-dihpdroxypregna11e-20-011e (I) a t  the 3-position (3, 4), 
and methylation of the hemisuccinate with diazomethane afforded the inethyl succinate 
Ib. Ketalization of the methyl succinate Ib a t  the 20-position, followed by oxidation of 
the ketal I1 with chromium trioxide in pyridine (3) afforded 3a-hydroxypregnane-3,20- 
dione 20-ethylene ketal inethyl succinate (111). This was a suitable intermediate for 
the introduction of a methyl group a t  C1.2, and accordingly the 12-ltetone I11 was reacted 
\\-it11 an eightfold excess of methyl magnesium iodide. The Grignard reaction product 
\\-as treated with +-toluene sulphonic acid and acetone, and then with methanolic potas- 
siulil hydroxide to hydrolyze the ltetal and methyl succiilate groups respectively. The 
hydrolyzed product was oxidized with chroniium trioxide and chro~natographic separation 
of the oxidation product 011 alumina afforded the epimeric 12-methyl-12-hydroxypregnan- 
3,20-diones IV and V (1, 2). The yields of the 12a-alcohol IV and 120-alcohol V were 25% 
and 12y0 respectively, for the reaction sequence I11 + IV $- V. In accordance with our 
previously published results (1, 2), the 12a-alcohol IV was the major product. 

Canadian Journal ol Cl~elnistry. Volume 10 (1962) 
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- 
V A  71- = CH2 

- 
VII a R =  = O  

- .- OCOC H3 
V1.b R=(; 

C H3 

Dehydration of the epimeric hydroxy ketones IV and V with phosphorus oxychloride 
and thionyl chloride in pyridine (6, 7) was unsuccessful. I-Iowever, treatment of the 
hydroxy ketone V with acetic acid, acetic anhydride, and p-toluene sulphonic acid gave 
a 53% yield of the 12-methylene compound VII. I t  had been observed that  the epimeric 
hydroxy ketone IV under similar reaction conditions also affords a 53% yield of the exo 
olefin VI I (2). 

Since A"-dehydroprogesterone exhibits high progestational activity (8), the effect of 
the incorporation of a 12,12a-double bond by introduction of a methylene group a t  Clz to 
the parent hormone seemed a worth-while investigation. Consequently, the progesterone 
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analogue VIII (I) was dehydrated with acetic acid, acetic anhydride, and p-toluene 
sulphonic acid to 12-inethyleneprogesterone, VIIIa. A minor product was obtained as 
an oil and i t  was assigned the 1%-acetoxy-12P-methylprogesterone configuration VIIIb 
since its infrared spectrum showed absorption bands characteristic of an acetate group, 
and also because the analogous reaction of 12a-hydroxy-12P-methylpregnane-3,20-dione 
(IV) with acetic acid, acetic anhydride, and +-toluene sulphonic acid gave the exo olefin 
VII and the 12a-acetate IVa (2). 

Preliminary biological tests of the two progesterone analogues VIIIa and VIIIb did 
not exhibit any notable ~ ro~es t a t iona l ,  androgenic, diuretic, hypotensive, or ailabolic 
properties. 

Sa,l2a-Dihyd~ox~pregnan-%0-one 3-Atethyl Succinate ( I b )  (4)  
T o  a solution of the diol I (12.2 g, m.p. 164-167"; crude product obtained by alkaline hydrolysis of 15.0 g 

of the diacetate I a )  in pyridine (125 ml) was added succinic anhydride (32.5 g ) ;  the resulting solution was 
heated a t  90° for 2 hours and left a t  room temperature for 12 hours. The reaction mixture was extracted 
with ether. The organic layer was washed with 2 N hydrochloric acid, water, and then dried over magnesium 
sulphate. The ethereal solution was methylated with diazomethane. Crystallization from acetone-hexane 
afforded 13.427 g of the methyl succinate I b  (4), m.p. 125-127' (yield 84%). 

Ja,lBa-Dilzydrosy-20-pregnanone Ethylene Ketal 3-Methyl Siiccinate ( I I )  
To a solution of 8.99 g of the methyl succinate Ib in absolute benzene (200 ml) was added ethylene glycol 

(30 inl) and p-toluene sulphonic acid (100 mg), and the reaction mixture was heated a t  reflux temperature 
for 12 hours. 'The water that  formed during the reaction was continuously removed. The reaction mixture 
was extracted with ether, the ethereal layer washed with sodium bicarbonate solution and then with water, 
until the washings were neutral, and dried over magnesium sulphate. Repeated crystallizations from ether- 
hexane afforded 3.92 g of broad needles of the ketal 11, m.p. 181-184" (yield 40%). 

Two crystallizations from ether-hexane raised the melting point of I1 to 182-184O, [a1027 57' ( c  1.01 in 
CHC13). Calc. for C ? S H ~ ~ O ~ :  C 68.26, H 9.00; found: C 68.40, H 9.07. 

Sa-Hydrosy-12,20-preg+1a?zdione 20-Etlzylene ICetal 3-~ltetlzyl Sz~cci7zate (111) 
A solution of 3.3 g of the ketal I1 in pyridine (36 ml) was added to a slurry of chromium trioxide (3.2 g )  

in pyridine (32 1111) with stirring and left a t  room temperature for 16 hours (5). The reaction mixture was 
poured into 500 n11 of water and extracted with chloroform. The organic layer was washed with iced 2 N 
hydrochloric acid, 5% sodium bicarbonate solution, and water, until the washings were neutral. The chloro- 
form solution was dried over magnesium sulphate and evaporated to about 40 ml. On addition of 20 in1 of 
hexane, the ketone I11 crystallized a s  needles, 2.404 g, m.p. 239-240". The mother liquors on crystallization 
from inethylene chloride - hexane afforded 0.364 g, m.p. 237-239" (yield 98%). 

Recrystallization of the ketone I11 for analysis did not raise the melting point, 96" ( c  0.78 in CHC13). 
Calc. for C2sH4207: C 68.55, H 8.63; found: C 68.64, I3 8.65. 

Reactio?~ of Methyl Macne.rizrm Iodide with Sa-Hydroxy-l2,2O-preRna1tdio11e 20-Ethylene Ketal 3-Metlzyl . . . - 
~i icc ina te  ( I I I )  - 

T o  300 ml of an  ethereal solution of ~ne thv l  maenesium iodide (from 700 mrr of maenesium and 2.0 1n1 of 
methyl iodide) was added with stirring a soiutio1;of 1.0 g of the'ketone 111 GI benzile,  and the resulting 
mixture was heated a t  reflux temperature for 18 hours. r l  solution of an~monium chloride (20 g )  in water 
(500 ml) was added to the reaction mixture. The usual extraction procedure afforded 930 mg of an  oil. 

'To a solution of the Grignard adduct (930 mg of oil) in 50 ml of acetone was added with stirring 75 mg of 
p-toluene sulphonic acid and the reaction mixture left a t  room temperature for 22 hours. Ether extraction 
afforded 884 mg of an oil. An infrared spectrum analysis of the oil showed a strong absorption band a t  
1707 cin-I (C2o-ketone), and a weak absorption band a t  1725 cm-I (C3-methyl succinate). 

A solution of this oil in 25 ml of 5% methailolic potassium hydroxide was heated a t  reflux temperature 
for 45 minutes. The usual extraction procedure afforded 735 mg of foam. I t  was dissolved in 10 ml of acetic 

'Biological tests were carried out by Drs. C. I .  Chappel and C. Revesz of Messrs. Ayerst, McKeiz?za and 
Harrison Ltd., Montreal, Que. 

2A11 melting points are corrected. 
30nly  ilze best yields obtained 7ilere reported. 
' T h e  conznzercially available alzimini~m oxide (Woelnz) was irsed for chro~natograplzy. 
6The nzicroanalyses were carried out by Dr. A. Bernhardt, Atullreim, Germany, and Dr. C. Daessle, 6767 

Decelles St., Montreal, Que. 
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acid, and to  it was added with stirring a solution of 250 mg of chrotniuln trioxide ill 3 ~ n l  of 90% acetic 
acid. The reaction mixture was left a t  root11 te~nperature for 12 hours. Ether extraction afforded 740 mg of 
oil, and it was chromatographed or1 23 g of alumina (4.5y0 water). 

The hexane-benzene (1 : l )  eluates on crystallization fro111 acetone-hexane afforded 106 mg of the trione 
VIIa (1, 9), 1n.p. 197-199", identified by ~nixecl melting point and co~nparison of infrared spectra with a n  
authentic sample. Crystallization of nlother liquors from acetone-hexane gave 21 mg, 111.p. 192-197". 

'The first half of the benzene fractions on crystallization from ether-hexane afforded 6'7 mg of the hydroxy 
lcetone V, m.p. 123-124". 

The rest of the benzene eluates and the benzene-ether (9:l, 4:l)  fractions on crystallization fro111 acetone- 
hexane afforded 80 mg of the hytlroxy lcetone IV, m.p. 187-188". Crystallization of mother liquors gave 
29 I I I ~ ,  m.p. 184-187". 

The ether-methanol (9:l)  eluates on crystallization fro111 acetone-hexane afforded 34 mg of needles of 
3a,l2a-dil1ydroxy-l2p-n1ethylpregnan-30-one (VI),  m.p. 225-259". Recrystallization from acetone-hexane 
raised the tue l t i~~g  point to 228-230°, [CZ]D'~ 106" ( c  0.74 in CI-ICh). Calc. for C??1-13~03: C 75.80, H 10.41; 
found: C 75.96, H 10.07. 

Chro~n iu~n  trioxide oxidation of the hydroxy ketone VI (10 nlg) afforded 3 mg of the hydroxy ketone IV, 
m.p. 186-188", identified by ~llixed melting point and comparison of i ~ ~ f r a r e d  spectra with an  a ~ ~ t h e n t i c  
sample (1). 

'Taking into consideration the ~~nreac ted  ketone 111 (isolated as  the trione VIIa),  the yields of 12a-alcohol 
IV and 12p-alcohol V were 25% and 12% respectively. 

12-1Metlzylenepregnan-S,d0-diolle ( V I I )  from 1 2 ~ - ~ l f e t l z y l - 1 2 p - l z y d r o . ~ ' y p r e g ~ z a ~ z - ~ e  ( V )  
'To a solution of 330 mg of the hydroxy ketone V in 25 1111 of acetic acid were added 5 n ~ l  of acetic anhy- 

dride and 330 tng of p-toluene sulphonic acid monohydrate ( lo) ,  and the suspension was stirred until the 
solid dissolved. 'The reaction mixture was left a t  room temperature for 4 hours, then poured into 500 ml of 
iced water. After 30 minutes, the L I ~ L I ~ I  extraction procedure afforded 390 mg of a n  oil vvhich showed 

\ absorption bands in the infrared a t  3080 cm-', 1645 cm-I, 890 cm-I ( /C=CHz) (11); 1755 cm-I, 1218 cm-I 

(417('u)-enol acetate) (12); 1713 cm-I (3-ketone). Under the above reaction col~ditions the A17(2u)-enol acetate 
is knovvn to  be formed (2, 13). The en01 acetate (390 mg of oil) was converted to the Czu-ketone by heating 
a solution of it in 30 ml of methanol and 700 mg of potassiu~il carbonate in  10 ml of water a t  reflux tem- 
perature for 2 hours. Ether extraction allorded 360 mg of product showing no bands a t  1750 cm-I and 1218 
cm-I characteristic of en01 acetates, and it was chromatographed on 10 g of alumina (4.5% water). The  
hexane-benzene (4:1, 1 : l )  eluates containing the olefin VIIG crystallized from ether-hexane as  needles, 
134 mg, 1n.p. 89-90'. Crystallization of mother liquors afforded 33 mg, m.p. 89-90" (yield 53.4'3,). 
11 portion of the olefin VII was recrystallized from ether-hexane for analysis, m.p. 89-90", [CZ]D'~ 133" 

\ 
\ ( c  1.02 in CHCI3), vf$< 3075 cm-I, 1645 an-', 888 cm-I (/C=CII?);  1713 cm-I (3,20-ketone). Calc. for 

Cz?HazO?: C 80.41, H 9.82; found: C 80.18, H 9.84. 
The  benzene and benzene-ether eluates or1 crystallization from acetone-hexane afforded 56 mg of leaflets 

of IVa ( I ) ,  1n.p. 175-176' (yield 15.1%). 

12-111 ethyle?zcprogesterone ( V I I I a )  and 12p-~Metlzyl-12a-acetoxyprogesterone ( V I I I b )  
rlccording to the procedure previously described by us ( I ) ,  900 mg of the hydroxy ketone IV was trans- 

formed to  the progesterone analogue VIII .  Crystallizatio~i froru ether-hexane afforded 330 mg of VlII ,  
1n.p. 152-153". The mother liquors (590 ~ n g )  were chro~natographed on 17 g of alumina (4.5% water). 
'The benzene and benzene-ether eluates 011 crystallizatior~ from ether-hexane afforded 160 mg of the pro- 
gesterone analogue VIII,  1n.p. 152-153". Crystallization of mother liquors afforded 51 mg, m.p. 135-142' 
(yield 61%). 

I n  a solution of the progesterone analogue VIII (475 mg, 1n.p. 152-153O) in 25 rnl of acetic acid and 5 ml 
of acetic anhydride was dissolved 475 mg of p-toluene sulpho~lic acid with stirring. The  reaction mixture 
was left a t  room temperature for 2 hours. Ether extraction afforded 540 mg of an  oil, and it was dissolved 
in 25 ml of methanol. T o  the methanol solution was added 750 mg of potassium carbonate dissolved in 
10 ml of water and the reaction mixture was heated a t  reflux temperature for 2 hours. The usual extraction 
procedure afforded 520 mg of an  oil, vvhich was chromatographed oil 15 g of alumina (4.5% water). The  

GIn our prenious pziblication it was co?zclzided that the conzpoz~nd with 7n.p. 100-101" was the olefin V I I  and 
the co?rzpoz~nd with 7ri.p. 73-7d0 contained mainly tlte exo olefin with probably traces of the endo 01efi)z (2) .  
I t  now seems that all the three forms nzelti?zg at 73-74', 89-90°, and 100-101" are different polyinorplzic forms 
of the olefin V I I  on the basis of the following evidence: A ?nixed melting point of the two forms of olefin V I I  
wzelting at 73-7d0 and 89-90" on  a Kofler block showed the form ?rzelti?zg at 73-74' nzelted at the latter tenzperature, 
but crystallized on  further raising the tetnperature, and tlte whole inass melted at 89-90°. Tlze two forms of olefin 
nzelting at 89-90" and 100-101" were melfed side by side, and the 7,zolten mass was seeded 7aith a crystal of the 
form nzelting at 89-90°, and cooled. Tlze whole mass irrelted at 89-90°. Fz~rtlrernzore, the infrared spectra and the 
rotations of the three forms were identical within experi?)zental error. 
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hesane-benzene (4:1, 1 : l )  and benzene elt~ates 011 crystallization froin ether-hexane arforded 121 nig of 
cubic crystals of 12-methyleneprogesterone, VIIIa,' m.p. 104-105" (yield 27%). Two recrystallizations 
from ether-liesa~ie raised the melting point t o  105-10G0, [ f i ] ~ ' ~  180" ( c  0.02 in CHCI,), 240 m p  

(I1-3-ketone). Calc. for CJ?II~C,O~: C 80.91, 1-1 0:25; found: C 80.70, H 0.05. 
The bcn~ene-ether eluates afforded 210 Ing of an oil which resisted crystallization. Its infrared spectrum 

showed absorption bands a t  1727 cm-I (12-acetate); 1705 cm-I (20-ketone); 1675 cm-I, 1617 cm-1 (A4-3- 
ketone). I t  was tentatively assigned the 12p-methyl-1'20-acctoxyprogestcrone configuration VIIIb on the 
11,lsis of its infrared spectrum, and from the analogous reaction that 12p-methyl-12~-hydroxypregnan-3,20- 
dione with acetic acid, acetic anhydride, and p-toluene sulphonic acid gives 1'2~-1netIiyl-12a-acetox~- 
pregriar1-3,20-clio11e as the minor product of the reaction (2). 
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PREPARATION OF ALUMINUlM tert-ALKOXIDES 

The  alcohol interchange method for the preparation of aluiniilum allcoxides has been 
nieiltioned by various worliers (1, 2) and was used elegantly by Mehrotra (3, 4) in pre- 
paring pure primary and secondary aluminum allioxides for studying their physical 
properties. I t  was claimed t ha t  repeated attempts to obtain aluminum tert-butoxide and 
alun~inum tert-amyloxide from aluminum isopropoxide by the interchange method failed 
since the third isopropoxide group did not interchange. Steric hindrance was considered 
the main cause for this failure of complete interchange and consequently for steric reasons 
the dimeric nature of these mixed allioxides was proposed through isopropoxide bridges a s  
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Pri Pri 
I I 

BuQ\ / O ~ / O B L I '  
I 

AIII'O, /O  /OA41t1' 

A1 A1 and A l  XI 

I-Iowever, aluminum tert-butoxide could be prepared by direct action of tert-butanol on 
aluminum (5), but aluminum tert-amyloxide could not be obtained by this method. 

Nevertheless, in the present research, attempts to prepare alurninuin mo~~oisopropoxide 
di-tert-butoxide, A1(OPrt)(OBu')z, by the interchange method resulted in the forination 
of aluminum tri-tert-butoxide and it was very difficult to prepare the pure mixed alltoside 
in one operation. Found: All 10.91, 10.90%; A1(OBut)3 requires: Al, 10.9;370. 

The  interchange of aluminum isopropoxide with tert-amyl alcohol or diethylinethyl 
carbinol gave the hitherto unknown aluminum tert-ainyloxide, AI(OAm')3, or aluminum 
diethylmethylcarbinoloxide, Al(OCMeEtz)3, respectively. The former coinpound was 
sublimed a t  130-135O C bath temperature under 0.02-0.03 mm pressure and the latter 
was sublimed a t  155O C under the same pressure. The  analysis for aluminum was a s  
follows: 

Aluminum ai~alysis 

Compound Found Calculated 

Since the higher tertiary alcohols are extremely sensitive to  acids it is important tha t  
the reagents should be freed from acidic impurities. The  apparatus should be washed 
with alkali and rinsed with distilled water before it is dried and used. The  temperature 
of the heating bath for reflux purposes should be kept as low as possible and under no 
circumstances should a heating mantle be used since it may cause overheating. 

A careful study of the literature (4, 6, 7) shows that  in the preparation of alunlinunl 
tert-alkoxides by transesterification there is no evidence that the interchange of the third 
alltoxide group is hindered. Even Mehrotra's own results (4) show that  in one of his 
interchange reactions, the ratio of PriO:Al is 0.81 in the unsublimed material. Still he 
seems to  draw a parallelism in his publications (4, 6) with previous work on zirconiun~ 
alltoxides (9) and believes that  the shielding effect of tert-alltoxide groups (I and 11) 
hindered the co-ordination of tert-butanol for further interchange. In fact, it appears 
that, in his experiments, insufficient time was allowed for interchange to reach com- 
pletion. Soine preliminary experiments on alcohol interchange have further shown that  
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Furthermore, the proton magnetic resonance spectruill (8) of the mixed alkoxide, 
A1(OPri) (OBut)z, revealed resonances corresponding to two distinguishable isopropoxide 
groups and two tert-butoxide groups, quantitatively in accordance with the participatioil 
of both alkoxide groups in bridging. This indicates tha t  the steric factors involved4are 
not strong enough to prevent the tert-butoxide groups from bridging. Moreover, the!fact 
that  aluminum tert-butoxide is dimeric supports this conclusion since, in this compound, 
the bridging must of necessity involve the tert-butoxide groups. 

The  details of this work will be published in due course. 
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FURANOCOUMARINS OF PHELLOPTERUS LITTORALIS* 

Phelloptenu littoralis Benth. has been reported by Noguchi and Kawanami (1) to 
contain the furanocoumarin pheleopterin (Ia) in the fruit. Our interest in the biosynthesis 
of coumarins led us to initiate a preliminary extraction study of the coumarins in this 
species. This note reports the identification of bergapten (Ib) and the tentative identi- 
fication of irnperatorin (Ic) in extracts of greenhouse-grown plants, as well as the presence 

STRUCTURE I 
(a)  R = OCI-I?CH=C(CH,),; R' = OCH, 
(b) R = H ; R 1  =OCH,  
(c) R = OCH?CH=C(CH,)?; R' = H 

of still-unidentified coumarins, but the failure to confirm the presence of phellopterin. 
The first two couinarins have not been found previously in this species. Evidence for the 
presence of imperatorin in Phellopterz~s plants up to the early fruiting stage was found, 
but when an attempt was made to confirm its presence in older plants imperatorin could 
not be detected, and instead the fruits, and probably the roots as well, contained bergap- 
ten. The Japanese authors gave no information about their source plants except the 
location of collection, but the present observations suggest that the stage of growth is 
an i~ilportant factor controlling the nature of the coumarin pattern in this species. 

Tlie tentative identification of imperatorin is based on paper chromatographic behavior 
and on the fact that all absorption nlaxirna of the unknown coumarin and authentic 
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imperatorin are identical over the range of 220-340 mp. Insufficient material was available 
for rigorous purification, and as  authentic phellopterin was not obtainable, the possibilit\~ 
that  the unknown is phellopterin has not been strictly eliminated. Imperatorin and 
phellopterin both melt a t  102'. 

The demonstration of bergapten, and probably imperatorin, in this species is of interest 
from the biosynthetic point of view because of the structural similarities of both these 
cournarins to phellopterin. However, any attempt to  suggest definite pathways of bio- 
synthesis on the basis of existing data would be premature. 

Counzarins of Roots 
In the late sulnrner of 1959 young I'l~elloplerzis plants, grown from seed, were transplanted to coarse 

quartz sand which was irrigated a t  intervals from below with "California" nutrient medium (2). The 
temperature of the greenhouse was maintained a t  25.5' during the day and 17' a t  night. Toward the entl 
of January, 1960, three plants were harvested and dried under reduced pressure below 40' to give a total 
of ca. 20 g of powdered roots and 40 g of powdered shoots. After separate ether ext ract io~~s of the root 
and shoot residues in Soxhlet extractors, a lactone fraction was prepared fro111 each extract by the methotl 
of Baerhei~n Svendsen and Ottestad (3), which involved successive removal of acidic, phenolic, and unsapo~~i-  
liable fractions from the ether extracts. Paper-chromatographic study of the lactone fractions indicated the 
absence of coumarins in the shoot extract, but the root extract contailled s~nal l  amounts of co~umarin-like 
compounds. Several weeks later a second extraction representing 120 g of dried plant yielded a n  ;~dditional 
lactone fraction, but this was contaminated with oily material. 'The oil was largely tlistilletl o ~ t o  a cold 
linger by  several hours' heating a t  90' a t  a pressure below 1 lnm Hg, and the residue was passed through 
an alu~nina column with benzene as the eluent. C o ~ ~ m a r i n s ~ ~ n o v e t l  off the colu~nn in two bands which 
fluoresced yello\v when viewed under ultraviolet light (3660 A),  each band yielding a \.cry s~na l l  a ~ n o u n t  
of a white solid LIPOII solve~it re~noval. Characterization was carried out by chro~natographic comparison 
on paper with authentic samples of f~~ranocoumarins. The material in the major band closely resembled 
i~nperatorin in its chromatographic behavior and its appearance under ultraviolet illumination after Ocing 
sprayed with 1% alcoholic potassium hytlroxide. 

C o t ~ i ~ l ( l r i ~ l s  of F ~ . z ~ i t s  
At the end of March, 1960, fresh green fruits (160 g )  were cstractetl by d i s i ~ ~ t e g r a t i o ~ ~  with a c o ~ ~ \ . c ~ ~ i e ~ ~ t  

volume of hot ethar~ol in a \\Tari~~g bleuclor, a ~ ~ d  hlteretl. After two atlclitional estractioi~s of the residue 
with hot 807; ethanol, the combined extracts were concentrated in t 'ac~io and the aqueous residue s u l ~  
mitted to c o ~ ~ t i n i ~ o u s  ether extraction. The lactone fraction from the ether extract was isolated as descl-ibed 
above. Chromatogmphy of the coumaril~ fraction on alumina (\\Toelln, Grade 11, non-allcaline) with Izn-  
zene effected a sepnration of three major bands. The fastest gave 2 mg of crystals which \irere recryst;~llized 
from ether as long, colorless needles with an  i~ltraviolet absorption spcctrum in cthanol identical \\'it11 
that of a u t h e ~ ~ t i c  imperatorin (maxima a t  240 ancl 300 Inp, shoultlers a t  2-&3 and 264 mp). 'l'he I t j  \-slues 
and other behavior of these two compounds checked very well when they were compnretl ill 15';; acetic 
acid and in isopropanol-water (1:4) on paper. 'I'l~e unknown had, ho\vcver, a melting rallge of 90-95" 
(imperatorin melts a t  102'), and as too little re~nained for further pi~rihcation, the iclentification must be 
considered only tentative. 

The c o ~ n p o u ~ ~ d  from the second band gave 14 ~ n g  of colorless crystals after two recrystallizations from 
ether, m.p. 64-65", In ethanol it gave a simple absorption spectrum with only two maxima, a t  24ti and 
287 m p .  Its  identity was not established, but its low melting point and simple spectrum suggest that  i t  
may be a f u r a ~ ~ o c o u ~ n a r i ~ l  with a long aliphatic chain joined to the nucleus in an ether lir16age. The last 
band from the column yielded only 3 Ing of colorless solicl, which was not purilied. 

In an  attempt to obtain the additional material necessary for uneq~~i\rocal identification, fresh f r~i i t s  
totalling 2 kg were collected over a 2- non nth period (iVlay-July), and stored in the frozen state until used. 
The isolation procedure was modified to avoid heating i t t  vacua, which has been reported (4) to cause 
migration of the aliphatic chain of i~nperatorin to for111 an artifact, alloimperatorin. Oily material \\-as 
re~noved from the lactone fraction by passage through a cellulose c o l u ~ n ~ ~  ill 20% isopropanol. 'The iso- 
propanol in the eluate was removed by concentmtion i t t  zaczlo, and the coumarins in the aqueous residue 
were recovered by continuous ether extraction. The individual coumarins were separated in benzene 
solution on an alumina colum~l (Woelm, Grade 111, non-all~aline). Contrary to the assumption that  it 
would be imperatorin, the material from the fast-moving band i n  this experiment gave colorless crystals 
which melted sharply a t  185'. I ts  ultraviolet absorption spectrum closely resembled that  of bergapten. 
\Vhen mixed with authentic bergapten, it caused no lowering of the melting point. The root co l~~nar in  
fraction isolated a t  this growth stage also showed evidence of the presence of bergapten. 
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Seeds of Phellopterz~s littoralis were generously donated by the Iiusakabe Experi- 
mental Station, Saitama, Japan. We wish to thank Dr. Gerhard Billel; of the University 
of Vienna, Dr. Asima Chatterjee of the University College of Science and Technology, 
Calcutta, and Dr. Giovailni Rodighiero of Padova University for various authentic 
coumarin samples used in this study. 
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Reinhold Publishing Corp., New Yorlc. 1947. 
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THE THERMOSIPHON AS A SIMPLE CIRCULATING PUMP FOR GASES'k 

In gas kinetics and related fields, there is often a need for an efficient means of circulating 
gases in a closed system. Most pumps used in the past have been of either a piston-ancl- 
valve or a rotary-impeller type. While these pumps are reasonably satisfactory for most 
purposes, they suffer certain disadvantages, such as low flowrates (limited by displace- 
lnent), intermittent action (piston pumps), mechanical failure, and an almost complete 
loss of efficieilcy a t  pressures below 1 111111 Hg. For the past 2 years we have been using a 
thermosiphon as a circulating pump in this laboratory, and it appears to have some 
advantages in these respects. We thought it worth ~vl~ile to describe its characteristics, 
and to point out some of its advantages and limitations. 

The thermosiphon consisted of two parallel Pyrex tubes, 23-mm i.cl. and 2.1 m long, 
mounted vertically, and joined a t  the top in a smooth U-bend. One tube coulcl be heated 
electrically, while the other was cooled by tap water passing through a jacket. The lower 
ends of the thermosiphon were joined to the conlponents con~pleting the circulation 
system, which in this case comprised two U-traps about 30 cm long and a cylindrical 
photolysis cell of about 200-cc capacity. The traps and all connecting tubing were of 
20-inm i.d. 

Flowrates were measured by injecting a small quantity of a second gas into the systein 
and following its passage around the circuit by means of a therinistor mounted in the gas 
streain and linltecl through n suitable bridge to a chart recorder. The illixing of the added 
gas was slow enough so that from 10 to 20 complete passages around the circuit, each 
marked by a sharp deflection of the recorder pen, were easily observed, and the volume 
flowrate calculated. 

'XIssued as IV. R. C. iYo. 6636. 
t1V. R. C. Postdoctorate Felloul 1.959-61. 
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Fig. 1. Volume flowrates in thern~osiphon. Solid lines are calci~lated, dashed curves are measured values. 
0 = nitrogen, = methane. 

Figure 1 shows measured flowrates of nitrogen and methane a t  various pressures, 
plotted against ( l /T-l /T1),  where T and T' are the absolute temperatures of the cold 
and hot arms of the thermosiphon respectively. I t  is interesting to compare these observed 
flowrates with those predicted by simple theory. The  difference in density of the gas in 
the two arms introduces a force which drives the gas through the system a t  a volume 
flowrate (assuming simple viscous flow) given by 

where g = gravitational acceleration, R = gas constant, M = molecular weight, 17 = 

coefficient of viscosity, h = height of thermosiphon, P = pressure, and r  is a "flow 
resistance" defined as C (Lf /d t )  where L i  and dl  are the length and diameter respectively 
of each component of the flow circuit. The term r  I is the "internal" flow resistance of the 
thermosiphon itself, while r ,  is that  of the "external" components of the system. 

Flowrates calculated from this equation are shown as the solid lines in Fig. 1. At  low 
pressures and flowrates, the measured values lie somewhat above the calculated ones, 
perhaps due to error in estimating r I  and r ~ .  The linear dependence of F upon P and 
upon (1/T-l/T1) is approximately confirmed by experiment a t  low pressures and flow- 
rates, but  F falls off rather badly a t  flowrates greater than 100 cc/sec. This is probably 
due to  the failure of the gas to attain the temperature of the walls imlnediately upon 
entering each arm of the siphon. An increase in either pressure or flowrate enhances this 
effect and reduces the average temperature difference between the arms. This was, in 
fact, observed with a thermocouple mounted in the gas stream. 

The relative flowrates obtained with nitrogen (M/17 = 1.57) and lnethane (M/17 = 

1.48), shown in Fig. 1, are in approxinlate agreement with a linear dependence of F upon 
M/17. 

Using experimentally practical values of lz, P, T, and T', the absolute value of A P  
generated is very small, so that  the flow resistance must be minimized in order to achieve 
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NOTES 387 

high flowrates. This is the most serious limitation of the therrnosiphon, and makes i t  
quite impractical as a means of forcing a gas through a constricted system. Furthermore, 
the need for large-bore tubing, since r varies as d4, results in a rather large volume. Within 
these limitations, however, the thermosiphon is remarkably flexible, as  the four para- 
meters h, P, ( l /T-  1/Tf) ,  and r may be varied almost independently." Thus, for example, 
if experimental coilditions dictate certain values of P, T, and T', then h and r may be 
adjusted to give the desired flowrate, etc. In  practice, T' is the most conveniently con- 
trolled parameter, permitting wide variation in F from 0 up to  a maximum value depen- 
dent on the other parameters and upon the thermal stability of the gas. 

The  depeildence of F upon dJ permits, in theory, the achievement of very high flowrates 
where d is not limited by other factors. The  observed fall-off in F (Fig. I ) ,  probably due 
to the time lag in heating and cooling the gas in the two arms, could be a t  least partially 
eliminated by suitable preheating and precooling, and by increasing h. With its inability 
to  operate against an appreciable pressure gradient or flow resistance, and its high flow- 
rates, limited in theory only by d, the thermosiphon is seen to  be the converse of the 
piston pump, in which the flowrate is fixed by the displacement, but which will operate 
against a large and variable pressure head. 

The dependence of F upoil pressure also deserves solne comment. Although F decreases 
linearly with decreasing pressure, there should be no sudden loss of efficiency a t  low 
pressures, as observed with piston and impeller pumps, and in fact, F should increase 
somewhat as viscous flow gives way to molecular flow. Thus, if large enough values of 
h, T', and d can be used, the therlnosiphon should operate well a t  pressures from 1 min to 
lop3 mm. 

Finally, it should be noted that  the thermosiphon has no nloving parts or electronic 
components, and is thus completely reliable and trouble-free in operation. 

NUCLEAR MAGNETIC RESONANCE STUDIES OF HYDROGEN BONDING IN 
ETHANOL AND 2,2,2-TRIFLUOROETHANOL 

Liddel and Beclter (1) have lneasured the infrared spectra of methanol, ethanol, and 
t-butanol in carbon tetrachloride a t  several temperatures. They assunled that  the decrease 
in the band intensity of the free 0-H stretching vibration near 3630 cm-1 could be 
taken as a measure of the dimerizatioil in dilute solutions, and fro111 the temperature 
coefficient of this effect they obtained the apparent A H  values. The A H  of these three 
alcohols was in the order methanol > ethanol > t-butanol. The shift of the hydroxyl 

"h and rare  only independent i f  r~ >> r I .  I f  h i s  increased zuztil r r >> r ~ ,  further increase i n  12 does ?rot illcrease 
F,  since r I a h,  and tlte effects cancel. 

lDepartwtent of Plzysics, ilCuslinz University, Aligarh, India.  
=Present address: Department of Physics, Indian I?tstitute of Technology, K a n p z ~ r ,  India. 
3Departwtent of Inorganic and Physical Chemistry, Indian Institzite of Science, Balzpalore I d ,  India.  
4To  whonz all the correspo~tdence slzozrld be addressed. 
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these limitations, however, the thermosiphon is remarkably flexible, as  the four para- 
meters h, P, ( l /T-  1/Tf) ,  and r may be varied almost independently." Thus, for example, 
if experimental coilditions dictate certain values of P, T, and T', then h and r may be 
adjusted to give the desired flowrate, etc. In  practice, T' is the most conveniently con- 
trolled parameter, permitting wide variation in F from 0 up to  a maximum value depen- 
dent on the other parameters and upon the thermal stability of the gas. 

The  depeildence of F upon dJ permits, in theory, the achievement of very high flowrates 
where d is not limited by other factors. The  observed fall-off in F (Fig. I ) ,  probably due 
to the time lag in heating and cooling the gas in the two arms, could be a t  least partially 
eliminated by suitable preheating and precooling, and by increasing h. With its inability 
to  operate against an appreciable pressure gradient or flow resistance, and its high flow- 
rates, limited in theory only by d, the thermosiphon is seen to  be the converse of the 
piston pump, in which the flowrate is fixed by the displacement, but which will operate 
against a large and variable pressure head. 

The dependence of F upoil pressure also deserves solne comment. Although F decreases 
linearly with decreasing pressure, there should be no sudden loss of efficiency a t  low 
pressures, as observed with piston and impeller pumps, and in fact, F should increase 
somewhat as viscous flow gives way to molecular flow. Thus, if large enough values of 
h, T', and d can be used, the therlnosiphon should operate well a t  pressures from 1 min to 
lop3 mm. 

Finally, it should be noted that  the thermosiphon has no nloving parts or electronic 
components, and is thus completely reliable and trouble-free in operation. 

NUCLEAR MAGNETIC RESONANCE STUDIES OF HYDROGEN BONDING IN 
ETHANOL AND 2,2,2-TRIFLUOROETHANOL 

Liddel and Beclter (1) have lneasured the infrared spectra of methanol, ethanol, and 
t-butanol in carbon tetrachloride a t  several temperatures. They assunled that  the decrease 
in the band intensity of the free 0-H stretching vibration near 3630 cm-1 could be 
taken as a measure of the dimerizatioil in dilute solutions, and fro111 the temperature 
coefficient of this effect they obtained the apparent A H  values. The A H  of these three 
alcohols was in the order methanol > ethanol > t-butanol. The shift of the hydroxyl 

"h and rare  only independent i f  r~ >> r I .  I f  h i s  increased zuztil r r >> r ~ ,  further increase i n  12 does ?rot illcrease 
F,  since r I a h,  and tlte effects cancel. 

lDepartwtent of Plzysics, ilCuslinz University, Aligarh, India.  
=Present address: Department of Physics, Indian I?tstitute of Technology, K a n p z ~ r ,  India. 
3Departwtent of Inorganic and Physical Chemistry, Indian Institzite of Science, Balzpalore I d ,  India.  
4To  whonz all the correspo~tdence slzozrld be addressed. 
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proton resonance frequency with conceiltration of alcohol has also been associated with 
the hydrogen boildiilg between alcohol nlolecules (2). Davis, Pitzer, and Rao (2) have 
recently studied the proton magnetic resollance spectra of solutions of methanol, ethanol, 
,i-propanol, and t-butanol in carboil tetrachloride and have calculated the apparent AII 
values. The trend in AH values was found to be methanol > ethanol > i-propanol > 
t-butanol. Although the uncertainties in the AJI values are rather large, it is possible that 
the trend in AH with the structure of the alcohol may reflect either steric or electro- 
negativity effects on the strength of the hydrogen bond. The nloiloiner chemical shifts, 
6M, obtained by extrapolatioil to i~lfiilite dilution, also showed variation in the order 
methanol > ethanol > i-propanol t-butanol (3). In order to deterinine the importance 
of steric or (and) electrical effects in deciding the hydrogen bonding in alcohols, we have 
now studied the proton magnetic resonance spectra of trifluoroethanol and ethanol in 
benzene solution. 

The proton magnetic resonance spectra of solutions of anhydrous ethanol and trifluoro- 
ethanol in benzene were recorded on a Varian high-resolution n.m.r. spectronleter operated 
a t  a fixed frequency of 40 Mc/sec. Sample tubes of 4.5-111111 outer diameter were used 
and the measurements were made while the tubes were spinning. The chemical shifts 
of the hydroxyl proton have been calculated with respect to benzene signal. The error 
in the 6 values varies between f0 .3  and f 1.7 cycles/sec. Each observatioil is an average 
of a t  least six independent measurements. All experiments were conducted a t  rooin 
temperature (31f1° C). 

The variation of 6 with mole fraction 01 alcohol for trifluoroethanol and ethanol is 
shown in Fig. 1. I t  is clear from the figure that the 6 a t  infinite dilution, 6&*, is lower 
for trifluoroethanol (246 cycles/sec, 6.015 p.p.111.) than for ethanol (292 cycles/sec, 
7.03 p.p.rn.). Further, the slope of the curve a t  low coilcentratioils (<0.04 inole fraction) 
is greater for ethanol. I t  may be noted in this connection that the free 0--H stretching 
frequency of trifluoroethailol has been found by earlier worlters (4) to be slightly lower 
than that of ethanol. But the free 0-H stretching band persists even in the pure liquid 
in trifluoroethanol, indicating appreciable concentration of monomeric species (4). Appar- 
ently, the equilibrium constant for dimer for~nation is lower for trifluoroethanol compared 
to ethanol. This probably explains the greater slope of the curve (Fig. 1) for ethanol. 
The lower 6kr for trifluoroethanol is understandable since a more electronegative group 
should lessen the sl~ielcling of the hydroxyl proton. The greater acidity of trifluoroethanol 
cornpared to ethanol should result in a decreased shielding of the hydroxyl proton. I t  
would appear as though steric effects are iinportant in view of the decrease in 6,, with 
the increase in the bulk of the alkyl group. There is no reason why steric effects sl~oulcl 
affect 6,, while they may be important in determining the equilibrium constant and 
A H  of dimerization. Apparently, a strict co~nparison of 6,r values is possible only if the 
alcohols are structurally very similar. 

Our observation that trifluoroetl~anol is less associated than ethanol a t  low con- 
centrations due to the electroilegativity of the CF3 group is further supported by the 
1-ecent infrared (5) and n.1n.r. (6) studies on cl~loroethanols. Cl~loroetl~anols also show 
greater concentration of ~noiloineric species compared to ethanol. The 6BI of trichloro- 
etha~lol has also been found to be about 40 cycles/sec lower than that of ethanol (7). I t  
is interesting to note that decrease in 6M ill trichloroetl~anol and trifluoroethanol are of 
the same magnitude. The polarities of the CF3 and CCls groups are also very similar (8). 

Recently it has been found that trifluoroethanol causes a much greater solveilt blue- 
shift on the n + r".: transition of the carbonyl group than ethanol (9), indicating that 
trifluoroethanol is a better hydrogen-bond donor than ethanol. Thus, the ?r + rQ band 
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MOLE FRACTION 

I.'IG. 1. Chemical shift of the OH proton resonance, 6 in cycles/sec versus mole fraction of alcohol n.: 
(:I) trifluoroethanol, (B) ethanol. 

n ~ a x i i n u m  of acetone found at  277 m p  in h e p t a n e  is shifted to 270 m p  and 265 inp  in 
e t h a n o l  a n d  t r i f luoroethanol  respect ively.  T h i s  inay also be partly related to t h e  higher  

concent ra t ion  of monomer ic  species  i n  t r i f luoroethanol .  M u k h e r j e e  a n d  G r u n w a l d  (10) 

h a v e  also concluded t h a t  t r i f luoroethanol  is a better d o n o r  t h a n  e t h a n o l ,  from their 
n u m e r o u s  physical  measurements .  

The a u t h o r s  are thanl tful  to Professor M. R. A. Rao for his keen  interest in t h e  w o r k  

a n d  to P e n n s a l t  Chemicals  Corpora t ion ,  Phi ladelphia,  P a . ,  U.S.A., for a gift sample 
of trifluoroethanol. 
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IONIZATION POTENTIALS OF SOME PERFLUOROALKYL ARSINES1 

Measurements of the first ionizatioil potentials of derivatives of the group V elements 
have been mainly confined to coinpounds of nitrogen (I), and little attempt has been 
made to study the effects of systematic substitutioil of the hydrogens of the parent 
hydrides by other groups. Derivatives of arsenic are especially suitable for such studies 
because of the availability of a large nuinber of simple volatile coinpounds, and in this 
investigation the first ionization potentials of a nuinber of arsiiles coiltailling methyl, 
trifluoromethyl, and chloro groups have been measured. 

EXPERIMENTAL 

Contpoz6nds 
The compounds shown in Table I were prepared by standard methotls from the literature except for the  

arsenic trichloride where a commercial sample was used. 

Apparatzds and iMelRod 
The ionization potentials were obtained by electron impact nlass spectrometry, and were derived by 

treating the relevant ionization efficiency curve and a standard (Se+ or Iir+) with the Warren extrapolation 
method (2). The results, although reproducible to 0.1 ev, may well be slightly greater than the  adiabatic 
values; however, this is not expected to L I I I ~ L I I Y  influence the trends shown within the groups of similar 
nlolecular species dealt with here. 

Resz~l ts  
The new results are shown in Table I ,  together with somc other values for comparison. 

'TABLE I 

First ionization potetitials 

Con~pound I.P. (ev) / (  Compoul~d I.P. (ev) 

P(CF,), 11.3 ( 1  P(CH3)o No parent ion 

*See reference 9. 

DISCUSSION 

In the series of compounds contailling CH3, H I  and As, a progressive decrease in ioniza- 
tion potential is found as the number of CH3 groups is increased. This corresponds to a 
decrease of about 0.7 ev per CH3 group substituted for a hydrogen in the parent arsii~e. 
In the case of ammonia a similar though less regular decrease is observed (Table I). I t  
is generally felt that the parent ion of ammonia is formed by removal of an electron 

'Research sz~pported by the National Research Council of Canada. 
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fro111 the lone pair on the nitrogen atom (3). I t  is not certain, however, that  the parent 
ions of the methyl amines are also formed by the same process, though i t  is likely that  
this is so (4). 

In the series (CH3),AsC13-, an irregular decrease in ionization potential occurs as  the 
nunlber of CH, groups is increased. This can be attributed to the inductive effect of 
the CH3 groups and the electron-withdrawing effect of the chloro groups raising or lower- 
ing the energy of the arsenic lone pair. Similarly in the series (CF3),AsH3-,and (CF3),As- 
(CH3)3-z an increase in ionization potential would be expected as the number of CF3 
groups is increased, owing to the strong electron-withdrawing power of this group. 
However, in the series (CF3),AsCl3-, the substitution of CF3 seems to result in a small 
but significant lowering of the ionization potential, a result which could indicate that  
to a first approxilnation the electron-withdrawing power of the CF3 group is less than 
that of the chloro group. This conclusion is the reverse of that expressed by other 
workers (5). 

Qualitatively the results of the present investigation for the series (CF3)zA~(CH3)3-z 
can be compared with the ease of conlplex formation and ease of hydrolysis of these 
compounds. The ease of forming donor-acceptor complexes, e.g. with silver iodide, and 
onium complexes, e.g. with CH31, decreases as  the number of CF3 groups is increased (6). 
Haszeldine and West have attributed this effect to the ability of the CF3 group to lower 
the energy of the lone-pair electrons to such an extent as  to make colllplex formation 
difficult. The degree of difficulty would depend on the number of CF3 groups present. 
The reverse tendency is found u~ith respect to ease of solvolysis of these conlpounds to 
eliminate the CF3 group as CF3H. Thus, the rate of solvolysis increases as the number 
of CF3 groups is increased. This has been interpreted (6) in terms of the solvolysis occur- 
ring by nucleophilic attaclc on the arsenic aton1 which, formally, becomes inore positive 
as  the nu~nber of electron-withdrawing CF3 groups attached to i t  is increased. The 
iollizatioll potential variation found for these compounds reflects the same trends. 

Quantitative tests of these ionization potential values are more difficult to find, and 
only one source of such a test seenls to be available. Certain of the electronic transitions 
of the aryl arsines have recently been assigned as being due to intralnolecular charge 
transfer involving excitation of an electron from the non-bonding lone pair to an anti- 
bonding a-orbital of a phenyl group (7). The energy of such a transition is given to a first 
approximation by the expression (8) ID-EA-C, where ID is the ionization potential of 
the donor (presumably the arsenic lone pair), EA the electron affinity of the acceptor 
(the phenyl group), and C the lllutual electrostatic energy of D+ and A- relative to that 
of D and A. 

Therefore, for the compounds C ~ H ~ A S ( C H ~ ) ~  and C ~ H ~ A S ( C H ~ ) ( C F ~ ) ,  assuming that  
the configuration around the arsenic is essentially the same in both cases, the energy 
difference in the charge-transfer bands should be approximately equal t o  the difference 
in ionization potential of the arsenic lone pair. From Table I i t  is seen that  substitution 
of a CF3 for a CH3 should increase the energy of the transition by about 0.7 ev. The 
experimental difference is 0.34 ev, but this value is probably lower than i t  would otherwise 
be because of interaction between the CF3 group and the CsH6 group (7). Unfortunately, 
interactions of this sort prohibit similar comparisons being made with the spectra of 
other arsines so far investigated. 

If similar calculations are made for the phenyl amines then very much worse agreement 
is found; however, in this case there is probably less charge-transfer character in the 
excited state (8). 
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PART V. INFRARED SPECTRA O F  SOME PHOSPHORUS 
COMPOUNDS CONTAINING CF3 
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ABSTRACT 

The infrared spectra of several series of trifluoromethyl-phosphorus compou~lds are 
correlated, the compounds examined being the iodides CF3PIn and (CF3)2PI, the methyl- 
trifluoromethyl-phosphines of the general formula (CH3),,P(CF3)3-,,, where n = 1, 2, or 3, 
and the analogous phenyi-trifluoromethyl-phosphines. Satisfactory assignments are made 
for the majority of absorption bands in the 650-4000 cm-I region. The infrared spectra of 
some phosphine - boron trifluoride adducts are also examined and assignments of the principal 
bands are made. 

INTRODUCTION 

Although in the past 12 years, a large number of perfluoroalkyl-metallic and -metalloidal 
compounds have been prepared, few attempts have been made to correlate their infrared 
spectra. This is surprising since the infrared technique has proved extrenlely valuable in 
the characterization of these col~~pounds,  largely because of the intense, characteristic 
C-F absorption in the 1000-1300 cm-I region. However, i t  is only very recently tha t  
correlations have been formulated for such simple perfluoro con~pounds as the trifluoro- 
methyl (1, 2) and pentafluoroethyl halides (3) and there is only one other detailed report 
dealing with the infrared spectra of perfluoro-organometallic compounds (4). In earlier 
papers of this series ( 5 ,  6) we have described the preparations of the phenyl-trifluoro- 
methyl-phosphines and a nu~nber of their complex derivatives. Since the analogous 
methyl-trifluoromethyl compounds have been described previously ('7-9), a wide range 
of trifluoromethyl-phosphorus derivatives is now available and it  seemed useful to 
examine in solne detail their infrared spectra. 

EXPERIMENTAL 

The preparations of the co~npounds have been described in detail elsewhere (5-9). 
Infrared absorption spectra were recorded in the 650-4000 cm-I range, using a Perliin-Elmer model 21 

double-beam spectrophotome~er fitted with NaCl optics, and operated a t  a slit program setting of 927. Gas 
spectra were recorded using a 9-cm gas cell fitted with NaCl plates, and mere measured a t  a number of 
pressures so as  to  obtain complete resolution. The spectra of liquids mere recorded using liquid fi11ns bct~vee~i  
S a c 1  plates. hIost spectra were calibrated against known pealcs of a polystyrene film, and frequencies 
are considered accurate to f 0.3y0. Relative intensities and band characteristics are described in terms of 
the usual notation, as indicated by Stafford and Stone (4). 

"Present address: Central Laboratories, Pak i s fan  Council of Scientijic & Industrial Research, Karac l~ i ,  
Pakistan. 
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DISCUSSION 

Before discussing the spectra of the trifluoromethyl-phosphorus compounds, solne 
consideration should first be given to the CF3 group itself, which gives rise to four 
fundamental vibrations. These are conlposed of two A1 type vibrations, the sy~nrnetrical 
CF3 stretching a t  about 1100 cm-l, and the sy~n~netrical CF3 defornlation a t  about 
700 cm-l; and two degenerate E type vibrations, the antisymmetrical CF3 stretching 
a t  about 1180 cm-I and the antisy~n~netrical CF3 deformation a t  about 520 CIII-~. The 
atom or group bonded to the CF3 group will give rise to two vibrations, symmetrical 
stretching of CF3-X and the roclting of CF3 against X. Edge11 and May (lo) ,  from a 
study of CF3-X vibrations, conclude that interaction between the CF3 and CF3-X 
vibrations is small and that the spectra are therefore best interpreted in terms of the 
behavior of the CF3 group as a stiff or rigid group. This implies that the funda~nental 
vibrations due to a CF3 group should not differ greatly from molecule to molecule, 
although some small shifts in frequency may be expected as the electronegativitl- of X 
is changed (1). 

Tri$uoromethyliodophosphines 
In considering the infrared spectra of trifluoromethyl-pl~ospl~orus compounds, it 

seems best to consider first the compounds CF3PI2 and (CF3)ZPI since the P-I stretching 
vibration lies outside the frequency range being studied. The observed frequencies and 
suggested assignments are listed in Table I ,  using the frequencies reported b5- earlier 
worlters (1 1). 

TABLE I 

Vibrational frequencies in CFaPI? :und (CFa)2PI 

CFaPIa (CF3)J'I Assignment 

2252 m Comb. (2X1131?) 
2217 s Comb. ?2Xi i i9? j  

1272 m 1273 111 Comb. (2XP-C sylnm. stretch.?) 

1157 s 1162 s Xntisy~nm. and symm. CF3 stretch. 
1142 s 1131 s 
1111 s 1119 m 
1 0 7  111 

- - -  
798 m 

737 s 748 s Symm. CIT3 deform. 
714 w Antisvmm. P-C stretch. 

In CF3P12, the absorption a t  1111 cm-I is assigned to the syinnletrical CFa stretching 
corresponding to the 1073 cm-I band in CF31 (lo), while those a t  1142 and 1157 CIII-~ 

arise from the doubly degenerate antisy~ninetrical CF3 stretching, this being observed 
a t  1185 cm-I in CF31. The absorption a t  737 cm-I is probably the sy~n~netrical CF3 
deformation frequency, found a t  741 cm-I in CF31. However, the P-C asymmetric 
stretching might also be expected about here, since it  is observed a t  717, 707 CIII-~ in 
P(CH3)3 (12). This assignment of the 737 cm-I is therefore oilly tentative. . . 

w h e n  more than one C F ~  group is attached to the phosphorus atom, splitting of the 
characteristic C-F frequencies occurs, as would be expected fro111 the presence of two 
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equivalent groups (14). Hence in the spectrum of (CF3)ZPI there are five resolved 
absorptions in 1100-1220 cm-1 region. These are actually observed as three main bands 
with submaxima a t  1119 and 1183 cm-l. When three CF3 groups are attached to the 
saille atom, as in (CF3) 3P, four inail1 absorption frequencies with subillaxiina are observed. 
The number of main absorption bands in this region is therefore sometimes taliell as an 
indication of the nuinber of CF3 groups present; however, without detailed matl~ematical 
treatment no detailed assignments can be made. The symmetrical CF3 deformation mode 
in (CF3)2PI is observed a t  748 cm-I in support of the assignment of tlle 737 cm-I band 
of CF3PI?. Possibly the 714 cnl-1 absorption may be attributed to the P-C antisym- 
metrical stretching vibration, particularly since the splittings of the CF3 deforinatioll 
band are not liltely to be greater than 15 to 20 cm-l. 

Alethyl-trifluoromethyl-phosphines 
I t  is now possible to make similar correlations of the spectra of (CH3)3P, (CH3)2PCF3, 

CH3P(CF3)2r and P(CF3)3. The vibrational frequeilcies of (CH3)3P have recently been 
studied in detail (12) and while use is made below of these assignments, the present 
results also offer some confirmatioil of them. The observed absorption frequencies and 
their suggested assignments are given in Table 11, which malies use of Halmann's (12) 

TABLE I1 

Vibrational frequencies of mcthyl-trifluoro1~~et1~~l-pl~osfii1~es 
- 

C P  (CHa),PCFa CHzP(CF3)? P(CF3)3* Assignment 

2970 nl 2995 m 2985 w CH antisy~ilm. strctcli. 
2920 m 2934 m 2T34 11, CH s y ~ n m .  stretch. 
2850 m 2840 m 2825 \t1 CIH symm. stretch. 

Z290 \v 2290 w 
2240 \ir iii; a: ) Comb. (2X CIT s t r e t ch )  

1430 ~n 1440 m 1465 111 CI1 antis!.mm. bend. 
1417 rn 1425 CH ant is>~mt~i .  bend. 

1378 w 1375 rn 15'30 nl Comb. (2XCF3 deform.) 
1310 m 1310 \tr 1307 m CH symm. bend. 

(1307 m?) 1308 111 Comb. (see ref. 17) 
1298 11l 1295 w CH s>.rnln. bend. 

1283 ~n 1277 111 Comb. (2XP-C symm. sLrc~ch.?) 
1203 \IS 1230 1:s ) 

1175 vs llG7 vs 1183 vs I Symm. and antisymm. C-1; stretch. 
1125 vs 1143 s 1153 11s 

- - -  ~~~ 

CH3 rocl;. 
CH3 rock. 

9% m 
923 m 
844 w 
7'37 w 
754 s CFr  sy1n111. cleforni. 
'7"G rn Antisymm. P-C stretch. 

Svmm. P-C stretch. 

*A number of weak absor~t ions  are reported in the 1.100-2200 cm-1 renion. 

assigillnents for (CH3) 3P, and the reported frequeilcies of P(CF3) 3 (1 I).  
The assignments for C-F stretching and CF3 deformation follow those discussed 

earlier. In (CH3)2PCF3 the bands a t  1175 and 1126 cm-l are the antisymmetric stretching 
vibrations and that a t  1118 cm-l, the symmetric vibration, but detailed assignments 
cannot be made when more than one CF3 group is present. Three points require further 
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comment. Firstly, there seems to be good agreement, in all cases, for vibrations involving 
tlie CH3 group. There are two exceptioils lvllere expected bands are not observed for 
CH3P(CF3)? but this is probably due to their very low intensity. Secondly, for (CHB)aP, 
(CH3)?PCF3, and CH3P(CF3)2, there are 1iiarl;ed similarities in band shapes in the 
890-973 cm-I region, these being quite different from tlie OGG and 923 c~n-I vibrations 
observed for (CF3)J'. For the foriiler compounds, absorption in this region is attributed 
to CH3 roc1;ing. Thirdly, the moderately intense absorption observed for all conlpounds 
in tlie 700-730 cm-I region is assigned to the antisymmetrical P-C stretching. If this 
is correct, it appears that this vibration is ullaffected by the stepwise replacement of 
CF3 for CH3. 

Phenyl-tr.~uoromcthyl-phosphi?zes 
The infrared spectra of pliosphorus compounds containing both phenyl and trifluoro- 

methyl groups are much inore coniplex than those already discussed, largely due to the 
nuinerous vibrations associated with the phenyl group. The observed frequencies for 
three such compounds are listed in Table 111. 

TABLE 111 

Vibrational freque~lcies in phenyl-trifl~~oro~~~eth~~l-phosphor~~s co~llpounds 

(CGI-IS) (CF,)PI (CEH,),PCF, CsH,P(CF3)? Assign~nent 

Symm. and antisy~llm 
C-I3 stretch. 

Comb. (2x1170) 
Comb. (2X 1105) 

Slccletal C-C vibrations 

Comb. (2x690) ? 

SYIIIIII. aild antisymm. 
C-1; stretch. 

1070 m 1070 m 1070 ~n Ring vibration ? 
1025 111 1027 m 1030 m 
1000 m 1000 m 1000 m Phcn yl-P 

- - - - - - . 
745 s 745 s 550, 745 s (See test) 
715 w 720 w 700 ~n(sh)  Antisymm. P-C stretch. 
690 s 695 s 690 s Out-OF- lane C-1-1 bend. 

Although all frequencies cannot be assigned, the similarities in the three spectra are 
very stri1;ing. In phenyl compounds, the skeletal C-C vibrations usually occur a t  
1440-1623 cm-l. In these phosphorus compounds, they are invariably found a t  1440-45 
cm-1 in tlie form of an intense sharp band, and accolllpanied by two other sharp absorp- 
tions of lesser intensity a t  1490 and 1590 cm-l. The ring vibration thought to be very 
sensitive to the substituent on the phenyl ring is said to occur a t  1045-1185 cm-1 (15), 
and is observed a t  1088 cm-I for (CGH5)J'. Since all the compounds of Table I11 show 
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a nleclium intensity band a t  1070 cm-l, it is assigned this vibration. Similarly, all three 
co~llpounds show a well-resolved absorption a t  1000 cm-I which has been observed (13) 
in a large number of other compounds containing the phenyl-P grouping. 

Other characteristic absol-ptions of the phenyl group are also observed. Thus the strong 
bailcls a t  690 cm-l, accompanied by another strong absorptioil a t  745-750 cm-I, and 
perhaps the weal; absorption a t  800-810 cm-I are due to out-of-plane C-H bending 
vibrations and this particular combinatiol~ of bands is characteristic of monosubstituted 
pheilpl groups (16). The  strong band a t  750 c111-~ presumably overlaps the CF3 deforma- 
tion frequency observed in other CI:3 compounds. We again tentatively assign the weak 
700-715 cm-I band to the P-C antisymmetrical stretching vibration. 

The C-F stretching vibrations are again observed in the 1100-1200 cm-I regions; for 
(CGH5)(CF3)PI and ( C G H ~ ) ~ P C F ~ ,  only two such vibrations are observed in each case, 
those a t  1150 cm-I being due to the asymmetric mode, and those a t  111.5 cm-I and 
1105 cm-I being assigned as sylllinetrical stretching. 111 (C6H5)P(CF3)?, coupling occurs 
between the CF3 modes and an increased number of bands is observed. 

Phosplzine - Boron TriJlioride =' lddi i~ts  
As part of our studies of the dollor properties of trifluorolnethyl-phospl~i~~es, a number 

of their boron trifluoride adducts were prepared. In Table IV are listed the important 
maxima observed in their infrared spectra. 

TABLE IV 

Principal vibrational frequencies for phosphinc-BIT3 adducts 

(C1-13)SP. BI;a (CH3)?PCF3.BF3 (CsI-1s)rPCFs. BF3 (C~t15)3P. BF3 Assignment 

1430 \\, 
1320 nl 

( 1175-1025 \-s (br) j 

000 111 

870-835 111 (br) 
790 w 
745 s 
7 00 111 

G9O s 

C-1-1 stretch. 

Slceletal C-C 
vibrations 

CI-I bcnd. 
CI-I be ncl. 

C-F and B-F 
stretch. 

Sec test 

See test 

Most of the frequencies found to be characteristic of the free phosphines are also 
observed in the spectra of their BF3 adducts; however, the characteristic absorptions 
of boron trifluoride are not found. Instead of the intense 13-F stretching vibrations a t  
1454 and 1505 cm-I (18), there is a wide region of intense absorption a t  1030-1180 cm-l. 
Although the bands are broad and good resolution is impossible, it is clear from a con- 
sideratioil of the spectra of (CGH5)2PCF3. BF3, (CGH5)&?. BF3, and (CGH5)3P. BF3 that  
absorptioil in this region is due to B-F vibrations (1030-1000 cm-l) and also C-F 
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stretching vibrations (1125-1175 cm-I). This shift in the B-F stretching vibrations to 

lower frequency results froin the change of syininetry accompanying coinplex formation, 

and has been observed for other BF, adducts (19). Also, the spectra do not reveal any 

absorption cl~ie to water, so h~rdrolysis of the adducts to give BF4-cannot have occurred. A 
number of bands are observed in the 670-750 cm-l region but it is impossible to malie 

definite assignments. The P-C stretching vibrations should no longer be found in this 
region, but the pheilyl C-H out-of-plane vibrations, the B-F bending vibrations, and  

the CF, deformation inodes may cause absorption. In all four of the BF, adducts, a 

band is found at 770-790 cm-l. The origin of this is uncertain, although a very weak 

band is observed here for fluoroborates (20) and has been assigned as the syininetrical 

breathing vibration of the B-F bonds. However, in the present instances, the intensities 

of these bands are much greater than observed in fluoroborates. 

In conclusion, the examination of the infrared spectra of these trifl~ioroinethyl-phos- 

phorus compounds not only shows the usefulness of infrared spectroscopy in the 

characterization of organophosphorus compounds but  also provides further information 

coilcerning C-17 and P-C absorptioil in the infrared region of the spectrum. For a 
coinplete understanding of these absorptions, many other related coinpounds will have 

to be prepared and esainined. 

We gratefully ac1;nowledge the support of the National Research Council, and 
M. A. A. B. expresses thanlis for a scholarship received from C.S.I.R. (Pakistan) under 

the auspices of the Colo~nbo Plan. 
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IONIZATION OF ORGANIC COMPOUNDS 
11 .  THIOACETAMIDE IN AQUEOUS SODIUM HYDROXIDE. 

THE H- ACIDITY FUNCTION1 

J. T. EDWARD AND I. C. WANG 
The Depart7lzent of CIte~zistry, iVIcGill University, Montreal, Que. 
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ABSTRACT -. I h c  ionization ratio of thioacetamide in aqueous sodium hydroxide, determined spectro- 
photometrically, is proportional to the concentration of hydroxide ion up to  a concentration 
of about 1 ill, and indicates a p K ~ a  of 13.4. For more concentrated solutions the ionizing power 
increases more rapidly than the hydroxide ion concentration; fro111 the experimentally deter- 
inined ionization ratios the values of the 12- acidity function for 1-6 M sodium hydroxide 
have been calculated. The relation of h- values to the salting-out parameters and water 
activities of concentrated sodium hydroxide solutions is discussed. 

IXTRODUCTION 

I t  has been custoinary to  represent the ionization in aqueous alltaliile solution of a 
weak ~~ncharged acid HA by 

I-1-A + 01-1- $ 1-1- + 1420 [I] 

and its ioilization ratio ([A-]/[HA]) by 

the quantities in square brackets representing molar concentrations, the f's molar activity 
coefficients, I C H A  the ionization constant of the acid, and I<, the ionic product of water. 
I t  has been recognized that  the various molecules and ions are hydrated to different 
extents, but for dilute enough solutions no explicit account needs to  be taken of these 
effects; in such solutions the f terins approach unity, and equation [2] becomes 

This ecluatioil holds as a reasonable approximation for the ionization of various weak 
organic acids in coilcentrations of up to about 0.5 M sodium or potassium hydroxide (I) ,  
changes in the activity coefficient terms with concentration cancelling out to  a large 
extent. I-Iowever, in more conceiltrated solutions of alkali the ionizatioil ratio begins t o  
increase much inore rapidly than the hydroxide ion concentration. Accordingly, an  
acidity function, h-, defined by 

[A-]/[HA1 = KHA/~- ,  [41 

has been devised to measure the proton-abstracting power of strongly alkaline solutions 
(1, 2). By definition h- approaches [H+] and H- (= -log h-) approaches pH as a 
limit in dilute aqueous solution. This acidity function may be expected to prove useful 
in distinguishing between possible reaction inechanisms from kinetic results in strongly 
alkaline solution (3). 

Schwarzenbach and Sulzberger (1) used substituted indigos a s  indicators, and obtained 
H- values (which they preferred to term pH values) for aqueous sodium and potassium 

'The paber by H. J .  Ca7npbell and J .  T .  Edward, Can. J.  Chem. 38,2109 (1960), i s  to be considered as Part I 
of this retifled series. 

Canadian Journal of Chen~istry. Volume 40 (1962) 
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hydroxide solutions varying in strength froin 0.1 to saturated. They also tried variously 
substituted glutacondialdehyde dianils as indicators, and obtained ionization ratios (and 
hence H- values) increasing more rapidly with hydroxide ion concentration than those 
obtained with substituted indigos. They rejected these H- values and suggested that 
the glutacondialdehyde derivatives did not ionize by losing a proton according to equation 
[I], but instead added a hydroxide ion. No convincing reason was advanced for this inode 
of ionization, which in fact would not be expected to lead to the color changes observed 
with these indicators in strong allcali; an alternative explanation for the divergence OF 
the two H- scales is given later in this paper. 

Both types of indicators were stroilgly salted out of the aqueous solutions by the con- 
centrated alkali, so that an immiscible organic solvent was present as a second phase 
for reasons of solubility. Other investigators have avoided the salting out O F  indicators 
by using aqueous organic (4) or organic solvents (3), or by using bases such as hydrazine 
(5), ethylene diamine ( 6 ) ,  or ethanolamine (7). However, small polar inolecules are not 
salted out to the same extent as  large dyestuff molecules, and in certain illstances are 
salted in (8). In the present work we have studied the ionization in aqueo;s sodiulu 
hydroxide of the small, highly polar thioacetanlide molecule. 

Thioacetamide was recrystallized from ether to a constant melting point of 112.6-113.9" C (reported 
m.p. 114' (9)) and dissolved in distilled water t o  give solutions of accurately lcnown concentration, x-arying 
between about 0.2 M and 0.002 A4, according to  the region of the spectrum being investigated. Sodium 
hydroxide solutions were prepared by dilution of concentrated aqueous solutions from which sodium 
carbonate had settled, with the usual precautions to  exclude carbon dioxide, were standardized by titra- 
tion, and were shown to  be substantially free from carbonate (10, 11). The solutions \\.ere brought to  
2 5 . 0 f  0.1" C, and then 0.100 ml of thioacetamide solution was mixed quicldy with 3.00 ml of sodium 
hydroxide solution in a stoppered quartz cell of 1-crn light path. The absorption of the solution was measured 
in a Beckmann DU spectrophotometer against a blanlc of the same hydroxide concentration, the cell com- 
partment being maintained a t  25.Of 0.l0 C by thermospacers. IIydrolysis of thioacetamide in the more 
alkaline solutions led to  a progressive drop in absorption (cf. ref. 12); the absorption a t  the moment of 
mixing was obtained by measuring the absorption a t  different times after mixing and extrapolation. The 
reproducibility of measurements was found to  be f 1%. The concentration of sodiu~n hydroxide in the 
sample solution was determined by titration; it was shown that following the above procedure no significant 
amount of carbonate was formed. 

RESlTLTS AND DISCUSSION 

Efec t  of Ionization on  Spectrum of Thioacetamide 
The absorption spectra of thioacetamide in water (Fig. 1) and in buffer solutiolls of 

pH 9.71, 10.41, 10.73, and 11.87 are practically identical, and are evide~ltly due to the 
unionized inolecule (I). However, in solutions of more allraline pI-I the spectrum changes, 
becoming finally constant again with concentrations of sodiunl hydroxide above about 
4 M. The absorption curve for strongly alkaline solutioils (Fig. 1) must represent the 
spectrum of the conjugate base (11); the fact that all curves go through an isobestic point 
a t  250 mp supports this interpretation of the spectral changes (13)." 

2A referee has suggested that the failawe of the spectrum to change appreciably zuilh increase of sod i l l~~z  /i.ydroxide 
con cent ratio?^ above about 4 M m a y  be explai,i7ed by a leaelling off of the basicity of t f ~ e  ?~zedizl,n i n  the region 
4 M - 8  M,  so that tlzioacetanzide nzay be still inconzpletely ionized i n  8.46 M hydroxide. Whi le  this i s  a theoretical 
possibility, we consider i t  most inzprobable i n  view of the strong increase i n  basicity with increase of hydroxide 
co?zcentration from 4 M to 8 M found b y  Sckwarzenbach and Sz~lzberger (1). (Admit tedly ,  tlre extent of the 
ilzcrease i s  dependelzt on the choice of indicator, but i t  seems z~lzlikely tkat thioacetanzide shot~ld differ greatly 
from the substituted indigos.) Furtl~ermore, the good a,areenzent of spectral results i n  the more dilute kydroxide 
solutions with those expected from equations [S] and [5] indicates that l l ~ e  correct aalz~e of E ~ L -  has been rlsed ilz 

these epztations; i.e., tkat ionization i n  8.45 114 hydroxide i s  essentially colnplete. 
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N 

I I I I I I 
24 0 260 280 300 320 

WAVE LENGTH ( m A )  

FIG. 1. Ultraviolet absorption of thioacetatllide in (a) water; (b) 0.235 N sodium hydroxide; (c) 8.45 N 
s o d i u t ~ ~  hydroxide. 

Janssen (14) showed that thioacetamide in ethanol has a weak absorption peak a t  
327 mp and a strong peak a t  266 mp, which he attributed to n --t n --t a:Vransitions 
respectively of the thiocarbonyl group. As expected for such transitions (15), both pealcs 
undergo blue shifts when the solvent is changed from ethanol to water (Table I). The 

TABLE I 
Absorption pealis of thioacetamide in aqueous solution 

12 + 7r" transition n + u* transition 

Solvent Am!,s (111~) Emns Amnx ( m ~ )  6nax 

IVater 3 10 76.6 260 11,060 
Conc. s u l p h ~ ~ r i c  acid - - 237° 8,800" 
8.45 iV sodiu111 hydroxide -I, - 248 7,700 

-Reference 14. 
blnflection a t  290 rnp (cf. Fig 1). 

further blue shifts in alkaline or acid solution (Table I), which cause the n --t T* pealc t o  
be submerged in the more intense n --t pealc, are in accord with the structures I1 and 
I11 for the conjugate base and acid respectively of thioacetamide; the ionic charge in 
both cases would be expected to oppose n --t T* or n --t a* transitions, which involve the 
shift of an electron from sulphur towards carbon. As already pointed out by Janssen, the 
ultraviolet spectrum of the conjugate acid does not support the formulation IV advocated 
by Spinner (16). 
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t 

/NH- OH- /NH2 I-I+ NH? /NH3 
CHI-C CHI-C CH,-C" 

\s \s \sFi \s 
CHa-C 

Other canonical forms Other canonical fornls 

Disso~iution Constant of Thioacetamide 
The ionization ratios of thioacetamide in various strengths of alkali were computed 

from the equation 

where EHA, EA- ,  and E are the molecular extinction coefficients a t  310 or 260 mp in water, 
in 8.45 M sodium hydroxide, and in the test solution respectively. A plot of log ([A-]/ 
[HA]) against log [OH-] (Fig. 2) fits reasonably well a straight line of unit slope over the 

LOG [OH-] 

FIG. 2. Relation between hydroxide ion concentration and ioilization ratio ([A-]/[HA]) of thioacetamide, 
as  determined by measurements of ultraviolet absorption a t  260 mfi (0) and 310 ~ n f i  (A). 

range 0.01-1 M sodium hydroxide (log [OH-] of -2.0 to 0), as required by equation [3]. 
The intercept of this curve indicates pKHA = 13.4 for thioacetamide, since pK, = 14.00 
a t  25" (17, p. 481). Dissociation constants of about this order of magnitude have been 
reported for some amides (18, 19,20), although acetamide shows no appreciable ionizatioil 
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EDWARD AND WANG: IONIZATION 40'3 

in I M sodium hydroxide (21). However, i t  seems likely that thioanlides in general will 
prove inore acidic than amides (cf. hydantoiil and thiohydantoin (22)). 

Experimental H- V a k e s  of 1-6 M Sod ium Hydroxide Solz~tions 
The present work indicates that for the ionization of thioacetainide in 0.01-1 111 

sodium hydroxide, H- is given by 

H- = pRw+log [OH-]. 161 

(Previous work has shown the identity of H- with pH for less alkaline aqueous solutions 
(5, 6).) However, for sodium hydroxide coilceiltrations above 1 A4 the relationship given 
by equatioils [3] and [6] breaks down. The  H- values calculated for various conceiltrations 
of sodium hydroxide from the experimentally observed ionizatioil ratios according to 
equations [4] and [5] are given in Table 11, and shown as experimental points in Fig. 3. 

TABLE I1 
H- values for differelit molar concentrations of aqueous sodiu~n hydroxide 

[NaOH] BZGD H- 1 [NaOH] € 3 1 ~  PI- 

[ NAOH 1 

FIG. 3. Relation between molar concentration of sodiu~n hydroside arid H-. Points: esperi~nental 
values calculated from ionization ratio of thioacetainide, determined from ultraviolet absorption a t  260 rnp 
(0) and a t  310mp (A). Curves: (a )  theoretical for eq. [6]; (b) theoretical for eq. [13] with ofy-P-1 = 3.2; 
(c) Schwarzenbach and Sulzberger's experimental curve. 
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These values agree fairly well with those obtained by Schwarzenbach and Sulzberger (1) 
using substituted indigos as indicators, although the presentation by these authors of 
their results in graphical form only precludes a detailed comparison with our results. 

Calcz~lation of H- Valzles for I-G ilC Sodiz~m Hydroxide 
The H- values of 1-G M solutions of sodiuin hydroxide may be calculated by a method 

developed essentially froin that of Basconlbe and Bell (23) for calculating Ho values of 
solutions of mineral acids. We t a l e  account of the fact that the hydroxide ion, because 
of its small size and localized charge, is almost certainly more heavily hydrated than the 
usual orga~iic conjugate base A- with a charge dispersed by resonance. Consequently, 
equation [ I ]  must be replaced by 

HA + OH- F! A- + (p+l)~ ,o ,  171 

where I-ILq, OH-, and A- represent the lzydrated species, and p the difference in hydration 
n~imbers of + 01-I-) and of A-. Equation [2] must then be replaced by 

where n , ~  is the water activity of the sodiuin hydroxide solutions (24, p. 510). (For very 
dilute hydroxide solutions a ,  --t 1 and equation [8] reduces to equation [2].) From the 
definition of H- in terms of ionization ratios (equation [4]) we then obtain 

H- = + log [OH-I + logfHA + log CfoE-/flL-) - (p+l )  log a,. [91 

The possibility of using this equation to calculate the change in H- with changing 
hydroxide ion concentration depends on whether or not some estimate of the change due 
to the activity coefficient terms can be made. Uilfortunately, there is no satisfactory 
theoretical treatinent for these changes in concentrated electrolyte solutions (8; 17, 
p. 379; 24, p. 223). However, i t  is 1;nown that  for the salting out of neutral molecules 
log y (where -y is the molal activity coefficient) is generally a linear function of the ionic 
strength of the electrolyte solution (8; 17, p. 379); while the ionic strength in turn is 
related to a,. Consequently, i t  seeins lilcely that as a first approximation 

log fHA = v log a,. [lo] 

Such a relation is supported by the data shown in Fig. 4 for the molar activity coefficients 
f of the neutral molecules benzene (25), oxygen (2G), and hydrogen (26) in aqueous 
sodium hydroxide, f being obtained from solubilities and defined as unity in pure water. 
Co~nparable data for thioacetamide are not available, but it would be expected that the 
slope (v) of a sinlilar plot would be smaller than the slopes in Fig. 4, and possibly even 
of opposite sign, because of the polar character of the illolecule (8). I11 such a case the 
deviatioil from linearity might be less serious than in the plots of Fig. 4. 

I t  seeins likely that the values of log f -  for the anions of 1-1 electrolytes are also 
approximately linear functioils of log a w  over the conceiltration range (1-G M )  being 
considered, so that 

Starting with an infinitely dilute solution (log a,  = 0), an increase in electrolyte con- 
centration up to about 1 M (i.e. a decrease in log a,) leads to a decrease from unity (i.e. 
from log f h  = 0) in the inolar inean activity coefficient fh ,  due to the interionic forces 
described in the Debye-Hiickel treatment. However, further increase in coilcentration 
may lead to an increase in f=t because of the opposing effect of ion-solvent interactions 
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ISDWARD A X D  \V.-\NG 1OYIZ.ATION 

LOGa, 

FIG. 4. Variation of molar activity coefficients (f) of hydrogen ( O ) ,  oxygen ( A ) ,  ant1 b e ~ i ~ e n e  ( a )  in 
aqueous sodii~ni hydroxide with the activity of the water (all,). 

(24, p. 223). This is shown in Fig. 5 for various concentratioi~s (up to the highest for 

1 which data are available) of sodium chloride (up to G M), sodium hydroxide (up to G ?If), 

LOGa, 

FIG. 5 .  Relation between molar mean activity coefficient ( f f )  and water activity (an-) for aqueous 
solutions of s o d i ~ ~ m  chloride ( O ) ,  sodium hydroxide ( A ) ,  sodium acetate ( a ) ,  and sodium propionate (0). 

sodium acetate (up to 3.5 M), and sodium propionate (up to 3 Id). The ff values for this 
figure were computed in the usual way (24, p. 32) froin mean molal activity coefficients 
tabulated in the literature (24, p. 492) by taking account of the densities of the solutions 
(27). Water activities for various concentrations of sodiunl chloride (24, p. 476) and 
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sodium hydroxide (24, p. 510) are recorded, while those for various concentrations of 
sodiuill acetate and sodium propionate may be calculated from isopiestic data (28). I t  is 
evident from this figure that for coilcentrations of these electrolytes above about 1 M, 
log ff is an approximately linear functioil of log a,. Such a relatioilship is compatible 
with the relationship given in equation [ I l l ,  if it is assumed that activity coefficieilts of 
both anions and cations are altering in the same way with increase in total electrolyte 
concentration. 

Accepting equations [lo] and [ll], equations [8] and [9] may be transformed into 

H- = p ~ < ~ + l o g  [OI-I-]+(v+y-p-1)log a,. 1131 

A plot of (log ([A-]/[HA])-log [OH-]) against log a, for thioacetalnide in sodium 
hydroxide gives an approximately straight-line curve (Fig. 6),3 in accordance with 

FIG. G .  Relation of ionization ratio ([A-]/[HA]) and hydroside ion concentration to the water activity 
of sodium hydroside solutions. Esperimental points: ionization ratio obtained from ultraviolet absorption 
a t  260 mp (0) and a t  310 mp (A). 

equation [12]. The slope of the curve indicates v+y-p- 1 = 3.2. Using this value, the 
H- curve (6) shown in Fig. 3 has been calculated from equation [13]. The agreement 
with experimental values is reasonably satisfactory over the range of sodium hydroxide 
concentrations investigated. 

Generality of H- Scale for Sodi~im Hydroxide Solzitions 
The success of this treatnlellt raises doubts as to whether any H- scale for aqueous 

sodiuln hydroxide solutions is likely to have the generality of the Ho scale for the cornmon 
rnineral acids. The success of the latter depends on the fact that the activity coefficients 
of different neutral molecules and their conjugate acids change only slightly with change 
of acid concentration (29). Consequently, the change of Ho with acid coilcentratioil is 

3Tlze scallei of  points for the ~ ~ o s l  dilute soluIio~7s, wlzerc log a w  + 0, i s  lo be e.xpected, since the points arc 
based 072 Ilze differences belween s?izall ual~les, so that IAe eflecls o f  experinze?zlal error are wzagni$cd. 
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determined chiefly by the differing degree of hydration of H30+ and of the conjugate 
acids of the Br$nsted bases being investigated (23); it seems liltely that the failure of the 
ionization of a substailce to follow Ho can be ascribed to a degree of hydration of the 
conjugate acid differing from that of the conjugate acid of the Hammett indicator used 
to establish that portion of the Ho scale (30). However, it is known that the activity 
coefficients of neutral molecules (and probably of ions) change very greatly, and in 
individual fashion, with change of concentration of sodium hydroxide, as  shown by the 
strong but variable salting-out effects of this electrolyte (8). Additionally, it seems 
unlikely that different conjugate bases will be hydrated to the same extent. Hence i t  
seeins unlikely that ( v + y - p - 1 )  of equation [13] should be the same for compounds of 
different type. This would explain the systematic differences observed by Schwarzenbach 
and Sulzberger (1) in the ionization of substituted indigos and of glutacondialdehyde 
dianils, while the similarity in the H- scales established with thioacetamide and with 
substituted indigos would appear to be a chance coincidence. Obviously, a study of the 
ionization in sodium hydroxide of many widely varied indicators would be desirable. 
The success of the H- scale in aqueous solutions of hydrazine (5) and organic bases 
(6, 7) with inany different types of indicators may be ascribed to the weakly ionic nature 
of these bases, which causes them to have only minor salting-out effects. 
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ON ELECTRODEPOSITED THALLIC OXIDE 
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ABSTRACT 

Thallium oxide, electrolytically deposited a t  the anode, has a defective oxide structure 
and the thallium (I) content is about 1% by weight. The conductivity of the oxide is (1.54k 
0.04)X103 ohm-1 cm-I and the conductivity is of the n-type. The oxide contains variable 
amounts of water, which it  retains very tenaciously. 

The composition of thallium oxide formed on a platium anode by oxidation of aqueous 
thallium (I) solutions has been the subject of Inany research papers and a few names 
from an  extensive literature will be mentioned. Gallo and Ceuni (I)  reported the formation 
of T I 2 0 6  and Tzentnershver and Trebaczliiewicz (2) asserted tha t  the oxide was Tlp04. 
Skanavi-Grigor'eva and Starovera (3) found the oxide to contain substantial amounts 
of anions. This report deals with the composition and with solne properties of the oxide. 

Thallium oxide may be plated on the anode from a solution buifered to pH 9.5 by an  
NH4N03-NH40H buffer and containing silver ion as a cathodic depolarizer. The  electro- 
chemical reactions occur with 100% current efficiencies (4) so tha t  the weight of silver 
deposited affords a very precise measure of the electrochen~ical equivalent weight of the 
oxide. The  equivalent weight based on the formula T I 2 0 3  is 114.2 but the experimental 
value varies from 116.1 to  116.8, with a mean value of about 116.3 for electrolysis con- 
ducted a t  room temperature and a t  a current density of 0.03 amp/cin2. The deposit is 
jet-black and i t  is very adherent. The san~ples were dried for 20 minutes a t  110' C ;  
drying for prolonged periods of time yielded the same results as were obtained by drying 
for 20 minutes. 

We have found that the oxide contains an appreciable quantity of thalliuin (I). The  
oxide dissolves readily in cold dilute solutions of hydrochloric acid by virtue of the high 
stability of the chloride con~plex of thallium (111). As the oxide dissolves, one may see 
on the electrode, traces of the bright yellow salt which one obtains on mixing solutions 
of thallium (I) chloride with thallium (111) chloride. The dissolved oxide may be analyzed 
for thallium (I) coulometrically with electrogenerated chlorine (5) and with the detection 
of the end point amperometrically. The possibility existed tha t  the thallium (I) could 
have been formed in the process of solution by a redox reaction between thallium (111) 
and chloride. This point was checked by titrating with EDTA, a t  pH 5 ,  with xylenol 
orange as indicator, the solution which had been used in the coulometric titration. The  
amount of thallium (111) calculated from the weight of silver and from the couloinetric 
measurement checked beautifully with tha t  calculated from the EDTA titration. Repre- 
sentative data  are given in Table I. 

The  first column shows the weight of oxide and the second shows the nuinber of micro- 
faradays based on the weight of the cathode deposit. If we divide the nuinber in the first 
column by the number of faradays we obtain the electrochemical equivalent. The  fourth 
column indicates the volume of 0.1 M EDTA calculated from one-half of the total 
number of microfaradays. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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FOLEY: ELECTRODEPOSITED TI-IALLIC OSIDIi  

TABLE I 
Thalliu~n (I) and (111) in oxide 

EDTA ( ~ n l )  
Oxide Silver From coulolneter -- 

(grams) (microfaradays) (microfaradays) Calc. h/Ieas. 

The microfaradays for thallium (I) varied from run to  run, but  the average of 30 runs 
a lum was 1.33% of the total number of microfaradays. There was a possibility that  the th 11' 

was present as thallium (11) rather than thallium (I) and that  the latter was formed by 
dismutation of thallium (11) during the process of solution. A powdered sample was 
tested for paramagnetism by suspending in a magnetic field of 4.3 kilogauss, with a silk 
thread, a tiny capillary containing the oxide. The capillary lined up smartly a t  right 
angles to the field and thus displayed its diamagnetic character and showed the absence 
of thallium (11). 

In an effort to show that the thallium (I) was not present in the compound as a result 
of adsorption, some electrolyses were performed a t  temperatures of 25", 50°, and 75" C 
and also a t  current densities as low as 2X10-4 amp/cm2. In all cases the thallium (I) 
content was independent of the current density and the temperature. At the highest 
temperature the weight of oxide based on the sum of the thallium (I) oxide and the 
thallium (111) oxide was much closer to  the actual weight of the oxide than was true of 
an electrolysis carried out a t  room temperature. As will be shown later, this means tha t  
the water content of oxide sanlples prepared a t  75" C and a t  low current densities was 
lower than the water content of oxide samples prepared a t  lower temperatures. 

The conductivity of the oxide was next measured. A platinum anode 0.25 mm thick 
and 50 cm2 in area was polished to a nlirror finish and i t  was then plated with oxide a t  a 
current density of GX10-4 a ~ n p / c r n ~  until i t  was about 2.5 nlrn thicli. The sample was 
dried for an hour a t  110" C and, after cooling, i t  was given a heavy coating of collodian. 
The deposit was cut  carefully with a razor blade near the perimeter of the electrode so 
that the main sheet of oxide could be removed readily from the platinum. The side which 
had been adjacent to  the platinurn had a metallic luster. Fairly large areas of the oxide 
would be free fro111 cracks and such sections were removed and glued to glass slides with 
plastic cement. A blocli. of this oxide was now cut  to  uniform size with a razor blade and 
was prepared for the conductivity measurement. 

The four-terminal method was used to measure the conductivity. Since a pressure-laden 
contact would fracture the specimen, silver paint, such as is used to make printed circuits, 
was used to make the contacts. The current leads were made from No. 22 copper wire, 
whose ends were flattened by hammering, and they were painted to the ends of the 
oxide block with the silver paint. The  potential leads were made from No. 44 copper wire, 
which was fastened to  the oxide with silver paint tha t  was applied through a narrow 
stencil. The current leads were connected to a regulated high-voltage supply through a 
50,000-ohm resistor in order that a constant current would be had even though there 
might be minor changes in the contact resistances. In series also with these was a precision 
resistor across which was placed an  L and N Type K2 potentiometer to provide a means 
of measuring the current. The potential leads were attached to a Keithly Model GlOA 
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electrometer and, since no current was flowing, the contact resistance of the potential 
leads played no significant role. From the formula 

conductivity = LIRA, 

where I is the length, R the resistailce in ohms, and A the cross-sectional area in cm2, 
the conductivity of the oside was found to be (1.54f  0.04) X loY ohm-' cm-l. This order 
of magnitude is typical of a semiconductor. 

The question of whether the defective oxide was a fi or an n-type was answered by 
measurement of the sign of the Hall coefficient. A slab of oxide was prepared for such a 
measurement by attaching current leads as before and by spotting on it three Hall probes 
(two 011 one side and one on the opposite side) of No. 40 wire. The two probes 011 one 
side were centered electrically by means of a potentiometer while current was flowing. 
The specimen was placed in a magnetic field of 11.3 kilogauss. The magnetic field, acting 
on the current-bearing slab, gave rise to a transverse potential gradient, known as the 
Hall e.m.f. and a n~easurement of the sign of the Hall e.1n.f. agreed with the conclusion 
that the conductivity was of the n-type. Apparently the oxide has a defective oxide 
lattice. The X-ray studies of Scatturin and Torrati (6) on the oxide of thalliuill prepared 
by oxidizing thallium sulphate with hydrogen peroxide suggested that their oxide had 
a defective oside structure also. 

A consideration of the data  of Table I will show that the sum of the weights of thallium 
(111) oxide and thalliuin (I) oxide does not account for the electrochemical equivalent 
weight. Peltier and Duval (7) have found from a thermogravimetric study that the 
thalliuill oxide prepared by chemical means is distinctly different from that prepared by 
electrolytic means: the electrolytic oxide retains water very tenaciously and its pyrolysis 
curve beyond 677" C differs greatly from tha t  of the other oxide. 

In a stud). of the effect of temperature on the stability of thallium (111) oxide, saillples 
of oxide were heated for a half hour a t  190" under a pressure of 5 microns and these 
samples were sealed off and placed in a furnace a t  300" C for several hours. When cooled, 
the ampules had droplets of water clinging to their inner walls. Samples of thallium oxide, 
which had been powdered and dried a t  110" C, were heated in a tube furnace in a current 
of oxygen to minimize decoinposition of the oxide-sesquioxide. In this way i t  has been 
possible to account quantitatively for the equivalent weight of the oxide. A typical 
result is given in Table 11. 

TABLE I1  
Analysis of thallium oxide 

Equivalent weight of oxide 116.55 
LLs7t. of TI203 based on fornlula 114.22 
Loss of water on heating to 340' C 0.81 
Wt. of T1?0 1.48 

Total 116.5, 

The oxide which had been dried for 1 hour a t  3-40' C was analyzed for thalliuin (I) 
and it was found that,  despite the atmosphere of oxygen, the thallium (I) content had 
increased to 1.95y0. When this value of the thallium (I) oxide was added to 98.05y0, the 
corrected value of the thallium (111) oxide, there was perfect accounting for everything 
in the moisture-free oxide. If the oside is heated to 340" C in the air, the thallium (I) 
content is increased to a much higher value. The tendency of the oxide to decompose 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



FOLEY: ELECTRODEPOSITED THhLLIC OXIDE 411 

when it is heated to render it anhydrous has been responsible for the confusion in the 
literature on the composition of the oxide. 

How is the water retained by the oxide that is heated to constant weight a t  110" C? 
The water seems to have its usual specific volume because the density of the electro- 
deposited oside varies froin 9.720 to 9.775 and these values have been determined by the 
buoyancy method and also by the pyonoineter method. Thus the ineasured density of 
9.730 for a sample of oxide whose equivalent weight was 116.2 agrees well with a value 
calculated on the assumption that the deposit is made up of thallium oxide with an  
X-ray density of 10.38 and of water present to the extent of 0.72y0. An X-ray investi- 
gation of the oside, using filtered copper radiation and large powder cameras, showed 
that the oxide dried a t  110" C gave a pattern ineasured with a diffractometer identical 
with that of a sample which had been dried a t  340" C in a current of oxygen. These 
findings do not invalidate the view that the water present in the oxide dried a t  110" C 
is not in the crystal lattice. The powder pattern agreed allnost perfectly with that reported 
by Sn~anson and Fuyat (8), who show that the crystal is cubic with space group 1213, 
having 16 i~lolecules to the unit cell. I t  inight be inentioned here that a powder X-ray 
pattern was obtained for thallium oxide formed a t  the anode in the presence of ammonium 
fluoride and it showed that  the lattice constants for this oxide, which contains fluoride, 
are distinctly different froin those obtained for thallium oxide. The replaceinent of fluoride 
for oxygen in the lattice likely caused serious distortion of the crystal. Had the water 
been incorporated in the crystal it is likely that it would also have caused a change in the 
lattice constants. 

If the water was mechanically trapped or occluded in the crystal lattice, one would 
expect to find traces of silver in the solution forined on dissolving the oxide: none was 
found. If the water was mechanically trapped, one would expect that  freezing the sample 
would cause a change in the forces of attachment so that the water could then be reinoved 
readily on heating. A sample of oxide which had been dried a t  110" C was immersed in 
liquid nitrogen for an hour. The electrode was then heated to 110" C for an hour and then 
was reweighed. There was no decrease in the weight of the oxide. This suggests that the 
water is not occluded. 

I t  has been found in this laboratory that when the oxide is plated with the potential 
of the anode controlled by a potentiostat the plot of the logarithill of the current against 
the time did not give a straight line. According to Lingane (9) such a plot should yield a 
straight line when the electrode reaction occurs a t  100yo efficiency and when the rate 
of the reaction is controlled by the diffusion of the electroreactive species to the surface 
of the electrode. This suggests that the oxidation reaction is complex. Workers in liinetics 
of reactions, for example Vetter and Thiemke ( lo) ,  have postulated the existence of TI (11) 
as an interinediate in the oxidation of T1 (I). Perhaps the source of the defect structure 
of the oxide might be similarly explained. 

The author acknowledges with gratitude the technical assistance of iVIiss J. M. Osyany 
in 111aliing the coilductivity measurements, and also the financial assistance of the Defence 
Research Board in inaking this work possible with Grant No. 9510-12. 
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ELECTRON PARAMAGNETIC RESONANCE STUDIES ON FREE RADICALS 
PRODUCED BY T@-PARTICLES IN FROZEN Hz0 AND D20 MEDIA AT 

LIQUID NITROGEN TEMPERATURE 
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ABSTRACT 

Samples of 1-120 and DzO and solutions of I-1~02, HClO4, HF ,  etc., in light and heavy 
water, were tritiated with TcO to activities of frorn 0.1 to 1 c/ml. 

The paramagnetic resonance spectra recorded a t  liquid nitrogen te~nperature and inter- 
preted as  representing I I (D)  atoms and OH(OD), EIOe(DO?) free radicals were compared with 
those induced under analogous conditions by Corn -,-rays. 

Thc loner radical yields observed in the present worl: have been ascribed to the difference 
in linear energy transfer bet\veen Tp-particles and more penetrating radiations. 

INrrRODUCT1OK 

As reported previously in several coillrnunications (1-3), the tritium technique of 
inducing electron paramagnetic resonance (EPR) spectra a t  low teinperatures has several 
advantages. First of all, even for high doses of radiation (of the order of 1021 ev/inl) no 
spectral bacl~ground due to irradiated glass or quartz (of the samples tubes) is produced. 
Secondly, the method may be used fairly ulliversaIly in EPR studies of various systems, 
iilcluding organic materials not miscible with water (3). Lastly, the high density of 
ionization of Tp particles allows one to exanline the effects of linear energy transfer (LET) 
011 the for~nation and trapping of free radicals. 

The present work was undertaken to provide quantitative informatioil on the produc- 
tion of radicals in tritiated H 2 0  and DzO ice, as well as in solne tritiated Hz0 and D20 
solutions. 

ESPERIhIENT21L 
dfalerials 

Double-distilled Ii?O, or DsO (99.8% purity), was refluxed for several hours ilnmediately before using, 
in a closed-circuit Pyrex apparatus, pro\.ided with a column 30 cm long and packed with glass Fenske 
helices. A11 materials present in the solutions (HC104, I-IF, I-I?O?, etc.) \Irere of analytical grade and were 
used \vithout further purification. i\ solution of T?O, with an  activity of 5 c/ml, provided by iVIercl; and 
Co. Lid., \\.as used for tritiation of the samples. 

Preparalio?t of tlze Sc~~iiples  
The required activity of the sample was obtained by micropipetting and mixing the calculated volumes 

of TnO solution and the experimental material directly in the sample t ~ ~ b e .  The tubes, Pyrex or quartz, 
\\,ere 4 mm in outside diameter and approxilnately 22 cm long. Some solutions vrere degassed by using the 
freeze-pump-tha\\- technique. This procedure \vas carried out in a small bulb, about 1 cm in diameter, 
b1on.n onto the end of the sample t ~ ~ b e .  

Irradiation u~zd  Recording of the Spectra 
The samples were kept in liquid nitrogen over the \\.holc period of the experiment, in some cases u p  to  

4 X lo3 hours. 
1\11 electron spin resonance spectra were dra\vn with a Varian Associates V 4500 E P R  spectrometer, 

equipped with an S band micro\vave bridge. The tip of a quartz Dewar flasli containing the sample was 
inserted into the resonant cavity. ,A 6-inch Varian magnet system was used. The magnetic field modulation 
amplitude (frequency of 200 cycles/sec) was chosen for maximum signal strength a t  optimum resolution. 
The spectra are essentially "first derivative" curves. 

'Lods, w. Zwirki  36, Politeclznika, Poland. 

Canadian Journal of Chemistry. Volurne 40 (1962) 
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The magnetic field sweep in the region of g = 2.00 was calibrated by drawing spectra for the scini-qiiinone 
ion. &Iicrocrystalline a,a-diphenyl-8-picrylhydrazyl (DPPH) mas included with a sa~iiple \\-hen it was 
desired to  mark the position of the DPPH peak on a spectrum. 

Estimates of the quantity of spills in the sainples were simplified by using the same size of tubing for all 
sainples and by using sufficient material in the tubing to  occupy fully the active region of the cnvit),. \Yhen 
the shape and width of spectra were identical, the heights of i nax i i~~a  on the curves were used for coniparisons 
of relative numbers of spins. If shape and width differences were apparent, double integrationsof the spectral 
curves were used when comparing relative concentrations. Estimates of absolute quantities of "spins" 
were obtained through indirect comparisons of the spectra of the samples and the spectra of frcshly prepared 
solutions of DPPH,  of lcnown concentration, in benzene. Spectra which were coinpared for quantitative 
inforil~ation were drawn under identical operating conditions and conditions for \vhich power-saturation 
effects were absent. Indirect coniparisons of the DPPI-I solutions and the samples \yere made through the 
use of the ga~nilla-irradiated barium salt of dichloroacetic acid or a dispersion of charcoal in lactose. This 
technique was used because the DPPH solutions were found to  be unstable, because the width of their spectra 
narrows greatly a t  liquid nitrogel1 temperatures, and because the homogeneity of the frozen "solution" is 
questionable. 

The accuracies of estimates of relative "spin" conceiitrations are probably of the order of a feiv per cent. 
The estimates of absolute values of "spin" concentrations involve various ~~ncertainties.  The d u e s  obtained 
in this work appear to be reasonable and are considered to be well within 50% of the true values. 

Warming Experiments 
The thermal stability of the free radicals was examined in the following manner. The sample \\-as placed 

in a hole 2 cm deep and 5.5 mm in diameter drilled along the axis in the upper end of a brass rod 30 cm 
long and 2.5 c n ~  in diameter. The lower part of this rod was immersed in liquid nitrogen, and the temperature 
of the sample was regulated by the depth of the immersion. Two iron-constantin thermocouples, located 
near the sample, \Irere used for recording the temperature. The measuring systein was calibrated with 
several "freezing systems", and it allowed one to read the temperature to  within 2 to  3 degrees. 

The warming of the sample and recording of the spectruin, the latter always a t  liquid nitrogel1 temperature, 
were performed alternately. During the warming of a sample the temperature was raised froin - I N 0  C 
(liquid nitrogen temperature) to  a required value in a period of about 8-10 minutes. This time \\-as kept 
approximately constant by controlling the distance between the upper end of the brass rod and the level of 
the liquid nitrogen in which the lower end was immersed. 

Hz Analysis  
The production of molecular hydrogen in the tritiated samples \\-as examined by a gas chroinatography 

method. After the sainples were degassed and sealed up in the break-seal containers, they \\ere kept in 
liquid nitrogen until the required dose of radiation was absorbed. Then, after the sample \\-as thawed, 
the evolved gas was introduced, using helium as  a carrier, into the gas chromatography system. The chro- 
matograph was equipped with a silica gel colulnn, and it operated a t  room temperature. 

The systein was calibrated with hydrogen produced in degassed water by CoGO ?-rays applied in doses 
varying from 4.8X1018 to  2X10lQ ev/ml. In plotting the calibration curve (recorded signal vs. a~noun t  of 
H?) the value of G(I32) = 0.45 (4) for ?-irradiated water was used. 

RESULTS 

Irradiation of H20 and D 2 0  Ice 
The EPR spectra of degassed, tritiated H20, D20, and H20+D20 ice are shown in 

Fig. IA, IB,  and IC,  respectively. The location of spectra in the magnetic field ismarked 
by a vertical line indicating the position of the center of the D P P H  spectruul. In all 
diagrams, the magnetic field increases to the right. 

The spectra in Fig. 1A and 1B have been interpreted (see discussion) as representing 
OH and OD radicals, respectively. 

The spectrum of OH radicals (IA) consists of a doublet with a separation of about 40 
gauss and g = 2.01. O D  radicals (IB) are represented by  a triplet with approximately 
the same g and separation of 6 gauss between neighboring lines. 

The spectrum in Fig. 1C is tha t  of the sample containing D 2 0  and H 2 0  in the volu- 
metric ratio 4:l. The central OD triplet is located between two peaks ascribed to the OH 
doublet. The latter is just noticeable in the spectrum of Fig. IB,  since the amount of 
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KROH ET AL.: EPR STUDIES 

FIG. 1. EPR spectra of tritiated H?O (A), D 2 0  (B), and H 2 0 + D 2 0  (C) ice. 

Hz0 unavoidably introduced into the sample with TzO does not exceed, in this case, 2%. 
The concentration of OH and OD radicals, as measured in the samples irradiated a t  a 

dose rate of 7.6X1017 ev/ml hr, are plotted against the total absorbed dose in Fig. 2. 

TOTAL DOSE ev/rnI x loz0 
FIG. 2. Formation of OH (0) and OD (0)  radicals in tritiated H20 and D?O ice. 
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Both types of radicals seein to reach their stationary concentrations a t  a level of about 
1.3 X 10ls spins/inl. 

T o  examine the dose-rate dependence a t  the initial radical yields, several samples 
were tritiated to lower activity and irradiated a t  a dose rate of 1017 ev/ml lzr. The  initial 
stage of the forinatioii of OH radicals in one such sanzple is shown in Fig. 3, curve 1. 

FIG. 3. Forlilatioll of 013 radicals, as  deter~nined immediately after tritiation (1) and after melting and 
refreezing the sample (2). 

Soiue of the sanlples were thawed, frozen in liquid nitrogen, irradiated, and examined 
again. I t  was found that  such procedure results in increased radical yields. This may be 
seen in Fig. 3, where curve 2 represents the forination of 01-1 radicals in the thawed 
and refrozen sample. 

The yields of 01-1 and OD radicals, as found under various experinzental conditions, 
are as follows: 

TABLE I 
Radical yields in Hz0 and DeO Ice (G values) 

013 radical OD radical 

Immediately After Immediately After 
Dose rate after second after second 
(ev/ml hr) tritiatioll freezing tritiation freezing 

7.85X101G - - 0.36 0.50 
8.95 X 10lG 0.32 0.85 - - 
7 .  GX1Oli 0.32 - 0.45 - 

In the 1-120 ice samples an interesting orientation effect was observed. Both the height 
of the 01-1 doublet and its shape were found to  depend on the position of the sample in 
the cavity. Turiliilg the sample around its vertical axis changed the height of the OH 
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pealcs. This passed through four successive maxima in a 360" rotation. Seighboring 
nlaxiina were spaced approximately 90" apart. Moreover, of the two pairs of "opposite" 
maxima, spaced 180" apart, one was particularly pronounced. Effects on spectra of 
orielltation with respect to the magnetic field for irradiated single ice crystals were 
reported by Mch~Iillan, i\/latheson, and Sinaller ( 5 )  and by Livingston, Zeldes, and Taylor 
(6). I t  appears probable that a net crystallite alignment in our samples was responsible 
for the observed orientation effects. To ensure reproducibility, all 01-1 spectra are recorded 
with the sample placed in its L'~naximum" position. A silnilar but less nlarlred effect 
existed in the D 2 0  ice. 

On warming of the sample, both 01-1 and OD radicals seen1 to disappear in the same 
tenlperature range. As shown in Fig. 4, a rapid drop in the co~lcentration of radicals 

TEMP. " C  

FIG. 4. Thermal decay curves of OH (0) and O D  (9) radicals in H?O and D2O ice. The concentration 
(C) of free radicals is given in relative units. 

occurs between -160 and -150" C. The wealc EPR signal left after re~noval of 01-1 
radicals, i.e., a t  about -140" C, is shown in Fig. 5A. The concentration of the radical 

FIG. 5 .  EI'R spectra of tritiated H20 ice warmed from liquid nitrogen temperature to  about - 140" C 
(A) and tritiated H202 a t  -196" C (B). 
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represented by this spectruin for the sample with activity 1 c/ml irradiated with a total 
dose of 1.4X loz1 ev/ml ainounts to about 5% of the initial (before warming) concentra- 
tion of OF1 radicals. The analogous spectruin recorded a t  -140" C for DzO ice was 
foulld to be much less intense. 

In order to determine the nature of the radicals surviving in warmed I-120 ice, a 20y0 
aqueous solution of 1-1202 was tritiated to the activity 0.33 c/ml, degassed, and frozen 
in liquid nitrogen. The E P R  spectrum of the radicals fornled under these conditions is 
shou~n it1 Fig. 5B. The radical is formed with a very high yield, G = 4, and its concentra- 
tion increases linearly with the time of irradiation up to doses of the order of lo2' ev/inl 
(see Discussion). 

S o  I-I(D) atoms were found in tritiated HzO(D20) ice even in the samples subjected 
to large closes of the order of 1021 ev/inl. 

Irrai l iat iol~ 01 .4cidi$ed a n d  A l k a l i n e  Hz0 a n d  D20 
Guided by the experinlents of Livingston and Weinberger, several tritiated samples 

of 11C104+I-120 (I) and HCl04+HzO+D20 (11) mixtures were examined. In both 
types (I and 11) of samples the activity was 0.5 c/ml, equivalent to the dose rate of 
3.S X 1017 ev/ml hr. 

In samples I the molar ratio of HClOr was 1:7, whereas in samples 11 the nlolar ratio 
F I C 1 0 4 : ~ I ~ O : D ~ 0  was 1:3:4. Thus, in samples I1 the total numbers of H and D atoms 
were approxi~nately equal. In all sainples containing perchloric acid, H and D "atoms" 
were readily produced. The  E P R  spectra showed also the presence of other paramagnetic 
species, represented by absorption in the g = 2 region. 

This "central" part of the spectrum could be almost con~pletely eliminated by recording 
a t  the very low power necessary for the prevention of the saturation of the H and D lines. 
In contrast to this, by using high inicrolvave power, the central spectruin was enhanced, 
whereas 1-1 and D signals were found to be strongly saturated and weakened. 

Tlle relative heights of the three deuterium lines changed extensively when the micro- 
wave power was altered a t  saturation levels. The  "true" height of the center line is 
uncertain a t  higher-power levels, due to admixture with other absorption ill the g = 2.00 
region. I t  appears a t  these powers to be equal in height to or slightly shorter than the 
low-field deuterium line. The ratio of the peak height of the low-field line to  the peak 
height of the high-field line changed from more than 5 to 1 as the microwave power 
was decreased. Jells, Foner, Cochran, and Bowers (8) reported the center line higher 
than either the low- or high-field line for condensed discharge products in deuteriuin 
a t  4" I<. 

The low-field hydrogen line was slightly higher than the high-field line under power- 
saturatioil conditions. This difference reversed a t  lower ~llicrowave powers. The deu- 
teriuin appears to show saturation effects more readily than the hydrogen. 

The low-power spectru~n of sample I1 is shown in Fig. 6. The  spectrum consists of 
two hydrogen lines with separation of about 500 gauss and three D lines with separation 
of about 80 gauss. 

Satellites were observed on both the H and D lines a t  microwave-power-saturation 
levels and in the earlier stages of the irradiations. They were not observecl in the later 
stages. Zeldes, Livingston, and co-worlters have reported satellites in similar systems 
(6, 9, 10). 

Figure '7 shows the coilcentrations of H atoms in sainple I (curve 1) and H and D 
atoms in sainple I1 (curves 2 and 3) as plotted against the total dose of radiation. 
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FIG. 6. "Low-power" EPR spectriunn of tritiated I-IC~O~+IIZO+D?O tnixture a t  liquid nitrogen 
temperature. The spectrum consists of two II and three D lines. 

T O T A L  DOSE x 

I;IG. 7. 170rmation of stabilized atomic hydrogr~i and deuterium i n  IIClO, solutions. Curve 1 sho\vs 
hydrogen production in sample I (HCIOd+HzO). Curve 2 shows the hydrogen productioll ill sa~nple I1 
(I-IC101+E~sO+D?O). Curve 3 shows the production of atomic deuteri~un in sample 11. Curve 4 shows 
the formation of I-I atoms in sample I ,  as  caIcillatecl on the basis of line height. The difference between thc 
results of integration and determining line heights may be seen by comparing clirve 1 and -1. 

The initial yield rate of 1-1 radicals in sainple I is G(1-I) = 1, and the saturation con- 
centration of I-I atonls is of the order of 1019 spins/ml. In sample I1 the initial yield 
rates were G(I-I) = G(D) = 0.5, but the conceiltratioil of I-I atoins seems to increase 
faster than that of D atoms. 

The width of the 1-1 and D lines increases noticeably with concei~tration, especially 
when the latter approaches the stationary level. This can be seen in Fig. 8, showing 1-1 
lines corresponding to two different concentrations. Line-width changes with increased 
radiation dosage have been reported by Livingston and co-worlters (6, 7). Thus, an esti- 
mate of H coilcentration based on the line height would be misleading. This is demo11- 
strated in Fig. 7, in which the brolreil curve 4 represents the "concentrations" of I-I 
atoms in sample I ,  as calculated froin the line heights. 

The central "high-power" spectra of saillples I and I1 are shown in Fig. SA and 9B, 
respectively. The spectruin of the tritiated HC104+I-120 + D 2 0  mixture (sample I I )  
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FIG. 8. Two hydrogen lines recorded for I-ICIOI+I-I?O sample after the dosage of (iX1O''O ev/mI (broken) 
and 14.5X1020 ev/ml (continuous). 

FIG. 9. "I-Iigh-power" EPR spectra of HCIOI+I-120 (11) and I-ICIOI+I-I?O+D?O (B) simple;. Spec- 
trum (B) changes into (C) after subjecting the sample to large doses of radiation. 

changes its shape in the course of irradiation. This call be seen by conlparing spectra 
9B and 9C, induced by low and high doses of radiation, respectively. 

On warming sanlple 11, the concentratio~l of H and D a to~ns  falls, as shown in Fig. 10. 
Curves denoted by "01-1" and "ODfD" were determined by exalllining the decrease 
of the high-field peak in spectrum 9A and peak 4 in spectru~n 913, respectively. 

At about - 150" C a new spectrum appears in both samples I and 11. The brolcen 
curve in Fig. 10 represents the increase in intensity of this new, unidentified spectrum 
with temperature. Anlong the other inenlbers of this series, the sin~plest spectru~ll in the 
central, g = 2 region was obtained by irradiatio~l of hydrofluoric acid (Fig. 11). On 
warming the acid, this spectrunl disappears in a temperature range very close to that 
of the disappearance of "OI-I" radicals in I-ICI04 sanlples (Fig. lo), but the defornlation 
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TEMP, "C 

FIG. 10. Therlnal decay curves of free radicals produced in tritiated HClOd salllples: OH ( O ) ,  OD+D 
(A) ,  D (a), H (0). l'he brolcen curve represents the formation of a new radical, appearing on warming. 

FIG. 11. High-power EPIC spectrulll of tritiated I-IF sample. 

of the spectrum and the production of new species occurs to a nluch less extent than in 
perchloric acid. I-Iowever, the for~nation of stable I-I atonls a t  -196" C is much lower 
in the I-IF nlediunl than in I-IClO4. In l6Y0 IHF, tritiated to 0.33 c/ml, the initial hydrogen 
yield was found to be 0.06. NIoreover, the co~~centration of 1-1 atoins reaches the stationary 
state a t  about 2x10" spins/ml, a much lower concentration than that found for I-IC104. 

In other acidified and alkaline solutions which were examined, the concentration of 
atomic hydrogen was even lower. In 24% joIC1 solution, tritiated to 0.33 c/ml, H lines, 
though easily detectable, could not be used for any reliable quantitative measurements. 
In concentrated 10 M NaOI-I solution with the same activity, atomic hydrogen was 
produced with slightly higher yield, though still lower by one order of magnitude than 
in I-IF. Following the last observation, diluted (0.1 M) and concentrated (5 M) aqueous 
solutions of LiOI-I, NaOH, KOH, and Ba(O1-I)2 were irradiated a t  liquid nitrogen tem- 
perature with CoGO y-rays. In all concentrated solutions, snlall quantities of hydrogen 
were found. The nlost favorable conditions for the production of I-I atonls seem to exist 
in NaOI-I solutions. 
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Most of the tritiated materials became strongly colored in the course of irradiation. 
HC104 solutions acquired yellowish coloring; HCl, bright green; NaOI-I, dark blue. 

Product ion of llioleczilar Hydrogen  
Tritiated samples of water and 35% HC104, each 10 ml in volume, were degassed aiid 

frozen in liquid nitrogen. After they had absorbed the total dose of 2.55 X lo1* ev,/ml a t  a 
dose rate of 1.52X10l6 ev/inl hr, the sanlples were thawed and exalrliiled chromato- 
graphically. The whole analytical procedure was carried out under exactly the sanle 
conditions as in the calibration experiments, with ?-irradiated samples. The yields of 
illolecular hydrogen in ice and frozen I-IC104 solution were found to have G values of 
0.1 and 0.31, respectively. 

In the identical H2O and HC104 sanlples irradiated a t  room temperature to the total 
dose of 1.96 X 101%v/inl, the respective yields in water and perchloric acid liad G values 
of 0.59 and 0.30. 

DISCUSSION 

The EPR spectra of tritiated 1-120 and DzO ice (Fig. I ,  A and B) have been assumed 
to represent OH and OD radicals, respectively. Such an interpretation seenied to be sup- 
ported by recent reports of other authors. The EPR spectra found for CoG0 y-irradiated 
ice by Siegel (12) and his colleagues, and ascribed by them to OH and OD radicals, are 
identical with those reported here." Very similar spectra were found by Piette ct a l .  (13) 
for ice irradiated by fast electrons, and by 14cMillan el al .  (5) for y-irradiated single 
crystals of ice. 

Results of ultraviolet irradiations of dilute 1-1202 solutions a t  liquid nitrogen tempera- 
ture, reported by us (11) recently, also support the above interpretation. The E P R  
spectrunl recorded a t  liquid nitrogen temperature after prolonged ultraviolet irradiation 
of lop3 to lo-? iM Hz02 becomes identical with that in Fig. 1, A. Photolysis of H 2 0 2  
iilost likely results only in OH formation, and in the dilute mediuin ail>- secondary 
processes are of low probability. 

The increase in radical yields after melting and refreezing (Table I and Fig. 3) is of 
considerable interest. Melting of the tritiated Hz0 ice results in OH recombination and 
production of small quantities of H202. The concentration of the latter may be calculated 
from the specific activity of the sample and the duration of the experiment; in the case of 
the sanlples referred to in Table I as "after second freezing", this is of the order of 10-3 ill. 
I t  is difficult to  malie any quantitative estimate of the probable effect of this ainount of 
H202 on OH yield since, as indicated in ref. 11, the yield of OH on irradiation of HzOr 
is strongly dependent on the H202 concentration. I-Iowever, it has been pointed out (11) 
that  the yield of HO2 radicals in Hz02 is greater than that  of OH radicals in ice by a 
factor of about 10, leading toGHO, in I-I202 of about 4. If HO2 is formed by OH + H 2 0 2  + 
HO2 + HzO, it follows that  the initial GOH in 14202 solutions must also be about 4. Thus, a 
small percentage of H202, say 1%, could give a 10% increase in OH yield, and i t  is 
therefore not unreasonable to attribute a good fraction of the observed 25% or so increase 
to Hz02 produced in the irradiation prior to thawing and refreezing. 

The spectrum in Fig. 5A, left after warming 1-120 ice to about -140" C,  is thought 
to represent the HOz radical. The  spectrum is very similar to that obtained by irradiation 

*Our attention has been drawn to a very recent paper by  Flozrrnoy and Siegel (given at the Inter~zatzo~zal Free 
Radical Synzposizrnz i n  Uppsala i n  J z ~ n e  1961) in which radical formation i n  fritiz~m-enriched ice is reported. 
They give a czrrve for OH bzrildup sinzilar to ours and then proceed to discz~ss the rate of disappeara~zce of OH 
at 100" K. 
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of concentrated H202, both with Tp-particles (Fig. 5 ,  B) and ultraviolet rays. In con- 
centrated hydrogen peroxide most of the OH radicals are thought to be scavenged in 
the reaction OI-I + I 3 2 0 2  + H2O + HOz, resulting in the formation of 1-10? radicals. The 
thermal stability of the radical represented by spectrum 5A is the same as the stability 
of radicals produced in concentrated HaOz. 

Of particular interest is the conlparison of radical yields for various types of radiation. 
The corrected (14) value of G(0I-I) reported by Siege1 and colleagues (12) for y-irradiated 
ice is about 0.6. The  values for tritiated ice, given in the first column of Table I ,  are 
lower almost by half. An analogous situation occurs in the production of atomic hydrogen 
in HClOl solutions. 

Several experiments were carried out in order to compare directly the yields of stabilized 
atomic hydrogen for Co60 y-rays (G(H),) and Tp-particles (G(I-I)p). Tritiated I-ICIO4 
samples, used previously for the determination of G(H)B were melted, refrozen in liquid 
nitrogen, irradiated by Co60 y-rays a t  a dose rate of 4.8X1018 ev/ml hr, and tllen inl- 
mediately subjected to E P R  examination. Under such conditions, atomic hydrogen mas 
mainly produced by y-radiolysis, the dose rate for y-rays being more than one order of 
magnitude higher than that for TP-particles. However, the results G(I-I),+J were corrected 
by subtracting the small contribution of Tp-particles. The value of G(II), in sample I 
was found to be very close to 2, in good agreement with the value of about '3.1 reported 
by Livingston and Weinberger for I-IC104 (0.125 lnole fraction). I-Ience, by reference to 
Table I1 the ratio G(I-I),/G(H)p may be assumed to be about 2. 

The above differences between TP- and y-radiolysis are most lilcely due to the higher 
LET of Tp-particles, resulting in greater density of radicals and eventually in a larger 
fractioil of radicals undergoing recombination. 

The comparison of stationary concentrations of I1 and OH radicals in y- and TP- 
irradiated samples is inconclusive. The stationary concentrations of H atoms in FIC104+ 
I120 mixture (mole ratio 1 :7) for y-rays (5) and Tp-particles are 2.9 X 101%tooms/g and 
1019 atoins/ml, respectively. However, for 011 radicals produced in HZ0 ice these values 
show a reversed order of magnitude and are 0.36X 1018 :%and 1.3 X 1018 spins/ml, respec- 
tively. 

The spectra induced in HCIOl and shown in Fig. 9 most lilcely represent some species 
produced by radiolysis of perchloric acid, superimposed on an 011 doublet and OD 
triplet, respectively. This conclusion inay be drawn by comparing the g values and separa- 
tions of the spectra in Figs. 9 and 1. Neglecting the deforination of the spectruin by an 
unidentified component due to the presence of the acid, the spectruill in 9A may be 
treated as essentially representing an OH doublet, whereas in spectrunl 9B, peaks 1 and 3 
correspond to the OH doublet and peaks 2, 3, and 4 to the OD triplet. R/Ioreover, pealc 4 
coincides with the central D line. Consequently, in the warnling experiments (Fig. 10) 
the high-field pealc in spectrum 9A and peak 4 in spectrum 9B are denoted as "011" 
and "OD+DW, respectively. 

The difference in shape between the low-dose spectrum in 9B and the high dose 
spectrum in 9C may be explained by referring to Figs. 2 and 7, and assuming that  the 
kinetics of OH(0D)  formation, as determined for ice, remains approxin~ately unchanged 
ill HCIOq. 

The above-inentioned figures show that  the stationary concentration of OI-I and OD 
radicals in ice is approached a t  a much lower dosage than that  of D atoms in HClOl 

*This  valzrc was eslinzated b y  applying to the stationary concentration reported b y  Sie,oel and colleagties (12)  
tlte sanzc correction (14)  given b y  the az~thors in reference to G valz~es. 
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(sample 11, curve 3 in Fig. 7). Collsequently, after prolonged irradiation, peak 5 in spec- 
trum 9B reaches a constant height, whereas peak 4, representing OD radicals and D 
atoms, still increases. 

The ltinetics of formation and thernzal stabilities of the H and 01-1 and the D and OD 
radicals produced in Hz0 and D.0 media are esse~ltially the same. According to Fig. 2 
and Table I ,  G(0D) >G(OH), as in liquid water. However, in view of the limited accuracy 
of the quantitative results reported here, any theoretical discussion of the comparative 
mechanism of the 1-120 and DgO radiolysis would not be justified. 

Some further conclusions, concerni~lg the final fate of radicals disappearing on warming 
and to some extent in the course of irradiation, may be drawn on the basis of Table 11. 

TABLE I1 

Sollle radical and molecular yields (G values) of Tp-radiolysis of 1320 and HCIOl 

i\/Iedi~um 
- 

Product 

HCIO, 
(0.125 mole 

fraction) H 2 0  

Stabilized 1-1 1 . 0  
- 

0 
Stabilized 01-1 0.32 

.%fter irradiating the sanlple a t  liq. ?J2 
HI  j temperatare and n~elting 0 . 3 1  0 . 1  1 After irradiation a t  roo111 tenlperature 0 .30 0 .59 

According to Siege1 et al. (12), OH radicals in y-irradiated ice undergo ~na i~ l ly  an 
H+OEI reaction. Livingston and Weinberger (7) clai~n that the predominant process 
in the disappearance of H atoms in irradiated acids is H f H combination. Our results 
seem to be in agreement with both opinions. 

The basic difference between co~lditions of radical recombination in I-120 and HCIO, 
medium is that in the latter the concentration of stabilized H atoms is building up in 
the course of irradiation. Consequently, when the radicals are liberated by warming, the 
reaction I-If H may successfully compete with other recombination processes. In ice 
a t  - 196" C, no stabilized atomic hydrogen is produced and most of the 1-1 atonzs probably 
co~llbine i~ll~nediately after formation with 01-1 radicals, the Hf 1-1 process being negligible 
because of the very low concentration of hydrogen atoms. 

The predonlinance of the H f H  reaction in HC104 medium, and of the I-If013 reaction 
in ice, may be seen by comparing G(1-12) values in both media. The yield of molecular 
hydrogen in I3C1O4 (Table 11) is higher than in ice by a factor of 3 and accounts for 
almost two thirds of the hydrogen which could be theoretically produced by H f  H 
combination. All samples prepared for gas analysis were irradiated with low doses so 
that during the irradiation, the concentration of radicals may be assumed to increase 
linearly with the dose. In this stage of irradiation the recombination of radicals is 
negligible. 

The statiollary concentrations of stabilized OH radicals in 1-120 and I-IC104 matrix 
are hardly comparable. If, however, both values are of the same order, then, according 
to Figs. 2 and 7, the values of [HI would,- after prolonged irradiation, reach a much higher 
level than the value [OI-I]. Thus, it is possible that as the irradiation progresses the con- 
ditions for 1-1 f I3 conlbinatio~l become even more favorable, as compared with the H fOI-I 
reaction. 
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The figures given in  Table I1 show that  the ratio G(I-I~)HC'04/G(I-12)Hfl is about sis 

times liiglier a t  liquid nitrogen temperature than a t  room temperature. This again seems 

to indicate that the accu~nulation of stabilized H atoms occurring only a t  liquid nitrogen 

teinperature in HClOl is a main factor contributing to high 1-13 yield in this medium. 

Finally, comparison of Figs. 4 and 10 shows that 01-1 radicals in ice disappear a t  about 

10" lower temperature than OI-I radicals in HC104. Thus, the presence of stabilized 

atomic hydrogen does not facilitate the removal of OH radicals. On the contrary, the 

OH radicals are less mobile in I-IC104 matrix, possibly being more strongly hydrogen 

bonded or in complexes with the acid. 

The yields of niolecular hydrogen in I-IC104 (0.316 in 0.125 nlole fraction solution) 

and in ice (0.1) given in Table 11, are in very good agreement with those found by 

Livingston and Weinberger (7) for y-irradiated acid and ice. However, the ratio 

G(1-12)/G(I-I) is twice as high in tritiated acid as  in y-irradiated material. This inay be, 

a t  least partly, accounted for by the different LET of these types of radiation. 

I t  is \vorth mentioning that in I-IC104 medium, 1-1 atoms (and OH radicals) may also 

be removed by combining with soine other species formed by irradiation of perchloric 

acid. This might explain the appearance of a new spectrum, when the saniple is warmed, 

which is represented by a broken curve in Fig. 10, corresponding to the sanle temperature 

range in which M atoms rapidly disappear. 
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PERFLUOROALKYL ARSENICALS 

PART IV. SOME REACTIONS OF TRIFLUOROIODOMETHANE WITH ALKYL ARSINES 
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ABSTRACT 

Trifluoroiodometha~le reacts with triethyl- and tri-n-butylarsine, and tri-n-butylphosphi~le 
to  give products of the type R2MCF3. Heptafluoroiodopropane reacts similarly with trimethyl- 
arsine. Trifluoroiodomethane also reacts with the compounds (CH3)zAsX ( X  = CeH5, C1, I )  
and CH3As12 to  give CH~AS(CFI)?; and in most of these reactions the compound CH3As(CF3)I 
is also formed, which is converted to  the compound CH3As(CF3)CI by reaction with silver 
chloride. 

DISCUSSION AND RESULTS 

Alkyl-trifluoromethyl-arsines and -phosphines can best be obtained by exchange 
reactions using the compounds (CF3)&I and (CH3)3i\lI (1, 2, 3) : 

or in the case of the arsiiles by the reaction of allcyl-iodo-arsines with trifluoroioclomethai~e 
in the presence of mercury (4), for example, 

However, i t  has recently been found (5) that  the main products from the reactioils of 
diethyl- and di-n-butyl-iodoarsine with trifluoroiodomethane in the presence of mercury 
are ethylbistrifluoromethylarsine and n-butylbistrifluoromethylarsine respectively. No 
di-n-butylbistrifluoromethylarsine was isolated from these reactions and only a little 
diethyltrifluoromethylarsine was found. These results suggest tha t  an exchange reaction 
takes place between the initially formed dialkyltrifluoromethylarsine and trifluoroiodo- 
methane, producing the alkylbistrifluoroinethylarsine. 

I t  has now been found tha t  neither triethylarsine nor tri-n-butylarsine reacts with 
trifluoroiodomethane a t  20°, and a t  100' the major products (in good yield) of the reaction 
is the diallcyltrifluoromethylarsine. Only small yields of the corresponding allcylbistri- 
fluoromethylarsines are obtained. Thus some other explanation must be sought for these 
apparently contradictory results. The reaction of trifluoroiodoinethane with tri-n-butyl- 
phosphine occurs more readily than with the corresponding arsine. Thus a t  20' di-n- 
butyltrifluoromethylphosphine is formed in low yield. When the reaction is carried out a t  
100" the yield is not much improved. There is no indication tha t  further exchange to 
produce n-butylbistrifluoromethylphosphine takes place in this reaction. This result 
agrees with the findings of Haszeldine and West (3), who report that dimethyltrifluoro- 
methylphosphine is stable to  trifluoroiodomethane even a t  240°, whereas the corre- 
sponding arsine a t  240' is converted by trifluoroiodomethane to methylbistrifluoroillethyl- 
arsine. Thus the result of the present investigation, tha t  further reaction of dialkyl 
trifluoromethyl arsines takes place to  a limited extent a t  100' to  give alliyl bistrifluoro- 
methyl arsines, is not unexpected. 

I t  is very difficult to recover the unreacted trifluoroiodomethane from reactions with 
tri-n-butylphosphine, suggesting that ,  on mixing, a moderately stable phosphonium 

Canadian Journal of Chemistry. Volume 40 (1962) 
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complex is formed. Mixtures of triphenylphosphine and trifluoroiodoi~~etl~ai~e behave 
similarly. Such a complex has been suggested as an internlediate for exchange reactions 
(2) and its stability in the case of the reaction of tri-?z-butylphosphine could account for 
the low yield of the trifluoromethylphosplline. 

Heptafluoroiodopropane has also been found to react in exchange reactions. Thus 
heptafluoropropyldimethylarsine is obtained in moderate yield from the reaction of 
triinethylarsine and heptafluoroiodopropane a t  100': 

C3F7I + (CH3)Sils -+ C ~ F ~ A S ( C H ~ ) ~  + (CH~)I.L\SI. 

The reaction in this case is slower than the one in which trifluoroiodoinethane is used (2). 
The effect of changing the basicity of the arsine in reactioils of this sort has been 

investigated by reacting the compounds (CI-13)2AsX (X = C6H6, Cl, I )  and CH3As12 
with trifluoroiodoillethane. In no case does reaction occur below 100°, a result ~vhich could 
be expected if the reaction proceeds through the formation of a quaternary iodide (2), 
since the basicity of these coinpounds must be considerably lower than that of trimethyl- 
arsine. I-Iowever, reaction does occur a t  higher temperat~ires and a large number of 
products is obtained from a given reaction, for example, 

(CH3)?AsI + CI;,I + CF3H + CHSI + CH3:ls(CF3)2+ 
C H ~ A S ( C F ~ ) I  + ( C I ~ I ~ ) ~ A S I ~  + ? 

(CH3)?llsCeHj + CFJI + CFJH + CH3I + CcHjCF3 + 
C H ~ A S ( C F ~ ) ~  + CGH~AS(CF~)CI-I~ + 
CGHjAs(CFa)? + CsHjA~(CI-13)313 + ? 

Both methylbistrifluoromethylarsine and iodomethyltrifluoroi~~ethylarsii~e are amongst 
the products of the reaction of trifluoroiodoinethane with chlorodimethylarsine and 
diiodomethylarsine. The reaction of triphenylphosphine and chlorodiphenylphosphine 
with trifluoroiodomethane has recently been found to give diphenyltrifluoroinethyl- 
phosphine together with a nuillber of other products (7). In all these reactioils the nature 
and variety of the products suggest that a radical mechanism is involved. Such a mecha- 
nism has been suggested by many workers (e.g. ref. 8) for the reaction of arsenic metal 
(or arsenic triiodide) with trifluoroiodonlethane, a reaction which yields the compounds 
(CF3),AsI3-, (n = 1, 2, 3). On this basis a radical reaction could be expected to produce 
iodomethyltrifluoromethylarsine froin the reaction of trifluoroiodometl~ane with the 
compounds (CH3)2AsX (X = C1, I) and CH3As12, though it would be difficult to account 
for the formation of this product using a inechanisin based on an arsoniuin intermediate. 
I-Iowever, in the reactions of the alkylarsines with trifluoroiodomethane there is no 
evidence for the formation of tristrifluoromethylarsine, a likely product from a radical 
reaction. The results of Haszeldine and West (3) suggest that in the presence of trifluoro- 
iodomethane and iodomethane the most stable arsenic coinpo~~ild containing inethyl and 
trifluorolnethyl groups is methylbistrifluoromethylarsine, so the formation of this coin- 
pound even in reactions with a free radical mechanism could be expected. 

The new coinpound iodomethyltrifluoro~nethylarsine attacks mercury and has only 
been provisionally characterized on the basis of its infrared spectrum, which shows the 
presence of CH3, and only one CF3 group since there are only two strong bands in the 
C-F stretch region. This feature is present in the spectra of other reported trifluoro- 
methyl-arsines and -phosphines (9, 10, l l ) ,  and in the spectra of the other new conlpounds 
prepared in this investigation, namely, di-n-butyltrifluoroinethylphosphine, b.p. ca. 160° 
(760 rnnl), 115' (83 mm); di-n-butyltrifluoromethylarsine, b.p. 186" (760 nlm), 110° 
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(GO nim); and chlorometliyltrifl~~oromettl~~~larsine, b.p. 76" (760 mm). The  last compound 
is obtained b!. reacting tlie corresponding ioclo-arsine with silver chloride, a result which 
confirms the identification of tlie iodo-arsine. Tlie chloro-arsine has a boiling point mid- 
\Tag. bet\\leen chlorobistrifluoroii~etl~ylarsi~~e (46" (12)) and clilorodimetliylarsine (107" 
(13)), and other chemical and physical properties are expected to show tlie same trend. 
Further \\7orl; is in progress on this interesting compound. 

Dirnethyltrifl~~oro~~ietliylarsine is sufficiently basic to  for111 an a r s o n i ~ ~ m  ioclide a t  20" 
\\,lien reacted with ioclomethane (2). IIowever, clietliyltrifl~1oro1i~etl1~~1arsine does not 
react \\lit-h ioclo~nethane a t  20" or with iodoethane a t  100"; and a t  130° reaction with 
iodoetharle take place, producing fluoroform, trifluoroiodometha~ie, and tetraethyl- 
a r s o l l i ~ ~ ~ n  triiodide. Tlie rate of hydrolysis of the ethyl-trifluoromethyl-arsines is faster 
than that  of tlie corresponding methyl-trifluoro~iieth)il-arsines (6), indicating that  the 
ethyl compounds are less basic than tlie corresponding methyl compounds (2). Thus, 
formation of arsonium compo~~ncls by reaction with alkyl iodides would be expected to 
be less easy in the case of tlie ethyl-trifluorometh\.l-arsines. 

ESPERIMENTAI,  

'Thc techniql~es usecl for this i~~vcstigation were the same a s  have been clescribed in previous papers in 
this series. Descriptio~ls of the methods of preparation of starting materials are included only for those 
compounds not previously ~rsed in  this series of investigations. 

IZeactioiz of Triet1zylarsi.ize zuitlz Tr:flzloroiodonzethane 
Triethylarsine was prepared from arsenic trichloride and cthyl~~lagnesiurn bromide (14). The arsine 

(14.0 g) and trifl~~oroiodon~ethane (99.0 g) in a sealed tube (100 ml) were left a t  20' for 5 months. Only a 
s~nal l  amount of white solid was produced and trap-to-trap distillation gave a quantitative recovery of 
trifluoroiodomethane (99.0 g). The white solid ( < l o  mg) was shown to  be mainly te t rae thylarsoniu~~~ iodide 
by 111eans of its infrared spectrum and X-ray powder photograph. When triethylarsine (6.563 g) and trifluoro- 
iodonlethane (10.760 g),  in a sealed tube (50 ml), were left for 2 weeks a t  20' no solid appeared, but after it 
nras heated a t  100' for 5 days a colorless solid was produced. Trap-to-trap distillation of the volatile contents 
of the t ~ ~ b e  gave two fractions. Infrared exanlination of the least volatile fraction showed it t o  be mainly 
cliethyltrifl~~oro~~~ethylarsirle together with a little ethylbistrifl~~orornethylarsine (5). The  fraction was 
distilled in a nitrogen atmosphere (760 mm) and 3.2 g (78% yield) of diethyltrifluoroll~ethplarsine was 
obtained, b.p. 110-114" (lit. value 111" (5)). The arsine nras also identified by its infrared spectrum and 
gas phase molec~~lar  weight of 198 (calc. 204). The colorless solid remaining in the reaction tube was dissolved 
in ethanol (100 ml). The solution was filtered, and the solid was precipitated by the addition of a large 
excess of ether. This was repeated and the product was identified as  tetraethylarsoniu~i~ iodide (5.3 g, 82% 
yield) by means of its infrared spectrum and S - ray  powder photograph. I n  another experiment triethyl- 
arsine (3.8 g) and trifluoroiodomethane (23.7 g) were heated to  100' for 18 days. The reaction mixture 
clarl;ened ill color but no solid was produced. Trap-to-trap distillation gave a less volatile fraction (2.5 g) 
which was found to contain a much greater proportion of ethylbistrif l~~oro~neth~~larsine than \\.as obtained 
from the rcaction described above. 

Reactioz of Tri-n,-bz~tylarsi?ze with T,iflzroroiodon~c~1za~i~e 
Tri-n-butylarsine was prepared by the appropriate Grignard reaction (14). The arsine (7.8 g) and trifluoro- 

iodomethane (17.7 g) were heated to  100' for 20 days. The mixture slowly darkened in color but no solid 
was deposited. Trap-to-trap distillation of the volatile contents of the tube gave 13.2 g of trifluoroiodo- 
methane which contained some fluoroforn~, and a less volatile fraction (2.4 g) ivhich when distilled in a 
nitrogen atmosphere a t  reduced pressure gave two fractions: one, b.p. 46-48' (50 mm), which was identified 
a s  n-butylbistrifluoromethylarsine (0.7 g) by its infrared spectrum (5); the other, b.p. 111' (60 mm), which 
was si~nilarly identified as  di-n-butyltrifluoromethylarsine (1.5 g) (q.v.). The residue in the reaction tube, 
a viscous red oil (5 g), was extracted with ether. Distillatio~l of the ether extracts in a nitrogen atmosphere 
(760 mm) gave more di-~~-bzrtyltrifl1~oron2ethylarsine (1.0 g),  b.p. 186'. Anal. Calc. for C I H ~ ~ A S F ~ :  C, 41.8; 
H,  6.98; As, 29.1; F ,  22.1%; mol. wt., 258. Found: C, 41.5; H,  7.10; As, 29.1; F ,  22.4%; mol. wt., 250. 
The  infrared spectrum showed the following absorption bands (liquid film): 2910 (s), 2885 (s), 2835 (in), 
1460 (m), 1452 (m), 1411 (w), 1377 (m), 1340 (it.), 1285 (w), 1251 (w), 1185 (m), 1133 (vs), 1092 (vs), 
1035 (sh)(m), 885 (w), 765 (w), 710 (m). The ether-insoluble residue from the reaction tube was soluble in 
alcohol. Infrared examination of this oil showed that trifluoromethyl groups were absent. I t  decomposed on 
a t te~upted distillation a t  10-3 mm. 
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CULLES:  PBRPLUOKO.1LKYL .\RSESLC.-\LS $89 

Reaction of Trirr~ethylarsllze zuitlz Ifepla$zroroiodopropa?~e 
Trimethylarsine was prepared by the Grignarcl method (15). 71'hcrc was no obvious sign of reaction a t  20" 

between the arsine (3.3 g) and the heptafluoroiodopropane (20.3 g ) ;  however, a t  100' immecliatc reaction 
occurred and after 3 days a t  this ternperaturc a copious colorless precipitate had formed. The vol;~tile 
contents of the tube were removed and distilled in a n i t r o g c ~ ~  atmosphere (760 mm)  to  give unrcactecl hepta- 
fluoroiodopropane and l~ep ta f luo rop r~p~ ld ime th~ la r s ine  (1.3 g) ,  b.p. 89-90 (lit. value !lJO (4)). The infrarecl 
spectrum of this sample was identical with that of the pure compouncl (4). The solid reaction product (2.4 g) 
was recrystallized from alcohol and \\.as identilied as  t e t r a m e t h y l a r s o ~ ~ i ~ ~ i ~ ~  iodide by means of its infrared 
spectrum and S - ray  powder photograph. 

Renctio?~ of Dilti~ellzylphenylarsiILe with Trifl1~oroiodo7i1etlzane 
Dimethylphenl~larsi~le was prepared by the reaction of phenylm;~gncsi~~mm bromide on i ~ d o d i n ~ c t h ~ l a r s i n c  

(1G). The arsine (G.3 g) and trifluoroiodon~ethane (11.6 g) did 11ot react after 3 weclcs a t  20' or after 4 clays 
a t  100". The arsine (2.2 g) and trifluoroiodomethane (16.0 g) were heated to 170' for 12 hours. 'l'hc reaction 
mixture became dark brown. Trap-to-trap distillatio~i isolated the following volatile fractions (identified by 
their infrared spectra): 0.92 g of a mixtnre of fluoroform and trifluoroiodonlethnne; 12.9 g of trifluoroiodo- 
n~ethane;  1.05 g of a mixture containing iodomethane, meth~~lbistrifluoromethylarsine, and benzotrifluoridc; 
and 1.1 g of a mixture of phenylbistrifluoromethylarsine and methylphenyltrifl~~oromethylarsi~~c. i\ reddish 
violet solid (0.8 g) was left in the reaction tube. The solid, after recrystallization from alcohol, mcltcd a t  
93-98" and was probably impure phenyltrimethylarsonium triiodide (lit. valuc, m.p. 103' (17)). 

Reactio?~ of Tvi-1~-bz~tylphospl~i~ze with TrifEzroroiodo~~zetkane 
Commercial tri-?I-butylphosphi~lc (7.2 g) and trifluoroiodomethane (11.7 g) wcrc left a t  90' for 3 clays. 

After 1 day a considerable amount of palc yellow precipitate had formed. The tube was opened to the 
vacuum system and only trifluoroiodomethane (l.G g )  was recovered, wit11 difficulty, from the viscous yellow 
oil remaining in the tube. 'The tube and contents were not warmed above room temperature. The oil was 
extracted with ether, leaving n pale yello\v solid. The  ether extract \\,as distilled in a n i t roge~~  atmosphere 
(7GO mm) and gave 0.3 g of cli-71-butyltrifluoromethylphosphine, b.p. ca. lGOO, and an involatile gummy 
residue. The trifluoromethylphosphine was provisionally identified by its infrared spectrum, which showed 
the presence of 11-butyl groups and only one trifluoromethyl group (only tmo strong C-F stretching vibra- 
tions). In a second experiment the phosphinc (6.1 g) and trifluoroiodometharle (13.3 g) were heated to 100° 
for 2 days. Again tlie volatile contents of the tubc were difficult to remove from the visco~ls r e s id~~e ;  ho\\rever, 
after the tube \\.as heated to  GOo for 3 hours, 7.6 g of impure trifluoroiodon~etl~ane ancl 0.7 g of di-11-butyl- 
trifl~~oromethylpliosphine urere obtaincd. The  trifl~~oronlethylphosphine fractions fro111 both cxpcriments 
\\.ere combined and distillecl in a nitrogel1 atn~osphcrc a t  83 IIIIII, all the material boiled a t  115', and analysis 
confirn~ed the identification. Calc. for CgHlaF3P: C, 50.4; H ,  8.34; I:, 26.6; P, 14.5Yo; mol. wt., 214. 1;ouncl: 
C, 50.7; I-I, 8.58; I:, 2G.4; I', l4.5Y0; mol. \\lt., 229. The infrared spectrum sho\\.ed the follo\ving absorption 
bands (liquicl film) : 2980 (s), 2950 (s), 2885 (s), 2200 (\;I\,), 1470 (s), 1420 (m), 1384 (s), 1348 (w), 1297 (I\;), 

1274 (\\I), 1215 ( n ~ ) ,  1162 (vs), 110;; (vs), 1051 (w), 1007 (w), 968 (s), 807 (w), 781 (\\I), 727 (sh) (m ), 717 (s). 
111 an attempt to improve the yiclcl of the trifluoromethylpl~osphine, tri-n-butylphosphi~~c (G.3 g) and tri- 
fluoroiodomcthane (18.3 g) \ifere heated to 100" for 2 \\~ecl.;s, but only 0.6 g of the trifluoromctl~ylpl~osphine 
\\.as isolated in the vacuum s).stem. 

Rec~ctiolz of Iododirrrethyl~rsi,le will1 TrifE~~oroiodo~11etlza~7e 
'The iodo-arsi~~c (4.8 g) and trifluoroiodomethane (11.8 g) did not react a t  100' (2 clays) sincc 11.8 g of 

tr if l~~oroiodometl~:~~ic \irere recovcred. \\'hen the same rcactants \\ere hcatecl to 170' for 1 clay a darl; solicl 
fornled. 'l'rap-to-trap distillation galre 0.04 g of a mixture of fluoroform and trifl~ioroiodomethane, 9.3 g of 
trifluoroiodon~etl~a~ie, and 1.5 g of niethylbistrifluoro~~~eth~~larsine containing somc iodomethanc. These 
fractions were identifiecl by their infrarecl spectra. .'I slightly volatile palc yellow licluicl (0.37 g) \\.as also 
obtained. This fraction reactcd \\,it11 mercury; its infrared spectrum showed the presencc of methyl grollps 
and only one trifluoromethyl group (only two strong bancls in the C-F stretching region); and the fraction 
\\as pro\.isionally identilietl as  iodomctl~ylti-ifl~~oro~~letl~ylarsine. The solicl residue in the reaction tube 
(4.G g) contained 0.4 g of a n  unidentified aceto~le-insoluble substance. Thc acetone-soluble solid consisted 
mainl~. of t e t r ame t l i y l a r so i l i~~~~~  triiodide on tlie evidence of its S - ray  po\\~der photograph. 

Reactio7z of Diiodo,r~etlzylrzrsi,le zuilh Tri fEi~oroiodo~t~et l~a?~e 
Diiodomethylarsi~~e (9.2 g) and trifluoroioclometha~~e (12.1 g) \Irere immiscible a t  '70' ancl a t  100'. S o  

reaction toolc place d t e r  20 hours a t  100'. The same reactants after 18 hours a t  170" had protluced a dark 
solid. Trap-to-trap clistillation of the volatile contents of the tube gave trifluoroiodo~i~ethnne (10.4 g) con- 
taining a trace of fluoroform, methylbistrifluoromethylarsine (0.97 g) containing a little ioclomcthane, ancl 
0.63 g of iodomethyltrifluoromethylarsi~lc. The fractions \yere iclentiliccl by their infrared spectra. The solid 
residue ill the reaction tube (7.9 g) \\,as idcntifiecl as  bcing tilainly arsenic triioclicle OII the e\.idcncc of its 
S - ray  powder photograph. 
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Reaction of Chlorodimethylarsine with TrifEzroroiodonzethane 
There was no reaction between the arsine (11.3 g) and trifluoroiodornethane (11.5 g) after 1 day a t  20°. 

Similarly the arsine (2.19 g) and trifluoroiodornethane (4.267 g) did not react when heated to 85O for 3 days. 
When the same reactants were heated to 240° for 10 hours an orange solid was formed. Trap-to-trap dis- 
tillation gave fluoroform (0.88 g), a misture of trifluoroiodomethane and chloromethane (1.911 g, mol. wt., 
117), 1.091 p of a mixture of methylbistrifluoron~ethylarsine containing a little iodomethane, and 0.4 g of 
iodon~ethyltrifluorometh~larsine. 

Preparation of ChloromethyltrifEzrorolrletltylarsine 
The iodoll~ethyltrifluoron~ethylarsi~~e produced in the above reactions was condensed onto dry silver 

chloride and lcft for 1 week a t  20'. Silver iodide was formed. The colorless product attaclced mercury, 
contained only one trifluoromethyl group, and boiled a t  7G0 in an atmosphere of nitrogen; it was identified 
as ckloror~zetltyltrifEcroro~~zeth~~larsine. Anal. Hydrolysis with lOyo aqueous sodium hydroxide a t  100' for 2 
clays gave fluoroform equivalent to a CFa content of 35.1%. The vapor phase molecular weight was 295. 
Calc. for CzH3XsCIF3: CF3, 35.4%; mol. wt., 395. The infrared spectrum showed the following absorption 
bands (vapor phase): 3010 (w), 2930 (n.), 3810 (vw), 3310 (w), 2260 (w), 2215 (w), 1880 (w), 1842 (w), 
1-220 (m), 126% (nl), 1205 (sh) (s), 1156 (vs), I l l 1  (vs), 1060 (m),  1049 (m), 1000 (vw), 900 (vw), (860 (sh), 
855, 848, 844, 837) (s), 795 (vw), (735, 724, 730) (s). 

Reaction of DiethyltrifEzrorometlrylarsine with Iodoethane and Iodo?ltetlcane 
The arsine (0.5 g) and a large excess of iodoethane (5 ml) were left for 6 ~\-eeBs a t  20°. No solid product 

was formed. The same reactants were heated to 100" for 2 weeks; again no solid was formed, and trap- 
to-trap distillation showed that no fluoroform or trifluoroiodomethane had been produced. \Vhe~l the 
reactants werc heated to 150' for 1 day, reaction occurred with the formation of a low-melting solid. The 
most volatile product of the reaction was found to be a mixture of fluoroform, ethylene, and trifluoroiodo- 
methane (0.35 g, 111ol. wt., 64.0). The misture was identified by its infrared spectrunl. The violet solid was 
twice recrystallized from alcohol and the final product was identified as tetraethylarsonium triiodide, 111.p. 
56-57" (lit. value 54" (17)). The infrared spectr~lm of the crude solid showed the presence of ethyl groups 
and the absence of trifluoromethyl. Diethyltrifluoron~etl~ylarsine did not react with excess iodomethane 
after 1 month a t  20'. 

The author wishes to acknowledge financial assistance from the Xational Research 
Council of Canada. He is also indebted to Mr. ivI. iU. Baig for assistance with the reaction 
involving phenyldimethylarsine. NIicroanalyses were carried out by Dr. Alfred Bernhardt. 
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ABSTRACT 

A reliable analysis of the proton resonance spectrum of 1-fluoro-2,4-dinitrobenzene is 
described. Solvent effects were used to  obtain this analysis and a possible source of error in 
a prevlous analysis is indicated. Spectra parameters are also derived for 1,5-difluoro-2,4- 
dinitrobenzene. The spectrum of the latter compo~~ncl confirms the assignment of peaks in 
the spectrum of the former. 

INTRODUCTION 

A recent publication presents the results of an analysis of the high-resolution nuclear 
inagnetic resonance spectrum of I-fluoro-2,4-dinitrobenzene ( I ) .  In the course of an as  
yet unpublished study in this laboratory of solvent effects on such spectra we have had 
occasion to measure the proton magnetic resonance spectrum of this compound in acetone 
and benzene. The results indicate a certain inaccuracy of the analysis in reference 1 ,  
By comparing the spectra in the two solvents a possible reason for this inaccuracy was 
found and a better set of coupling constants has been derived. 

EXPERIMENTAL A N D  RESULTS 

The proton magnetic resonance spectra were measured as 5 moleyo solutions in acetone 
and benzene using a Varian spectrometer operating a t  60 Mc/sec. The external reference 
was chloroform, and calibration of spectra was done by the sideband technique. Figures 
l ( b )  and 2 show the spectra of 1-fluoro-2,4-dinitrobenzene in acetone and benzene, 
respectively. Figure l ( a )  gives the spectrunl of 1,5-difluoro-2,4-dinitrobenzene in acetone. 

rlNALYSIS O F  SPECTRA 

Proton S$cctrz~m of I-Fluoro-2,4-dinitrobenzene in Benzene 
This spectrum can clearly be regarded as the ABR part of an ABXX spectrum, as  

indicated in the n~olecular diagram in Fig. 2 (2 ) .  The analysis of the ABXX case is 
straightforward and, in fact, the possible transitions and their intensities can be im- 
mediately written down in a concise manner in the notation developed by Pople and 
Schaefer (3). The calculated spectrum appears in Fig. 2 and i t  is clear that the spectrum 
is very nearly a first-order one.:b Values of the parameters determined are given in Table I. 

Proton Spectrz~7n of I - Fluoro-2,4-dinitrobenzene in  Acetone 
I t  is tempting to analyze the spectrum in acetone as the ABR part of an ABRX 

spectrum with the protons assigned as indicated in Fig. l ( b ) .  However, the attempt 
soon results in the realization that the correct assignment would be that of an ABC part 

*Peilzaps it should be pointed out that i n  order to prevent sowe of the peaks from appearing high on the 
shozclder of the intense solvent line a very slight amount of u-mode was introduced into the signal input at the 
phase detector. This  trick m a y  have introduced some distortion of peak intensities near the solvent line. I t  i s  
also true that coupling to Cl3 nuclei i n  the solvent results i n  weak, unwanted signals i n  the extreme reg.ions of the 
recorded spectrunl. These nzay have distorted sonze of the lines i n  those regions. 

Canadian Journal of Cliemistry. Volume 40 (1962) 
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CAN.?DIz\N JOURN;\L O F  CIIEMISTRY. VOL. 40, l9GB 

FIG. 1. (a)  The proton resonance spectrum of 5 mole% 1,5-difluoro-2,4-dinitrobenzene in acetone a t  
60 hIc/sec. (b) The proton resorialice spectrum of 5 mole'% l-fluoro-2,4-dinitrober1ze1ie i n  acetone a t  60 Mc/sec. 

FIG. 2. The proton resonance spectrum of 5 mole% 1-fluoro-2,4-dinitrobenzerie i n  benzc~ie a t  DO Mc/sec. 

of an ABCX spectrum. The parameters obtaiiied from an ABRX analysis are given 
in Table I. The large error in these values appears because of alternate choices for these 
values in an approxiinate analysis. From the chemical shift dependence of the relative 
positions in the high-field group of peaks it can be coilcluded that JOH" and JoKF have 
the same sign. 
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SCHAEFER: PROTOS MAGGI';TIC RESOSASCI: SPECTRUM 

I'arameters i r ~  c.p.s. obtained from the proton spectra of 1-fluoro-2,4- 
dinitrobenzene a t  60 Mc/sec 

-- 

5 mole% in 5 mole% 
benzene in acetone* Reference 1 

"From an ABRx approximation. 
t P r o t o ~ ~  situated between the nitro groups. 
$Proton situated next to  one nitro group. 
gErtern;~l  cl~loroform reference value corrected for bulk susceptibility. 

Proton Spectr~im of 1,5-Di$zioro-2,d-dinitrobenzene in Acetone 
The spectruni is the AR part of an ARX? spectrum and is therefore first order. This 

is clearly a consequence of the syminetry of the n~olecule and of the vailishingly small 
value of JDm. Tlle parameters obtained are JOH" = 10 .21  0.1, JmHB = 7 . 5 f  0.1, JDHH < 
0.2 cycles/sec, ~ 6 - v ~  = 67.910.2 cycles/sec; VB-VCHCI, ext = -27.23~ 0.5 cycles/sec, 
corrected for bulk susceptibility effects. 

The peaks froni proton 3 between the nitro groups are broadened by interactions 
depending on the quadrupole moillent of the N191uclei in the nitro groups. This circum- 
stance assures a correct assignment and also indicates the correct assignment in the 
spectra of 1-fluoro-2,4-dinitrobenzene, where the corresponding proton peaks are similarly 
broadened. 

DISCUSSION 

Siizce the protoil spectruin of 1-fluoro-2,4-dinitrobeilzeile in benzene is very nearly 
first order its analysis yields the most reliable values of the parameters. The analysis of 
the spectrunz of this con~pound in acetone illustrates the need for care in fixing probable 
errors of parameters obtained from an approximate analysis. Once again the spectra in 
different solutions indicate the great help solvent effects can give in spectra analysis. 
Oize assumption inherent in the use of different solveilts is that the coupling constants 
in the solute do not change froill solvent to solvent. In unpublished work we have found 
this assumption justified in the closely related inolecule 1,5-difluoro-2,4-dinitrobenzene. 
If the molecule under i~lvestigation can exist in different conformations whose stability 
can be influenced by the polarity of the solvent the above assumption can be wrong (4). 

Solvent effects in these conlpounds and related ones are very large. They reach 2 p.p.m. 
for some ring protons and will be reported later. 
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PHOTOLYSIS OF NITRATE ESTERS 

PART I. PHOTONITRATION OF DIPHENYLAMINE 
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Department of Chemistry, University of British Colz~mbia, Vancouuer, British Col~~n~biu 

Received November 22, 1961 

ABSTRACT 

The photolysis of nitrate esters dissolved in benzene or ethanol or absorbed on hlter paper 
occurred readily under illumination in the 265 mp to  334 mp spectral region. Equimolar 
amounts of 1,4;3,6-dianhydro-D-glucitol-2,5-dinitrate and diphenylamine dissolved in absolute 
ethanol or benzene did not react in the dark a t  25'. Irradiation of the nitrogen-purged solutions 
for 2 hours a t  15' with a mercury arc followed by chromatographic separation yielded 2-nitro-, 
4-nitro-, N-nitroso-, and 4-nitroso-diphenylamine together with about 4% unreacted diphenyl- 
amine and an unidentified mixture of more polar compounds. In a partial fractionation of the 
aromatic photoproducts approximately 80% of the original diphenylamine was recovered in 
the form of the monosubstituted derivatives which contained about 37% of the original ester 
nitrogen as C-nitro groups and 2 to 3% as C- and iV-nitroso groups. 

Possible mechanisms of the photonitration are discussed. 

INTRODUCTION 

I t  was suggested by Gray and Williams in 1959 that  photolysis of nitrate esters would 
be a useful method for the preparation of alkoxyl radicals provided that  the nitrogen 
dioxide concurrently formed could be rapidly removed from the systenl (I).  In this 
laboratory i t  was recently discovered that the photolysis of covalent nitrates in the 
presence of diphenylamine produced colored compounds useful for detecting the esters 
on paper chromatograms (2, 3). The yellow to orange photoproducts resenlbled those 
obtained by Coldwell and McLean (4, 5) by irradiation of nitrate ion and diphenylamine. 
These authors identified 2- and 4-nitrodiphenylamine as the major organic products and 
found no evidence for the formation of nitroso derivatives (5). In  view of the well-ltnown 
scavenging action of diphenylamine in both the solid state and in solution for nitrogen 
dioxide (6-9) i t  seemed probable that  irradiation of nitrate esters in organic solvents 
containing diphenylamine would provide a system in which alkoxyl radical reactions 
might be conveniently studied. 

We have been unable to find in the literature any detailed report of the products of 
photolysis of nitrate esters in solution. Photolysis of methyl and ethyl nitrates in the gas 
phase yielded hydrogen, nitromethane, formaldehyde, and acetaldehyde in addition to 
nitrogen, carbon, and their oxides (1, 10, 11). Bands attributed to ethoxyl radicals were 
detected in fluorescence when ethyl nitrate was irradiated in the Schumann region (12). 
The reactions postulated to account for the photoproducts paralleled those invoked for 
thermal decomposition where the initial, rate-determining step has been established as 
homolytic alkoxy-nitro bond fission (1, 13, 14). Photolysis of polynitrate esters in the 
condensed state also caused evolution of nitrogen and the oxides of carbon and nitrogen; 
the thermal stability of the explosive compounds was reduced and, for cellulose nitrate, 
depolymerization and oxidation occurred (15-21). 

The present work was concerned with establishing the scope and conditions for the 
photoreaction of covalent nitrates with diphenylamine in solution and with the isolation 
and identification of the major aromatic products. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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EXPERIMENTAL 
Chromatograplry 

Mixtures of nitrate esters, diphenylamine, and diphenylamine derivatives were separated b) thin-layer 
chromatography (TLC) on glass plates coated with a mixture of silicic acid (Mallinckrodt, 100 mesh, for 
chromatography) and plaster of Paris (70:30 w/w) (22). Separation on a preparative scale was made on 
1XlX18-in .  chromatobars cast from the same mixture and developed by the ascending method (3-3). No 
separation of diphenylamine derivatives could be obtained with untreated or silicic-acid-impregnated 
paper (24); the hydrophobic compounds ran with the solvent front in each case. 

Chromatograms were developed ~v i th  mixtures of anhydrous solvents in the following. volume ratios: 
S1: benzene - petroleun~ ether (1:l); S2: ether - petroleum ether (3:39); S3: ether-benzene (1:19). The 
purified petroleum ether fraction employed distilled over the range 85" to 110'. 

Colorless com pounds were detected with spray reagents a s  follows: 
R1: A 5y0 solution of concentrated nitric acid in concentrated sulphuric acid (22). Diphenglamine and 

its derivatives gave characteristic colors a t  25' and all organic components appeared a s  charred spots 
on heating the sprayed plates. 

R2: A 1% solution of diphenylamine in 95% ethanol, followed by exposure to  a shortu,ave ultraviolet 
lamp for 10 minutes. Nitrate esters appeared as  yellow-green spots on a colorless baclcground (3). 

R3: A 5% solution of calcium nitrate in 95% ethanol, followed by ~~l t raviole t  irradiation. Diphenylamine 
produced yellow-green spots as  for R2. 

illaterials 
1,4;3,6-Dianhydro-D-glucitol-2,5-dinitrate (isosorbide dinitrate) was prepared by the method of Jackson 

and Hayward (14). The stable form of the con~pound was obtained (m.p. 69.2-70.O0), \vhich showed the 
same elemental analyses, specific rotation, infrared spectrum, and chronlatographic behavior as  the labile 
form (n1.p. 50.5-51.5") (14). The ~~l t raviole t  spectrum of a 111 solution of the dinitrate in absolute 
ethanol showed no absorption above 250 n ~ p  and no inflection in the rapidly increasing absorption curve 
which commenced a t  an  indefinite point around 250 mp and continued beyond 210 mp (Fig. 1). Similar 

-- 
I I I I I I , ,  I I 

2 1 0  2 3 0  2 5 0  2 7  I 

FIG. 1. Ultraviolet absorption spectra in a b s o l ~ ~ t e  ethanol solution of 1,4;3,6-dianhydro-D-glucitol-2,5- 
dinitrate (ISDN, 11l) and diphenylamine (DPA, 4 X  10-5 iW). 

curves were obtained a t  concentrations of and 10-a M. These spectra were distinctly different from 
those of open-chain, secondary aliphatic nitrate esters, which showed a characteristic inflection a t  270 mp  
(25), but agreed well with those of other polynitrate esters (31). The  other nitratr ssters employed have 
been described else~vhere (26-29, 34). 

Diphenylamine, 2-nitrodiphenylamine, 4-nitrodiphenylamine, N-nitrosodiphc;lylan~ine, and 4-nitroso- 
diphenyla~nine were recrystallized to  constant melting points (7) and the11 chromatographed on silicic 
acid until homogeneous. 4-Nitrosodiphenylamine required further purification by sublimation in uacuo. The  
corrected melting points and ultraviolet spectra of these compounds are shown in Table I, together with 
the reported values. The infrared spectra of 5y0 solutions of diphenylamine, 2-nitrodiphenylamine, and 
N-nitrosodiphenylamine in carbon tetrachloride closely matched the published spectra (30). 
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Irradic~tiofz of Solzrtiofzs 
Absolute ethanol or benzene solutions, 0.0" or 0.04 11l ill both isosorbide clinitrate and diphenyla~ninc, 

were irradiated in quartz test tubes cooled to 15.0f 0.5" by impinging streams of water. Sitrogen gas was 
introduced through thin glass capillaries for stirring and purging of air while the tubes were exposed a t  a 
distance of 20 cnl to the unfiltered emission from a quartz capillary nlercury arc l a ~ n p  (WIineralite h'Iodel 
V43, Ultraviolet Products, IIIC., Los Angeles). --\liquots of the solutions were removed from time to time 
for examination by TLC. The photoproducts \Ifere isolated on a preparative scale 11)~ concentration of tlie 
solutions in the dark follo\vecl by separation on chromatobara. 

Photoclzen~icnl Spot  Tests  
To determine the efiective wavelength range for the pliotol)sis, partially overlapped spots, 1 cm in 

diameter, of nitrate ester and diphe~lylarnine (4) \\,ere deposited from ethanol solutio~is on 7-cm circles 
of \\'hatlaan No. 1 filter paper in a darl;roo~n. A spottecl ant1 air-dried paper was exposed a t  25' to each 
of the 10 niajor groups of lines between 250 nip and 400 mp in the mecli~r~ll-pressure mercury arc spectrum 
isolatecl by means of a 250-1n1n grating monochronlator with quartz optics (Bausch and Lomb Optical 
Co., Rochester). The relative intensities of the lines were calculated from tables of emission spectra and 
transmission efficiencies of the monochromator and the irradiations were timed for intervals inversely 
proportional to these intensities. The colors developed in tlie overlapped and non-ovel-lapped regions of the 
spots on the irradiated papers were compared visually in daylight with those of non-irradiated spots inlnie- 
diately after exposure and again after standing for several hours in the dark. Attempts to separate the 
photoproducts by irradiation of mixtures of nitrate ester and diphenylamine in  sitzc as  spots on chromato- 
plates or filter paper followecl by direct chromatography wcre unsuccessful, probably because the pcnc- 
tration of thc light into the solids was insufficient to procluce detectable amounts of products. 

i\iIelting points ancl 111tra\.iolet speclra of cliphenylaminc and clcrivatives 

Ultraviolet spectra" (mp) 

11.p. (OC) Observed Reported (31) 

Compound Obser\.ed lteportccl (7) Mas. Min. Max. Min. 

"In absolute etllanol. 
?See Fig. 1. 
$TKO drops of G 4- liy~lrochloric acid %\,ere a(lc1ecI to 100 ml ot tlie etlianol sulutio~~. 

RESULTS 

A series of 25 crystalline nitrate esters containing from 1 to 8 nitrate groups per 
nlolecule procluced greenish-yellow- to orange-colored products in the irradiatioi~ spot 
test with diphenylamine. No regular change in the color intensity of the developed spots 
with number of nitrate groups per molecule was apparent, although dia~te~eoisomeric 
compounds such as the 1,2,4,5,6-pentanitrate derivatives of D-mannit01 ancl D,~-glactitol 
(27, 28) differed in this respect. 1,4;3,6-Dianhydro-~-glucitol-2,5-dinitrate (isosorbide 
dinitrate) was selected for more detailed study as the simplest and most readily accessible 
crystalline aliphatic nitrate ester with linown configuratioi~ and coi~formatioi~. A difference 
in rate of reaction of the exo and endo nitrate ester groups in this optically active corn- 
pound was demonstrated in an earlier research (14) and offered the possibility of detecting 
any stereospecificity in the photolysis. 

Compounds containing oxy-nitrogen groups other than the nitrate ester group were 
also examined in the photochemical spot test with diphenylamine. Negative results 
were obtained with nitroiuethane, 2-nitropropane, G-nitrosothymol, N-methyl-N-nitroso- 
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p-toluenesulpho~~ai~~ide, and the 1-oxides (32) of 5,s-dimethyl-A'-p~roline and 2,4,4- 
trimethyl-A'-pyrroline. Isoamyl nitrite developed a pale yellow color which may have 
been caused bj. thermal rather than photolytic decompositio~l (33). Coldwell found (2) 
that  aromatic C-nitro groups in a,$-dinitrotoluene and 2,4,6-trinitrotoluene and N-nitro 
groups in t r imethylenetr i~~i t rmii le  and 2,4,5-tri1~itropl1ei~ylrnetl~ylnitramide did not 
respond to the test. 

Irradiation with light from the mo~~ochromator of isosorbide dinitrate and diphenyl- 
amine as partially overlapped spots established that the lines of the mercury arc spectrum 
lying between 265 mN and 334 r n G  produced a bright yellow color in the mixture. At 
shorter wavelengths the unmixed portions of the spots darkened, indicating inore extensive 
photodecompositio~~ of both diphenylamine and nitrate ester. At longer wavelengths no 
color appeared on the filter paper and this result was confirmed by absence of color in an 
alcohol solution of the reactants irradiated a t  365 mp. 

Exposure to the unfiltered mercury arc spectrum of 0.04 -1.1 solutions of isosorbide 
dinitrate in absolute ethanol or benzene produced no apparent coloration. Examination 
of the solutions by TLC after irradiation for 3 hours indicated that,  in addition to un- 
changed dinitrate, a highly polar product was present, which, like isosorbide, did not 
migrate on the chromatoplate with solvent S l .  No other organic compounds could be 
detected on the developed plates with spray reagent R l .  After irradiation for 21 hours 
the ethanol solution was evaporated to a colorless sirup which weighed 17.7% less than 
the original dinitrate and did not crystallize on seeding with isosorbide or its mono- and 
di-nitrate derivatives. The calculated weight loss for replacement of one KO? group by 
hydrogen in isosorbide dinitrate was 19.0%. 

Solutions 0.02 A4 ill both isosorbide dinitrate and diphenylamine in ethanol or benzene 
remained colorless on standing a t  roo111 temperature for 24 hours in the dark; TLC 
showed only the original solutes to be present. After standing for a further 24 hours in 
closed Pyrex containers in the ordinary laboratory light, both solutions were very faintly 
yellow but  the concentration of the photoproducts was too low to be detected by chrom- 
atography. When the nitrogen-purged solutions were exposed in quartz containers to 
the mercury arc a t  15' they developed increasing intensity of yellow color with time of 
irradiation. After 20 ininutes isosorbide dinitrate could no longer be detected in the ethanol 
solution by TLC, and spots corresponding to the colored reaction products began to  
appear. After irradiation for 2 hours six organic components of the reaction mixture were 
separated on the chromatoplates. Five of these products migrated with Rf values corre- 
sponding to unreacted diphenylamine, 2-nitrodiphenylainii~e, N-nitrosodiphenylamine, 
4-nitrodiphenylamine, and 4-nitrosodipl~enylamine in three different solvents (Sl ,  S2, 
S3); the colorless sixth c o ~ ~ ~ p o n e n t  did not move froill the point of application on the 
plates. Similar patterns of spots were obtained from the photoreaction mixture and fronl a 
synthetic mixture of the nitro- and nitroso-diphenylan~ine coinpouilds plus diphenylamine 
and isosorbide when chromatographed in the same solvents. When each of the diphenyl- 
anline derivatives in turn was added to an aliquot of the reaction mixture the developed 
chromatogram showed enrichment of a spot already present; the area and intensity of 
the original spot was increased in each case. The same pattern of spots was obtained 
also from the irradiated benzene solution and from ethanol solutions in which isosorbide 
dinitrate was replaced by D-mannitol hexanitrate (27) or meso-hydrobenzoin dinitrate 
(34). 

The photoproduct from a 2-hour irradiation of an ethanol solution containing 170 m g  
of isosorbide dinitrate and 122 rng of diphenylamine was fractionated on a chromatobar 
and the central portion of each of the six separated zones was removed, powdered, and 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



438 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 40. 1962 

eluted with acetone in subdued light. The weights of the six crude fractions obtained on 
evaporatioil of the acetone are shown in Table 11. Fractions 2 and 4 were further purified 

TABLE I1 
Fractions isolated from an irradiated solution of 1,4;3,6-dianhydro-D-glucitol-2,5-dinitrate 

and diphenyla~nine in absolute ethanol* 

Ultraviolet spectra (mr)$ 

Fraction1 Major component II'eight (mg) Mas. Min. 

1 Diphe~lylanline 5.11 285,255 270,250 
2 2-Nitrodiphenyla11ii11e 89.19 423,257,226 324,238 
3 I\-Nitrosodiphenylnmine 4.97 333,283 292,270 
4 4-Nitrodiphenylamine 26.51 390,256 305 
5 4-Nit rosodiphenyla~~~i~~e 2.59 390,287 255 
6 Unknown 13.95 General absorption between 

450 and 350, increasing rapidly 
bevonrl 350 

')Irradiated for 2 hours a t  15'' in a quartz vessel under nitrogen \\.it11 unfiltered mercury arc; the  initial 
concentration was 7.?OX10-1 mole of each solute in 1 G  ml of solution. 

?Center portion of each zone from chromatobar in order of decreasing RJ values. 
:Spectra were taken on rechromatographed fractions in absolute etllanol. 

on chromatobars to yield 21.0 ing of pure 2-nitrodiphenylamine (1n.p. 72.0-73.0") and 
6.95 ing of pure 4-nitrodiphenylamine (m.p. 132.5-133.2') respectively. The identities 
of these compounds were confirmed by their ultraviolet spectra (Tables I and 11), infrared 
spectra, and R, values when compared with authentic samples. 

Because of the small amounts of material available fractions 1, 3, 5, and 6 were re- 
chromatographed froill streaks applied to chromatoplates. The developed bands corre- 
sponding to the original fractions were scraped from the plates and worked up as before. 
The recovered fractions 1, 3, and 5 were not co~npletely pure but the major components 
were identified from the R, values and ultraviolet spectra (Tables I and 11). Fraction G 
did not migrate and appeared to be a mixture. 

DISCUSSION 

The results showed clearly that an oxy-nitrogen group was transferred from nitrate 
esters to diphenylamine in the photolysis reaction in solution. Since the emphasis in 
workiilg up the reaction mixture was primarily on isolation and identification of the aro- 
matic products the fractioilation results were only semiquantitative. The total weight of 
the separated fractions amounted to 49% of the weight of the original reactants. Based 
on the weights of the crude fractions (Table 11), the identified products accounted for 
approximately of the original diphenylamine, 80% in the form of the nitro and nitroso 
derivatives and the remainder in unchanged form. Thirty-seven percent of the original 
ester nitrogen was recovered as C-nitro groups in the diphenylamine derivatives and a 
further 2 to  3y0 could be accounted for as N- and C-nitroso groups. The apparent ortho 
to para ratio of 3 in the major products, 2- and 4-nitrodiphenylamine, could not be 
considered as significant, however, since the separations were not strictly quantitative. 

The absence of a "dark reaction1' between isosorbide dinitrate and diphenyla~nine a t  
25" and the slow reaction of the stronger base pyridine with the dinitrate a t  115O (14) 
ruled out nucleophilic attack of unexcited diphenylamine on the ester from consideration 
in the lllechailis~n of the photonitration. A comparison of the ultraviolet spectra of the 
reactants (Fig. 1) showed that  diphenylamine absorbed far more of the incident light 
than the nitrate ester in the effective spectral region (265 to 334 mp). This suggested 
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the possibility that the photoproducts resulted froin attack on the ester by diphenyl- 
nitrogen radicals formed in a photodissociation of the diphenylamine. However, Tarutina 
has shown that irradiation of diphenylamine in benzene solution under similar conditions 
caused only slight decomposition of the N-H bonds unless an active radical was supplied 
simultaneo~~sly in the irradiated solution (35). This fact, taken together with the weight 
loss suffered by isosorbide dinitrate when irradiated alone in ethanol solution, indicated 
that a true photolytic cleavage of the nitrate ester group probably preceded the photo- 
nitration. 

Among the seven other oxy-nitrogen functional groups which have been tested only 
the nitrite ester appeared to undergo a similar photolytic fission. Photolysis of nitrite 
esters with allioxy-nitroso bond fission was reported recently by Barton and co-workers 
(36-38) as a preparative procedure. Yunker and Higuchi (33) showed that diphenylamine 
stabilized isoamyl nitrite by combining with the thermal decomposition products to 
form the same nitro derivatives of diphenylamine obtained in the well-known stabiliza- 
tion of nitrate ester explosives (6-9). 

One pathway suggested by Coldwell and McLean (24) for the photonitration of 
diphenylamine was that the nitrodiphenylamine derivatives were formed by direct 
N-nitrosation of diphenylamine followed by rearrangement to the C-nitroso compound 
and subsequent oxidation. This mechanism appeared unlikely to predominate in the 
photoreaction in benzene solution in the present case. Molecular oxygen was continuously 
purged from the system during irradiation and the recent work of Kemula and Gabrowslta 
on the photochemical reaction of benzene with oxygen (39) indicated that any atomic 
oxygen formed from nitrate ester would combine rapidly and irreversibly with the excited 
beilzene solvent. The similarity of the products obtained in the two solvents would rule 
out this mechanism for the ethanol solutions also. 

An alternative pathway for the photonitration, also suggested by Coldwell and McLean, 
was direct nitration of the phenyl rings. This seemed the more plausible, especially in 
the light of the recent work of Barnes and Hickinbottom on the thermal rearrangement 
of N-metl~yl-N-p-nitropl~enylnitrainine (40). These authors found that the migration of 
the nitro groups, brought about thermally, was not intramolecular but involved homo- 
,lytic rupture of the N-NO2 bond and the form of the nitro group thus created nitrated 
suitably activated phenyl rings. We believe a similar intermediate may be involved in 
the nitrate ester photolysis and further studies of the reaction are in progress. 
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ORGANIC PEROXIDES 

111. REACTIONS OF DIALKYL PEROXIDES WITH ORGANOLITHIUM AND 
ORGANOMAGNESIUM COMPOUNDS1 

G. A. BARAMKI, H. S. CHANG, AND J. T. EDWARD 
Departnzent of Chemistry, il6cGill University, A.iontren1, Qzre. 

Received Sovember 10, 1961 

ABSTRACT 

Optinlum conditions for obtaining arylall;yl ethers from the reactions of aryl-lithium or 
-magnesium cornpot~nds with dialkyl peroxides have been investigated. The reactions arc 
considered to take place by ionic or four-center mechanis~ns. 

Gil~nan and Adams (I) found that, while di-(triphenylmethyl) peroxide is inert to 
phenylinagnesiulll bromide, diethyl peroxide reacts with it to give a 34% yield of phene- 
tole. Di-t-butyl peroxide does not react with this Grignard reagent (2), even a t  80' (3), 
but reacts a t  ordinary temperatures with the less-hindered Grignard reagents derived 
from primary and secondary bromides to give low yields of t-butyl ethers. 

Because of the possible usefulness of this method for synthesizing certain otherwise 
inaccessible ethers, we have studied the reactions of four dialkyl peroxides with phenyl- 
lithium and the pheilyl Grignard reagent (Table I ) ,  as well as the reactioil of dirnethyl 
peroxide with some other organo-lithiunl and -1nagnesiunl coinpounds (Table 11). Best 

Yields of ethers fro111 reactions of diallcyl peroxides with phenyllithitnll and 
phenylrnagnesiurn brolnide 

Yield (%) from Yield (yo) from 
Peroxide Reaction tenlp. ("C) PhLi PhMzBr 

Dimethyl 
Methyl t-bt~tyl 
Methyl t-butyl 
Iliethyl 
Di-t-butyl 
Di-t-butyl 
Ili-t-buty l 
Ili-t-butvl 

*Gilman and Adams (1) report a 34% yield. 
tCompare ref. 2. 
tCornpare ref. 3. 

TABLE I 1  
Yields of 111ethyl ethers (ROMe) from reactions of dimethyl 

peroxide with RLi and RMgBr a t  15-20° C 

Yield (%) with Yield (%) with 
R RLi RMgBr 

'The  papers by J .  T .  Edward, J .  Cherit. SOG, 1464 (1954), 222 (19,56), are considered Parts I and 11 of this 
series. 

Canadian Journal of Chemistry. Volume 40 (1963) 
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yields were obtained with diinethyl peroxide, which reacted equally well with both 
lithium and magnesium compounds. However, this peroxide is explosive and capricious, 
and the much safer methyl t-butyl peroxide gave with phenyllithium (but not with 
phenylmagnesium bromide) almost the same yields of anisole. No phenyl t-butyl ether 
was obtained from these reactions. With the more highly hindered di-t-butyl peroxide 
the superiority of phenyllithiuin was more marked (Table I) ,  but even so the reaction 
was still incoinplete after 12-14 hours a t  15-20°, 45% of the peroxide being recovered. 
Reaction was complete in this time a t  35O, but the yield was inferior to that obtained in 
the reaction of phenylinagnesium bromide with t-butyl perbenzoate, recently described 
by Lawesson and Yang (3). I t  would seem that  the latter reaction will prove, in some 
instances, the method of choice for preparing t-butyl ethers, while the reaction of organo- 
lithium con~pounds with methyl t-butyl peroxide will prove perferable for preparing 
methyl ethers. 

Gilinan and Adams ( I )  isolated a 30% yield of biphenyl, along with phenetole, froin 
the reaction of diethyl peroxide with phenylmagnesium bromide. We also obtained 10- 
30% yields of biaryls from the inixtures after reaction of the peroxides. However, it was 
shown in several cases (and seems likely for the others) that the biaryl was formed during 
the preparation of the organometallic compound. 

Organometallic coinpounds sometimes react by free-radical mechanisms (4). However, 
while triphenylinethylsodium reacted with dimethyl peroxide to give a methyl ether, 
triphenylmetl~yl radical failed to react. Consequently, the reaction of triphenylinethyl- 
sodium is most plausibly explained by an ionic mechanism involving an SN2 attack on 
oxygen : 

R1 
I - 

P~,c--0-OR? - PhZC-OR, + -OR?. 

A siinilar mechanism appears likely for the reactions of pl~enyllithiurn. The decreased 
rate of reaction as RI is changed from methyl to t-butyl finds a parallel in the decreasing 
facility of SN2 attacks on the carbon atom of allcyl halides as the neighboring alkyl group 
becomes more highly branched (5) ; the lesser effect of the nature of R2 is also in harmony 
with this mechanism. On the other hand, the much greater sensitivity to steric effects, 
particularly to the nature of R2, observed in the reactions of Grignard reagents, is best 
explained by a four-center mechanism of the type generally postulated for the reactions 
of these conlpounds (6). The recent work of Dessy (7) indicates the phenyl Grignard 
reagent to be a complex of Ph2Mg and MgBr2, with only a negligible amount of PhMgBr. 
A four-center reaction of this complex with the peroxide linkage would require a con- 
forinatioilal change (I -+ 11)2 of the peroxide which becomes progressively more difficult 
as the bulk of both R l  and R2 increases. The effect of such corlforinational equilibria on 
reaction rates is now well established (10). Further, it mould be expected that the more 
stable transition state (111) would be that one in which the R l  was the less bulky of the 
two allcyl groups, because of bulk of the phenyl group. This accords with the exclusive 
formation of anisole (IV; R1 = Me) fro111 methyl t-butyl peroxide ( I ;  R1 = Me, R2 = 

Bu'). 

EXPERIMENTAL 
ilJaterials 

Dimethyl peroxide, prepared according to  Rieche and Brumshagen (ll), was not isolated as  a pure liquid 
but was passed in  a stream of nitrogen through a long column of Drierite and then into dry peroxide-free 

V t  seems likely tlmt neither I nor 11 are planar molecules (8, 9 )  but that attainment of the Ira?tsitio?z state 
(111)  requires the moverlzent of RI and R1 towards each other. 
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B A R A M K I  ET AL.: O R G A N I C  PEROXIDES 

Mg-Br 
\ r/' 

ether cooled to -70' (yield, about 70%). This ether solution was reasonably safe to  handle and c o ~ ~ l d  be 
stored in the refrigerator without apparent deterioration; however, twice it exploded during addition to  
a solution of organometallic compound. I t  was analyzed for peroxide by a modification of Rieche and 
Brumshagen's method (11). Ten milliliters of the solution was mixed with standard aqueoLls stannous 
chloride solution (5 ml) in a tightly stoppered flask, and the mixture was stirred magnetically for 2 hours. 
The ether layer was then separated, washed quickly with two 10-ml portions of water, and the washings 
added to the stannous chloride solution. Excess standard iodine solution was added to  this solution, which 
was then back-titrated with standard sodium thiosulphate solution. 

Methyl t-butyl peroxide, b.p. 23Oat 119 mm, d?O 0.811 g/ml, n d 4  1.3770, was prepared by the procedure 
of Rust et al. (12), and diethyl peroxide, b.p. 22" a t  90 mm,  1.3862, by the method of Baeyer and Villiger 
(13) as  modified by Harris and Egerton (14). Colnmercial grade di-t-butyl peroxide, b.p. 112' a t  760 mm, 
nn20 1.3890, was used \vithout purification. 

General Procedz~re 
Ether solutiorls of the Grignard reagent or aryllithium were prepared under nitrogen in the usual way, 

filtered, and the concentration of organometallic compound determined by addition of a 2-ml aliquot t o  
an excess of standard hydrochloric acid and back-titration with standard sodium hydroxide. To aliquots 
of these solutions the dialkyl peroside, diluted with an  equal volume of anhydrous ether, was added under 
nitrogen over 1- to 2-hour periods with stirring a t  the temperatures indicated (Tables I and 11). The reaction 
mixture was left overnight (12-14 hours) a t  this temperature, and then worked up in the usual manner, 
except that  the ether solution was washed with aqueous sodium hydroxide to  remove a trace of phenol 
formed by  oxidation of the organometallic compound by molecular oxygen. The products, when liquid, 
were isolated by careful distillation through a Nester and Faust spinning-band column, and identified by 
boiling point, refractive index, and infrared spectrum. Solid products were identified by melting point, 
mixed mclting point, and infrared spectrum. Yields are based on the quantity of peroxide, a 10-20% excess 
of organornetallic compor~nd being used. 

Further details of some reactions are given below. 
(a) Reaction of methyl t-bztlyl peroxide with phenyllitlziu7n.-t-Buta1101, b.p. 7g0, was isolated in 46y0 

yicld from the reaction carried out a t  15-20' C. 
(b) Reaction of vzetlzyl t-bz~tyl peroxide with phenylwzagnesiz~m bromide.-The t-butanol (52% yield) isolated 

from this reaction carried out a t  15-20' contained a small amount of unreacted peroxide, a s  shown by a n  
additional strong band a t  875 cm-I (15, pp. 120-121) in its infrared spectrum. 

(c) Reaction of di-t-butyl peroxide with phenyl1ithium.-From the reaction carried a t  0-5' C, 89% of perox- 
ide, b.p. 50-54" a t  145 mm, was recovered; a t  15-20', 45%; a t  35", 0%. 

(d) Reaction of ditnetlzyl peroxide with p-anisyl?,aag?zesiz~m brotizide and p-a~zisy1litlziz~ctz.-The ether solution 
from reaction of the Grignard reagent was distilled through a short Vigreux column to give p-dimethoxy- 
benzene, b.p. 88-96' a t  6 mnl, which solidified in the receiver. Similar treatment of the ether solution from 
reaction of phenyllithium gave an oil, b.p. 86-96" a t  6 mm, which contained p-bromoanisole, and which 
partially crystallized only by chilling to 0'. p-Dimethoxybenzene was removed by repeated chilling and 
quick filtration. 

(e) Reaction of dilnethyl peroxide with 2-naplzthyllithiz~?n.-After reaction, 2,2'-binaphthyl (30% yield) 
separated from the ether solution and was recrystallized from benzene as white flakes, m.p. 180' (reported 

187" (16)). The residue from the ether solution was chromatographed on neutral Alumina: Elution 
with petrole~lm ether (b.p. 67-69') yielded naphthalene, while elution with benzene - petroleum ether, 
40:60, yielded 2-rnethoxynaphthalene, m.p. 72'. 

(f) Reaction of di~netlzyl pero..cide with triphenyl?~zetlzylsodi~~?~z.-Dimethyl peroxide (0.08 mole) was added 
to triphenylmethylsodiurn (17) prepared from triphenylchlorornethane (0.114 mole) and sodium amalgam 
(0.25 g-atom). After the addition (20 minutes), the triphenylmethylsodium had been largely consunled. 
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a s  shown by the change in color of the reaction mixture from red to yellow. 'The syrup remaining on cvapora- 
tion of the ether, after dissolution in petroleutn ether, afforded crystals of triphenylmcthanc, but only 
intractable gums were obtained on evaporation of the mother liquors. However, the presence of methox)- 
triphenylmethane in the gum was show~lby  an infrared peak of medium intensity a t  2825 cm-'characteristic 
of the methoxyl group (18) and found in an authentic specimen of methoxy-triphenylmethanc prepared by 
the method of Straus and Hiissy (19). The gum also showed a peak a t  2880 cm-I corresponding to  the C-H 
stretching vibration of triphenylmethane (20). 

(g) Reaction of diethyl peroxide with triphe~~yl~i7ethylsodiz~~iz.-This reaction also yielded an uncr) stalli~able 
gum, in mhich the presence of an ethyl ether was show11 by a strong infrared peak a t  1085 cm-l, as \\re11 
as by aliphatic C-H stretching frequencies a t  2980 and 2940 cm-' (medium intensity) (15, p. 13). .-\ 
C-H stretching peak for triphenyl~nethane was observed a t  2880 c~n-I. 

Atte?i~pted Reaction of D??netl~yi Peroxide with Triplzenylnzetlzyl Radical 
Dimethyl peroxide (0.08 nlole) in benzene solution was added with stirring under nitrogen to n solution 

of hexaphenylethane in benzene, prepared from triphenylchloromethane (0.066 mole) and zinc dust (0.63 
g-atorn) (21). After a further 30 minutes under nitrogen, air was bubbled through the rcaction m i s t ~ ~ r e  
to change any unreacted hexaphenylethane into the insol~~ble di-(triphenylniethyl) peroxide. The peroxide 
was removed by filtration and iderltified by melting point and infrared spectrum (peak a t  895 cm-I for 
peroxide linkage (15, pp. 120-121)). The benzene solution on evaporation gave a residue which had all 
infrared spectrum identical with that  of triphenylchloronlethane, and showed no absorption in the region 
3000-2800 cm-I, indicating the absence of any methoxytriphenylmethane. Recrystallization of the resi- 
due from benzene gavc colorless plates, m.p. 108-11O0, ~~i~cleprcssed by admixture ni th  authentic triphcn- 
ylchloromethane. 
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THE INTERACTION OF FRIEDEL-CRAFTS CATALYSTS WITH ORGANIC 
MOLECULES 

11. BORON TRIFLUORIDE WITH BENZOIC ANHYDRIDEL 
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Received November 24, 1961 

ABSTRACT 

The complex of boron trifluoride with benzoic anhydride has been prepared. One molec~~lc 
of anhydride coordinates three molecules of boron trifluoride. The infrared spectrum shows 
that coordination takes place a t  the c a r b o ~ ~ y l  groups, whose frequellcy is lowered some 
200 cnl-I. There is no trace of the benzoylil~m cation, CGHSCO+. A l t h o ~ ~ g h  the spectra arc 
complex, tentati\.c assignments are made. 

INTRODUCTION 

Recent ~vorli has shown the existence of the acetylium cation, CH3CO+, in nlixtures 
of acid halides and strong Lewis acids (1, 2). This ion is thought to be an intermediate in 
the Friedel-Crafts lcetone synthesis. There is strong evidence, however, that  acid halides 
and Lewis acids can interact, giving stable complexes without ionization (2, 3). The 
complex formation is thought to  be due to a donor-acceptor interaction between the 
carbony1 lone pair electroils and the vacant orbital of the Lewis acid. This coillples 
presumably is also active in lcetone synthesis. 

Besides acid halides, acid anhydrides have been used in acylation reactions (4). 
Benzoic anhydride, for example, contains the structural elements of benzoylium benzoate, 
C6H5CO+OCOC6H5-, into which i t  could co~lceivably ionize under the i~lflue~lce of a 
strong Lewis acid. The purpose of the investigation was to see if  ally ionic species was 
present in the complex, thus identifyiilg a possible comnion acylating agent in all Friedel- 
Crafts ketone syntheses, or, if  not, to speculate on the constitutio~l of the complex. 

RESULTS i \ND DISCUSSIOS 

Belzzoic .lcid - Boron Trijiuoride Cornp1e.c 
The structure of anhydrides is probably as shown in I. Other structures derived from I 

by rotation of the ac1.l group around the C-0 bond are far lllore sterically hindered than 
I ,  even when R = CH3. If R = C6H6 or ally bullcy allcyl groups, I is the only structure 
that can accommodate such groups without angular distortion. I is presumably planar, 
and therefore contains a plane of symmetry which bisects the C-0-C angle a t  right 
angles to the molecular plane. 

The splitting of the carbonyl group frequency, observed in all anhydrides, has been 
ascribed to coupling of an in-phase and an out-of-phase motion of the two carbonyl 

Cnt~adian Journal of Chemistry. \'olu~ne 40 (19G2) 
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groups, resulting in a low- and high-frequency band (5, 6). This explanation has been 
tacitly accepted, but has been held with some reservations. Certainly both bands a t  
1799 cm-I and 1738 cin-I (doublets) are connected with the carbonyl group. (See Table I.) 

Bands in spectrum of (CGH:CO)~O and the BF3 co~nplex 

( C G H ~ C O ) ~ O : ~ B F ~ ,  16201n,sh, 1610s, lGOls, 156% 1561s, 1503m, 1463m,sh, 1458s, l448s, 1434s, 
sohd 111 ~iujol 1428m,sh, 1308w, 1272111, 1240s, 12081~1, 1170s, 1153s, 1148s, 10651n,sh, 1044s,sh, 
and fluorolube 1032vs, 988s, 946w, 901w, 8701~1, 832v\\r, 810111, 770111, 721s, 695\v, 681111 

(CsHbCO) 20, 1799vs, 1790vs, 1738s, 1733s, IGBGw, 1603111, 1589111, 1494\v, 1452s, 1402w, 1305\\~, 
solution in CCll 1270m, 1240111, 1203vs, 11G8s, 1072111, 1034vs, 1012vs, 996vs, 935w, 872\\7,7801n, 
and CS? 702vs. G88m 

In the complex both of these two bands have disappeared. T o  account for this i t  is 
suggested that each carbonyl group complexes with one BFB inolecule as sho\vn in 11, 

and a further BFB molecule coordinates a t  the bridge oxygen. This is in accord with the 
stoichioinetry of the complex (see experimental section) requiring three BF3 units per 
molecule of benzoic anhydride. 

Having postulated BF3 coordination a t  the carbonyl group, and with the knowledge 
that such coordination can lower carboilyl frequencies by a few hundred cin-l, i t  is then 
proper to look for perturbed carbonyl frequencies in the region 1650 to 1450 cm-l. There 
is, in fact, an abundance of bands, which makes the task somewhat difficult. Seven bands 
call be seen a t  1610, 1601, 1568, 1503, 1458, 1448, and 1434 cm-l. The last band would 
represent a shift of 366 cm-1 between anhydride and complex, and this seems rather a 
high value. Other fundamentals in this region would be ring modes of the aromatic nucleus, 
but the 1458 cm-I band seems too intense for these. I t  is thought reasonable, therefore, to 
assign the 1601 cm-I band to the perturbed high-frequency carbonyl vibration, and the 
1458 cm-I band to the low-frequency one. The 1610, 1568, 1503, and 1448 bands would 
then be assigned to ring modes or con~binations. Their high intensity would be borrowed 
from the two carbonyl bands. The only other donor site in the benzoic anhydride molecule 
is the bridge oxygen which coordinates one BF3 molecule. In the anhydride a very strong 
band is located a t  1203 cm-I and is generally thought to be associated with the C-0-C 
grouping. I t  has the character of an asymmetric C-0 stretch. In acetic anhydride the 
band is a t  1118 cm-l. ( I t  is doubtful if these frequencies can be designated as group 
frequencies, as, for example, carbonyl frequencies can. Variations in these frequencies 
do not have the significance that other group frequencies have.) 

In the complex there are a number of bands in the 1000-1300 cnl-I region, but one of 
the bands near 1153 cm-I could be approxi~llately described as due to a C-0 asymmetric 
stretching vibration. Vibrational interactions will be prevalent in the complex, and the 
free anhydride, in the C-C-0-C-C framework, so that  it becomes difficult to 
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characterize each band as due to a specific vibration. However, the lower frequency in 
the coinplex compared with the anhydride is in keeping with known behavior of complex 
formation. This assignment seems a little arbitrary a t  the moment, but will be strength- 
ened by subsequent assignment of other bands in the 1000-1300 cm-' region to other 
vibrations. 

In all boron trifluoride colllplexes the originally trigonally planar arrangement around 
the boron atom gives way to an approximately tetrahedral one. The three B-F bonds 
lengthen considerably and the donor atom nlakes the fourth bond a t  a distance closely 
approaching that of covalent organic compounds. Thus, in the complexes, one would 
expect two B-F stretching frequencies, one symmetric, the other asymmetric, in the 
region 900 to 1300 cm-l. Furthermore, since boron has two isotopes of mass 10 and 11, 
in the natural ratio of 1:4, each of these B-F stretching frequencies should be doublets 
with a high-frequency component having about one fourth the intensity of the lower- 
frequency component. These doublets should be infrared active since i t  is only in the 
totally synlnletric modes like v l  in BF4-, v l  in BF3 that  no isotope splitting occurs. I t  
seems very unlikely that there would be no motion of the B atom in the B-F stretching 
modes in the complexes. The separation of the isotopic bands would be about 40 to 50 cin-1. 

Two bands which qualify extremely well for the asymmetric B-F stretch are located 
a t  1272 and 1240 cm-l. When rough corrections are made for band overlap these two 
bands have intensities in a ratio quite close to 1:4. For the symmetric B-F stretch the 
bands a t  1065 and 1032 cn1-I seem very appropriate. They have the right frequency 
separation and intensity ratio. 

One strong band is still unassigned in this region, a t  988 cm-l. This can be assigned to 
a B-0 ligand bond. This is a good deal lower in frequency than a purely covalent B-0 
stretching vibration, as, for example, in methoxyboranes (7), 1250-1400 cm-l, reflecting 
the weaker nature of the coordinate link. I t  is, however, consistent with other B-X 
stretching frequencies in various BF3 complexes, for example, BF3:pyridine1 1095 cm-I (8). 

While the con~plex nature of the spectra precludes a complete assignment a t  this stage, 
two very important incontrovertible facts are clear. First, there are no bands in the 
spectra near 2200 c n r l  associated with the ionic species (C6HbCO+SbF6-, 2193 cm-I) (9). 
Since these species give rise to intense bands i t  can be categorically stated that they are 
absent in gross amounts. Fractions of a percent could not be detected by present methods. 
Secondly, coordination of BF3 occurs a t  both carbonyl groups and the bridge oxygen. 
I t  is clearly probable that whatever ability these complexes have in acylation does not 
come from any ionic species formed in the complex. 

Acetic Anhydride - Boron TriJluoride Complex 
Many similar features have been found in a conlplex of acetic anhydride with 2 moles 

of boron trifluoride. Total absence of absorption in the 2200-2300 cm-1 region indicates 
the absence of the acylium ion, CH3CO+. The absence of strong bands in the 1700-1800 
cm-1 region also indicates an alteration in the C=O bond character. A structure similar 
to I1 is tentatively suggested, though some irreversible reaction cannot, a t  this stage, be 
ruled out. Further work is progressing with this material. 

EXPERIMENTAL 

Tlze Spectra 
A Perkin-Elmer 221 prism-grating spectrometer was used to  record the spectra. Emulsions of the solid 

in nujol and fluorolube pressed between sodium chloride plates gave very good spectra. Since the compounds 
were some\\.hat sensitive to  moisture the samples were prepared in a d ry  box. 
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Tlrr Conzpoi~?zds 
Benzoic anhydride (Distillation Product Industries, white label grade), 22.0 g (0.1 mole), was dissolved 

in 450 g dry carbon tetrachloride, then saturated with BFI, when a slowly developing white precipitate was 
observed. After filtration, and further treatment with BF.1, more solid was observed. h'o attempt was made 
to obtain a quantitative yield. The substance was slowly attacked by water, yielding benzoic acid and boric 
acid. A quantitative determination of the composition of the material by gravilnetric methods showed that  
one anhydride molcc~~le coordinated three BF3 molecules. 
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METALLO-ORGANIC COMPOUNDS CONTAINING 
METAL-NITROGEN BONDS 

PART 11. SOME DIALKYLAMINO DERIVATIVES OF Nb(V) AND Nb(1V)' 

D. C. BRADLEY AND I. M. THO~IAS' 
Departmelzt of Chenzistry, University of Western Ontario, Londo~z,  Ontario 

Received October 20, 19GI 

ABSTRACT 

Reactions involving n i o b i ~ ~ m  pentachloride and lithium dialkylamides (LiNR?, \\.here 
li = Me, E t ,  Pr", Bun) led to  considerable reduction of niobiunl to  Nb(1V) as  the length 
of the alkyl chains increased. Nb(NMen)5 was isolated by sublimation but  distillation of the 
other products gave tetrakis-(dialky1amino)-niobium(1V) compounds. Steric factors are 
apparently responsible for the low stability of pentakis-(dia1kylamino)-niobiurn(V) compounds. 
The smaller steric effects of -NMeBun and piperidino groups allowed the isolation of 
pentakis derivatives. The thermal deco~nposition of Nb(IViMeBu")h gave mainly Nb(NMeBun): 
with some B u " N = N ~ ( N M ~ B u " ) ~ .  Steric effects were also revealed in the replacement of 
-I1'Me? groups ill Nb(NMe2)s by -NEtr groups and in replacement of -N\JEt? groups in 
Nb(NEt2): by piperidino groups. 

In a previous co~nlnunication ( I )  we reported that tetralris-diallrylan~ino derivatives 
M(NR2)4 of titanium and zirconium could be prepared by the action of the appropriate 
lithiurn dialkyla~nide and the illeta1 tetrachloride. These new compounds were thermally 
stable insofar as they survived distillation under reduced pressure, although they were 
readily hydrolyzed or alcoholized. Anlinolysis reactions revealed that very powerful 
steric effects came into play and i t  appeared in nlost cases that  steric hindrance was 
sufficient to  prevent polymerization through intermolecular metal-nitrogen coordinate 
bonds. 

We now report some results obtained from the reactions involving lithium allrylamides 
with niobium pentachloride. When the lithium di-n-alkylamides, LiNRz (where R = Me, 
Et ,  Pr", and Bu'", were used, reduction of the niobium to  the quadrivalent state occurred 
to an extent which increased with the length of the n-allryl chains in the amine, i.e. 
Me, 9%; E t ,  69y0; Prn, 85y0; Bu", 91y0. Only in the case of the dimethylalnino derivative 
was i t  possible to isolate a pentalris compound, Nb(NMe2)6. This was obtained as a Orowil 
solid by sublimation a t  100' a t  0.1 mm. With the higher amines distillation of the reaction 
products led to  the isolation of the tetralris-diallrylan~ino-niobium(1V) compounds as 
red or brown liquids, as  shown in Table I .  

I t  is important to  understand the factors which control the degree of reduction of the 
niobium in reactions involving lithium dialkylamides and niobium pentachloride. An 
obvious possibility is the opposition by steric factors to formation of stable penta1;is 
compounds, and i t  is clear that  the order of steric effects is: Bu7\zN > PrnzS > EtzN >> 
MezN. This order of steric effects is nicely in line with the observed order of degrees 
of reduction in the LiNR2-NbCls reactions. However, i t  is also possible tha t  electronic 
factors may play an important part. Here we are on less certain ground but  it seems 
reasonable to  suppose that  reduction involves the uncoupling of electrons in a metal- 
nitrogen bond, with the formation of an NR2 radical. Assuming tha t  the inductive effect 
(electron release) of the alkyl groups tends to stabilize the -NR2 radical this would lead 

'For Part I ,  see ref. 1. 
2Present address: Anderson Clzenzical Division, Stauffer Chenzical Corporation, JVeslon, il6ichigalz, U.S.A.  

Canadian Journal oi Chemistry. Volume 40 (1962) 
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TABLE I 
Properties of dialkylamino-niobi~~m compounds 

Volatility* 
Compound Appearance (0.1 mm pressure) 

Nb(lUMe2)s Brown solid looo C t  
Nb(NEtz), Brown liquid 120" C 
Nb(NMe?)3(NEtz)? Pale brown solid llO" Cf  
Nb(NMe2) (NEt?)3 Red liquid 120" C 
Nb(NPrn>)4 Red liquid 155" C 
Nb(NBuf'r)c Red liquid 175" C 
Nb(NMeBun)5 Red liquid 150" Cf  
Nb(iUMeBun~n Red liauid 150" C 

N ~ ( N c ~ I - I ; ~ ~ ;  Brown li41id -170" Cf 
Nb(IiEt?)3(NCaHlo) Brown liquid 170" C 
Nb(h'Etz)?(NCaH10)2 Viscous brown liquid 170' C t  

'?These figures are not true boiling points. 
tsublimes. 
~Decomposes. 

to the followi~lg ease of formation of radicals: NBu7'2 > NPrn2 > NEt2 > NNIez, which 
is also in line with the observed degrees of reductioil of the niobium. In an attempt to 
resolve this problem we have investigated some reactions of NbCl5 with other lithium 
alkylamides. In the reaction involving the lithium derivative of N-methyl-n-butylamine, 
MeBu71NH, no reduction occurred and the pentaltis compound Nb(NMeBun)S was 
obtained. However, attempts to distill the conlpound led to extensive reduction of the 
niobium and the volatile product was substantially the tetrakis compound N b ( N w 1 e B ~ ~ ) ~ .  
We will defer discussion on the details of this interesting decomposition until later and 
point out a t  this stage that  our success in obtaining N ~ ( N M ~ B U " ) ~  strongly supports 
the view that steric factors play a predomiilant role in the reduction of niobium alkyl- 
amides. This is because the relatively small N-methyl group will allow the bulky n-butyl 
group in Nb-NMeBu" groups to bend back and away from the center of intramolecular 
congestion. Further evidence in support of the stereochemical hypothesis resulted fro111 
the reaction involving lithium piperidide and NbC15. In this reaction only 15y0 reduction 
of niobiu~n occurred. Moreover, by amillolysis of Nb(NMe2)5 with piperidine the pure 
pentakis-piperidino-niobium Nb(NC5Hlo)5 was obtained as a bright yellow crystalline 
compound. Since the piperidino-group has a steric effect very similar to that of the 
diinethyla~nino group but an inductive effect nearer to the diethylanlino or di-n-propyl- 
a~~ l i i l o  group we conclude it must be steric effects which prevent the formatioil of stable 
pentaltis-dialkyla~nino compounds of the higher di-n-alltylamino groups. 

Some interesting results were obtained from the aminolysis reactions involving 
Nb(NMe2)5 and excess diethylamine under various conditions. In a reaction lasting 
2 hours a t  the temperature of boiling diethylamine no reduction of niobium occurred and 
disubstitution was effected. However, attempts to distill the tris-(dimethylamino)-bis- 
(diethylamino)-niobium(V) Nb(NMez)3(NEtz)z so obtained led to decomposition. In 
another experiment, continued until it appeared that all of the dimethylamino groups 
had been replaced (9 days), reduction occurred (30y0) and analysis showed that dimethyl- 
amino groups were still present. Distillation of the product gave a volatile quadrivalent 
niobium mixed alkylamide, Nb(NMe2)(NEt2)o. From these experiments i t  is clear that 
steric effects are very powerful in preventing substitution of MezN groups by EtzN 
groups. In addition, i t  appears that the niobium can accommodate three dimethylamino 
and two diethylamino groups but that  the introduction of the third or fourth diethyl- 
amino group leads to instability. 
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The niobiuin(1V) compounds obtained in this research were similar in volatility to the 
tetraltis-dialkylalllii~o-titanium coinpounds prepared before ( I )  and they should provide 
valuable starting inaterials for the synthesis of other Nb(1V) con~pounds. For example, 
we have prepared tetralris-piperidino-niobium(IV) by aminolysis involving tetraltis- 
diethylamino-niobium(1V). Even in this system it  was clear that steric hindrance was 
important because in a preliminary experilllent conducted in boiling beilzeile for over 
4 hours only disubstitution occurred. However, the Nb(NEto)2(NC5Hlo)2 thus forined 
disproportionated when heated and a s~nall ainount of the volatile Nb(NEt2)3(NC5Hlo) 
was obtained. Coinplete replacelllent of diethylainino groups was effected by a reaction 
lasting 6 days, but the low volatility of Nb(NC5Hlo)4 precluded its purification by 
distillation. This feature of Nb(NC5H1~)d calls to mind the abnormally low volatility 
of Ti(NC5H10)4. Froin considerations of inolecular size and organic content it would be 
expected that  the tetrakis-piperidino derivatives would have volatilities intermediate 
between the tetraliis-diethylamino derivatives (Ti, 110" a t  0.05 mm; Nb, 120" a t  0.1 inm) 
and the tetraliis-di-n-propylamino derivatives (Ti, 150" a t  0.1 nlm; Nb, 155" a t  0.1 mm). 
In fact they are considerably less volatile (Ti, 180" a t  0.1 mm; Nb, decomposes a t  170' 
a t  0.1 mm). Since the piperidino groups will exert less steric hindrance than either NEtz  
or NPrnz groups i t  was thought that  the piperidino compounds might be polymeric in 
nature. Kevertheless, deterinination of the molecular weight of Ti(NC5Hl0)., in boiling 
benzene showed that  this conlpound was moi~omeric ( I )  and the reasoil for its abnorinally 
low volatility is obscure. 

Let us now return to  the thermal decomposition oi N ~ ( N M ~ B U " ) ~  mentioned earlier 
in the paper. About 90% of the niobium originally in the pentakis compound was 
recovered in the form of a deep red liquid which distilled a t  150" a t  0.1 mm. Analysis of 
the distillate shelved that it was substantially tetraltis-(N-methyl-n-buty1arnino)- 
niobium(1V) but the N:Nb ratio of 4 : l  and the average valency of 4.25 for the niobium 
showed that  a quinquevalent niobium compound with N :Nb  = 4:l and a volatility 
similar to  S ~ ( S I \ I ~ B U " ) ~  inust also be present. Our experience with tantalum compounds 
(2) suggested that  the quinquevalent niobium compound might be B U " N = N ~ ( N M ~ B U " ) ~ .  
This was confirmed by gas chromatography oi the volatile products of alcoholysis by 
which means primary n-butylamine was identified in addition to  N-methyl-n-butyla~nine. 
I t  appears that the thermal decoinposition of Nb(NNIeBun)5 involves some novel reactions 
since besides practically quantitative recovery of niobiuill as Nb(Nn/IeBun)a + BunN= 
Nb(Ki\iIeB~i'"~ there was obtained a more volatile product consisting of substailtially 
N-methyl-n-butylainine. Further work on this interesting reaction is in progress. Special 
attention was paid to  the possibility tha t  compounds of the type RN=Nb(NR2)3 might 
also be forined in the thermal decomposition of the other iYb(NR2)S coinpounds but no 
evidence for this was forthcoming. 

1 .  General 
All reactions were carried out in carefully dried glass apparatus under an  atmosphere of dry  oxygen-free 

nitrogen. 
Amines were stored over sodium wire and fractionally distilled over fresh sodium immediately prior to  

use. The purity of the amines was checked by gas chromatographic analysis. 
The niobium analyses were obtained by weighing samples directly iiito weighed platinum crucibles, 

hydrolyzing cautiously with water, and igniting carefully to NbzOj. The nitrogen coritent (as basic nitrogen) 
was determined by steam distillation and subsequent titration of the ainine produced by hydrolysis in 
alkaline solution. The valency of the niobium was determined by the following chemical method. A sample 
of the compound was added to  a 10-cc aliquot of a solution of anhydrous ferric chloride (15 g) aiid sulphuric 
acid (15 cc, conc.) in ethanol (150 cc). When a clear solution was obtained (usually within 10 seconds) the 
aliquot was added to  dilute sulphuric acid and titrated against standard ceric sulphate solution. A blank 
determination was carried out on the ferric chloride - sulphuric acid -ethanol reagent. 
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2. Piepaiatiotr r?f litltiz~nz Dialkylamides 
In order to remove lithiunl chloride by liltration from the products of the lithium dialkylaniidc - S b C l j  

reaction it was llecessary to prepare a solution of L i S R ?  in pentane free from lithium halides. 'The fo l lo~ ing  
method proved to  be satisfactory. Normal-butyl chloride (theoretical amount) in twice its v o l u ~ ~ ~ c  of 
pentane \\,as slo\\;ly added to  a suspension of linely cut lithiunl ribbon in pentane. The rate of atlclition \vas 
adj~~stecl  to  maintain the pentane a t  a moderate rate of reflus. The n~ixturc was stirred until cool and then 
kept a t  room temperature for several hours. The clear solution of butyl l i th i~~m was decanted Iron1 the 
insoluble lithium chloride and the concentration of butyllithi~um was determined by titratio11 agaiust 
standard acid. The dialkylarnine (10% excess over theoretical) was then added dropnlise to  the stirred 
solution of but)-llithium a t  a rate sufficient to  maintain the pentane in a state of reflus. The lithium tlial1;):l- 
amide was precipitated and in all cases appeared to be practically insoluble. After co~npleting thc aclclitio~~ 
of the dialliylamine the system \\-as stirrcd for a further 30 minutcs and was then ready for use. 

3. React.ions Inoolning lVbCL5 and L%llt;~~nr Dialkylanzides 
(i) Litltiz~nt Dinzetltylamide 

Niobium pentachloride (11.5 g) \\,as added to a stirred suspension of lithium di~nethylan~idc  (0.215 
g-equiv) in pentane. A slo\v reaction occurred with the development of an orange color. The misture \\as 
Ikept stirred a t  roonl temperature for 20 hours and was then filtered to renlo\,e insoluble lithium salts. 
Evaporation of pentane from the filtrate left a light brown solid (13.8 g;  calc. for Nb(KiLIe?)a, 13.3 g). 
1;o~uld: Kb, 27.4; NWIe?, 63.7; valency of Nb, 4.90,4.93; CI, trace; Li, trace; ratio N :  Kb,  4.90: I .  Nb(Shlc?):, 
requires: Nb, 29.7; NMe?, 70.3%. 

A sanlple of the foregoing product (11.0 g) was heated under 0.1 n1m Hg pressure and sublimed a t  100' C, 
giving a dark brown solid (6.33 g ;  58y0 yield) which proved to  be pe11tal;is-(dimethylamino)-niobi~~rn(\:). 
Found: Nb, 29.6; NMe?, 70.0%; valency of Nb, 5.00, 4.98. The non-volatile residue (3.73 g) \vas also a 
bro\v11 solid. Found: Nb, 28.0; SMe? ,  38.8%; valency of Nb, 4.53, 4.54; ratio N:  Nb, 2.83:l. 

(ii) Lill~/iz~nt Iliellrylan~ide 
Niobium pentachloride (10.1 g) and lithiunl diethylamide (0.195 g-equiv) were caused to  rcact as in the 

previous e s p e r i n ~ e ~ ~ t .  The niobium product, isolated as  before, \\,as a red viscous liquid (16.4 g ;  ralc. for 
S b ( N E t p ) 4 ,  14.29). Found: Nb, 20.4; NEt? ,  73.8; valency of Nb, 4.31, 4.32; C1, trace; I.i, abseut; ratio 
N:Nb,  4.G5:l. N b ( N l ? t ~ ) ~  requires: Xb, 24.4; NEt? ,  75.6%. Distillation of this product (13.7 g) gave 
tetralcis-(diethylamillo)-niobium(1V) as  a brown liquid product (9.0 g ;  76% yicld; b.p. 120" C a t  0.1 mni). 
1;ound: Xb, 24.5; NEt?,  76.3%; valency of Nb, 3.98. 

(iii) Lillri,i~l~z Di-n-propyla~ilide 
Siobium pe~ltachloride (13.2 g) was added to a stirred suspension of lithium cli-72-prop)~lamiclc (0.255 

g-equiv) in  pentane over a period of 30 minutes and a deep red color developed. .qfter being stirred for 
6 hours the nlisture was filtered and the filtrate e\raporatecl under reduced pressure, leaving a cleep red 
liquid product (25.5 g ;  calc. for Nb(NI'r2).,, 24.1 g). Found: Nb, 17.2; N ,  10.9; valency of Xb,  -l.l(j ,  4.15; 
CI, absent; I>i, absent; ratio .\':S\[b, 4.22:l. Nb(XPre).l requires: Nb, 18.8; N ,  1i.36y0. 1)istill;ltion of this 
product afforded tetralcis-(di-11-propylamino)-niobi(I\J) as  a dark red liquid (17.9 g ;  81y0 yield; b.p. 
155" C a t  0.1 mm).  Found: Nb, 10.0; N ,  l l .4yo;  valency of Nb, 4.04, 4.07. X sample of this c o m p o u ~ ~ d  \\.as 
allowed to react with n-butanol and the volatile products were subjected to gas chromatographic anall.sis. 
Only di-n-propylamine was identified as  the volatile product of alcoholysis. 

(in) Lilhiz~nt 11.i-71-bz~tylatnide 
Niobium pcntachloride (11.0 g) was added to  a stirrcd suspension of lithium tli-~~-b~~t)-larniclc i l l  p c ~ ~ t a n c  

over a period of 45 ~ninutes. The  dark brown mixture was stirred a t  room temperature for 5 hours, t1ic11 
filtered, and the filtrate evaporated under rec111cctl pressure. Thc product remaining after drying for 2 hours 
a t  40" C a t  0.1 mm was a dark red liquid (30.0 g; calc. for Nb(XBu~).,,BuoNH, 20.9 g).  1;ouncl: XI], 12.1; 
N ,  9.53%; valency of Nb, 4.08, 4.10; Li, absent; C1, trace; ratio N:Kb,  5.32:l. A sample ('26.8 g) of this 
product was distilled under reduced pressure but due to the high tenlperaturc involved, dccon~position \\-as 
considerable. The product was redistilled and finally gave tetralcis-(di-71-butylami~~o)-niobi~~ni(I\;) as  a 
cleep red liquid (4.05 g; b.p. 175' C a t  0.1 mm). 1:ound: Nb, i5.6; N, 9.17; valency of S b ,  1.25, 1.28; ratio 
N:Nb, :3.00:1. N ~ ( N B u ~ ) . ,  requires: Kb, 15.3; N, 9.25y0. The \.alency cletern~ination suggested that ;III  

appreciable proportion of a quinquevalent niobium con~pouncl was also present but the onl>- reasonable 
possibility would be B U " N = N ~ ( S B ~ " ) ~  s i ~ ~ c e  this has the sanle S : N b  ratio as  N ~ ( S B U ~ ) . ~  ancl woulcl ha\.c 
a similar volatility. Sincc B U N = N ~ ( N B U ~ ) ~  requires: Xb, 16.9; 3 ,  10.2y0, this \\rould also c s p l a i ~ ~  thc fact 
that the product was a slightly higher S b y o  than Nb(NUu?)., but it is not c o ~ ~ s i s t e ~ ~ t  with the lo\vcr Syo. 
l-Io\\re\rer, gas chromatographic analysis of the volatile prod~tcts of 72-butanolysis sho\vcd thnt cli-71-but!-I- 
anline was the only amine liberated, and this rcsult rules out thc possibility thnt the compou~ltl \vas 
contaminated with Bu"N=Nb(NBu7'~)~, 

(a) Lithiunr Piperidide 
Niobi11111  ent tach lo ride (8.8 rr) \\as added to a stirred susoension of l i thiun~ oi~er id ide  (0.165 ( r - ec~~~i \  ) 

~ -, . . - .  , 
ill petrol (boiling range, 35-60" C). A slo\\r r e a c t i o ~ ~  occurred a r ~ d  after the addition the bro\vn ~ ~ ~ i s t ~ ~ r e  was 
rcflusccl for 6 hours and the11 left stirred a t  room tcnlperature tor a further 20 hours. Thc fiual prc~duct 
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obtaiiled after filtration and evaporation of the solvent was a red viscous liquid (15.3 g ;  calc, for 
Sb(XC:Ello);,, 16.4 g). Found: Nb, 15.G; XCjHlo, 58.4; valency of Xb, 4.85; C1, trace; Li, absent; ratio 
N : S b ,  1.14:l. Sb(SC51410)5 requires: Nb, 18.1; NC:HIo, 81.9%. At t e~np t s  to  p ~ ~ r i f y  the crude product by 
means of crystallization from petrol or by distillation a t  0.1 mm pressure were unsuccessful. -%t temperatures 
above 170' C, decomposition to  a black solid (found: S b ,  27.2; XC51-I,o, 23.7%; valency of Kb,  4.16; ratio 
N:  Nb, O.9G:l) occurred. 

(vi) Lithillllt iV-i\letlzyl-t2-bz~tylamide 
Niobium pentachloride (13.5 g) was added to a stirred suspension of lithium N-methyl-n-butylamidc 

(0.252 g-cquiv) in pentane over a period of 45 minutes and the mixture became orange. After being stirred 
for 6 hours a t  room temperature this mixture \\,as filtered, and the filtrate evaporated under reduced pressure, 
leaving a dark brown liquid product (25.9 g ;  calc. for Nb(Ni\i1eB~")~, 26.1 g). Found: S b ,  17.5; S ,  12.7; 
valency of S b ,  4.9G; ratio N : S b ,  4.82:l. Sb(NMeBu7')j  requires: Nb, I7.7G; N, 13.4y0. The pentalcis- 
(N-meth~.l-~~-butylarnino)-niobi~~~(V) (24.1 g) was heated ~ ~ n d e r  reduced pressure and a product was 
distilled over accompanied by considerable decon~position. Redistillation gave a deep red liq~lid clistillate 
(17.0 g ;  yield 86%; b.p. 150°at 0.1 mm). Folincl: S b ,  21.5; X,  12.75; 1;alency of S b ,  4.27, 4.24; ratio 2\':9b, 
3.94:l. N b ( . \ i : b I e B ~ ) ~  requires: Xb, 21.25; S, 12.82. BuN=l\'b(Ni\iIeBu) requires: S b ,  22.0; N, 13.26y0. 
The analytical data on this substance suggested that it \\.as a mixture of Nb(Si\iIeBun)., and B L I ~ ~ K =  
Xb(Sb1eBun)3. -4 sample (3.45 g) of the substance was treated with n-butanol (5.0 g) ancl refluxecl until 
the solutio~i bccame colorless (ca. 3 niinutes). The volatile products and excess a-butanol were evaporated 
off unclcr r e d ~ ~ c e d  pressure and the residue distilled 1111dcr recluced pressllre to  give niobium pentabutoside 
(3.37 g ;  03% yield; b.p. 200" C a t  0.1 mm).  Found: Nb, 20.4; N, absent. Nb(0Bu) j  requires: S b ,  20.3%. 
Gas chro~lintographic analysis of the butanolic condensate revealed the presence of primcry n-butylamine 
in ndrlition to  9-methyl-tt-b~1tylami1te. The presence of Bd1N=Nb(Ki\iIeB~n)3 ill tllc originaI substance 
was t h l ~ s  co~llirmccl. I t  is also interesting to  note that  oxidation of the niobium from quadrivalent to  quill- 
ql~evnlent occurred during the butanolysis and it is clear that niobium tetraall<oxides are very unstable. 
In addition to the red substance produced by hcating N ~ ( N M ~ B L I " ) ~  there was obtained by condelisation 
a t  ca.  -78" C a volatile protluct (5.2 g) which was predominantly N-methyl-n-butylaminc (about !)Oyo 
as estimated by gas chromatography). iiciclimctric titration gave an eq~~ iva len t  weight of 96 compared with 
the calculated 87 for h'IcBu"N1-I and this also s~~ggested the presence of about 10% of non-basic component 
in the inixture. 

4. .4t~ritto~ysis qf Dialkyla~t~in~o-?ziobi~~iti~. Co~~~pozittds 
(i) Piperiditre a?td iVb!Ndler) j 
I'iperidine (8 ml) was caused to react with Sb(XMe2); (3.19 g) in petrol (boiling range 35-80" C ;  50 ml) 

a t  the boiling point. When no Inore ditllethylanline appeared to be evolved (after 3 days) the solvent and 
excess piperidine \irere evaporated off under reduced pressure and a light brown solid \vas left. This was 
crystallized from petrol ancl gave the pentalcis-(piperidi110)-niobi~~nl(V) a s  a bright yellow solid (1.6 g ;  
51% yield). Found: Nb, 18.3; NCjH,o, 81.0. Nb(NCjH1o)s requires: Nb, 18.1; NCjHlo, 81.0%. 

(ii) Piperidl~zc attd Nb(NEt?)c 
Piperidine (10 ml) and Nb(NEtt)., (3.93 g) were causetl to  react in boiling benzene (30 ml) in a n  apparatus 

fitted mith a fractionation column in order to  take oTf the diethylamine liberated. After 4 hours reaction the 
solvent and excess piperidine were evaporated off ~uider  reduced pressure and a dark brown viscous liquid 
(1.32 g) was left. Found: Nb, 22.8; N ,  13.7; valency of Nb, 4.05; ratio N:Nb, 3.99:l. Nb(NEt?)?(NCsHlo)? 
requires: Nb, 22.0; N, 13.8%. A sample (2.8 g) of this product was distilled to  give a brown liquid distillate 
(0.5 g ;  b.p. 170' C a t  0.1 mm). Found: Nb, 23.6; N, 14.35; ratio N:Nb.  4.03. Nb(NEt2)3(NCjHlo) requires: 
Nb, 3 . ~ f  N, 14.25%. 

In an  atteinpt t o  force the completion of the aminolysis another sa~nple of Nb(NEtz)r (2.58 g) was caused 
to react with piperidine (20 ml) in boiling benzene (70 ml) and the liberated diethylamine \ \as fractionated 
oTf duriiig ti days. At this stage i t  appeared from gas chromatographic analysis of the distillate tha t  the 
liberation of diethylamine was complete. After evaporating off the solvent and excess piperidine a dark 
brown liquicl (3.1 g ;  calc. for Nb(NCsHlo)d, 2.9 g) reinained. Found: Nb, 20.1; irJCsHlo, 79.8; valency of 
S b ,  4.02, 1.05; N:Nb, 4.38:l. Nb(NC5Hlo)d requires: Nb, 21.G; NCsH,", 78.4%. Gas chromatographic 
analysis of the volatile products of butanolysis showed that  the only base present was piperidine. The 
analytical res~llts suggested that some piperidine was coordinated to the tetrakis-(piperidin0)-niobi~~m(IV). 
Attcinpts to  distill the compound under reduced pressure were unsuccessful since it deco~nposed a t  
te~nperatures above 170" C. 

&i) Dietltylanti?te and Nb(NMe2)s 
Diethylamine (25 ml) was added to  Nb(NNIe2); (3.0 g) and refluxed for 2 hours during which time some 

dimethylamine was liberated. After evaporating o f  the excess diethylamine a light brown solid (3.33 g) 
remained. Found: Nb, 25.5; N,  18.8; valency of Nb, 4.95, 4.97; ratio K:Nb ,  4.90:l. N ~ ( N M c ? ) ~ ( N E ~ ? ) ?  
r eq~~ i re s :  S b ,  25.2; N ,  10.070. A sample of the  tris-(dimethylamino)-bis-(diethylamino)-niobiu~n(V) (2.6 g) 
was heated under 0.1 mm pressure, and a t  110" C a red liquid distilled over (0.5 g). Found: Nb, 32.2; N ,  
K3.G; valency of Nb, 4.39; ratio N:Nb, 2.80:l. 
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111 another experiment Nb(NMe?)6 (3.92 g) was refli~sed with diethylamine (50 cc) and the liberated 
dimethylamine fractionated off over a period of 9 days. At  this stage it was apparent from gas chromato- 
graphic analysis of the distillate that  liberation of dimethylainine had ceased. A red liquid product (3.86 g) 
remained after the evaporation of excess diethylamine. Found: Nb, 27.9; N, 14.7; valency of Xb, 4.70; 
ratio N:Nb, 3.5:l. That  this product was a mixed allcylarnide was shown by the gas chroinatographic 
analysis of the volatile products of butanolysis, which revealed the presence of both diethylainine and 
dirnethylarnine. A sample (2.38 g) of the mixed allryla~nide \\.as heated to  120" C a t  0.1 inin \\-hen a red 
liquid distilled over (1.0 g). Found: Nb, 26.0; N, 15.45; ratio N:Nb, 3.94:l. Nb(NMe?)(NEt2)8 requires: 
Nb, 26.2; N, 15.9%. 
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ABSTRACT 

The alkaloids tuberostemonine, oxotuberostemonine, and the new base t~tberostemonine-X 
have been isolated from the rhizomes of Stentona sessilifolia. Tuberostemonine has beet1 
oxidized to oxotuberostemonine and tuberostemonine-A has been related to tuberostemonine 
through common oxidation products. Study of transformation products of tuberostemonine 
has enabled a s s ig~ ln~e~ l t  of partial structure V to the alkaloid. 

The work of Schild (1) and a group of Japanese chemists* has resulted in an array of 
trallsforinatioil products of the alkaloid tuberosteinonine. Their efforts have indicated 
the presence of an N-substituted pyrrolidine, a C-ethyl group, and two 7-lactones in the 
molecule. In the hope of obtaining other members of this interesting group of alkaloids 
for complementary investigation, we examined the bases from the rhizomes of Stemona 
sessilifolia Miq. (1). However, the main alkaloid proved to be tuberostemonine, the inail1 
alkaloid of Stemona tuberosa,t with a much smaller quantity of a new base and traces of 
oxotuberosteilloiline (4). 

We hence coinrnenced a thorough exaizlination of the reactioils of the nitrogen- 
containing ring of tuberostemonine. Oxidation of the sodium salt of partially hydrolyzed 
tuberostemonine with permanganate gave, as  reported earlier ( I ) ,  a lactain (vC,".23 1677 
cm-l) which still contained a 7-lactone ring (vC,"z3 1770 cm-l). This analyzed correctly 
for C17H25N03 and hence had lost a five-carbon group containing one lactoile ring. Since 
no new oxygen function other than the lactarn carbonyl appeared in the Cl7 compound, 
the C5 unit must have been attached to one of the carbons a to the nitrogen. The forination 
of I-methylsuccinic acid was observed during an ailalogous oxidation ( I ,  ?), suggesting 
that this represented the Cg unit lost. 

Further insight into the nature of the C5 unit came from a dehydrogenation of the 
pyrrolidine ring. We were able to obtain an approxiinately 40% yield of the previously 
described bisdehydro coillpound by silver oxide oxidation of tuberostemonine (1, 5 ) .  
The ultraviolet spectrum (XE,t,q,H 236 mp (E 9200)), the positive Ehrlich test (I) ,  and 
coupling with diazonium salts were all consistent with this being a pyrrole. We were 
able to confirm Schild's observation (1) that this underwent hydrogenolysis involving 
1 mole of hydrogen, to give an acid. The latter was characterized for the first time. The 
hydrogeilolysis and formation of the C17 lactain require that the pyrrole ring and one 
lactone have the relationship expressed in I. 

llssued as N.R.C. No. 6676. 
?National Research Council Postdoctorate Fellow. 

Visiting scientist under Colonzbo plan sponsorship. 
*See reference 2 for a sumnzary of the observations of the I T S U U  group. 
tSee reference 3 for a review of isolation studies and early work on tzcberoste~rtonine. 

Canadian Journal of Cllemistry. Volume 40 (1962) 
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Exami~lation of the i1.m.r. spectrum of the bisdehydro compound (Fig. 1) disclosed the 
presence of one vinyl hj.drogen which, in view of the absence of evidence for the  presence 

FIG. 1. The n.11l.r. spectra of (1) tuberosternonine (V), (2) Cl i  lactam (I I I ) ,  and (3) bisdehydrotubero- 
stenlonine (11) in  chlorofor~li solution a t  60 Mc/s with tetra~llethylsilane as an internal reference. 

of a double bond in tuberostemonine, was probably on the pyrrole ring. This was con- 
firmed by its smooth replacement with bromine on treatment with N-bromosuccinimide. 
The  product had no vinyl hydrogen. 

The  pyrrole hydrogen had a chemical shift (7 4.1):"hich showed i t  to be on a 
p position on the ring (7). Finally, this hydrogen and the lactone side chain were proved 
to be vicinal by cyclization of the hydrogenolysis acid to  give a ketone. The  environmeilt 
of the pyrrole ring in the bisdellydro compouild could now be expanded t o  11, since the 

*The chenzical shifts are give?t in 7 oalz~es followi?zg Tiers (6). 
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methyl group n.m.r. signal was still a t  low field (T 8.5) in the above ltetone (Fig. 1) and 
the signal for the starred hydrogen in the bisdehydro con~pound I1 (T 4.7) showed 

conlplex coupling. The C17 lactain hence contained the structure I11 and the ltetone 
structure IV. 

The presence of a second C-methyl group was demonstrated by the doublet centered a t  
T 8.7 in the C17 lactain (Fig. 1) and a similar doublet a t  T 8.8 in the ketone IV. Froin the 
chemical shift and relative constancy of position of this signal, the methyl group must 
be on the carbon a to the carbonyl, or on the one carrying the "ether" oxygen of the 
second y-lactone ring. A clean triplet centered a t  T 5.45 in the spectrum of the bisdehydro 
compound and near T 5.2 in the spectruill of ltetone IV must be due to a tertiary hydrogen 
on the carbon holding the "ether" oxygen of this lactone. The coupling pattern of this 
hydrogen and the inethyl group precludes their being on the same carbon, hence the latter 
inust be a to the lactone carbonyl. In addition the C-ethyl group observed by I<aneko 
(2) was discernible as an irregular triplet a t  T 9.05 in the spectra of tuberostemonine 
and the transforn~ation products (Fig. 1). Since its position is constailt in these coinpounds 
it is not attached directly to the pyrrolidine ring in the alkaloid. 

Atteinpts to find volatile aldehyde, acid, or ltetone froin mild permanganate oxidation 
of tuberostemonine, or volatile anline from hydrolysis of the bisdehydro compound failed. 
This is good but not decisive evidence that the nitrogen is coininon to two rings. Finally, 
the presence of only three hydrogen signals below T 7.0 in the n.1n.r spectruin of the CI7 
lactam requires that there is only one hydrogen on each of the carbons attached to the 
nitrogen. We can thus write the partial structure V for tuberostemonine. The empirical 

forinula of tuberostemonine requires the presence of seven double bond equivalents, 
hence i t  contains two rings more than are present in formula V. 

I t  seemed probable froin the earlier observations (4) that oxotuberosteinonine was a 
product of air oxidation of tuberostemonine. We have now shown that i t  can be produced 
in ca. 9y0 yield from tuberosteinonine by mercuric acetate oxidation, thus establishing a 
definite connection between the two compounds. The empirical formula C22H31N06 
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showed the introduction of a double bond and an oxygen function. The infrared spectru~n 
contained an OH stretching band (3540 cm-l, CHC13) and the two lactoile rings (v,,,, 
1742, 1780 cm-l, mull; 1770 clllrl, CHC13). I t  was a weak base (PIC,' 4.5 in 8OY0 rnethanol), 
and in rough agreement with the spectrum described earlier (8), i t  had A::,q,H 243 mp 
( E  8600). I ts  origin by mercuric acetate oxidatioil made it  likely that  i t  mas a combined 
enamine and carbinolamine. The systeln sholvn, 

0 

was considered inconlpatible with the ultraviolet absorptioil (A,,, for N,N-diallcyl-0- 
aminoacrylic esters (9) is 274 mp) and the unperturbed lactone frequencies in cl~loroforin. 
We hence consider oxotuberostei~loniile to contain the system VI. The tetrasubstituted 

character of the double bond follows from the absence of vinyl hydrogells in its i1.m.r. 
spectrum. Although oxotuberosteinoiline steadily coilsulnes perlllailganate in slightly 
acidic acetone, much of it  is recovered after reduction of the equivalent of 1.3 atoms of 
oxygen, and very little lactam is formed. From this, and the absence of a hydrogen signal 
below T 6 in its n.m.r. spectrum, we conclude that the hydroxyl is on a fully substituted 
carbon, as illustrated in VI. 

Oxotuberosten~onine is not readily dehydrated, but after 0.5 hour in  refluxing acetic 
anhydride only 20% was recovered unchanged (see also ref. 4). The balance n-as neutral, 
and gave a positive Ehrlich test. I t  would not crystallize however and had different 
ultraviolet absorption (A,,, 224 mp) from the bisdehydro compound. This seems to 
eliminate from consideration the arrangement of functions show11 in VII.  

The product of hydrolysis of oxotuberostemonine using 2 moles of allcali gave an infra- 
red spectrum showing the presence of a little residual 7-lactone but  no lcctone carbonyl. 
We hence also eliminate VIII as a possible partial structure. Illsufficient evidence is 
available to distinguish between the remaining possibilities. 

A I /\(OH) 

VI I VI I I  

The weak basicity of oxotuberosteinoiline was not readily predictable on the basis of 
combined enamine and carbinolainine character. With no steric restriction to inlmonium 
salt forillation either one alone is base strengthening (10, 11). We call only coilclude tha t  
the inductive effect of one group is sufficieilt to destabilize the immonium salt formed 
froin the other, i.e., 

The bromo derivative mentioned above must contain partial structure I S ,  but  the 
diazonium coupling product had lost one lactone group, and we hence consider i t  to contaiil 
partial structure X. The displacement of alkyl groups and carboxyl groups from the 
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pyrrole ring by the diazonium ion has been reported (12). The lactone unit is probably 
displaced relatively easily because of a moderate stability of the oxonium ion XI .  

I t  was found possible, after some experimentation, to produce what the Japanese 
worlters designated as tuberostemonine (regenerated) (13) by prolonged exposure of 
tuberostemonine to 11) drogen in the presence of platinum. This isomer of tuberostemonine 
gave very similar infrared and n.iI1.r. spectra to those of tuberostemonine, hence was 
probably a stereoisomer formed by a dehydrogenation-l~ydrogenation process. To  test 
this we attempted to oxidize i t  with silver oxide in the hope that the same bisdehydro 
compound (11) would be obtained as froill the original base. However, it proved inert to 
the reagent. Permangannte oxidation of the sodium salt gave a C17 lactnnl clilferent fro111 
that described above. 

From the mother liquors remaining from crqstallization of t~~bcrostemonine we were 
able to separate, by  countercurrent distribution, osotuberostemonine and an isomer 
of tuberostemonine which we have called tuberosternonine-A (1n.p. 11s'; [a],, -65" 
(ethanol)). By silver oxide oxidation and action of permanganate on its sodium salt the 
latter gave the same bisdehydi-o compound and C17 lactail1 respectively as tuberoste- 
n~onine. I t  is hence epimeric to tuberostemonine a t  the carbon on the pyrrolidine ring 
carrying the Cg lactone unit. The ne\v base showed a inixed melting point depressioil 
with a sample of isotuberostemonille (14) (wllicl~ may be a third stereoisomer of tubero- 
stemonine) ltindly provided by Dr. T. I<aneko. 

E S P E R I  hIENTAL 

Isolation of the Alkalaids 
Freshly ground dried root of Steri~otza scssilifolia (44 Ib), obtained from Mikuni and Co. Ltd., Tokyo, 

was percolated a t  roo111 temperature with ethanol until littlc alkaloid was being extracted. The ethanol 
was removed under reduced pressure, leaving a thick syrup. This was diluted with water, made basic with 
sodiull~ carbonate, and extracted with chloroforn~. The residue left aftcr evaporation of the chlorofornl was 
dissolved in 10% sulphuric acid and the solution extracted with ether, which relnoved neutral material. 
The aqueous layer was made basic with sodium carbonate and the allcaloids extracted into benzene. The 
benzene mas distilled, then the residue dissolved in the mininium quantity of methal1ol. On standing a t  
5' C the solution deposited crystalline tuberostemo~iine (137 g,  0.68y0). The dark brow11 mother liquor was 
concentrated and acidified with hydrochloric acid. Fourteen grams of the hydrochloride of tuberosterno- 
nine-A, 1n.p. 136-14O0, crystallized. 

The final mother liquor was concentrated, 111ade basic, and the alkaloids extracted into ether. The residue 
from evaporation of the ether would not crystallize. I t  n7as adsorbed from bcnzene onto 600 g of silica gel 
and separated into benzene-eluted and chloroform-eluted fractions. These were separately subnlitted to  
countercurrent distribution between benzene ancl buifer of pH 3.5 (upper phase moving). After 100 transfers 
the benzene eluate gave 500 ~ n g  of oxotuberos te~no~l i~~e (tubes 70-100) and 120 111g of tuberosternonine-A, 
1n.p. llG-118' (tubes GO-70). The chloroform eluate gave 700 mg of oxotuberostemonine (tubes 7G100) 
and 1.5 g of tuberostemonine (tubes 25-40). The remaining tubes yielded nothing crystalline. 

Tz~berostetno~~ine 
This crystallized as  needles from ethallol, m.p. SG-88". After distillation a t  150°, 1x10-" mm it had 

v::; 1770 cm-I. 

Ox-ott~berostemottine 
Yield 1.2 g (0.006y0). I t  crystallized as  flat, shimmering needles from methanol, m.p. 217" undepressed 

when mixed with an authentic sample kindly provided by Dr. T .  Icaneko. I t  had x ~ ~ "  243 mp (68600) 
and v:t:"3540 cm-I (OH), 1770 cm-I (?-lactone), I685 cm-' (C=C). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



460 CAXADIAK J0URN.-\L OF CHEMISTRY. VOL. 40. 1962 

Tzrberosle~i~o?zi~ze-A 
Yield 14 g (0.07%). The hydrochloride was recrystallized to  a constant melting point of 140-141". Found: 

C,  01.09; H ,  8.59; N, 3.18. Calc. for C??H34ClNOa.H?O: C, 61.47; H ,  8.38, N, 3.26. I t  had v:,",$' 2400, 1'780 
cm-I. The salt \\-as dissolved in water, the base liberated using ammonia, and then extracted into ether. I t  
crystallized from methanol as  needles, 1n.p. 118-12O0, with pk',' (5.45 in 80yo imethanol) and [ a ] ~  -65" 
(c, 1.0). Found: C, 70.06; 13, 8.79; N, 3.74; molecular weight by nonaqueous titration, 371. Calc. for 
C??H3a04N: C ,  70.36; H,  8.86; N, 3.73; molecular weight, 375. Its  ultraviolet spectrunl showed only encl 
absorption. I t  had v,$:,'b,l3 1765 c~n-' and an n.m.r. spectrutn very similar to that of tuberostemonine. A 
mixture of the base with authentic isotuberostemonine sho\ved a marked depression of melting point. 310 
other cr)~stalline salt of tuberosternonine-,% was obtained. 

Tuberosternonine-A (0.20 g) was oxidized in ethanol with silver oxide from 0.75 g of silver nitrate, as  
clescribed for oxidation of tuberostemo~iine. A solution of the product in benzene was extracted twice with 
10-mI portions of 2 iV sr~lphuric acid, then with water. The material remaining i r ~  the benzene was adsorbed 
onto 2 g of neutral alumina, activity IV. The substance eluted with benzene crystallized from methanol, 
giving a 32% yield, m.p. 172-174". Found: C, 71.58; H ,  8.23. Calc. for C ~ ~ H ? g O . , N :  C,  71.13; H ,  7.87. This 
did not depress the melting point of authentic bisdehydrot~1beroste11101ii1ie. 

Tuberosternonine-.4 (0.5 g) was dissolved by being heated in 50 ml of 10% aqueous potassium hydroxide. 
The  solution was cooled to -2' and carbon dioxide bubbled through it until the PI-I reached 8.5. After 
addition of 50 1111 of ~iiethyle~ie chloride 40 ml of 2y0 aqueous potassiu~u perma~lganate was added during 
1 hour to the stirred mixture. The neutral product was isolated as  described for tuberostemonine oxidation, 
then adsorbed from benzene onto 150 mg of neutral a l u n ~ i ~ ~ a ,  activity 111. Benzene, benzene-chlorofornl 
(1:1), ancl chloroform were used to elute the material. The last two solvents gave eluates which crystallized 
from acetone-heptane. Yield 25 mg, m.p. 127-130'. This did not depress the melting point of the C17 lactall1 
from tuberoste~no~line. 

illild Pel.~ila?~gc~~zate Oridalio,~ o j  Tz~beroste~rzo~zine 
During a period of an  hour, 75 ml of 4% aq. potassium permallganate was added to  a stirred solution of 

0.61 g of tuberoste~nonine in 20 ml of 5% aq. acetic acid. A gentle stream of nitrogen was passed through 
the mixture, and the effluent gas was passed through 2,4-dinitrophet1ylhydrazine reagent. There was no 
evidence of hydrazone formation. 

No signilicant quantity of volatile acid was formed during an oxidation similar t o  the one described above 
in which phosphoric acid was used in place of acetic acid. (The pII was maintained a t  5-7 during the course 
of the reaction.) 

Oxidation of Tzrberostenzor~ine with Alkali~ze Potassiw~z Perina?~ga?~c~te 
A mixture of 1.00 g of tuberostemonine (m.p. 82-84') and 50 1111 of 10% aq. potassiu~n hydroxide was 

stirred a ~ ~ d  heated to  reflux in an  atmosphere of nitrogen until it was homogeneous. I t  mas cooled in ice 
and a stream of carbon dioxide was passed through until the pH was between 9 and 10. Dichloromethane 
(50 ml) was added, the temperature was adjusted to  - l o ,  and during a period of 45 ~n in r~ tes  a total of 80 ml 
of 2y0 aq. potass i~~m permanganate was added to  the vigorously stirred mixture. The reaction ~nixture mas 
made acid to  Congo red by the careful addition of 10yo aq. sulphuric acid, and sulphur dioxide was passed 
through until the manganese dioxide had dissolved. The organic layer was separated and the aqueous layer 
was extracted with dichloromethane ( 3 x 2 5  ml). The combined extracts \\,ere washed with water (2x25 ml), 
2y0 aq. sodium carbonate ( 2 x 2 5  ~ n l ) ,  and again with water ( 2 x 2 5  ml). They were filtered through anhyd. 
sodiunl sulphate and concentrated under reduced pressure. The residual viscous yellow oil (0.32 g) was 
,chromatographed on neutral alumina, activity 111. The fractions eluted with benzene-chlorofor~~~ were 
.crystallized from acetone-heptane, giving 0.165 g, 111.p. 129-133". This material seemed to  be solvated; 
after it was distilled a t  145' and mm pressure, it ~llelted a t  139-141.5'; [ f f ] ~  -72" (c, 1.53 in CHCI,); 

.v::,'b,'~ 1770, 1677 cm-I. Foulid: C,  70.05; H,  8.54; N, 4.87. Calc. for C17HnjN03: C, 70.08; H,  8.65; N, 4.81. 

Bisdehydrotirberoste~~~onine 
Freshly precipitated silver oxide from 7.5 g of silver nitrate was washed free of all;ali and then washed 

with ethanol. T~~berostemonine (2 g) was dissolved in 100 ml of ethanol, then 20 ml of water was added. 
The silver oxide \\.as added to  this, and the suspension stirred in a nitrogen at~nosphere for 12 hours. After 
filtration the solvent was removed under reduced pressure. The residue was dissolved in 100 1111 of benzene, 
then the base extracted into two 20-1111 portions of 3 N sulphuric acid. The benzene layer was washed with 
water, dried, and distilled, leaving 1.3 g of residue. This was adsorbed onto 6 g of alumina, activity I\'. The 
material eluted with benzene was recrystallized from methanol three times, giving 0.8 g (40%) of bisdehydro 
compound, lll.p. 172-174'. I t  had x:",",~ 236 mp ( e  9200). 

Iliaso Coupling of Bisdel~yd~otzrberostemonine 
A slight excess of p-nitrophenyldiazoniurl~ chloride was added dropwise to  a stirred solution of 0.093 g of 

bisdehydrotirberostemo~line in 10 ml of glacial acetic acid a t  15' during 30 minutes. I t  was filtered and the 
filtrate was diluted with an  equal volume of water. The resulting volumino~~s precipitate was collected by 
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filtration, washed well with water, and triturated with ethanol (3x5 ml). The amorphous bricl; red solid 
began to darken a t  160° and decomposed a t  16G0. ~:::~3471 mp, v ~ ~ ~ , " '  1757,1602,1588, 1517 cm-l. Fo~und: 
C, 64.95; H,  6.47; N, 13.10. Calc. for C?3H.>6N,0.1: C, 65.35; H,  6.20; N, 13.26. 

FIyd~ogenc~lion of Bisdel~ydrotzrberosle~~~o~zi~ze 
Bisdeh! drotuberosteinonii~c (0.131 g) was hldrogenatecl in ethanol over 30% palladium OII  charcoal a t  

rooin teinperature and atn~ospheric pressure. The uptalce of hydrogen was 8.9 ml during 30 minutes. The 
catalyst was removed by filtration and the filtrate was concentrated under reduced pressure. The residue 
was a colorless, acidic glass; p K ,  5.7 (in 1: 1 ethanol-water); Xi::" 224 inp (e 7600). I t  was analyzed as the 
methyl ester, which was prepared by treating it with an excess of ethereal diazomcthane. The ester distilled 
a t  170" a t  mn1; [ a ] ~  +277.O (c, 0.72 in CHC13) ; 22-1 mp (e 7600); vk:; 1770, 1735 cm-I. Found: 
C,  70.96; H,  8.34; N,  3.52. Calc. for C?JH3,SO,: C, 71.29; H,  8.58; S, 3.61. The inaterial gave a positive 
Ehrlich test. 

Ketone IT.' 
A solution of 0.222 g of the hydrogenated bisdehydrotuberoste111011ii1e ill a inixture of 5 1111 glacial acetic 

acid and 5 rnl of acetic anhydride was alloxved to stand a t  room ten~perature for 15 ]lours. \\later (5 ml) 
xvas added, the solution was allowed to stand for an additional hour a t  room teinperature and then was 
warmed 011 the steam bath for 5 minutes. I t  was diluted with 25 1111 of water and extracted mith benzene 
( 4 x 1 0  1111). The benzene extracts \Irere combined and washed with water ( 2 x 1 0  ml), 1% aq. sodium 
carbonate (until the washings were alkaline), and then again with water ( 2 x 1 0  nll). The benzene solution 
was filtered through anhyd. sodium sulphate and coilcentrated under reduced pressure. The tan-colored 
residue was recrystallized from ethanol, giving 0.135 g, m.p. 236-240". After two additional recrystallizations 
from ethanol, white prisms rneltii~g a t  345.5-248' were obtained; [O]D $140" (c, 2.22 ill CHCI,); ~2::~ 214 
nlp (E 13,500), 255 Inp (E 10,200), 280 mp (e 5800); v::,"l3 1644, 1757 cn-l. FOLI I I~ :  C, 74.18; H ,  8.20; N ,  4.08. 
Calc. for C??H?BNOB: C, 74.33; H, 8.22; AT, 3.94. 

Attenzpted Hydrolysis of Bisdchydrotz~berostenzonine 
A mixture of 0.093 g of bisdehydrotuberostemo~li~~e, 0.084 g of aithyd. sodium bicarbonate, 0.105 g of 

hydroxylanline hydrochloride, and 2 nll of ethanol was heated in a sealed tube a t  95' for IS hours. The  
contents of the tube were cooled, made strongly alkaline with 10% aq. potassium hydroxide, and distilled 
to dryness. The distillate was titrated mith hydrochloric acid ancl concentrated to  dryness under reduced 
pressure. The infrared spectrum of the residue mas identical with that of arn~noilium chloride. 

Treatment of bisdehydrot~1beroste1l1011i11e with 25% ethanolic phosphoric acid in a sealed tube a t  140' 
for 18 hours did not result in the formation of any volatile a n i i ~ ~ e .  

B~onzitzatio7z of Bisdekydrotuberoste711owine 
Two hundred milligranls of bisdehydrotuberoste111011i11e was dissolved ill 5 1n1 of dry  chloroform. T o  this 

was added 100 ~ n g  of N-bro~~~osucciil in~ide in 5 rnl of dry  chloroform. \Vhen the reagent had disappeared 
(starch-iodide test) the reactioi~ mixture was mashed with 2 iV sodium hydroxide, then water. The  product 
crystallized from methanol, giving 165 mg (64y0), 111.p. 120-125" (decamp.). Found: C, 55.70; H,  6.36; 
Br, 17.95. Calc. for C?gH28BrN04: C, 58.53; H,  6.43; Br, 17.71. I t  had vgh,"' 1770 cm-'. 

ilfe~cz~ric Acetate Oxidation of Tz~berostenzonine 
Pure tuberostemonine (3 g), n1.p. 86-88", was dissolved in 20 ~ n l  of 10% acetic acid. A solution of 4 g of 

mercuric acetate in 40 ml of 10% acetic acid was added, then the solution warmed to  50° for ca. 5 miilutes. 
Mercurous acetate which precipitated was collected by f Itration. The residual mercuric ion was precipitated 
using hydrogen sulphide. After filtration the filtrate was extracted mith ether but nothing was removed. The 
aqueous solution was inade basic with ammonia and extracted with ether. The base recovered from the 
ether was dissolved in benzene and passed through a short colurnn containing 4.5 g of aluinina, activity IV. 
The benzene eluate crystallized from methanol, giving 250 nlg (9%) of oxotuberosternonine, n1.p. 217-218". 
This did not depress the melting point of a sample of oxot~iberostemonil~e liindly supplied by Dr. T.  Icaneko. 
The Inore strongly adsorbed products did not crystallize. 

Action of Acetic Anhydride on Oxotuberostenzo~zine 
H solution of 30 1ng of oxot~iberosteilloilii~e in 5 1111 of acetic anhydride was refluxed for 0.5 hour. The 

solvent was removed under reduced pressure and the residue separated into neutral and basic products by 
distribution between benzene and 6 N hydrochloric acid. The 11 mg of neutral ~naterial  \vas adsorbed from 
benzene on 40 111g of aluini~la, activity IV. Benzene eluted 7 ing of a~norphous substance giving a positive 
Ehrlich test and having A,,, 224 mp in ethanol. I t s  infrared spectruin (CHC13) contained only the r-lactone 
band a t  1760 cnl-1 in the carbonyl region. The basic product gave 6 mg of unchanged oxotuberosternonine, 
n1.p. 215-218". 

Oxidation of Tuberostemon.ine (Regenerated) with Alkaline Potassiarnz Pertizanganate 
The method described above for the preparation of the C17 lac tan^ was used. The crude product was 

purified a s  follows. A benzene solution of the mixture was adsorbed onto a colum~l of neutral alumina, 
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activity 111. The fractions that \\,ere eluted {vith benzene-chlorofor~~~ \\ere crpstalli~ed t\vicc from acetone- 
heptane and then distilled a t  160' and 10-3 mln. The yield mas 12% of the theoretical; 1n.p. 132-134.5"; 
",",:,"I3 1764, 1673 cm-I. Found: C, 69.87; H, 8.39; N, 4.80. Calc. for CI;H2jSO3: C, 70.08; H ,  8.65; N, 4.81. 
A mixed melting point with the C17 lactam ~vas  depressed to 95-110". The infrared spectra of the two 
compounds ncre quiic dillerent in the region between 900 and 1500 cm-'. 
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ABSTRACT 

AIeasurements have been made of the el'fect of pressure on the rate of dissolution of M g  
a t  pH 2.0 in two concentrations of aclueous MgCla. Over the pressure range 0.026-2.5 atmos- 
pheres, the rates in 0.3 and 3.0 lnolal solutions have, respectively, the pressure dependences 

The induction period of the reaction \vas studied in detail ivith a sensitive gas-measuring 
technique. Mldrogen enters the metal in the early stages, t o  about 1 cc per cc Mg a t  27" C. 
Its rate of release after the specimen is dried is about libe times higher than the rate a t  which 
it enters the magnesium. 

S - R a y  ditkraction patterns of insoluble reaction products formed 011 the metal surface 
after prolonged reaction were examined. Magnesium and lnagnesium hydroxide are formed 
in both solutions, while a substantial amount of still unidentilied extra solid material (not 
one of the hydrated hydroxy chlorides) is formed in the 3 molal solution. 
A ~ n e c h a ~ ~ i s ~ n  is proposed which describes the pressure measurements quantitatively and is 

consistent with the other lcno\\7n facts. I t  involves univalent magnesium as  an essential inter- 
mediate, the rate being controlled by 1-12 bubble growth through the gelatin011s Mg(OH)? 
film, which remains on and protects the surface in 0.3 molal solution, and by bubble nucleation 
in 3 molal solution, in which the lilm is complexed away. 

INTRODUCTION 

I11 a paper a few years ago (I)  we presented experimental results which showed that 
the corrosion of inagnesiuill in aqueous magnesiuill chloride differed markedly from that  
in KC1 and I<i\li03. Although a t  low concentratioil (ionic strength <3) the initial rate 
of dissolution of the metal in these three salts is about the same, beyond ionic strength 3 
of MgCl? the rate increases rapidly with increasing concentration and reaches a maximum 
value slightly before saturation. In this high-concentration region not only is the rate 
abnorinally high but i t  is independent of pH and has an activation energy of 11.4 kcal, 
much higher than that found for dissolutions under transport control. Yet in the low 
concentrations the rate follows the solubility of MgO in the electrolyte, passing through 
a maximunl value a t  0.3 molal, the rates being just about the same as in KC1 or KN03 
a t  the saine pH, and being proportional to hydrogen ion activity. The activation energy 
in acidic IiCl was found to be 3 ltcal/mole. 

In both the high- and low-concentration regions the corrosion was found to be under 
cathodic control, the hydrogen electrode being polarized a t  least 1.8 volts and the mag- 
nesium about 0.4 volts. 

The initial rates were measured as rates of gas evolution, and were confirmed by weight 
measureinents in those cases in which no film was left on the surface. The measurements 
of volumes of Hp evolved as a function of time all had a slight induction period, which, 
a t  the time, was ignored. The sensitivity of the measurements was about 0.1 cc. 

Since the rate of dissolution of the metal in the early stages of the reaction is apparently 
controlled b17 the cathodic reactions of Hz evolution, in the work now to be reported the 

'Condensed fro?iz D.R.C.L. Report No. 168. 
?Prese?rt address: Labatt's Ltd., Montreal, Que. 
3Present address: Department of Chenzistry, University of Toronto, Ontario. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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effect of pressure 011 rate was illeasured in both high and low concentrations. The induction 
period was then studied with a liiore sensitive (-0.005 cc) gas-measuring technique and 
the activatioii energy in 0.3 molal MgCl? (i.e. in the low concentration region) accurately 
measured. The results liave led to a better uilderstanding of the mechanism of the early 
stages of the clissol~~tion process. 

ESPERlhIENTAL RIETHODS AND RESULTS 

The n~agiiesium specimens used for the experiments were short (2 in.) c!-linders of 
Q-in. diameter, turned from co~nmercially pure, distillecl magnesium ingot obtained from 
Dolninioil Magnesium Ltd. All but one flat face was covered with stop-off lacquer. The 

I surface to be studied was prepared as described previously ( I ) ,  by being filed, etched 
in 0.5 N HCI for 1 minute, washed in distilled water, and dried on an absorbent material 
(Webril) immediately before introcluction into the reaction chamber. 

The electrolytes were prepared fro111 reagent grade MgCl?. Since it is hygroscopic, it 
was first dried a t  80" C, the solutiolis were made up approxiiiiately, and the pH was 
adjusted to 2.0 with HCI before analysis. The filial coiicelitratio~ls were set to 0.30 and 
3.0 molal, a t  pH = 2.0. Sanlples were saturated with Hz, with Or, witli 1 2 ,  and witli 
air, but no differences were found either in the ultraviolet spectra or the rate of reaction. 
Apparently the reaction proceeds fast enough a t  pH = 2 that any foreign gas, even i f  
it could liave an effect, is displaced by Hz. 

E f e c t s  of Pvess t~ve  o n  R a t e  of Di s so l z~ t ion  
Corrosion occurred in 20-1111 portions of solutioll in a reaction chamber thernlostated 

a t  25" C. The remainder of the apparatus (see Fig. 1)-namely the filling device and 

FIG. 1. Schematic diagram of apparatus used to measure rate as a function pressure. A = filling device, 
B = reaction chamber, C = gas collector, PI = atmospheric pressure. 
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CASEY ET AL.: DISSOLUTION OF ~g IN  M ~ C I ?  465 

the leads to the manifold, to the vacuum pump to the manometer, and to the gas- 
~lleasuring unit-was not temperature controlled. However, the room temperature was 
about 25" C and since the longest test runs were not more than 2 hours, the problem of 
temperature deviation was not serious. In a typical run the electrolyte was added to 
the filling chamber A by first reducing the pressure in A and then allowing the air pressure 
to force liquid up and in through the tube a t  the left. With the stopcocks properly set, 
the air could be pumped from both the solution and the specimen, before the pressure 
a t  which reaction to occur was set, usually simply by admitting air. When reaction was 
to begin, the stopcocks under A were opened and the electrolyte flowed evenly down 
the delivery tube into the reaction chamber B. These cocks were then closed, the one 
to the manometer was closed, and collectio~l of gas began in chamber C. The gas was 
collected in an inverted burette by the water displacement method, and the volu~ne of 
gas collected was measured as a function of time of corrosion. The rate of gas productioil 
a" was determined from the initial slope of the volume-time curve. In cases in which 
an induction period occurred, reasonably satisfactory initial rates could be obtained 
after the induction period was finished. The value of v" deter~ni~led by the slope of the 
volume-time curve a t  the same value of the volume for different runs was found to 
give reproducible results, and this method of analysis was adopted. 

For the apparatus depicted in Fig. 1 a hydrostatics argunlent has been developed by  
which the rates of change of gas volume in the measuring burette ( d V P / d t  = v") can 
be converted into rates (dViGo/dt  = v') in terms of volume a t  25" C and 1 atm pressure. 
Thus, it can be seen from Fig. 1 that since 

and 

then 

\vhere p is the density of mercury, and all pressures are in m m  Hg, Pvnp is the vapor 
pressure of water, PH2 tlle pressure of the hydrogen gas in chamber C. 

Differentiation with respect to time gives: 

Letting v" be d V P / d t  and v' be d ViGO/dt, i~lsertio~l of expressions for V P  and (dhz ld t )  
into equation [b] gives 

v' = ( 1  / 760 )  (2'2- 2h 2 1 p  -PV""+ h /p)vl' .  [GI 
Conversions of the measured rates (v") into the reduced rates (v') were made by ineans 
of this expression. Co~lversion of v' illto rate v  (in terms of weight of magnesiu~n dis- 
solved) was made assunling mole-for-mole reaction of Mg for Hz. 
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With the apparatus in this forill (Fig. l ) ,  i t  was possible to conduct experiments a t  
atmospheric and a t  reduced pressures. For work a t  pressures greater than atmospheric 
it was necessary to seal off all leads from the reaction chamber, and as a result i t  became 
impossible to use the gas evolution method. Hence, a t  higher pressures only \\.eight loss 
determinations could be obtained, and these could be relied upon only in cases where 
no insoluble products were accumulated on the surface over an extended period of 
time. For this reason ineasureinents a t  higher pressures were made onl>, in 3 molal 
MgC12. 

The results of nleasureinents in 0.3 inolal MgClz are contained in Table I ,  and the 

TABLE I 

Rate of dissolution a t  various pressures in 0.3 ~nolal MgCl? 
(Iz = 410 mill; P''''P = 25 min Hg) 

P 2 v"X103 h? v'X lo3  zrX103 
(mm Hg) (ml cm-2 sec-') (mm) (1111 CII I -~  sec-I) ( ~ n g  C I T I - ~  SPC-I) 

758 0.174 33 0.162 0.163 

results of ineasurements in 3.0 inolal MgClz are contained in Table 11. In summar);, the 
rate (converted to mg c n ~ - ~  sec-l) in 0.3 molal MgC12 decreases with increasing pressure; 
in 3.0 inolal MgClz the rate increases slightly with increasing pressure. The latter 
dependence is linear (Fig. 2). By contrast, a plot of log rate vs. log P for the 0.3 inolal 
results (Fig. 3) shows 

Examination of the Induction Period 
Corrosion experiments were carried out in 46 in1 of 0.3 inolal MgC12. The gas-measuring 

apparatus was simply a horizontal capillary tube of cross-sectional area 0.04 cn12 with 
a 0.5-cm Hg bubble connected to the reaction vessel by about 16 in. of fine capillary 
tubing with short tygon connecting tubes. The measuring device was theriliostated a t  
27.4"10.1° C, while the reaction vessel was in a water-glycol bath which could be ther- 
mostated to 10 .03"  from 0-45" (see Fig. 4). After the surface had been prepared, the 
Mg sample was dropped into the electrolyte in the reaction chamber, which had pre- 
viously been allowed to come to thermal equilibrium with the bath, and the connections 
quickly made. The first reading was usually talcen about 100 seconds after the sanlple 
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CASEY ET AL.: DISSOLUTION O F  Mg IN MgC12 

TABLE I1 
Rate of dissolution a t  various pressures in 3.0 molal MgCI? 

(k = 455 mm; Pv:'p = nxn Hg) 

pz V"X lo3 lz 2 v' X lo3 v x103 
(mm Hg) (ml cm+ sec-l) (mm) (1111 cm-2 sec-') (mg sec-I) 

*Initial rate determined by weight loss method 

ZOO I 

0 500 1000 1500 2000 

PRESSURE (rnrn Hg) 

FIG. 2. Dependence of rate on pressure ill 3.0 molal WIgC12 (pH 2.0, 25" C): 0 from gas evolved, from 
weight loss. 

had hit the electrolyte. Since the mercury bubble sornetimes stuck, the capillary was 
tapped sharply a few times before a reading until the equilibrium position was reached. 
Since the bubble position in the capillary could be read to f0 .02 cm, the sensitivity 
was about 0.001 cm, but  being limited by temperature control, was found to be reliable 
to about f 0.005 cc. 
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I I I I I I I I I I 
2.0 2.1 2.2 2.3 2.4 2 5  2 6  2.7 2.8 2.9 

LOG P 

FIG. 3. Depende~lce of rate on pressure i n  0.3 111olal hIgCI, (pH 3.0, 2S0C). 

THERMOSTATED 

CAPILLARY 

,TYGON 

TUBING 

TEMPERATURE 
DURING RUNS: 

27.4 _+ 0.1" C 

CONNECTION 

MER'CURY ME~ER 
BUBBLE STICK 

WATER B A T H  

( 2 0 . 0 5 0  C )  

~ ; I G .  4. Schematic diagram of capillary tube apparatus for studying induction period. 

Figurcs 3. and G show typical results obtained a t  0, 12, 18, 25, 30, 35, and 45'. Below 
r -0  ,3o the "i~icluction period" was usually, but not always, linear, and its slope (vl) easily 
distinguished fro111 the "true" rate (v). The break from vl to  v occurs a t  a value of volunle 
evolvecl which clecreases with increasing temperature. 

The rates a t  various temperatures are collected in Arrhenius plots in Figs. 7(a) and 
7(b) (a duplicate set of experiments with fresh materials), from which the activation 
energy for both v, and v is seen to  be 1 2 . 2 f  0.6 ltcal/mole. This fact is an indication 
that  the rate-controlling step of the induction period is not different froin that  of the 
main corrosioil periocl. 111 fact i t  was next shown that  during the induction period hydrogen 
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CASEY ET AL.: DISSOLUTION O F  Mg IN MgClz 

TIME (sec)  

FIG. 5. Typical results of volume measured as function of time, a t  0°, 12', ISo, 25' C. 
FIG. 6. Typical results of \ ~ o l ~ u ~ l e  measured as function of time, a t  25', 35", 45' C. 

gas enters not only the electrolyte but  also the metal itself to a rather astonishing amount, 
approximately 1 cc H2  per cc iVIg a t  27'. The experimental procedures are described in 
the remainder of this section. 

As a preliminary a fresh Mg specimen was allowed to react in fresh electrolyte t o  
beyond the brealc from v, to v. Thus z~sed, the specimen was then allowed to react in 
fresh electrolyte and the used electrolyte fitted with a fresh specinlen of Mg. In the 
latter case the solution had been already saturated with Hz fro111 the prelinlinary part  
of the experiment. However, the results consiste~ltly showed the rate to be less than 
the final rate of the prelinlinary experi~nent (for example, see Fig. 8). 

Optical stereo~~~icroscopic exanlination of a used specimen, following rapid washing 
and dehydration in absolute alcohol and mounting under degassed nlineral oil, disclosed 
the liberation of gas bubbles fro111 the magnesium, rapidly a t  first and then Illore slowly, 
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FIG. 7. :\rrhenius plots for rate a s  functioil of temperature for 0.3 inolal MgCl? solutions: (a) No. 1, 
(b) No. 2. Cpper curve v ;  lower curve v i ;  pH 2.0. 

,/'. 
T E M P E R A T U R E  27.6'C 

,,,-'2.60 x 1 6 ~ c m  'set-' { 0.40 

...) ,..' F R E S H  SAMPLE I N  
, F R E S H  ELECTROLYTE 

FRESH SAMPLE I N  
USED ELECTROLYTE .i" .,/' . -- -. 

I 
u.eu .- I 

2.60 X I O - ~  ,/",,.-'/ U S E D  S A M P L E  I N  
c rn 3 sec-l ,.[,',,' F R E S H  ELECTROLYTE 

TIME (sec) 

FIG. 8. Dissolution of freshly prepared magnesium ill electrolyte already saturated with hydrogen; 
and dissolution of H?-saturated magnesium in fresh electrolyte. 

but coilti~luillg over several hours. At the same time, there was no iildicatioll that 
hydrogen had been stored in the plastic which coated the magnesium. 
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CASEY ET AL.: DISSOLUTION O F  Mg IN MgCIz 47 1 

Figure 9 shows the results of measurement of the gas liberated a t  27.6' C froin a 
specimen corroded a t  the same temperature. Following the corrosion step, the specilnen 

TIME (SEC) 

FIG. 9. Liberation of hydrogen stored in ~l~agnesiurn during corrosion in 0.3 molal MgCl?. Volume vs. 
time after drying in cold absolute alcohol and mounting, under CC14, in small capillary measuring apparatus 
a t  27.13" C. 

(area 1.14 cm2, 0.4 cm high) was washed with distilled water for 5 seconds a t  room 
temperature, then in cold (-20" C) absolute alcohol for 40 seconds before being mounted 
in the measuring chamber under 20 ml of CC14. Experience had shown that  CCl4 could 
be used to prevent 0 2  from reaching the active surface, to float away any residual water 
contaiilecl in craclts and fissures, and yet to  assist the release of gas bubbles as soon as  
they formed on the surface. Any side reaction adversely affects the measurement; for 
example, under absolute alcohol, a slow but  detectable corrosion of Mg continued for 
hours and was measured superimposed on the stored Hz which was being released. The 
possibility that some of this prolonged Hz production is due to acid forced into craclts 
and fissures and not removed by the alcohol wash cannot be ruled out. 

In the example considered in Fig. 9, v, was 1.16 X lop4 cin3/sec and v was 2.38 X 
The brealc occurred a t  about 1500 seconds. If i t  is assumed tha t  the difference is the rate 
a t  which Hz penetrates the magnesium, i t  can be calculated that  0.18 cc is lost to the 
hiIg sample in the induction period, and remains there during the steady state of the 
dissolution process. However, the measured value of the amount released was 0.38 cm3. 
The difference is presently assumed to be that  which entered during the preparation 
of the sample. ( I t  will be recalled that the sample was etched for 1 minute in 0.5 N 
HC1 prior to the dissolution experiment with a possible small contribution from acid 
left in the fissure.) The initial rate of escape of Hz, following a short induction period 
(which must exist because the Mg entered the chamber directly from alcohol a t  -20' C), 
was 5.2 X lo-.' cmvsec, nearly five tiines the rate a t  which it  entered during corrosion in 
the aqueous MgC12. 

il bsorption and X - R a y  Diffraction Spectra 
The X-ray diffraction spectrum was taken of each of several samples of the product 

built up by extended reaction of Mg with MgCl2 solutions. Spectra formed by precipi- 
tation reactions were taken for comparison. Table I11 lists lattice spacings obtained 
from reaction in 0.3 and in 3.0 molal MgC12. 
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TABLE 111 

Lattice spacings (A) for corrosion products 

Reaction Reaction 
Mg Mg + 0.3 molal MgC12 Mg(OH)2 Mg + 3.0 molal MgCl? Mg(0H)Cl 

*Two ASTM cards. 

The product formed in 0.3 molal MgClZ, after being scraped from the surface, washed, 
dried, and mounted on a quartz fiber under vaseline, had a spectrum ~rhich  was attribut- 
able to  Mg(0H)z plus a small amount of Mg metal. 

The product formed in 3 molal MgClz was more difficult to handle, being hygroscopic, 
but,  after desiccation a t  25' and mounting, gave a spectrum which contained a t  least 
two conlponents. One was definitely Mg(0H)Z. None of the reported spectra of the 
hydrated magnesium hydroxy chlorides (2), either singly or superimposed, could account 
for the rest of the spectrum, although three of the five most prominent lines said* to be 
characteristic of Mg(0H)Cl appear, and this material may be a second part of the 
product. If so, a third part is still unidentified. The two prominent spacings of the 
remainder are a t  11.6 and 4.17 A, the former indicating a heavily hydrated, very basic 
hydroxy chloride. t 

Before and after certain corrosion experiments ultraviolet absorption spectra were 
taken on solutions saturated with Nz or 0 2  or air. If oxygen was present, the characteristic 
absorption of OC1- a t  3800 A was present, but its presence did not seen1 to have any 
effect on rate of H z  evolution. 

* A S T M  cards. However, Bianco ( A n n .  de Clzinz. 3, 370 (1958)) more rece~ztly ascribes this spectrzrnz to be 
anhydrous Mgz(OH)3Cl. 

tSee Y .  Bianco, A m .  de Chinz. 3, 370 (1958), for recent X-ray and Chelni~al analyses of Izydrosycklorides; 
and P. M. de Wolff and L .  Walter-Lbvy, Acta Cryst. 6 ,  40 (1953), for spectrzrnz and structz~ral analysis of the 
most conznzon hydrate, Mg2(0H)aC1.4H?O. 
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CASEY ET AL.: DISSOLUTION OF Me IN MeClz 473 

DISCUSSION 

A iMechanism Which Describes Pressz~re Measz~rements 
The simplest formulation which, in principle, describes the results obtained a t  low 

concentration is the following: 

fast  [I1 

k? 
NIg+ + H20 -+ MgCC + 1/2H2 + OH-, slow [3] 

for which a steady-state arguinent readily shows: 

where 

klk2 C, = - [H201[hlg] and C2 = [I-ID]. 
k-1 k-1 

Further, if reaction [I] is in labile equilibrium, i.e. if k-l >> kz, 

A inore explicit mechanism, which is easy to envisage, and which does not differ in 
principle with the one above, is the hydrogen molecule-ion illechanisrn illustrated in 
Fig. 10 and described below: 

Mg + H20 = MgOH? .d. fast  [la] 

k ? 

MgOH? .,I, + HTa, d MgOHad, + Hf fast  
k-2 

[lbl 

k3 
MgOH,d, + H$da - MgOHi + 1/2H2 slow [a] 

From this it follows, as before, from a steady-state argument that 

where C3 = Kl(kz/k-z)kaK4[Mg][HzO]; C4 = k3(Kd/k-2); and K c  = k4/kp4. Sinlilar to 
the first case, if equilibrium obtains in reaction [2] (i.e. if k-:! >> k3), then: 

Note that in this model the rate decreases with increasing PH2 because of the increase 
in the nunlber of adsorbed Hzf ions which react with and reduce the steady-state con- 
centration of MgOH,,,. Thus the rate is controlled by the concentration of hydrogen 
molecule-ions adsorbed on the surface. 
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Mg OH ads 

FIG. 10(a). Pictorial representation of reactions [lb] and [2]. 

mH;. + Hz0 
G R O W T H  (bubble) 

FIG. 10(b). Bubble formation. 

Now consider the  steps of reaction [3]: 

2 ~ :  = H2 rids + 2H+ 

Hz f nH20 = Hz ., + S (S=surface site) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C.ASEY ET .4L.: DISSOLUTION OF Mg I N  MgCI? 47 5 

nucleation 
S -I- H ~ n o  v- ' N f nH?O 

collapse 

growth 
nzN . bubble 

bubble = HZ gas. 

If the growth step, reaction [3d], is slow because of the high viscosity of the medium, 
say, then step [3c] is in equilibrium. Then reaction [3] is in equilibrium, and the derived 
rate v a [H+]/PH,lI%pplies. This is the observed fact in the dissolution of Mg in the 
low-concentration region (0.3 molal MgC12, pH = 2.0). 

If, however, the growth step is rapid, step [3d] is not in equilibrium; and the rate 
is limited by the rate of ilucleatioil [3c]. Then v a PH2, independent of [H+]. This is the 
result obtained in the high-concentration region (3.0 inolal MgC12, pH = 2.0). 

Whether [3d] or [3c] is the slowest step in the hydrogen removal process, the elementary 
process-viz. H2 nlolecule entering the ele~neiltary gas pocket-is the same; this is con- 
sistent with the fact that activatioil energy for the overall process is the same in both 
cases, about 12 I~cal/mole. 

A Further Test: Effects of X Irradiation on Rate 
The subtle difference between equilibrium (0.3 molal) and lack of it (3 molal MgC12) 

in reaction [3c] has fostered the notion that any experiineiltal variation which would 
disturb slightly the amount of adsorbed hydrogen molecule-ions in the steady state 
should affect the rate in the first case but not the second. Hence, corroding speciineils 
in both solutio~ls were subjected to 300 Icv X rays and to a magnetic field of 15,000 gauss. 

Io~lizi~lg radiation is now well known* to lead to increased adsorption of H atoms 
on noble metal surfaces provided they are at  a potential positive to that of the hydrogen 
electrode. In the present case the potential is about 1.8 volts negative, and photode- 
sorption would be anticipated. A result of photodesorption of Hz+ ions would be (see 
reaction [lb]) increased concentration of MgOH,,, and hence increased rate of dissolu- 
tion for the case in which bubble growth is rate determining. Figure 11 is a composite 
of six experinlents in which the specimen and reaction chamber were irradiated with X 
and gamma rays. The lower curve shows that  the rate in 0.3 inolal MgClz is increased 
during irradiation by X rays and that  the rate returns to the normal value after irradia- 
tion has ceased. The upper curves show not only that the irradiation ~llust be very 
intense before the rate in 3 molal MgC12 is affected, but also the important fact that 
the rate remains enhanced after irradiation has ceased. After 3 Mev galllrna irradiation, 
the solution gave strong visible and ultraviolet absorptions due to Clz and OC1- and 
perhaps some H2 was produced by y-ray absorption; but i t  is difficult to understand 
how either of these could enhance the rate after the radiation had ceased. I t  seems 
more probable that the absorbed radiation induced faults in the metal which enhanced 
subsequent nucleatioil of bubbles on the "activated" surface. 

The effect of a 15,000 gauss magnetic field was explored for a slightly different reason. 
Since the postulated intermediates, Mg+ and H atom, are both paramagnetic because 
of an unpaired electron, our analysis suggests that the rate might be altered in 0.3 molal 
NIgClz, where rate a [MgOH,&], but not in 3 molal MgC12, where nucleation is rate 
determining. 

After proper temperature control of the reaction chamber (when placed between the 
poles of the electromagnet) had been achieved, several experiments were done a t  both 

*See I .  Henderson, E. G. Lovering, R. L .  Haines, and E. J. Casey, Can. J. Cltern. 37, 16.5 (1969); and F. S. 
Feales, Trans. Faraday Soc. 56, 1671 (1960), for discussion and references to earlier work, particzilarly that of 
Veselovsky et al. in the period 1954-1956. 
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6.0 - 

i 
-I 

5.0 - 
E 

2 
- 4.0 - NO IRRADIATION 
0 

2 7 0 R / M I N  Co60 Y RAYS 

m 
a 
(3 3.0 - DISSOLUTION OF Mg 
u 
0 UNDER IRRADIATION 

_1 

0 2 . 0  - > 

SOURCE 
O F F  

TIME (MINUTES) 

FIG. 11. Elfect o f  S rays on rate o f  dissolution. 

27' and a t  1.5'. However, each experiment turned up a new difficulty, and sufficient 
sensitivity had not been achieved when the magnet had to be returned to its norinal 
use. An indication of increased rate in 0.3 inolal MgClz was obtained, but the effect 
was not reliably demonstrated, and Inore work needs to be done. 

Some Pecz~liarities of the Induction Period 
If the rate following the induction period is the true initial rate of dissolution, then a 

fraction of the hydrogen liberated is not being measured in the early stages. The allloullt 
of Hz needed to saturate 46 cc of distilled water a t  27' is calculated, from the solubility, 
to be 0.6 cc. Because the gas is salted out by 0.3 inolal MgC12, the solubility in the 
electrolyte would be much less, and can be estimated from the activity to be <0.1 
cc. No pertinent solubility data could be found reported in the literature. 

The induction period is not always linear, but is solnetinles more or less sigmoid, as  
if i t  were an adsorption curve. Actually the induction probably is due to two processes: 
the sorption of gaseous hydrogen in small pores and crystal defects in the magnesium, 
and the "pouring" of two-dimensional liquid (i.e. adsorbed) hydrogen fro111 the reaction 
surface into the larger cracks and fissures. I t  is currently assunled that "liquid pouring" 
predominates when the induction period is linear and that gas adsorption predominates 
when the induction period is sigmoid. The measured rate during the induction period 
v, is the difference between the true rate v and the superinlposed "storing" rates: (a) the 
"liquid" pouring rate, v$;L,"Q; (b) the gas adsorption rate, 1 ~ : ; ~ g a ~ ;  and (c) the rate of solution 
of HB ill the electrolyte, vE;;lsas. Thus: 
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IIq Hq gas H2 gas 
v i  = v-[vM?~ +v*ig I - v s o ~ n  . 

Figure S also shows (the result typical of triplicate experiments) that 

Ht grrs - H? 
v s o ~ n  = V ~ a t  

where 
EI " HZ 11q H, gils 

ZMg = [ V M ~  +vh.ig 1, 
and discloses further the rather puzzling indication that a magnesium sample pre- 
saturated with Hz corrodes in fresh electrolyte a t  a constant and significantly lower 
rate, as though the fresh electrolyte cannot receive liydrogen a t  any appreciable rate 
uilless soiiie of it a t  the same time penetrates the metal. 

Otlzer Conznzents on  the Proposed Meclzanism 
The postulates conceriling mecl~anism raise interesting questions about the nature 

of the activated complex in the gas liberation process. An analysis has been done which 
shows that the inverse half-power dependence of rate on pressure is mathematically con- 
sistent with a very large value (11.7 liters/mole, STP) for the volume of activation 
defined by absolute rate theory. This value seems intuitively to be of the right order 
of magnitude for a Hz molecule divesting itself of water and pushing back water inolecules 
as it forms the nucleus of a gas bubble. Yet, si~ice the energy required to make a hole 
the size oi a water molecule is approxiiilately equal (4) to the latent heat of vaporizatioil 
(10.4 cal/mole for pure water), and since the activation energy was found to be 12.2 
cal/mole, the radius of the activated complex must be just a few angstroms. However, 
from the ICelvin equation derived in a form suitable to express surface energy as a function 
of raclius of a bubble, and the volume of activation, the radius of the stable bubble 
nucleus can be estimated to be about 2X1OW4 c n ~ .  This value can be compared with the 
estiinate of l'lesset et al.  (3) of cnl obtained from a different approach; this riddle 
about the nature of the early stages of bubble formation has not been solved. 

I t  is now \veil established (5) that the overvoltage for hydrogen evolution increases 
with decreasing hydrogen pressure. However, increased rate of hydrogen evolution 
with increased hydrogen pressure, as was found in the studies in high MgClz concen- 
tration, is uncommon. The only other case of which we are aware is inferred to have 
existed in the experinlents of Webb and Linford (6). They measured current efficiencies 
of electroplatillg of copper. The values of hydrogen evolutioll rate a t  different pressures 
are replotted in Fig. 12, and show that the rate increased with increased pressure. Com- 
mon to their results and to ours are the coilditions of very high overpotential (-1.8 
volts in our case!) and coiitinued renewal of surface. 

Figure 10 clepicts a mechanism by which Mg call leave tlle metal as either Nlg+ or 
i\iIg++. Either is possible in our experiments, because the essential feature of the proposed 
mechanism is only that vIIbl  >> v ~ , ~ .  However, in anodic dissolution in which external 
current flows, there is ~iiuch controversial evidence'" concerning whether the ion leaves 
the surface as Mg+ or as iVIg++, or as both simultaneously: the number of couloinbs 
passed to effect a given weight loss may vary by a factor of 2. The work described in 
this report throws 110 light on the anodic problem per se, although it does provide the 
follo\ving alternative mechanisms: the second electron from MgOHad, has the alternative 
of passing into the metal, leaving MgOH+ (i.e. divalent magnesium) to desorb; or 
MgOH,,, can itself desorb (i.e. as univalent magnesium) and reduce water by electron 
transfer out in the solution. 

'For  discuss io~r  of th is  q ~ l e s l i o ? ~  scc refercrzce i .  
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INCREASE IN RATE OF H2 EVOLUTION WITH INCREASE IN H2 PRESSURE 
DURING ELECTROPLATING OF COPPER [WEBB 8 LINFORD) 

(I = lH2+ ma cm" ) 

P (ATMOSPHERES) 

FIG. 12. Percent of total electroplating current which is due to hydrogen evolution 

Glicksman (8) has used our earlier ( I)  proposal, that the rate of dissolution is con- 
trolled by transport through gelatinous reaction product (Mg(OH2)?), to explain why 
the hydrogen evolution reaction rate increases with increasing anodic current; thus 
higher anodic currents cause increased acid attack of the covering layer and therefore 
decrease the protection offered by it. The elaboration of the lnechanislll by the present 
work offers another simple explanation: more univalent lllagnesium is desorbed fro111 
the surface a t  higher currents. Since both the anodic and the dissolution reactions are 
highly exothermic, there probably exists a t  the metal-solution interface a high local 
temperature, which should favor the desorption of MgOHad,. 

SUMPIARY 

(I)  The following table sullllllarizes the facts, new and old, which are known about 
this reaction a t  pH = 2. 

Concn. < 1 molal MgCI? Co~lcn. > 1 inolal MgCI? 

(a) v low, as in acidic ICCI or ICN03 
(b) v a a;+, where n = 1 
(c) v a sol~~bi l i ty  of MgO in electrolyte 
(d) E* = 13.2k0.6 kcal/inole 
( e )  Mg wet by Hg  in electrolyte 
(f) Cathodic control 
(g) Dried reaction product: Mg(OH)? + Mg 

(h) v o: 1 / P U 2  when n = 1 
(;) vi  = v-vzg -vi2%"l,"" 

and vzg r vzy' 
( j )  v increased by X rays, during irradiation 

only 

v abnorlually high 
v independent of a ~ +  
EJ a sol~~bili ty of Mg(OH)Cl? 
E* = 11.4k 1.0 kcal/mole 
Mg not wet by Hgin  electrolyte 
Cathodic coiltrol 
Dried reaction product: *Ig(OH)? + 

Mg(0M)CI (possibly) + un~dell- 
tified component 

r l  P 

.J increased perinanently by high- 
intensity radiation 
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CASEY ET AL.: DISSOLUTION OF Mg IN MsClz 479 

(2) A kinetic analysis of the  results indicates t h a t  bubble growth is r a t e  deter~nining 
in t h e  low-concentration region: and  t h a t  bubble nucleation is ra te  determining in t h e  
high-concentration region. T h e  postulate of univaleilt magnesium ion (Mgf)  as a n  
intermediate is essential to describing t h e  results quantitatively. 

(3) During the  early stages of the  reaction, hydrogen enters t h e  magnesium metal  to 
a n  amoun t  -1 cc per cc M g  at  2 7 O  C, decreasing with increasing temperature. 
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THE INTERACTION OF FRIEDEL-CRAFTS CATALYSTS WITH ORGANIC 
MOLECULES 

111. THE CH3COC1:GaCl3 SYSTEM1 

DENYS COOK 
Exploratory Researclt Laboratory, Dow Chemical of Canada, Liptzited, Sarptia. Ontario 

Received November 24, lDGl 

ABSTRACT 

The equimolar complex of acetyl chloride and galli~1111 trichloride has been prepared and its 
infrared spectrum, both in the pure state and in nitrobenzene solution, has been recorded. In 
the pure con~plex a strong band a t  2300 c~n-I, hitherto attributed to the acetylium ion, has 
been observed. In solution in nitrobenzene, the 2300 cm-I band is almost co~~lpletely replaced 
by one a t  2200 cm-I, while undissociated CHJCOCI is present. Certain bands in this spectrum 
are consistent with the presence of the nitrobenzene - gallium chloride complex. i\ re-evaluation 
of the assignments of the acetylium ion suggests that a more complicated ionic species may 
be present in the solid state, possibly [CMXCO . . . GaCI3]+C1-. 

In the last 4 years inany infrared spectroscopic iilvestigations of acid halide - Lewis 
acid systems have been published by Susz and his colleagues (I)* in Geneva. Several 
coinmunications from this laboratory have dealt with similar topics (2-4), while a brief 
comment on one systenl was made by Terenin and his collaborators (5). 

There has been general agreement that a strong band a t  2300 cm-l in the spectra of 
acetyl halides with Lewis acids was due to the acetylium ion, CH3CO+, formed by the 
process [I] : 

Similarly, aromatic acid halide coinplexes have given spectra coiltainiilg a strong band 
a t  -2200 cm-l, indicating the presence of a (substituted) benzoyliuin cation, as in 
equation [2] : 

RzC6H(6,,COX + MS, = RZCe,H~~-,,COf + n/IXn+,-. [21 

The lower frequency of the benzoylium cation coinpared with the acetylium cation was 
attributed to conjugatioil of the CO group with the ring, a familiar situatioil in infrared 
spectroscopy. 

In certain complexes two bands in the triple bond region have been observed for acetyl- 
ium salts, viz. 2300 and 2200 cm-I (2, 5 ) ,  for which no adequate explanation has been 
offered. The present paper will examine possible causes of these two bands. 

Greenwood and Wade showed the gallium chloride - acetyl chloride complex to be an 
excellent acetylating agent and an investigation of the liquid-solid phase diagram of the 
system revealed a dystectic point a t  86' C (decomp.) with an equimolar ratio (6). 

1Cotttribzrtion No. 58. 
"Tlris paper i s  nz~ntber X I I I  ipt the series afzd contains previons references. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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COOK: FRIEDEL-CRAFTS C:\ThLYSTS. 111 481 

The investigation of the complex by infrared spectroscopy was therefore undertaken, 
in order to establish the active species in Friedel-Crafts ltetone synthesis. 

iMeterials 
Acetyl chloride (2.23 g, 0.0285 mole) was mised with 5.0 g GaC13 (0.0285 mole) in a vacuum system 

similar to  that described previously (2). All handling of the materials prior to  mixing \\.as done in a dry bos. 
The GaC13 was supplied by the Eagle-Picher Co. and the acetyl chloride was from the J. T. Baker Co. 'The 
mixture was heated to  a b o ~ ~ t  80' C to allow co~nplete interaction; it did not solidify on cooling to  room 
temperature but  remained as a light brown viscous liquid. This behavior has bee11 obserx-ed previously by 
other workers (G). \\'hen allowed to react with excess benzene, acetophenone was found in good yield. 

Spectra 
A Perkin-Elmer 221G prism-grating spectronleter was used to record the spectra. The liquid spcclrum 

was obtained as  a film between BaF2 plates (NaCl plates were attacked) and all preparative \vorl< was done 
in a dry box. The nitrobenzene solution was prepared by making a solution of 0.6 g complex in 1.5 g nitro- 
benzene. A sodium chloride sealed cell was used for this solution, and a variable path cell of similar thicl~ness 
containing nitrobenzenc was placed in the reference beam of the spectrometer. No danlage mas done to  the 
sodium chloride sealetl cell, as  shown by the absence of window bands, or etching, after the run. 

RESULTS AND DISCUSSION 

Figure 1 shows a spectrum of the gallium trichloride - acetyl chloride colllplex as a 
liquid film. The bands from this spectruill are collected in Table I with those of the 
col~lplex ill nitrobenzene and compared with other spectra. 

FIG. 1. Spectrum of the gallium trichloride - acetyl chloride complex as  a liquid film. 

The strong sharp band a t  2300 cm-I is typical of the acet~7lium ion: the weal; band a t  
2199 cm-I shoulcl also be noted. The two bands a t  2944 and 2870 cm-I are undoubtedly 
the asymmetric and symmetric CH stretching vibrations, and the expected deformation 
frequencies are present a t  1342 and 1310 c~II -~ .  The 1000 cm-I band has been regarded 
as a C-C stretching vibration. No vibration of the anion has been observed, since the), 
are outside the range of a spectrometer using a s o d i u l ~ ~  chloride prism-grating con] bination 
(7). The band of medium strength a t  l G l G  cm-I is associated with the presence of a small 
aillount of the donor-acceptor complex (111). The spectrum of the complex in nitro- 

/O . . . hlIX,, 

CHjCOS + MX,, = CHI-C 
\ 

X 

111 
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TABLE I 
Infrared bands and assignments in complexes 

CH:iCOCl CH3COCl CFI3COF CH3COCI CHBCOF CI-I3COCI 
AlC1:)t AlC13: Br;3$ SbCI,II SbF GaCl 3 :' " 11 

"I11 solution in nitrobenzene the following bands were recorded: 1 9 G O n ~ .  2905w. 3300vw. 2195111. 1796111, 1610m.b, 1500m.b. 
1244s. 1170m. 10881n. 10001n. 

?Ref. 20. 

IUnpublished work. 
![Present ~vorlr. 
**.Assignments based on CIIJCO+ ion using stanclard notation. 

beilzene shows some uilusual features. The 2300 cm-I band is reduced greatly ill intensity 
and a new band is seen a t  2195 cm-l. The strong band a t  1796 cm-I obviously belongs to 
acetyl chloride. Two bands, one a t  about 1500 cin-I, which is very broad and without 
structure, the other a t  1244 cm-I, which is fairly sharp, are to be identified with nitro- 
benzene conlplexed with gallium trichloride. Susz showed that the asylnrnetric NO2 
stretching vibration altered little on complex formation of nitrobenzene with AlCl3, 
AlBr3, and Tic14 (8). The symmetric NO2 stretching vibration, however, decreased from 
about 1350 c~n-I in ~litrobeilzene to 1250-1260 cm-I in the complexes. A shoulder on the 
high-frequency side of the 1550 cm-I band, a t  about 1610 cm-I recalls the 1616 cm-1 
band in the primary complex. 

On dissolution, therefore, of the primary colnplex in nitrobenzene, several different 
species are forined according to scheme [4]: 

primary complex - CH3COCI 1796 cin-I, 
CH3C=O. . . GaCI3 1610 cm-l, 

I 
CI 

CsHd'J--O.. . GaC12 1550 and 1244 cm-I, 
I /  
0 

? 2200 cm-'. 

I t  is proper, then, a t  this time, to consider more closely the nature of the species respon- 
sible for the absorption a t  2200 cm-I just discussed, and see what bearing this might have 
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on the structure of the primary complex. Originally (2) i t  was supposed that  the 2200 
cm-I band in tlie CH3COC1:A1Cl3 complex was due either to an ion pair of the type IV 
or a cornplex of the acetyliu~n ion with A1C13 (V). Both of these explanations now seein 

inadequate, the first since the central carbon atom is still trigonally hybridized, tlie second 
for a mucli niore fundaniental reason, which will now be considered. 

The l e y  to the problem will be stated first. LVlienever a linear molecule such as CH3CO+ 
forms a complex with an electron deficient material the CO stretching frequency would 
be raised to a higher value than in the free ion. This viewpoint is dia~netrically opposed 
to that put forward earlier (2) and its justification is fundaiiiental to tlie problem. The 
argument of a lowered CO frequency in the complex was made by  analogy with the 
lowering of carbonyl frequencies when complexed wit11 Lewis acids. Susz has recently 
summarized lnally experimental details (9) and in the CH3COClTiC14 sj7stem which is 
of type I11 he found a decrease of solne 3 md/W in the force constant of tlie CO bond (10). 
The extrapolation to a linear model, however, is unjustified, since it  does not take into 
account mechanical factors which become of great significance. 

The rise in frequency when linear molecules form complexes with Lewis acids is best 
illustrated b\7 a consideration of the vibrational spectra of some nitrile complexes, several 
of which are listed in Table I1 (11-14). The complex din~ethylnitrilium l~exacliloroanti- 

TABLE I 1  
CX stretching frequencies in acetonitrile complcxcs 

Compound Frequency (cm-I) Av (cm-I) 

nionate should be particularly noted (13). In every case, the complex has a higher CN 
stretching frequency than the free nitrile. Gerrard et al. (14), correctly discou~lti~lg coup- 
ling or lnass (of the ligand) effects, concluded that  the bond order (and force constant, 
presumably) of the CN bond was higher in the co~nplex than in the free nitrile. Such a 
conclusion is neither necessary nor realistic, for the correct expla~lation is i~ilplicit in the 
work of Overend and Scherer (15) on the vibrational frequencies and force constants of 
the carbonyl halides. The rather surprising result mas established that,  in COF?, COC12, 
COBr2, and several mixed halides, the force constant Kco is virtually the salile a t  about 
12.7 nld/A, though there is about 100 cm-I difference in the carbonyl frequencies. The 
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explanation lies in the fact that  in COF? only 84y0 of the potential energy of the CO 
vibration resides in the CO bond. Significant percentages come from the C S  stretching 
mode and the XCX angular deformation. Alternatively, one can say that as the CO bond 
stretches it compresses the C X  bond and deforms the XCX angle, and this resistance 
forces the vibrational frequency higher. The larger the force constant of the CX bond 
the larger will be this effect. 

Naturall~r, as the XCX angle becomes smaller this effect becomes larger, which is the 
reason why small rings have elevated carbonyl frequencies (16). In the limit, therefore, 
a linear nlolecule results, such as the nitrile conlplexes or the acetyliunl ion complexes. 
Even a snlall force constant for the D-M bond in CH3C=D-MX, (D stands for donor) 
should produce a large rise in frequency for the C D  stretching vibration in the complex 
compared with that in the free CH3C=D. 

This effect is probably quite universal and seems to account for variations in acetylenic 
triple bond stretching frequencies, as shown in Table 111. Although the changes in vcc 

TABLE 111 
Triple bond stretching frequencies 

and force constants in  some acetylenes* 

Force constant (n~d/A)  

XC=Clr Frequency (cm-I) Ksc Kcc KCY 

HCCH 
CHSCCH 
CHZCCI 

"A. G. Meister. J. Chem. Pliys. 16. 950 (1918) 

froin HCCH to CHZCCH are probably due to a combination of mass and force constant 
effect, from CH3CCI on it would seem to be due solely to the force constant effect, since 
vcc parallels KCy and all the masses are greater than 15. This mass is probably close to 
the limiting value, as found by Halford (17) for carbonyl vibrations, and by Whiffen (18) 
for XCN molecules. 

Returning now to the constitution of the complex, the foregoing arguments are quite 
in accord with the reversal of the assign~nents previously considered. The complex ion 
(CH3C0 .  . . NIX,)+ would have a CO vibration a t  2300 cnl-I and the uncomplexed 
acetyliunl ion, CH3CO+, a CO vibration a t  2200 cm-I. The reaction expressing the 
formation of the con~plex would then be [5]: 

CHBCOX + MX, = [CI-I3CO. . . WIX,]+X-. 

v 
I t  now remains to be seen whether the other bands in the spectra can be adequately 

assigned to the complex ion V. The CH3 asy~nnletric and symmetric stretching and 
deformation frequencies fit the new structure reasonably well. In fact, the variations 
observed in these four frequencies in different complexes are easier to understand if  the 
CH3 group is in a slightly different environment in different complexes. That  is to say, 
srnall differences in the MX, portion of the conlplex might produce slight variations in 
the fundamentals. If the acetyliuin ion itself were subject to such variations one would 
have to invoke some kind of environmental interaction, which might be difficult to justify. 
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One of the difficulties with the assignments of the bands to the acetylium ion has been 
the lack of a suitable band for the methyl rocking vibration. A weak band a t  1200 cin-1 
in the CH3COC1:GaC13 coinplex and a t  1235 cm-I in the CH,COF:SbFS coillplex had 
been tentatively assigned to this vibration, but not even a weak band showed in the 
spectrum of CH3COF:BF3 (19), or CH3COCl:A1Cl3 (20). 

If now the assigi~ments for the diinethylnitriliun~ ion (13) are kept in mind then the 
1000 cnl-I band is inore acceptably assigiled to the CHZ rocking vibration, and the 
mediunl to weal; band a t  716 cm-I becomes the C-C stretching vibration. In several 
of the complexes with strong absorption bands near 700 cm-l, due to metal-fluorine 
stretching vibrations, the C-C stretching vibration inay be submerged. The R/I . . . 0 
stretching vibration has not beell observed, and it inay be in the low-frequency region 
outside the range of NaCl optics. Many of the metal-halogen stretching vibrations, too, 
will lie outside this range. 

The dissociation of the primary conlplex in solution now becomes quite understandable 
since the Lewis acid now just has to shift froin a weak base, CH3CO+, to a stronger base, 
CGHjNOe. This does then not involve the dissociation of a stable species such 
as BF,-, :\1Cl1-, GaC14-, etc., into MX, + X-, followed by recombination of the MX, 
with nitrobenzene, and is therefore inore plausible energetically. 

ACICNOWLEDGMENTS 

The assistance of Miss C. D. Anderson in recording the spectra is gratefully 
aclinowledged, and Dr. S. J. ICuhn and Dr. G. A. Olah are warmly thanked for their 
preparation of the SbFS complex. 

REFERENCES 

1. B. P. Susz and D. CASSI~I .~T~S.  Helv. Chim. Acta, 44, 395 (1961). 
2. D. COOIC. Can. J. Chem. 37,48 (1959). 
3. D. Coo~c. Abstracts, International Congress of Pure and Applied Chemistry, Montreal, Que. August 

11, 1961. Paper A 107. 
4. E. B. BAICER and G. A. OLAH. Abstracts. International Concrress of Pure and A ~ ~ l i e d  Chemistrv. - . . + ,  

Montreal, Que. August 11, 1961. Paper A 106. 
5. A. N. TERESIN, V. N. E'ILI~IINOV, and D. S. BISTROV. Izvest. Akad. Na~ilc U.S.S.R. Phys. Chem. 

Sect. 22, 1100 (1958). 2. K. N. GREENWOOD and I<. \\~ADE. J. Chem. Soc. 1527 (1956). 
/. L. A. \\'oodwarcl and A. A. Sord. J. Chem. Sac. 3721 (1956). 
8. P. GAGNEAUX, D. JANJIC, and B. P. Susz. Helv. Chim. Acta, 41, 1322 (1958). 
9. B. P. Susz. Compt. rend. 248, 2569 (1959). 

10. D. C,\SSIJIATIS and B. P. Susz. Helv. Chim. Acta, 44, 943 (1961). 
11. A. TERENIN, 117. FILIIIONOV, and D. BYSTROV. Z. Elektrochem. 62, 180 (1958). 
12. H. J. COERVER and C. CURRAN. J. Am. Chem. Soc. 80, 3522 (1958). 
13. G. C. 'TURREL and J. E. GORDON. J. Chem. Phys. 30, 895 (1958). 
14. \\I. GERRAKD, M. F. LAPPERT, H. PYSZORA, and J.  W. WALLIS. J. Cl~em. Sac. 2182 (1960). 
15. 1. OVEREND and I. R. SCHERER. 1. Chem. Phvs. 32. 1296 (1960). 
16. i). COOK. ~ a , , :  1. Chem. 39. 31 (i961). - .  -~ ~. d -  - 

17. J. 0 .  HALFORD. J.  hem. Phys. 24, 8'i0 (1956). 
18. D. 13. WHIFFEN. Chem. & Ind. (London), 193 (1957). 
19. B. P. Susz and J.-J. ~ U H R ~ ~ A N N .  Helv. Chim. Acta, 40, 722 (1957). 
20. B. P. Susz and J.-J. WUHRAIANN. Helv. Chim. Acta, 40, 971 (1957). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



THE REACTION OF OXYGEN ATOMS WITH 
CARBON TETRACHLORIDE1 

A. Y-&I. U N G ~  AND H. I. SCHIFF 
Upper ,-ltnzosplzcre Clzelnistry Grozip, dtcGill Unioersity, lIIontrea1, Qzre. 

lieceived Novelnber 22, 1961 

ABS'I'RACT 

The homogeneous reaction between 0 atoms and CC14 was studied in a llow system under 
conditions of colnplete consurliption of atoms, in  the presence ancl in the absence of ~liolecular 
oxygen. The only products of the reaction are CI:!, CO, CO:!, and COCI?. No conlpounds 
containing more than one carbon atom were detected. The dependence of the proclucts on 
CCld concentration suggests that the primary reactions are 

0 + CCl, 4 [o.CCI,: + COCls + CI? 
+ CO + 'ZCln, 

which are too slow to consume all the atoms. Carbon dioxide is produced by sccontlarp 
reactions which are fast enough to consume all the atoms, the rnost important of which is 

0 + COCI? + co, + C1,. 

IHowever, the dependellce of the ratio (CO:! + COCI?)/CO on CCld concelrtratiot~ in the 
presence of 0 2  indicates other reactions also procluce CO?. The rapid disappearance of 0 
atoms in the systems containing 0 2  s~rggests a chain mechanist11 it1 which CI:! is mainly con- 
verted to the aton~ic form. Carbon dioxide call then be produced by the sequellce 

co + C1 = COCl 
COCl + 0 + COr + C1 

COCI + or + COs + CIO. 

The rate constant for the pri~iiary process was found to  be independent of 0, 02, aild 
CC14 concentl-atiol~ and could be represcl~ted by the equation 

k = 3.3X10-l" esp ( -450D/RT)  cm3 ~ ~ ~ o l e c u l e - ~  sec-I. 

INTRODUCTION 

The initial attack of an oxygen atom on a hydrocarbon ~nolecule may occur in a 
variety of ways. Thus Avrainenko et nl. (1) have concluded that the atom may abstract 
one or two h~drogen  atoms, rupture a C-C or a C=C bond, or insert itself illto the C-H 
bond to form an alcoliol. On the other hand, CvetanoviC (2, 3) in a systematic investi- 
gation of the reaction of ato~nic oxygen with olefins finds that the atom first adds to 
the double bond to form a biradical. This biradical can then either undergo a triplet- 
singlet transition to form an epoxide, or rearrange to form a carbonyl coinpound. 

The reaction of 0 atoins with CC14 was chosen for the present study, since none of 
these initial modes of attack is possible. The absolute rate constant for the initial reaction 
was also ineasured as a function of temperature, since only relative rate constants and 
activatiorl energies are currently available for most oxygen atom reactions. 

EXPERIMESTAL 

Ataterials 
r\ cylinder of osygell was selected fro111 a nuniber supplied by the Imperial 0xyge11 C o n ~ p a ~ r j ,  on the 

basis of its  lo^ nitrogen content, and used throughout the course of this work. 

'Tlris work received$nancial assislance from the Defence Research Board of Canada and tlze Li.S../l.F. Canr- 
bridge Resea~clz Laboratories. 

2Present address: National Researclz Council, Ottawa, Canada. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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UNG AND SCI-IIFF: REACTION OF o WITH CCIr 487 

Reagent grade CCI.,, obtained from the I:ishcr Scientific Company, and CI?, COCI?, CO, ancl COr, obtained 
from the Matheson Company, were further purified by trap-to-trap distillation. 

Nitric oxide, a Matheson product, was freed from acidic impurities by passage through ilsrarite. Xitrogen 
dioxide was preparccl by oxidation of S O  and clistillecl until the solid \\,as colorless. I t  \\-as stored with a 
sinall amount of 02. 

Appara tz~s  
The reaction vessel and flow system werc similar to those ~~scc l  previously in this laboratory (4). Atomic 

oxygen \\.as formed by a micro\\ra\re discharge operating a t  2450 mc. This produced a few perccnt of atomic 
oxygen in a large excess of molecular osygen. illternately, 0 atoms could bc produced in thc absence of 
0 2  by the titration of N atoms with NO (5). 

Flow rates of gases were controlled by fine needle 1-al\-es and measured \vith calibratccl flo\\-metcrs. The 
pressure \\,as measured a t  both ends of the rcaction vessel \vith h'IcLeod gauges. Care \\-as talccn to exclude 
Hg vapor froin the apparatus. 

Procedure 
In one set of experiments, the products of thc reaction \\-ere studied as a function of the partial pressure 

of CCI., for several values of the total pressure, partial pressure of 0 atoms, and temperature. The CC1.g 
flo\\- rate was always a small fraction of the total gas flo\\l to prevent its variation aitccting the rcaction 
time, but sufficie~ltly large to consume all thc atoms in the rcaction tube. This condition \vas necessary 
to prevent O3 formation in the traps. A metallic catalyst for recombining the atoms beforc the trap could 
not be used in the presence of CCI, \ v i t h o ~ ~ t  inclucillg heterogeneous reactions. 

The initial atom concentration was determined by the NO? 'clean-LIP' methocl (5). A relati\.ely largc 
excess of S O ?  was added through the inlet jet arld the amount of NO producecl by thc rapid reaction 
NO2 + 0 + KO + 0? determined. Carbon tetrachloride was then added through the jet and permitted 
to  flow for a t  least half ail hour to reach a steady condition before products werc trappcd. During this 
stabilization pcriod the effluent gases were made to  bypass the traps. Condensable products \\-ere then 
collected for a sufficient time to obtain analyzable samples. The products \\.ere identified mass spcctro- 
metrically and subseq~~ent ly  analyzed by conventional mcthods. Chlorine gas was absorbed b!~ I-IgS; CO? 
and COC12 were separated with a Le Roy still and measured by a gas burrette. A mass spectrolnetric 
analysis of the non-co~ldensable gas showed CO to be its only product component. Carbon monoxide \\-as 
subsequently analyzed by conversion to CO? in a CuO-filled combustion column located do\\-nstrcam 
frorn the traps. 

I n  the experiments dcsigned to  deter~nine the rate constants for the initial reaction, 0 atom concen- 
trations were measured as a function of time by the photolnetric method described by Elias and Schifl 
(4). The glow resulted from the small amount of NO produced in the discharge from the S? impurity ill 
the oxygen. A s~nal l  correction for these concentrations was made for the slight clilution caused by the 
introduction of the CCI,. 

Since the reaction is highly exother~nic and also possesses an  appreciable activation energy, the experilnents 
mere performed with low concentration of both reactants. Te~nperature measurements made with a thermo- 
couple encased in a movable, thin-\\lallcd tube indicated that nowhere in the reaction vessel \\-as the tem- 
perature more than lo C above that  of the walls. 

RESULTS AND DISCUSSION 

The reaction proceeded with no visible reaction flame. The products of the reaction 
were found to be COCl?, CO, COz, and Clz exclusively. A series of experiinents designed 
to test the inass balance showed that,  on the average, these products accounted for 98% 
of the CC14 reacted. No compounds contailling more than one carbon atom were fonned. 
Nor were there any liquid or solid deposits formed on the walls, a conclusion supported 
by the fact that the walls retained a constant catalytic activity towards atom recombina- 
tion. This is in contrast to the deposits found by Sobering and Winliler (6) in the reaction 
of CC14 with N atoms. No solid deposits were formed even when CC14 was intentionally 
introduced in large excess or when the system was free of molecular oxygen. 

Table I ,  and Figs. 1 to 3, show the products as a function of CC14 flow rate a t  three 
different teinperatures and two different pressures. The  total chlorine content in the 
products will be seen to be twice the total carbon within experiinental error, which 
again indicates that no inajor product escaped detection. Chlorine gas shows initially 
a rapid and then a slower, approximately linear rise, as do CO and COCl?. This behavior 
is consistent with these products being formed in the primary reaction, which is therefore 
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TABLE I 
Dependence of products on reactant concentration 

CCI,, Products, mole sec-I 
10-6 yo total carbon 
nlole Total Total CO? + COCI? 
sec9 CI? co CO? COCI? CI? . C co coz COCI? co 

(A) 0 2  flow: 5.5X mole sec-I; 0 atom flow: 9.31 X mole sec-I; T = 4" C ;  P 2 mm; reaction 
time -- 0.45 sec 

0.34 0.82 0.098 0.280 0.098 0.92 0.48 20 59 20 3.84 
0.39 0.97 0.115 0.301 0.129 1.05 0.55 20 55 23 3.74 

(13) O2 flow; 5.5X10-6 mole sec-I; 0 atom flow: 2.67X10-7 mole sec-I; T = 100" C; P -- 2.1 mm; reaction 
time = 0.44 sec 

(C) 0 2  flow: 1.71X10-4 mole sec-I; 0 atom flow: 1.99X10-6 mole sec-I; T = 10" C; P -- 4.1 mm; reaction 
time -- 0.29 sec 

0.28 0.84 0.164 0.269 0.096 0.94 0.53 31  51 18 2.22 
2.46 1.56 0.322 0.406 0.214 1.77 0.94 34 43 23 1.92 
2.91 1.93 0.386 0.470 0.214 2.15 1.07 36 44 20 1.77 
3.23 1.94 0.363 0.533 0.235 2.18 1.31 32 47 21 2.12 
3.42 - 0.455 0.556 0.193 - 1.20 38 46 16 1.64 
3.76 2.29 0.515 0.480 0.235 2.53 1.23 42 39 19 1.39 

(D) i\:? flow: 5.5XlO-%rnole sec-I; 0 atom flow: 5X10-7 mole sec-I; T = 4" C; P -- 2 mm; reaction 
time -v 0.45 sec 

too slow to consume all the atoms under these conditions. On the other hand, C 0 2  levels 
off after its initial rise, which suggests that i t  is not forined in the priinary reaction. The 
secondary reactions must be sufficiently fast to coilsunle all the atoms in the system. 

Primary  Reactions 
The abstraction reaction 

CCI, + 0 --, CCI3 + C10 

cannot be the sole primary reaction, since the CC13 radicals would react rapidly with the 
excess O2 (7) : 

cc13 + 0 2  + coclz + c l o ,  [2] 

and there would be no reasonable way of forming CO. The same objection can be raised 
against the reaction 

CCI, -I- 0 + cclz -I- c120, [3 1 
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UNG AND SCHIFF: REACTION OF 0 WITH CClr 

CC14 F L O W  RATE rnole/sec) 

FIG. 1. Product yields as a fu~~c t ion  of CCI,, flow rate: 0 CI2; 8 COC12; A CO; C02. T = 4" C, 
P = 3 mm. 

FIG. 2. Product yields as a function of CCId flow rate: 0 Clz; 8 COCI?; A CO; C02. T = 10" C, 
P = 4 mm. 

L 3 4 

CC14 FLOW RATE ( l o - '  rnole/sec) 

FIG. 3. Product yields as a function of CCh flow rate: 0 Cia; 8 COCl?; A CO; COz. T = 100' C, 
P = 2 m m .  

which would also be highly endothermic. Nloreover, reactions [I] and [3] cannot even be 
significant primary processes since they should lead to radical recombination products (8) 
under conditions of large CCl4 excess or in an 02-free system. 

I t  is actually unliliely that any free radical is formed in the primary process. Sato 
and CvetanoviC (3) have shown that the presence of 0 2  in atomic oxygen-olefin reactions 
has a marlied effect on the products because of the reactions of free radicals with O?, 
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most of which have appreciable activation energies. However, in the present studies, the 
products did not change appreciably when the O2 content or the temperature was varied. 

In view of the electrophylic nature of 0 atollls (2) and the electron density in CC14, 
it is likely that a reasonably stable collision complex is formed. The primary products 
could then be accou~lted for by two alternate decomposition modes of the complex: 

o + CCI, -+ [ccl, .ol  -- COCI, + CI, , [41 
-+ co + .2C1*. 

T o  account for the overall change in spin, one may suggest that the comples is initially 
formed in the triplet state. However, a considerable stereochemical rearrangement is 
required, which could be aided if the 0 atom inserts into the C-C1 bond. This ~vould 
bring the two C1 atonls into proper bonding distance. Such insertion reactions have 
been suggested in explaining the formation of alcohols in atomic osygen - paraffin 
reactions (I) .  Since reaction [4] is 97 kcal/mole exothermic, it might be suggested that 
the COC12 nlolecule is fornled with excess internal energy and subsequently dissociates 
into CO f C12. But if this occurred, the ratio CO/COC12 should decrease with pressure, 
while the converse was observed. 

In the reaction of N atoms with CC14, Sobering and Winkler (G) postulated an atom 
attack on the complex 

N + [CClr.N] -t N? + CC13 + CI 

to explain the fornlation of CCl, polymers in their system. The absence of s ~ ~ c h  deposit 
in the present study mitigates against the analogous 0-atom reaction. 

Secondary Reactions 
Some of the secondary reactions capable of producing C 0 2  include: 

C O + O + R I I  -t C 0 2 + M  iB1 
CO + 0 -t Cop* -t CO, + h~ [i I 

coc12 + 0 -+ cop + CI?. [S I 

The reaction of CO with 0 atoms has been found by several authors (9, 10) to be 
slow, and also, in the present study, to have a large tenlperature coefficient. Allahan (11) 
has recently reported that the reaction of 0 atoms with CO proceeds by [7] rather than 
[6], with a change in multiplicity and a rate constant of 1.5X10-l4 exp (-4300/RT) 
cm3~nolecule-1sec-1. I t  would therefore be far too slow to be important in the present 
investigation. Moreover, i t  would produce an increase in the C 0 2 / C 0  ratio with tem- 
perature, which is contrary to observation. 

Reaction [8] probably does not proceed in a single step since i t  would be spin dis- 
allowed and would require the simultaneous rupture and formation of two bonds. Kever- 
theless, in separate experiments, 0 atoms were found to react rapidly with COCl? to 
form C 0 2  and C12, and reaction [8] can be used to represent this overall reaction. Fro111 
these experiments the rate of this reaction can be estimated to be approximately 10-14 
cm3molecule-1sec-1, while the rate of the initial reaction was found to be 2 X lo-" ~ 1 1 1 ~ -  

molecule-'set-I. The COClz concentration should therefore be of the order of tinles 
the CC14 concentration, in agreement with the results shown in Table I. The decrease 
in the C02/COC12 ratio with CCl4 flow is explicable in te r~ns  of the correspondi~lg decrease 
in the 0 atoll1 concentration and the decreased rate of reaction [8]. However, this re- 
action cannot be the sole source of C02 in the system. If i t  were, the ratio (COj f COC12)/ 
CO would be independent of CCl4 concentration. This ratio is constant for the 02-free 
system but decreases with CC14 flow rate in the systems containi~lg molecular oxygen. 
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UNG AXD SCHIFF: RE.\CTIO?! O F  0 WITH CClr 40 1 

An explanation for this is suggested by an independent observation. I t  was possible 
to nleasure simultaneously the rate of CC14 consun~ption and the rate of 0 atom dis- 
a p p e a r a n ~ e . ~  I t  was found that a t  4' C and 2.1 111111, 40 oxygen atoms disappeared for 
each CCl4 n~olecule consumed; this increased to 135 when the O2 pressure was doubled, 
and decreased to 10 when the temperature was increased to 100° C. However, in the 
02-free system, only 2.5 oxygen atollls disappeared per CC14 molecule.The actual stoichiom- 
etry of the reaction corresponded to an average of 1.5 oxygen atoms appearing in the 

1 
products per CCl., reacting. 

Icaufman found (9) Clz to be an extremely good catalyst for 0 atom recombination 
in the presence of 02-some 10 oxygen atoms being recombined per C12 molecule pre- 
sent. He proposed the following chain mechanism to account for his observations: 

0 + CI, ' C10 + CI 
0 + C10 + 0 2  + CI 

CI + O2 + hi1 -, ClOO + iVI 

ClOO + 0 ' CIO + 0 2 .  

Such a chain might also occur in the present system and account for the catalyzed 
reconlbination of 0 atoms in the presence of molecular oxygen. The recombination 
would then be faster a t  higher O2 pressure, and less important a t  higher temperature, 

I 

I since reactions [4] and [5] have a higher activation energy than reaction [9]. The excess 
I 

consumption of atonls relative to stoichiometry in the 02-free system could then be 
I 

due to reactions [9] and [lo], or to CCld or the reaction products being more efficient 
I third bodies in the normal atom recombination. 

Such catalyzed atom recombination can also account for the shapes of the curves in 
I Figs. 1-3. At low CCl4 flow rates very little CI? is present, the atom concentration will 
1 remain relatively high, and the rate of reactions [4] and [ 5 ]  will be relatively fast. As the 
I amount of C12 produced increases, the atom concentration will decrease and the slope 

of the product curve will decrease. The increased 0 2  pressure decreases the atom con- 
centration and consequently the slope in Fig. 2. An increase in temperature increases 
the slope in Fig. 3 because E 4 . 5  > E9. The absence of such a chain in the 02-free systenl 
iueans that the O atom concentration remains higher and this accounts for the large 
amount of C 0 2  produced in the secondary reactions. 

If reactions [9] to [12] are indeed operative in the present system, the fate of the new 
reactive species must be considered. Because of the relative rapidity of reactiolls [lo] 
and [12], steady-state considerations show that the concentrations of C10 and ClOO 
are too small to be significant. On the other hand, this mechanism predicts that under 
the present experimental conditions more than half the chlorine will be present in atomic 
form. 

The reaction of C1 atoms with CC1.t and with COCl2 are endothermic and have both 
been found to be slow a t  room teillperature (12, 13). However, the following reactions 
inay be significant in the present system: 

Cl + CO = COCl 1131 
COCl + CI? 4 COCl2 + CI 
COCl + 0 2  ' CO? + C10 
COCl + 0 + Con + CI 

COCl + CI ' co + Clz. 

3T1~e rate of 0 - a t o m  dtsappearance i s  corrected for the nor?nal three-body recombinatio?~ of the utolr~s I I L  the 
abseirce of CCI4. 
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The eq~~ilibrium reaction [13] has been studied by Bodenstein and co-worliers (15) and 
more recently by Burns and Dainton (IG), who give for the ecluilibrium constant log I< = 

-G31.0/4.571T+2.806. Although objections may be raised against reaction [I51 on steric 
grounds, Iiollefson (17) claims that  both [14] and [I51 are required to explain the chlorine- 
catalyzed photooxidation of CO and gives El.l-E15 = 3 kcal and ill.i/Alj = 30*5. 

Reactions [13], [Is],  and [ l G ]  catalytically convert CO into CO2, and provide an 
explanation for the cllange in the (Cog + COC12)/C0 with CC14 flow rate in the systems 
containing Or. The decrease in the 0 atom concentratio~l with CC14 flow rate results in 
a decrease in the Cl/C12 ratio and consequently in the conversion of CO to CO?. I n  the 
absence of 0 2  the value of the ratio may still be augillented by the sequence of reactions 
[9], [lo], [13], and [IG]. But,  since there is 110 chain nlecl~anisnl for 0 atom recombination 
in this system, the value of the ratio will not varj7 with CClr flow to the same degree as 
in the systems containing 02. I-Iowever, the fact that  in all the systems the ratio tends 
assymptotically a t  high cC1.1 flows to a value slightly less than 2 suggests that  the ratio 
kfl/kj is probably also close to this value. 

Rate Constant oJ the P ~ i r n a r y  Reaction 
Since CCl is neither reformed nor consunled by any of the secondarj- reactions, the 

rate of its disappearance can be represented by the simple bimolec~~lar equation 

which, upon integration between tiines t1 and t? ,  becomes 

To  deternline the rate constant k, it is only necessary to li11ow the CCll concentration 
a t  two times and the 0 atoll1 concentratio~l as a functioil of time over this interval. Since 
all the atoms were co~lsuined in the reaction tube, no explicit lcnowledge of t? was 
necessary; [CC14]1 was then talien as the lcno\vn initial concentration a t  the inlet jet, 
and [CCltlg the amount of unreacted reagent recovered in the trap. Since only a small 
percentage of the CC14 reacted, greater accuracy was obtained when [CCI1], was deter- 
mined by subtraction of the product equivalents fro111 the value of [CCI Ill. The time scale 
used in evaluating the integral was obtained fro111 the calibrated flow rates and the 
diameter of the reaction tube. Axial and radial photometry measurements indicated 
tha t  diffusion corrections in these directions are negligible and that streamlined flow 
co~lditions were closely approximated. 

Rate constants were determined a t  several te~llperatures over a considerable range 
of reagent concentrations and are shown in Table 11. The  value of k a t  19' C is see11 
to  be constant within esperimental error over a 13-fold change in CC1,l concentration, 
which provides ainple justificatioi~ for the method. The sinall amount of NO produced 
in the discharge did not affect the value of k. This was proved by the experiments (mar1;ed 
with an asterisli in the table) in which additional NO was deliberately introduced. The 
presence of KO will increase the rate of 0 atom consumption but  this is automatically 
accounted for in the evaluatioil of the integral. The  independe~lce of the rate constant 
on total pressure confirms that the reaction is l~omogeneo~~s and agrees wit11 Cvetai~oviC's 
coilclusioll that  the presence of molecular oxygen does not affect tlle rate of the initial 
reaction. 
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U S G  .IND SCIIIFF: RE.ICTIOS O F  0 i V I T I I  CCI; 4!13 

TABLE I1 

Rate constant of primary process 

CClr flowX10" [O]aXlO-", [CCl.,ll J?[O]df X lo-'', k x loL7, 
log -7 X lo3 

mole sec-I molecule cc-I [CCI.,I~ molecule cc-I sec cc molecule-I scc-I 

(A) T = 4' C; average total pressure = 2.12 mm; average total flow = 5.87X10-j mole sec-I 
3 .23  1.16 1.72 3.55 1 .11 
3.44 1 .16 1 .69 3 . lt5 1 .10 
3.74 1.16 1 .63  3.24 1 .16 
4.03 1.16 1.59 3.15 1.16 

(B) T = 10" C; average total pressurc = 4.2 mm; average total flow = 1.76X lop4 mole sec-l 

(C)  T = 19" C;  average total pressure = 3.05 mm; average total flow = 6.2X 10-j mole sec-1 

(D)  T = 56" C; average total pressure = 2.22 mm; average total flow = G.4X mole sec-l 
1 .88 1 .23 8 .34 4.97 3 .85  
3 .98 1.24 6.59 4 .13 3.67 
4.79 1 .24 5 .94  3.72 3.65 
4.89 1 .2-1 5.81 3.77 3 .67 

3 . 7 1 f 0 . 0 8  

(E) T = 100" C; average total pressure = 2.18 tnm; average total flow = 5.95X 10-"nole sec-I 

*NO added. 

Figure 4 is an Arrhenius plot of the rate constant which call be represented by the 
equation 

k = (3.3&1.5) ~ 1 0 - l ~  exp ( - 4 5 ~ ~ 3 0 0 )  cn13 molecultl  sec-I. 

snlall pre-exponential factor indicates the difficulty of the 0 atoll1 attack on the 
carbon atoll1 of the molecule. 
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FIG. 4. Arrhenius plot of log k vs. 1 / T  (k in cm3 ~nole-I sec-I units). 

Acknowledgment is gratefully made for the assistance of Dr. L. Elias throughout the 
course of this worl;. 
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LE SPECTRE INFRAROUGE ET LA STRUCTURE MOL~~CULAIRE 
DE L'ACIDE PERCHLORIQUE ABSOLU 

PAUL A. G I G U ~ R E  ET RODRIGUE SAVOIE' 
De'parlement de Chinzie, UniuersitB Laval, Qzie'bec, QzLB. 

R ~ ~ L I  le 8 Novembre l9Gl 

Les spectres d'absorption de l'acide perchlorique absolu dans les trois 6tats physiques 
ainsi que ceux de l'acide deutCr6 DClOa solide e t  gazeux ont 6tC 6tudii.s en infrarouge de  
5000 i 300 cnl-I. Toutes les bandes peuvent slinterprCter selon une structure quasi-tCtraCdrale 
de la molCcule covalente de symbtrie C,. Les bandes OH dans le cristal r6v6lent des liaisons 
hydrogene sensiblement plus faibles que dans l'acide sulfurique (Cnergie moyenne, 3 kcal). 
Les frkquences 171esurCes conduisent indirectement aux longueurs de liaisons 1.70 A pour 
Cl-OH e t  1.45 A pour Cl-0 en bon accord avec les rayons covalents des atomes e t  la struc- 
ture des perchlorates alcalins. La  torsion interne dans la molCcule libre est gCn6e par un seuil de 
potentiel de l.G kcal mole-'. A partir de ces donnees on calcule les valeurs suivantes pour les 
fonctions d'ktat de la molCcule HClOj i 1'Ctat standard B 25" C: -(FO-EO)/T = 58.9 e t  
SO = 70.7 cal deg-I mole-'. 

INTRODUCTION 

On possi.de relativement peu de donnCes sur la structure rnol6culaire de l'acide 
perchlorique anhydre EIC104 contraireinent au cas du rnonohydrate. En effet, ce dernier 
offre un inthrst particulier du fait de l'ion H30+; aussi a-t-il CtC l'objet de nornbreux 
travaux au inoyen des rnCthodes spectroscopiques et  de diffraction. (Voir rCf6rence 1 
pour revue de la question.) Jusqu'ici l'acide absolu n'a 6th 6tudiC qu'en effet Rarnan 
(2-6) oh l'on a observi: quelque neuf bandes (Tableau I )  facilernent identifiables avec 

Spectre Raman de l'acide perchloricl~~c licl~~iclc 
(Frequences en cni-I) 

- 

(1?6f. 2) (RCf. 4) (RCf. 5) (Ref. G) llotlcs (ref. 7) 
-- - 

284* ~ 7 7 ~  284* Torsion? (a') 

424 426 424 DCfortllatiol~ 03011 (a") 

570 577 572 577 Deformation O ~ O  (a1) - 
685 I lCfor~nat io~~ OClO ((L") 

730 740 738 7-10 Valence Cl-01 I ((~'1 

1026 103 1 1032 1001 \.alencc. CI-0 (a') 

1312 Valence C1-0 (a") 

32-13 3300 \Jalencc 0-11 (a ' )  
3425 

les vibrations norrnales de la molCcule (5, 7). Pour l'infrarouge, le caractcre corrosif e t  
fortenlent oxydant de l'acide perchlorique pose des problcrnes d'ordre technique. Un 
premier travail avec l'acide solide (p.f. -112" C) n'a pas perrnis de dechiffrer cornplcte- 
rnent le spectre ?I cause du chevaucheillent de certaines bandes. Heureusernent l'acide 

'Bouisier dl1 Conseil nalional des Recherches. 

Canadian J o u r ~ ~ a l  of Chemistry. Volume 40 (1962) 
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perchlorique est assez volatil e t  assez stable (en l'absence d'agents rkducteurs) pour 
permettre d'observer sans trop de difficultbs le spectre de la vapeur. Enfin, gr3ce A 
1'Ctude d'un Cchantillon d'acide fortelllellt deutkrb on a pu complkter l'identification des 
frkquences fondamentales. 

PHRTIE ESP~RIMENTALE 

L'acide pur a 6th obtenu par la mCthode de Smith (8), i.e. en distillant sous pression rCduite (environ 
3 mm Hg) une solution aqueuse h 72% de HClO4 coinmercial ("Reagent Grade", The Kichols Chemical 
Co.) additionnee d'olCum h 20% ("Technical Grade", Anachemia Chemicals Ltd.). L'appareil en Pyrex 
Ctait assemblC au lnoyen de rodages non IubriliCs; pour assurer l'Ctancheit6 ces derniers Cta~cnt cr1velopp6s 
h llextCrieur de bandes de caoutchouc sous tension (Cenco "Para Rubber Tape"). La presence d'un cxcks 
d'oleuin assurait un produit strictement anhydre; effective~nent les spectres ne montraient aucune indication 
de la forte bande de l'ion Clod- vers 940 cm-I (9). L'acide deutCrC a 6t6 prepare ell distillant sous pression 
r6duite B environ 65" C un melange 1:5 de ICClOa e t  de D2SOa h 97% d'acide. Ce dernier provenait de la 
condensation mCnagCe de vapeurs de SO3 (par Cvaporation d'un olCum h 30%) dans un petit volumc d'eau 
lourde ( A  99.7% de deuterium) refroidie dans un n~Clange rCfrigCrant appropriC. Le produit ainsi obtenu 
Ctait de nouveau distill; pour le debarrasser des traces d'impuretes, entre autre D?SOa dCcelC par sa bande 
d'absorption caracteristique h 1360 cm-I (10). Les deux acides sulfurique e t  perchlorique concentres &ant  
fortement hygroscopiques, il etait presque impossible de prevenir toute contamination par I'humiditC 
atmospherique au cours des manipulations. D'aprbs I'intensitC relative des bandes 011 dans les spectres 
de DClOl on peut evaluer le degre de contamination dc ce dernier B quelque 15 ou 20%. 

Autant que possible les echantillons etaient frafchement prepares; autrement il fallait les garder b 
1'obscuritC e t  dans la neige carbonique pour ralentir la d6composition. En eflet, b tempCrature ordinaire 
l'acide anhydre se dCco~npose pour donner des osydes de chlore,' dont ClnO7, qui sont esplosils (8). 

Pour le spectre de l'acide cristallin on pressait une goutte du liquide entre deux disq~ies de chlorure 
d'argent frafchement polis e t  montes ensuite dans une celiule h vide conventionnelle (11). E n  refroidissant 
avec l'azote liquide le film d'acide se solidifiait facilement. A en juger par l'allure des spectres les Cchantillons 
dtaient surtout cristallins. Contrairement h son monohydrate (12) l'acide perchlorique absolu n'existe que 
sous une seule forme allotropique, du  moins dans l'intervalle de temperature couvert ici. Pour le spectre 
de l'acide liquide les disques de chlorure d'argent portant 1'~chantillon etaient simplement entour6s d'une 
mince bande de Teflon pour arreter I'humiditC atmospherique. Comme le chlorure d'argent est opaque 
au-delb de 400 cm-I il a fallu utiliser pour la region s'etendant jusqu'h 300 cm-I des feuilles de polyethylene 
d'environ 1 mm d'epaisseur. Des essais prCliminaires ont rCvCl4 que ce inatCriau n'est que l6gereinent attaquC 
par l'acide perchlorique absolu pourvu qu'il soit d'abord refroidi suffisamment (en pratique h -70' C). De 
toute fason le spectre d'absorption des plaques de polyCthylbne etait enregistre par aprt.s pour fin de 
correction. 

Enfin pour l'etude de la vapeur on a employe une cellule d'absorption de 12 cm d'epaisseur en Pyrex 
fermee par des fenCtres de chlorure d'argent ou de Teflon, selon la region, e t  maintenues contre le tube 
de verre par un dispositif A ressort. Un bouchon rod6 e t  une tubulure laterale permettaient cle ren~plir  
la cellule d'air sec e t  d'y introduire l'echantillon d'acide liquide. MalgrC que cette dernibre operation fut 
effectuee en atmosphhre seche il se formait toujours dans la cellule une leghre fumCe blanche qui se con- 
densait finalement sur les parois e t  les fenetres. Cependant il ne seinblait pas en resulter d'absorption 
notable. Dans le cas des bandes les plus fortes les vapeurs d'acide etaient diluCes avec de l'azote sec afin 
d'obtenir une absorption raisonnable. 

Un spectrophotomCtre de Beckman, modhle IR-4 h double faisceau, e t  un appareil de Pcrlcin-Elmer, 
modhle 112-C, muni de prismes de chlorure de sodium ou de bromure de cesium ont 6tC ~~tilisCs. Hvec ce 
dernier on a toujours enregistr6 le fond avec la cellule d'absorption sous vide e t  h la temperature de I'azote 
liquide, car la limite de transmission du chlorure d'argent est sensiblen~ent deplac6c vers les basses lrCquences 
A basse temperature. 

DISCUSSION DES RESULTHTS 

On sait qu'A l'btat anhydre l'acide perchlorique existe essentiellelllent sous la forlne 
covalente. En effet, bien que cet acide soit l'un des plus forts connus en nlilieu aqueux, 
ses propribtCs physiques, et  en particulier sa tr2s basse conductiviti: Clectrique (4, 13), 
prouvent que l'autodissociation selon les schCmas possibles 

2HCIO4 = H?CIOaf + Clod- 

2HC104 = HCl~O7+ + OH- 
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est extr&menlent faible, en sorte que le spectre inolkculaire ne saurait lnontrer aucune 
indication dlesp&ces ioniques. Aussi bien toutes les frkquences observkes tant en infra- 
rouge qu'en Raman peuvent s'interprkter sans ambiguitk selon la structure prkvue pour 
la molkcule covalente (5, 7). A noter que les quatre atomes situks dans le plan de syrnktrie 
C, de la nlolkcule peuveilt se trouver dans la configuration cis ou trans ainsi: 

A priori la premi&re semble plus probable ktant donnit l'attraction entre l'atome d'hydro- 
g&ne et  l'un des atomes d'oxyg&ne du groupe C103. (Voir cependant le cas un peu ana- 
logue de FIX02 (14, 15) oh les deux formes coexistent m&me dans la vapeur.) 

Des 12 vibrations fondalllentales de I-IClO4 8 sont symktriques (a') et 4 asymktriques 
(a") par rapport au plan C,. L'identification des balldes observites (Tableau 11) est 
relativeillent facile si on se ref&re au spectre dCjB bien ktudik (7) d'une molitcule assez 
semblable spectroscopiquement, FC103. Les frkquences fondamentales de cette derniitre 
devraieilt se retrouver dans I-IC104 B peu prits inchangkes, sauf que trois serollt dkdoublkes. 
En outre on y observera les trois vibrations de l'atome dlhydrog&ne. La plus klevke de 

I ces derniitres, la vibration de valence 0-13, apparait dails la vapeur B 3560 cm-I (Fig. 1). 

FIG. 1. Spectre infrarouge de HCIOl B 1'Ctat gazeux. 

Le dkcalage isotopique de cette frkquence dans DClO4 (Fig. 2) est B peu prits dans le 
rapport prkvu, soit 1.36. Par ailleurs dails les phases condenskes (Figs. 3 et 4) ces frC- 
quences sont notablelnent abaisskes du fait des liaisons hydrogitile (Tableau 11). 

La frkqueilce de dkformatioil OF1 est moins bvidente car elle tombe dans la rkgion des 
vibrations de valence du groupe C103 vers 8 p. La plus itlevke de celles-ci B 1326 cm-I 
appartient sans aucun doute B la vibration asymktrique v 9  par analogie avec la vibration 
correspoildante d a m  FC103 B 1315 cm-I (Fig. 5). Des deux vibrations C1-0 symbtriques 
l'une doit se trouver assez prits de v 9 ;  on peut donc lui assigner avec certitude la forte 
bande B 1263 cm-l. Quant B la seconde, v4, totalelllent syinktrique par rapport B l'axe 
Cl-01-1, on la trouve B 1050 cm-I (coinpark B 1061 cin-I dans FC103). Effectivement ces 
trois frbquences demeurent presque identiques dans les spectres des phases condensites 
aussi bien que dans ceux de DClO4. 11 reste donc pour le inode de dbformation OH la 
bande d'intensiti: lnoyenne B 1200 cm-I dans la vapeur qui montre bien le dkcalage 
isotopique attendu (A 928 cm-l) dans DC104. Cette fois les liaisons hydrogitne causent 
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TABLEAU I1 

Spectres infrarouges de MClOd et DClOl 
(Frkq~le~lces en crn-I) 

I-IC104 DC104 

Vapeur Liq~ride Solide V a p e ~ ~ r  Solide Vibrations 

('4') 

(a') valellce 0-H 

(a') valellce 0-D 

(a") valence C1-0 

('4") 
(A')  ? 

(a') valence CI-0 

(a') deformation 013 

('4'0 

(A') 

(a') valence CI-0 

(a') valence C1-OH 

595 I 579 582 585 585 583 vlo  (a") dkior~~lntion OClO 
567 1 
560 j 571 566 574 554 Y O  (a') dkiormation 

526 ? ? 
A 

519 v7 (a') defornration OClO - 
417 v l l  (a") dkforn~ation OClOH 

A 

vs (a') deformation OClOH 
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900 1100 1300 

FrGquence (cm-') 

FIG. 2. Bandes d'absorption infrarouge clc DClO., 2 I'htat gazeus entre 7 e t  12 p. 

FIG. 3. Spectres infrarouges de l'acide perchlorique anhydre d a m  les 6tats condensCs. 
FIG. 4. Spectre d'absorption de DClOa solide en infrarouge. 

une litgPre itlkvation de fr,6quence, soit B 1245 cm-l dans HC104 et B 965 cm-l dails DC104 
B l'ittat solide. I1 faut noter ici que la pritsence d'une forte bande exactenlent B 1200 cm-l 
dans le spectre du cristal est une coi'ncidence. Ell effet, B cause du dkcalage vapeur-solide 
dCjB mentionnit, il faut attribuer cette bande non pas B la ditformation 013 inais plutbt B 
des harinoniques ou coinbinaisons de fondamentales. 

Enfin la troisi2me fritquence 01-1 dite de torsion doit naturelleinent &tre assez basse. 
Lide et Mann (7) ont suggitrit de lui attribuer provisoireineilt la bailde B 284 cm-l dans 
le spectre Rainail de l'acide liquide (Tableau I). Cette valeur convieildrait bieil pour la 
molkcule libre, mais elle est certaiilement trop basse pour l'acide liquide B cause des 
liaisons hydrog2ne. De toute fason il semble maintenant kvident que la bande B 284 cin-l 
n'appartient pas B HClOd inais bien plutbt B C1207 (3, 16), un produit de la ditcoinposition 
de l'acide anhydre, sans doute sous l'influence de la radiation excitatrice Raman. Nous 
croyons plus logique d'assigner au inode de torsioil interne la large bailde centrite autour 
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I I 
; ... CI0,- 

. , I  . , , . . , 
.' . . . , . . 

I I ! I I I 
; < FCI  O3 . ., ; ,. 

3 I 
a .  . .: I .  

. + .  s .. II . . .  . . .  . I 

1: 
I I I II I I .. 1 1 1  I HC104 

I %  , 4 8  
t * : I  : :I I .* 

. , 
I ?  I I ,  ! .- 8 t 

I , ,  
8 * , 

I :  : ; I  . * 
. . . ,  a ,  

_I I 
' I  

I I DC104 

1 5. Correlation entrc les fr6quenccs normales de I-ICIOI et  autres mnl6culcs analogues. 

de 310 cmrl darls le spectre de la vapeur (Fig. 1) qu'on retrouve dCcalCe ?I 480 cm-I dans 
les phases condensCes (Fig. 3). Pour DClO* dont seul le solide a Cti .  CtudiC d a m  cette 
rCgion, la ballde ?I 310 cnz-I est de frCquence appr0prii.e pour le rapport isotopique, 
m&me si elle parait un peu mince pour une vibration de ce genre. 

I1 est illtitressant de comparer les fritque~lces de valence 01-1 dans l'acide perchlorique 
gazeux e t  solide avec les quai1titi.s correspoilda~ltes dans d'autres composCs apparentCs. 
(Tableau 111). I1 ressort clairement de ces don11i.e~ que les liaisons hydrog&le d a m  

TABLEAU I11  

Vibrations de valence OH dans diverses mol6cules 
(FrCq~lellces cn cm-l) 

I-ICIO, anhyclre (aussi bien que dans I-1x03) sont nettement plus faibles que dans H,S04 
e t  insme que dans HzO, I-1202 e t  les alcools. Des corrklations empiriques (20) permettent 
d'itvaluer I'Cnergie de ces liaisons dans I-IC104 A quelque 3 ltcal e t  les distances inter- 
ato~niques 0-1-1 e t  0-1-1 . . . . 0 A e~lv i ro~l  1.0 A e t  2.85 A respectivement. La faiblesse 
relative des liaisons hydroghle dans cet acide est due en partie A la ritpulsion entre les 
groupes C104 fortenlent ClectronCgatifs. Ces observations rejoigileilt des coilclusioils 
ailtitrieures sur le faible degrC d'association inoli.culaire de l'acide perchlorique absolu 
basites, entre autre, sur la faible viscositi. e t  la grande volatiliti. du liquide (6) e t  le point 
d ~ f u s i o n  relativement bas (- 112" C) du solide. Pour la m&me raison on doit Ccarter la 
suggestion faite autrefois (21) de moli.cules dimitres 

comme dans les acides gras. 
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G I G U ~ R I S  .-\SD SAVOIE: :\CIDIS PISRCIILORIQUE 50 1 

La connaissance de toutes les fritquences normales cle EIC1O1 perrnet le calcul de ses 
fonctions d'ktat. Cependant, VLI l'absence de clktermination expkrimentale directe des 
distances et des angles interatomiques, la contribution des niveaux de rotation ne peut 
&tre kvaluke avec grande precision. Les para~niltres utilishs ii cette fin (Tableau IV) ont 

I1onni.c~ stl.uctura1cs ct  Lhcrrnotlynamiq~~lcj dc I-ICIO, 
- - -- - - . . .- - . -. . 

-----A 

(FO-EU) 
- 

7 ' SU 
Distances 3Iome11ts d'incrtic (cal [leg-1 ical  leg-^ 

(A) :\ngIes (g  ~ 1 1 1 ~ )  3'1ot1cs mole-I) ~no le -~ )  

CI-0 = 1.45 O C ~  = 11J0 I., = I n  = 1.7.'X10-3S l . ra~~sla t io~l  34.76 3:) .73 
CI-01-1 = 1 .70  OCIOll = 105" Ic  = 1 .5DX10-3R l iotatio~l 22.37 25.36 
0-1-1 = 0.97 C%II = 105" I,,,,i,,, = 1.47X10- '0  1;ibration 1.06 -4. SO 

S e ~ ~ i l ,  & = 1 .6  l;cal 'l'orsiotl 0.71 1 .81  
-- 

Total 53 .9  70 .7  

kt6 choisis comme suit: Les distances C1-0 dans l'acide doivent &tre ii peu pr6s les m&mes 
que dans l'ion C101-. i\ilalheureusement les donnkes existantes pour celles-ci dans les 
perchlorates alcalins (22) se situent entre des linlites assez larges, soit de 1.42 B 1.49 A. 
Par ailleurs la r6gle de Badger appliquke a u s  vibrations C1-0 v 2  e t  v9 conduit ii une 
valeur nloyenne de 1.45 -4. Cette mEme r6gle donne, ii partir de v5  = 725 cm-I, une 
longueur de 1.71 Aq pour la liaison silnple C1-OH, soit 5 peu pr6s la somme des rayons 
covalents simples des atolnes C1 et 0, 1.69 A (23); d ' o ~  notre choix de la valeur inter- 
mkdiaire, 1.70 LA. Pour la longueur et l'angle de la liaison 01-1 des valeul-s assez voisines 
de celles dans E120 sont pritvoir. Quant aus  angles dans le tktra6dre C104, il est raison- 
nable de supposer que l'orbitale de l'unique liaison simple occupera moins d'espace que 
les orbitales des trois autres liaisons essentielle~nent doubles. 

hIentionnons enfin que la contribution des degres de libertk de translation a 6th calculke 
pour l'espPce isotopique I-IClL0I-I, e t  que la torsion, ou rotation interne, a kt6 traitke 
par la mkthode de Pitzer (24). De la frkquence v1.3 = 307 ~111-l  d a m  la molkcule libre on 
clkduit pour le seuil de potentiel de sylllktrie 7z = 3 une valeur, 1.6 ltcal, beaucoup plus 
faible que celle acceptke pour la mol6cule EIx03, 7 ltcal (25). La raison principale de 
cettc cliffkrence tient sans doute ii la plus grande clistance entre les atonles 1-1 et 0 clans, 
I-IC101, environ 2.3 Lq, comparbe 5 1.7 A dans I-IS03 (22). 

IZEMERCIEMENT 

Pour l'esbcution de ce travail les auteurs ont bkn6ficiit d'une g6nkreuse subventio~r 
d t ~  Conseil llatiollal des Recherches du Canada. 

SG'kIiLIARY 

The infrared spectra of anhydrous I-IC10.1 and DClOl in the three physical states wcre 
measured between 300 and 5000 cm-l. All the fundamental frequencies of the covalcnt 
molecule of C,  sy~nmetry were obtained. The OH frequencies in the crystal inclicate 
hydrogen bonds appreciably wealter (3 ltcal) than those in sulphuric acid. From empirical 
correlatio~ls the follonring bond lengths are deduced: 1.70 ,A for the Cl-01-1 and 1.45 '4 
for the C1-0 bonds. In the free I-IC104 nlolccule internal rotation is hinderecl by a 
threefold potential barrier of some 1.6 kcal. The  measured vibratio~lal frequencies were 
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used  in c o ~ l j u n c t i o n  with probab le  v a l u e s  of the s t r u c t u r a l  p a r a m e t e r s  to ca lcu la te  the 
following thernlodyi larnic  q u a n t i t i e s  for EIC104 i n  the standard state at 25' C: - (FO- 
EO) /T  = 58.9 and So = 70.7 cal  deg-' mole-'. 
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THE SYNTHESIS OF ACETAMIDO-DEOXY KETOSES BY 
ACETOBACTER SUBOXYDANS 

PART I11 
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Tlze Deparlntent of Organic Cl~enzistry, Queen's University, Kingston, Ontario 

Received November 14. 1961 

ABSTRACT 
I-.-Icetamido-1-deoxy-D-arabinitol, 1-acetamido-1-deoxy-D-ribitol, and l-acetamido-l-deoxy- 

D-mannitol were synthesized and characterized. Microbiological oxidation of l-acetamido-l- 
deosy-D-arabinitol and 1-acetamido-1-deoxy-D-ribitol gave the crystalline acyclic 2-pentuloses 
5-acetamido-5-deoxy-D-threo-pentulos and 5-acetamido-5-deoxy-L-erythro-pentulose respec- 
tively. 

RESULTS AND DISCUSSION 

Crude 1-amino-1-deoxy-D-arabinitol, 1-amino-1-deoxy-D-ribitol, and l-amino-l-deoxy- 
D-mannitol were prepared by the method of Holly et al. (1) and purified via the sali- 
cylidene Schiff's bases by the method of Kagan et al. (2). N-Acetylation of the pure amino- 
deoxy polyhydric alcohols with aqueous acetic anhydride (3) then gave l-acetamido-l- 
deoxy-D-arabinitol (I), 1-acetamido-1-deoxy-D-ribitol (II),  and 1-acetamido-1-deoxy-D- 
inannit01 (111) respectively, which were characterized by periodate oxidation studies, 
eleinental analyses, and infrared spectra. 

The inicrobiological oxidation of acetamido-deoxy polyhydric alcohols by Acetobacter 
suboxydans has recently been investigated in this laboratory (4, 5). We now wish to 
report the illicrobiological oxidation of 1-acetanlido-1-deoxy-D-arabinitol (I) to  5-aceta- 
inido-5-deoxy-D-tlzreo-pentulose (IV) and of 1-acetamido-1-deoxy-D-ribitol (11) t o  
5-acetamido-5-deoxy-L-erytlzro-pentulose (V). Both oxidation products (IV, V) were 
obtained as strongly reducing crystalline solids which gave absorptions in the infrared 
corresponding to OH, NH, the amide linkage, and the saturated carbonyl group. Periodate 
oxidation studies yielded almost identical results in each case (periodate uptake 2.75 
moles, forillic acid 1.1 moles, formaldehyde 0.75 mole) and indicated that the compounds 
possessed a primary alcohol group. The results also indicate that approximately 0.2 mole 
glycollic acid was formed during the oxidation, which was then stable to further attack 
by periodate ion (6). I t  was concluded that the carbonyl group was located a t  carbon 2 
in both cases and that cleavage by periodate ion was more rapid between carbons 1 and 2 
than between carbons 2 and 3. Since both compounds were therefore probably 2-ketoses, 
the formation of furanose rings would be prohibited and the acyclic zigzag conformation 
would be adopted. The hydroxyl groups a t  carbons 3 and 4 of ketose IV would then be 
favorably situated for the forination of an isopropylidene derivative. Ketose IV, on 
reaction with acidified acetone, gave a strongly reducing syrupy isopropylidene derivative 
(VI) which gave absorptions in the infrared corresponding to OH, NH,  the amide linkage, 
the saturated carbonyl group, and the isopropylidene group. The compound, on periodate 
oxidation, consumed 0.75 mole periodate, with the liberation of 0.63 mole titratable acid 
and 0.67 mole formaldehyde, indicating that carbons 1 and 2 were not involved in ketal 
formation and that the compound was the 3,4-0-isopropylidene derivative (VI). Ketose V 
under similar reaction conditions also gave a syrupy isopropylidene derivative (VII). 

Canadian Journal of Chemistry. Volume 40 (1963) 
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CH2NHCOCH3 CH2NHCOCH3 
I 

CH2NHCOCH3 

HO-C-H 
I I 

H-C-OH 
I 

HO-C-H 

H-C-OH 
I I 

H-C-OH HO-C-H 
I 

H-C-OH 
I I 

I 
H-C-OH H-C-OH 

I 
CH,OH 

I 
CH,OH H-C-OH 

CH20H 
I 

CH2NHCOCH3 \' CH20H 
I I 

H-C-OH C=O 
I 

H-C-OH 
I 

OR HO-C-H 
I I 

H-C-OH OR HO-C-H 
I 

H-C-OH 
I 
CH2NHCOCH3 

I I 
C=O 
I 
CHZOH T\-!"cocH3 - 

/O-FH2 
C=O (CH3)2C\  1 

0-C-H 
I 

HO-C-H 

+ t 
H-C=N-NH- Ph H-C=N-NH-Ph 

C=N-NH-Ph 
I 
C=N-NH-Ph 

I 
HO-C-H 

I 
HO-C-H 

I 
H-C-OH 

I 
HO-C-H 

I 
CHZNHCOCH3 

I 
CH2NHCOCH3 

- - 
VIII - 

\ / E  H-C=N-NH-Ph 

C=N-NH-Ph 
I 

CHO 

The infrared spectruin was sinzilar to that of the 3,4-0-isopropylidene derivative (VI) 
except that the saturated carbonyl absorptioll was illuch stronger. I-Iowever, the iso- 
propylidene derivative VII was oilly ~vealtly reducing and on periodate oxidation con- 
sumed 0.36 mole periodate, liberating 0.1 mole titratable acid and 0.1 nzole formalclel~yde, 
which suggested that  hydrolysis to ltetose V was occurring before oxidation. I t  nras 
concluded that  compound VII was probably the 1,3-0-isopropylidene derivative, n~hich 
was possible since the carbonyl group distorted the carboil chain sufficieiltly to bring the 
priillary alcohol group near carbon 3. 

ICetose IV gave a crystalliile phenylosazone (VIII) ~ v l ~ i c l ~ ,  when oxidized wit11 
periodate by the method of I-Iough, Powell, and Woods ( 7 ) ,  coizsuined 1.18 illoles of 
periodate and released no forinic acid or formaldehyde. A rapid forillatioil of the 1,2- 
bisphenylhydrazone of inesoxalaldehyde (8) occurred. These results indicated that the 
phenylosazone (VIII) possessed free hydroxyl groups a t  carbons 3 and 4 and that the 
1;etose (IV) froill which it was derivecl was a 2-ltetose. Icetose V also gave a crystalliile 
phenylosazone (IX),  which on perioclate oxidatioil gave results closely siltlilar to those 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES ET AL.: ACETAMIDO-DBOSY 1;ICTOSES 505 

obtained fro111 the oxidation of phenylosazoi~e VIII ,  and the same conclusions were 
reached regarding the structure of phenylosazone I X  and its parent ketose (IT). In the 
case of IX,  however, the precipitation of the 1,2-bisphenyIl1ydrazonc of mesoxalaldeh clc 
occurred Inore slowly, which i~~clicatecl that the free hydrosyl groups a t  carbons 3 and 4 
of phenylosazone 1); were less favorably s i t ~ ~ a t e d  for cleavage by periodate ion thall those 
in the other pheng losazone (VIII),  in agreement with the finding for the lcetal fornlation 
of the free ketoses (IV and V). 

Ketose IV on reduction with sodium borohydride gave crystalline l-acetamido-l- 
deoq-D-arabinitol ( I ) ,  which indicated that the hydroxyl groups a t  carbons 3 and 4 of 
Icetose IV were in the D-threo configuration, since the position or the carboll? 1 group had 
been fixed a t  carbon 2 by previous evidence. Icetose V on reductio~l wit11 socli~l~ll boro- 
hydride gave a syrup which could not be satisfactorily crystallized, although paper 
chromatography and paper electrophoresis indicated the presence of a single compound. 
I-Iowever, the syrup, ~vllen acetylated, gave a syrupy acetate ~vhich had infrared spectrurn 
and retention time on gas-liquid chromatographic analysis identical with the s\.rupy 
acetate prepared from 1-acetamido-1-deoxy-D-ribitol (11), although the optical rotation 
was different. This indicated that some 1-acetamido-1-deoxy-D-ribitol (11) was present 
in the sodium borohydride reduction product and that the hydroxyl groups a t  carbons 
3 and 4 of lcetose V were in the L-erythro configuration, since the position of the carbonyl 
group had been fixed a t  carbon 2 by previous evidence. 

The above evidence indicated that the biological oxidation product from l-acetamido- 
1-deoxy-D-arabinitol (I) was the ac)~clic 2-pent~~lose 5-acetamido-3-deoxy-~-t1zreo- 
pentulose (IV) and that the biological oxidation product from 1-acetanl~do-I-deoxy-D- 
ribitol (11) was the acyclic 2-pentulose 5-acetamido-5-deosy-~-eryt11ro-pent~1lose (V),  in 
accordance ~vi th  the Bertrand-I-Iudson rules for oxidation by dcetobacter sl~boxydans 

(9, 10). 
Studies 011 the biological oxidation product fl-om 1-acetamido-1-cleouy-D-mannitol 

(111) are in progress and will be the subject of a later comn~unication. 

Solutions nerc conccntratcci utlcler rcdi~ced pressure (ca. 15 mm) bclow 40" C. RIeltilig points are un- 
corrected and optical rotations were measured a t  2 3 f  3' C in water ~inlcss other\\ ise stated. Paper chroma- 
tography was carried O L I ~  by the descending method (11) using\\Thatman No. 1 paper In the follo\\,ing sohcnt  
systems (v/v) . 

(A) butan-1-ol/etha~~ol/water, 9:3:3; 
(B) cthpl acctate/acetic acid/formic acid/watcr, 15:3:1:4; 
(C) butall-1-ol/pyridit~e/wnter, 5:3:2. 

Rates of movements of cot~ipo~i i~ds  on paper chromatograms are given relative to that of rhamiiosc (I?,), 
value). ICetose sugars were detected on paper chromatograms with the orciilol- trichloroacctic acid spray 
reagent (12), othcr reducing compou~lds with the p-anisidine IiydrochIoride spray reagent (13), and non- 
reducing coinpou~~ds with the a1l;aline silver nitrate spray rcageiit (14). Infrared spectra \\-ere n~casured 
in chlorofornl solution or as a dispcrsion in a potassium bromide pellet, ~ising a Pc r I~ i~~-E l~ l i e r  4Ioclel 21 
spectrophotometcr. Formaldehyde produced in periodate osidatio~ls was clctcrmined by the chromotropic 
acid method (15). 

Preparntiot~ of 1-ilcelctt~ido-1-deosy IJolyl~ydric Alcol~ols 
1-.Amino-1-deosy polyhyclric alcohols were prepared by thc method of Icagan el nl. ('2) in \\-hich the 

frce altlose sugar was dissolved in liquid ammonia and hydrogenated wit11 Rancy nic1;el catalyst a t  2000 
p.s.i. and 55" C for 2.5 hours. The 1-amino-1-cleoxy polyhyclric alcohols were isolated from thc crude rcaction 
mixture as tlie crystalline salicylidene Schili's bases. I-Iydrolysis of the Schill's bases with clilute l~yclro- 
chloric acid then gave the corresponding 1-amino-1-deosy polyhydric alcohol hydrocl~lorides which \\.ere 
deionized in aqucous solution 011 colunins of i-lmberlite IRA 400 aniotl-exchange rcsin to ).ield tlie pure 
1-amino-1-deosy polyhydric aIcohols. Physical constants of products and intermcdiatcs are listecl in Table I. 
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TABLE I 

Physical constants of products and intermediates in the preparation of 
1-amino-1-deoxy polyhydric alcohols 

(Literature values are given ill parentheses (2)) 

Compound h1.p. (OC)  ID 
Salicylidene 1-amino-1-deoxy-D-arabinitol 188-190 (187-188) 
Salicylidene 1-amino-1-deoxy-D-ribitol 125-127 (126-128) 
Salicylidene 1-amino-1-deoxy-D-mannitol 199-201 
1-Amino-1-deoxy-D-arabinitol hydrochloride 136.5-137.5 +15" 
1-Amino-1-deoxy-D-ribitol hydrochloride 132.5-134 - 8" 
1-Amino-1-deoxy-D-mannitol hydrochloride 163-165 $5" 
1-Amino-1-deoxy-D-arabinitol 114-120 (decomp.) +4" 
1-Amino-1-deoxy-D-ribitol syrup +5" 
1-Amino-1-deoxy-D-lnannitol 134-135 (decomp.) +lo 

1-Acetamido-1-deoxy polyhydric alcohols were prepared by iV-acetylation in aqueous acetic anhydride (3) 
of the corrcsponding pure 1-amino-1-deoxy polyhydric alcohols. Yields, physical constants, and elemental 
analyses are listed in Table I I ,  and infrared data and the results of periodate oxidation studies are listed 
in Table 111. 

TABLE I1 
1-Acetarnido-1-deoxy polyhydric alcohols 

Analysis (%) 
% yield Rrh 

after three - Calc. Found 
recrystal- N1.p. Solvent: 

Coln~ound lizations ("C) ralo A B C C H N C H N  

1-Acetamido-1- 59 146.5- +23" 0.83 0.94 0.76 43.5 7 . 8  7 .3  43.6 7 .9  7 . 2  
deoxy-D-arabi- 147.5 
nitol 

1-Acetamido-1- 57 91.5- -24" 0.89 1.07 0.82 43.5 7 .8  7 .3  43.4 7.7 7 .1  
deoxy-D-ribitol 92 

1-Acetarnido-1- 50 152.5- +13" 0.70 0.77 0.65 43.1 7 . 6  6 . 3  43.0 7 .7  6 . 1  
deoxy-D-man- 153 
nitol 

TABLE 111 

Infrared data and results of periodate oxidation studies on 
1-acetamido-1-deoxy polyhydric alcohols 

Periodate oxidation (unbuffered aqueous 
solution) 

Absorptions in the 
infrared (cm-l) 

Time Periodate uptake 
(hours) (moles/mole) 

Formic acid 
(moles/mole) 

OH (3400), NH (3300), 
amide I (1630), 
amide I1 (1600) 

OH and NH (3340), 
amide I (1610), 
amide I1 (1570) 

OH and NH (3350), 
amide I (1636), 
amide I1 (1555) 
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SECTION A. STUDIES ON ~-~CETAMIDO-~-DEOSY-D-~~IY~O-PENTUL~SE 

6-Acela1~2id0-5-deosy-~-threo-penlzilose 
1--4cetamido-1-deoxy-D-arabinitol (10 g), sorbitol monohydrate (0.5 g),  potassium dihydrogen phosphate 

(0.05 g), and yeast extract powder (0.5 g) were dissolved in tap  water (100 ml), sterilized, and innoculated 
with Acetobacler subosydans in the ~lsual  way (4). After 10 days, when Somogyi estimations (16) of the 
copper-reducing poner of the 111edium indicated a n  81% conversion to  ketose sugar, the ~iledium was 
poured into 2 volumes of ethanol, filtered, and the filtrate was deionized by rapid passage through small 
c o l u ~ n ~ ~ s  of Arnberlite I R  120 (Hf)  and Duolite -44 (OH-) resins a t  5' C and concentrated to  dryness. The 
syrup obtained was fractionated on a cellulose column, butan-1-01 half-saturated with water being used 
as  irrigant, and 5-acetarnido-5-deoxy-D-tho-pentulose was obtained as  a chromatographically pure syrup 
which crystallized after desiccation for 1 month. The ketose was recrystallized from ethanol/ether to  
give needles, m.p. 105-106" C, [ a ] ~  +34", which reduced Fehling's solution iinmediately a t  room tern- 
perature. Absorptions in the infrared were recorded a t  3340 cm-' (OH and NH),  1720 cm-I (saturated 
carbonyl group), 1640 cm-I (amide I ) ,  and 1580 cm-I (amide 11). The ltetose had Rrt, 0.94 (solve~lt A), 
1.12 (solvent B) ,  and 0.97 (solvent C) ,  and gave an i~n~ned ia t e  intense spot with the alltaline silver nitrate 
spray reagent. Anal. Calc. for CiHlsOjN: C, 44.0y0; H,  6.8y0; N, 7.3y0. Found: C,  43.8%; H ,  6.9y0; 
S,  7.5y0. 

P~riodate Osidatio7t of 5-Acetantido-5-deosy-~-threo-pentz~~ose 
The 1;etosc was oxidized with an  approximately twofold excess of sodium metaperiodate in unbuffered 

aqueous solutio~l. The results are recorded in Table IV. 

TABLE IV 

Periodate oxidation of 5-aceta1nido-5-deoxy-~-tltreo-pentulose 

Time Periodate uptalce Formic acid Formaldehyde 
(hours) (moles/mole) (moles/mole) (moles/mole) 

0 .08  T 20 1 .09 0 . 7 3  
2 2 .74  1 .11 0 .73 
3 2 .75  1 .11  - 
4 2 .75  1 .11 0.73 

5-A cela1~tido-5-deoxy-S,.C-O-isopropylidene-~-threo-pe1zltilose 
5-Acetamido-5-deoxy-D-threo-pentulose (300 mg) was shaken a t  room temperature with d ry  acetone 

(150 ml) co~ltaining concentrated sulphuric acid (4 drops) for 18 hours. The solution was then neutralized 
with barium carbonate, filtered, and evaporated to  dryness. The residual syrup was separated from a 
trace of unreacted ketose by chromatography on Whatman No. 3 MniI paper in solvent A overnight, and 
obtained as  a chromatographically pure syrup (180 mg), [ a ] ~  +17" (c, 1.75 in ethanol), R,,, 2.3 (solvent A), 
1.84 (solvent B),  1.54 (solvent C). The syrup reduced Fehling's solution rapidly a t  room temperature 
and gave the following infrared absorptions: 3460 cm-I (OH), 3360 cm-I (NH), 1725 cm-I (saturated 
c a r b o n ~ l  group), 1665 cm-I (amide I),  1525 cm-I (amide I I ) ,  1390, 1380 cm-I (CH of isopropylidene 
group). 

Periodate Oxidation of 5 - A c e t a m i d o - 6 - d e o x y - S , 4 - 0 - i s o p r o p y l i d e n ~ e n t u l o s e  
The  isopropylidene ketose was oxidized in 50% aqueous ethanol solution (unbuffered) with a twofold 

excess of sodium metaperiodate. The results are recorded in Table V. (A fourfold excess of periodate was 
used for the estimation of formaldehyde.) 

TABLE V 

Periodate oxidation of 5-acetamido-5-deoxy-3,4-0-isopropylidene- 
D-lhreo-pentulose 

Time Periodate uptake Formic acid Formaldehyde 
(hours) (moles/mole) (moles/mole) (moles/mole) 

0 .07 0 .19 
0 .29 0 .40 
0 .38  0 . 5 1  (4 hours) 
0 .56  0.59 (22.5 hours) 
0 .63  0.67 (70 hours) 
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6-11ceta117ido-5-deo.cy-~-thrco-pe~ztosc Phc?zylosa,-one 
The phcnj.losazonc \\.as prepared by the usual nicthocl,  sing freshly distillecl phenylhj-clrazine and 

glacial acetic ncicl. Scvcral recrystallizations from aqueous cth;lnol gave bright ycllo\\- ~icccllcs, m.p .  197- 
199" C. The phenylos;izone ga1.e absorptions in thc infrarccl a t  3260 cm-' (01-1 ancl NM) ,  3080 cnl-I (aro- 
matic CM), 16GO cm-I (amide I ) ,  16-20 clllrl (amidc I I ) ,  ancl 1605, 1500, 745, 685 cm-I (aronintic ring). 
Anal. Calc. for CI~I - I ?~O~N\T~ . I - I~O:  C, 58.9%; H,  6.5%; N, 18.1%. Found: C, 5!).6%; H ,  6.5%; S, 18.1%. 

Periodate Oxidation of 6-ilceta?izido-5-deox~~-~-threo-pelltose l-'lzeizylosazo?ze 
The phcn~~losazone was oxiclized in 50y0 aclueous cthanol bj- thc method of I-Iough, r'oi~ell, ancl \\.oocls 

( 7 ) . ~ T h e  rcs~ilts of the oxidation arc shown in Table \ T I .  Onc minutc after oxidation had started, gcllo\\- 

Pcrioclate oxidation of 5-acetamiclo-5-deoxy-D-tlz,eo-pentosc 
phenylosazone 

Time Periodate uptz~ke Formic acicl Formaldcliyclc 
(hours) (molcs/molc) (moles/mole) (moles/~nole) 

0.33 1 . 1 8  0 .00 0 .00 
1 1 .16 0 .00 0 .00 
2 . 5  1 . 1 5  0.00 - 

needles separated from the solution. 'I'he cr1.stals \Irere ccntrifugcd o[f and the supernatant \\-as rcturned 
to  thc flask for oxidation studies. The crystals wcrc recrystallized fro111 aqueous cthanol ancl hacl nl.p. 
187-189' C. A n  authentic specimen of thc 1,2-bisphc~~ylhydrazone of rncsoxalaldeh1.de had m.p. 194' C,  
ancl the nlixed m.p. \vas 189-191" C. The infrared spectra of the authcntic and derived spccimens of thc 
1,2-bisphcnylhydrazone of ~nesoxalaldehycle ncre identical ovcr the range 4000-600 cm-I. 

Sodizlni Uoro11.ydridc Redzlcbiolz of 5-ilcela~1~ido-5-deosy-~-threo-penlz~lose 
5-12cetamido-5-deosy-~-lhreo-pentulose (200 mg) was rcduced with an  eclual \\-eight- of sodium boro- 

lhydride in aqueous solution a t  0" C for 3 hours. &qfter I-emoval of sodimm borohydride and sodi~lrn boratc 
the prod~rct \\.as obtaincd as a clear syrup (200 mg). The syrup \\;as clissolved in ethanol, coolcd, ancl 
secded wit11 1-acetamido-1-deoxy-~~arabi11itol. Crj-stallization occurred and the crystals were tiltel-ccl 
off, dried, and recrystallizecl from ethanol and had m.p. 145-1.17' C (4'7 mg). 1-Acetamiclo-I-deosy-D- 
arabinitol had m.p. 146.5-147.5'C, and the mixcd 1n.p. \\-as 145-14'7" C. The infrared spectra of thc 
authentic and derived specimens were identical over the range 4000-600 cm-I. Thc derivcd specimen had 
[ u ] ~  +22.Go and thc authentic specimen had [O]D $23". 

6- ceta11zido-5-deoxj~-~-erythro-pen.tz~lose 
1-Acetarnido-1-deoxja-ribitol \vas oxidized by Acetobacter szlboxydavs using exactly thc same procedure 

as  that described for 1-acetanlido-1-deoxy-D-arabinitol (Section A) t o  give a n  83% conversion to Icetosc 
sugar after 10 days. After 21 days the mediu~n ~ v a s  \vorl<cd up in the ~ ~ s u a l  way and the s!>rup obtaincd 
was fractionated on a cellulose column using butan-1-01 half-saturated with water as  irrigant. 5-Acetamido- 
5-deoxj~-~-erj~tl~ro-pentulose \\,as obtained as a chromatographically pure syrup \vhich crystallized after 
desiccation for 1 \\~celi. The ketosc \\.as recrystallized from aqueous ethanol to give prislns, 1n.p. 160-1G4° C 
(decamp.), [O]D +7', \vliich r e d ~ ~ c c d  Fehli~lg's solution immediately a t  room temperature. Absorptiol~s in 
the infrared were recorded a t  3480 cnl-I (OI-I), 3310 cm-I (NIH), 1725 cnl-I (saturated carbonyl group), 
1630 cm-I (amide I), 1565 cln-l (amidc 11). The lietosc had R,I, 1.0 (solvent A), 1.15 (solvci~t B),  1.02 
(solvent C), ancl gave an immediate intcnse spot \vit!l the alkaliile silver nitrate spray reagent. Anal. Calc. 
for C ~ M I ~ O ~ N :  C, 44.0%; 1-1, 6.8%; ATT, 7.3%. Found: C, 43.8%; 13, 6.9%; N ,  7.5%. 

Periodate Oxidation of 5-Acela1iiido-5-deoxy-~-crythro-pentz~lose 
Thc lietose was oxidized with an  approximately t\\-ofold excess of sodium mctaperiodatc in an ~~nbuflcrcd 

aqueous solution. The results are recordcd in Table V I I .  

5 - A c e / a i i l i d o - 5 - d e o s y - 1 , 3 ( ? ) - O - i s o p r o p j , t z ~ L o s e  
5-Aceta111ido-5-deos).-~-e~j~tI~~o-pe11t~1lose (200 mg) \\,as shal;cn with dry acetone (150 1111) containing 

concentrated sulphuric acid (4 drops), a t  room temperature, for 18 hours. The reaction mixture \\.as 
neutralized with barium carbonate and filtered, the filtrate \\-as evaporated to  dryness, anel the residue 
was examined on paper chl-omatogranis. The orcinol- trichloroacetic acid spray reagent revcaled thrcc 
components, the major one having R,,, 2.74 (solvent A), 1.72 (solvcnt C) ,  and this was separated bj. 
cltroniatography 011 \\:hatman No. 3 MhI paper in solvent A. The material was obtaincd on elution asra 
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TABI,E \'I1 

I'eriodate osidation of 5-acctamido-5-cleosy-~-er~~~lzro-pent~1lose 

Time Perioclate ~~pta lce  Formic acid I;ormaldel~yde 
(IIOLI~S) (~iioles/~~ioIc) (1110les/1llole) (r~~oles/mole) 

 e el lo\\^ syr~tp  (83 mg). The optical rotation coulcl not be measured clue to  the color of the solution. The 
syrup gave absorptions in the infrared a t  3450 cm-1 (OH), 3350 em-' ( S M ) ,  1740 cm-I (saturatecl carbonyl 
g r o ~ ~ p ) ,  1GGO c~n-1 (amide I ) ,  1525 cm-I (amide 11), 1390, 1350 cm-' (CEI of the isoprop) lidene group). 
, . I lle s! rup dicl not reduce Fehling's solution a t  room tempcrat~tre but did so \v11en heatecl; it gave a slow, 
\vcalc reaction wit11 the alkaline silver nitrate spmy reagent. 

Pcriodnte Oxidation of ci-~~lccfn111ido-6-deozy-1,S(?)-0-isopi.opyl~ide~~e-~-cryt1~1'o-pe11t~ilose 
The isopropylidene lcetose \\.as osiclizecl in 50y0 aqueous ethanol solution (~~nbuffered) with a t\\~ofold 

escess of sotli~~rn metaperiotlate. The results arc I-ccorded in Table VIII. 

Periodate osidation of 5-acctamiclo-5-deosy-1,:3(?)-0-i~oprop~lide~le- 
1,-eryllzro-pen t~tlosc 

7 .. I lnie Periodate uptal;e 1;ormic acid Formaldeh>de 
(hours) (moles/mole) (~noles/mole) (moles/mole) 

0.17 0.05 0 .09 0 .00 

6-ilceta~~1ido-5-deosy-1~-erythro-pe?itose Phenylosazo~ze 
The phcn!~losazone was prepared by the usual method, using freshly distilled phenyll~ydrazine and  

glacial acetic acid. Sc\;eral recrystallizations of the product from ethanol gave bright yello\\, needles, m.p. 
180-182" C. The phenylosazone gave absorptions in the infrared a t  3550 cm-' (OH), 3310 cm-I (NH),  
3080 cm-I (aromatic CI-I), 1G50 c~n-I (amide I ) ,  1G30 cm-I (amide 11) and 1G05, 1405, 745, GOO cm-' 
(aromatic ring). --lnal. Calc. for C&I?303N=,: C, 61.8%; I-I, 6.2%; N, 10.0%. Found: C, GI.?%, G1.7%; I-I, 
G.595, 7.0%: N, 18.7%, 19.4%. Good analyses mere not obtained despite repeated recrystallizations. 

Periodale Osidat io~~ of 5-Accta11tido-5-deo.t'y-~-erythro-pcntose Phe~tylosazo~ze 
The phenylosazone \vas oxidized ~lnder  the same conditions as  those ~ ~ s e d  for 5-acetamido-5-deosy-D- 

tltreo-pentose pl~enylosazone (Section A). The results of the oxidation are shown in Table I S .  Fifteen 

TABLE I S  
Periodate osidatioi~ of 5-aceta111ido-5-deosy-~-eryll~ro-pentose 

phellylosazonc 

Time Periodate uptake Formic acid Formaldehyde 
(IIOLI~S) (11101es/11101e) (11101es/111ole) (11ioles/1110le) 

minutes after oxidation had commenced, a precipitate of the 1,2-bisphenylhydramc of mesosalaldel~yde 
appeared and \\as isolated as  described in Section 13. I t  had m.p. 185-187" C and an authentic specimen 
had m.p. 192-193' C;  inixed m.p. \\,as 185-187" C. The infrared spectra of the authentic and derived 
specimens of the 1,2-bisphenylhydrazone of ~llesosalaldehyde were identical over the range 4000-GO0 cm-I. 
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Sodiz~~n Boiohydt-ide Redzrclion o j  5-Acela1nido-6-deoxy-~-erythro-~e12tz1hse 
5-Xcetamido-5-deoxy-~-ei~~tIz~o-pent~1lose (300 mg) was reduced with an equal weight of sodiu~ii boro- 

hydride in aqueous solution a t  0' C for 4 hours. After removal of sodi~1111 borohydride and s o d i ~ ~ m  borate 
the product was obtained as  a pale yellow syrup (315 mg) \vhich was dissolvecl in ethanol, seeded with 
1-acetamido-1-clcoxy-D-ribitol, and cooled. Crystallization occurred but on attempted filtration the crystals 
im~nediately liquefied, and repeated attempts to  isolate the material failed. The syrup ga\.e one spot on 
paper cliromatograrns R,], 0.91 (solvent A),  1.0 (solvent B), 0.83 (solvcnt C).  Paper electrophoresis in 
pI-I 9.2 sodium borate buffer a t  500 \rolts for 5 hours gave one spot \\lit11 a rate of movement slightly less 
than that of 1-acetamido-1-deoxp-D-ribitol. The syrup was acetylated with acetic anhydride in pyridine 
solutio~i and gave a syrupy product (466 mg) which had [ o l ] ~  - 15" (c, 3.78 in chloroform). Xcetylation of 
1-acetamido-1-deoxy-D-ribitol gave a syrupy acetate which had [ o l ] ~  +3" (c, 4.1 in chloroform). When 
subjected to  gas-liquid chromatographic analysis (column packing D, reference 17) a t  a flow rate of 
100 ml/minute and temperatures of 213" C or 225" C,  the two acetates had identical retention times and 
a mixture of the t\vo gave a single symmetrical pealc. The t\vo acetates had practically identical infrared 
spectra and gave absorptions a t  3440 cm-I (NII), 1740 cm-I (carbonyl group of 0-acetate), 1880 cm-I 
(amide I ) ,  and 1520 cm-I (arnide 11). I t  \\.as concluded that  the sodium borohydride reduction product 
from 5-acetamido-5-deoxy-L-erylltro-pentulose contained mainly 1-acetamido-1-deosy-D-ribitol and an 
isomeric 1-aceta~nido-1-deoxp pentitol. 
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THE SYNTHESIS OF MERCAPTOINDOLES 
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A B S T R A C T  

T h e  4-, 5- ,  6-, and 7-mercaptoi~ldoles have been prepared via the Reissert condensatioil 
o f  the  isomeric benzylthio-o-nitrotoiuenes. T h e  latter were synthesized b y  diazotization o f  
the  corresponding 2-nitrotoluidines or b y  direct displacement o f  t h e  halogen a t o m  in mono- 
bro~ninated o-nitrotoluenes with t h e  benzylmercapto group using dimethylforn~amicle as 
solvent. 

I N T R O D U C T I O N  

Interest in the preparation of 4-mercaptoindole arose froin the observation that the 
structurally analogous 6-mercaptopurine has been used successfully in the treatment 
of sonle forins of cancer (1, 2). 

Apart froin atteinpts to prepare 3-tnercaptoindole, which oxidizes extren~ely easily to 
the diindolyl disulphide (3, 4), to our Itnowledge, no report exists in the literature con- 
cerning the reinaining ison~eric inercaptoindoles. Hence it was thought of interest to 
prepare the 4-, 5-, 6-, and 7-mercaptoindoles. 

DISCUSSION 

Attempts a t  direct replacement of nuclear bromine or chlorine in the benzeiie ring 
portion of indole by the inercapto group using potassium hydrogen sulphide or thiourea 
in various solvents inet with failure, although similar procedures were successful when 
applied to 2-bromopyridine or to several chloropurines (5-7). Preparation of the iiier- 
captophenylhydrazones which could be converted to the indole structure by Fischer's 
method (8) was quite unsatisfactory. However, since methoxy-o-nitrotoluenes and ethyl 
oxalate had been condensed and cyclized to lnethoxyindoles (9) via the Reissert procedure 
( lo) ,  the same approach was investigated in the present case and was found to be quite 
successful. Accordingly the isomeric 4-, 5-, 6-, and 7-benzylthio-2-nitrotolueiies were 
synthesized for this purpose. 

The intermediate 4-benzylthio-2-nitrotoluene was prepared in 327, yield froin 2-nitro- 
p-toluidine (11) by converting the latter to 4-mercapto-2-nitrotoluene via diazotization 
(12, 13) followed by treatinent with base and benzyl chloride. The 5-benzyltliio-2- 
nitrotoluene was obtained by nitration of aceto-m-toluidide according to the general 
method given by Fieser (14) and then conversion of the amine to the thioetlier as in 
the case of the 4-isomer. 

The compound 6-nitro-o-toluidine required for the preparation of 2-benzylthio-6- 
nitrotoluene via the route indicated above could not be made satisfactorily b\. published 
procedures. Selective reduction of trinitrotoluene, reported to give 4-amino-2,G-diiiitro- 
toluene (17), in our hands produced a substance which could be deaminated (18) 0 1 1 1 ~ 7  

in very low yield. The crude 2,G-dinitrotoluene obtained froin this reaction failed to 
reduce satisfactorily to 6-nitro-o-toluidine either with ammonium sulphide (19) or by 
electrolytic ineans (20). A more direct route to 6-benzylthio-2-nitrotolueiie becaine 
available when it was found that the more nucleophylic potassium benzyl ~nercaptide 
displaced the halogen (21) in 2-bromo-6-nitrotoluene, especially if the reaction was 
carried out in diiiiethylforiiiainide (22), yielding 26Y0 of the thioether. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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The fourth isomer, 3-benzylthio-2-nitrotoluene, necessary for the synthesis of 7-mer- 
captoindole, was obtained by two routes. The first involved the conversion of ~n-toluic 
acid to 2-nitro-nz-toluic acid (23), which was then subjected to the Schmidt reaction 
(2&), yielding 2-nitro-m-toluidine. This amine was converted to 3-benzylthio-2-nitro- 
toluene, in 19Yo yield, by the same nlethod en~ployed for the preparation of the 4- and 
5-benzylthio-2-nitrotoluenes (12, 13). In the secoild route, the displacement of the 
halogen atom of 3-broino-2-nitrotolueile (25) by treatment with potassium benzyl 
mercaptide in dimetl~ylforn~amide gave the 3-benzylthio-2-nitrotoluene in 8G70 yield. 

Although potassium ethoxide is a Inore effective base in the Reissert reaction of 
ilitrotoluenes wit11 etlzyl oxalate (15), the cheaper sodiu~n ethoxide was found to be 
quite satisfactory for the condellsation of both 4- and 5-bei1z~~ltl1io-2-i1itrotoluene with 
the ester. These conditions, when applied to the 3- and G-be1~zylthio-2-nitrotoluenes, 
gave only sillall ainounts of the pyruvate. However, use of potassiuin ethoxide as base 
and ether as solvent ( l j ) ,  along with extended reaction times of several days a t  rooill 
temperature, permitted the isolation of the potassiunl enolates of ethyl 3- and G-benzyl- 
thio-2-nitrophenylpyruvate. The G-benzylthio-2-nitrotoluene required, a t  the ~naxi in~i~n,  
6 days a t  rooin teinperature to produce the ellolate in yield while the 3-benzylthio- 
2-nitrotoluene gave the condensation product in only 68% yield even after IG days' 
reaction time. The greater difficulty which the 3- and 6-isomers find in undergoing the 
Reissert condensation might be attributed to the lower degree of activation which the 
~ne t l~y l  group experieilces due to the ortho nitro group. If  coplanarity of the nitro group 
with the ring is responsible, a t  least in part, for the activation of the methyl group and 
subsequent reinoval of a proton by base to for111 the carbanion, it is readily seen that 
the groups in the two positions ortho to the nitro substituent in 3-benzylthio-2-nitro- 
tolueile (structure I )  and the buttressing effect of the benzylthio group upon the methyl 
substituent in the 6-benzyltl~io-2-nitrotoluene (structure 11) would indeed cause a 
111arl;ed restriction to the coplanarity of the nitro group with the ring as compared 
with that attainable in the 4- (and 5-) benzylthio-2-nitrotoluene (structure 111). In 
support of this view it has been found that the positioil of the characteristic absorption 
bands in the infrared spectrum of the nitro group in these nitrotoluenes resemble those 
for the aliphatic nitro group in nitromethane to a progressively greater degree in the 
order 3-benzylthio-2-nitrotoluene > 6-benzylthio-2-nitrotoluene > 4-benzylthio-2-nitro- 
toluene (Table I). The order of the apparent ease of condensation of these tolueiles with 
ethyl ovalate is 4-benzylthio-2-nitrotoluene > 6-benzylthio-2-nitrotoluene > 3-benzyl- 
thio-3-nitrotoluene. 

C6Hi-CH, 
\ 

I t  is also possible that the greater difficulty in the forillation of the pyruvate in the 
case of the 3- a id  6-benzylthio-2-nitrotoluenes than for the 4- and 5-isomers may be 
due to an unfavorable shift in the equilibria indicated below. 
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TABLE I 

Stretching bands of the nitro group i n  the infrared" 
(Calibrated with polystyrene, 0.238 ,u) 

Stretching bands, ,u 

Compound Asyrnnletric Symmetric 

'Compare the data given for the infrared spectra of nitro compounds by 
R. h'. Jones and C. Sandorfy in A .  Weissburger's Cke?nical afifilicalions of 
s$eclrosco$y (Interscience Publishers. Inc.. New York. 1956. p. 540). 

+ M-OCzHs + M@ + I-IOCyH: (a)  

NO2 NO2 

C H ~ @  CHZ-CO-CO,CyH, 

+ C;EI&O@ + M@ ( b )  + M@ + (COOC?H,), R- 

NO? 

CH?-CO-C02CzHs CO?C&ls 

+ C?I-I~O' + M@ - - + M@ + CyH501-I ( C )  

NO? 

The requirement of a stronger base to shift the equilibrium to the right in equation (c) 
as well as solvent conditions which cause the precipitation of the enolate (step c) 
is therefore understandable. I t  has been found that  in attempts a t  converting the 
potassiuin enolate of ethyl 6-benzylthio-2-nitrophenylpyruvate to the pyruvic acid by 
treatment with aqueous base some 6-benzylthio-2-nitrotoluene was obtained. Hence, for 
best results, the potassiu~n enolate was used directly for the next step in the synthesis 
of the indole. In fact when pure 4-benzylthio-2-nitrophenylpyruvic acid was left in a 
solution of 95y0 ethanol (from which the acid could be crystallized) for a period of 4 
weelis a t  room temperature, the bulli of the pyruvic acid reverted to 4-benzylthio-2- 
nitrotoluene. This clearly demonstrates the reversible nature of the Reissert reaction. 
The Reissert colldensatio~l appears to resemble the Claisen condensation in many re- 
spects (26). A detailed study of the Reissert reaction is a t  present under way in this 
laboratory. 

The 4- and 5-benzylthio-2-nitrophellylpyruvic acids were reductively cyclized in the 
usual way with ferrous ammonium sulphate (9, 16). In the case of the potassium enolates 
of ethyl 3- (and 6-) benzylthio-2-nitrophellyl pyruvate, best results were obtained when 
a hot solutio~l of the salt in dilute ammonium hydroxide was added to a boiling suspension 
of ferrous hydroxide. Followiilg elimination of contaminating sulphate ion (16), decar- 
boxylatioil of both 5- and 6-benzyltl~ioii~dole-2-carboxylic acid was readily accomplished 
according to directions in the literature using a copper chromite catalyst (16). This 
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method, however, when applied to the 4- and 7-benzylthioindole-2-carboxylic acids gave 
low yields of products which were quite difficult to purify. In addition, considerable 
sulphur was lost as H2S. A modified method of decarboxylation, recently described (27), 
using as catalyst a small amount of the copper salt of the respective iildolecarboxylic 
acid, gave excellent yields of easily purified 4- and 7-benzyltl~ioindoles. 

Cleavage of the thioethers with sodium ill liquid ail~inoilia to the respective mer- 
captoindoles followed published directions with some slight ilnodifications (28, 29). 

EXPERIMENTAL 
1\11 melting points are uncorrected. 

4-Bencyltltio-2-nitrotol~~ette 
Fifty-four grams (0.353 tnole) of 2-nitro-p-toluidi~~e, prepared by the method of Cohen and Dal;in ( l l ) ,  

was diazotized and converted to  the xanthogenic ester according to  Bennett and Berry (12, 13). The crude 
ester was hydrolyzed in a refluxing solution made from 20 g of sodium in 200 ml of ethanol to \vhicli 40 ml 
of water was added. A n  atmosphere of oxygen-free nitrogen was enlployed to  minimize oxidation of the 
mercaptan to  the disulphide. After 1 hour's reflus the solution was diluted with an  equal volume of boiled 
distilled water (Y2) and poured into a separatory funuel previously flushed out with nitrogen. After the 
addition of 30 g of benzyl chloride, the mixture was shaken vigorously for 5 minutes. A further addition 
of 10 g of benzyl chloride was made and the mixture again shaken for 5 minutes. During this time enough 
6 IV sodium hyclroxide was introduced periodically to  maintain a n  all;aline condition. Combined ether 
extracts of the cooled solution were washed with water and dried (Na2S04).  Removal of the ether left an  
oil which was fractionally distilled under vacuum to  yield 20 g (3'2yo) of 4-benzylthio-2-nitrotoluene, b.p. 
143" a t  0.2 mm, 1n.p. 78". The thioether crystallized well from 05y0 ethanol. Calc. for C14HI:jO?NS: S,  
12.37. Found: S, 12.23. 

6-1Vitro-nt-tolz~idilte 
tjz-Toluidine was acetylated (ref. 14, p. 165) and the resulting 711-acetotoluidide nitrated by the general 

method given by Fieser (ref. 14, p. 170). The crude product obtained proved to be a mixture of acetylated 
and unacetylated 6-nitro-nt-toluidine. This material, \vithout further purification, was hydrolyzed in 20-gram 
batches by reflusing with 1200 rnl of a 1 : l  misture of concentrated hydrochloric acid and water containing 
enough ethanol to dissolve the solid when hot. Following a 1-hour reflux period, the solution \\-as cooled 
and neutralized with solid sodium carbonate. The precipitate was removed and extracted with boiling 
dilute hydrochloric acid. (Any solid not soluble in the hot dilute acid was subjected to  further hydrolysis 
as  above.) The precipitate obtained from basihcation of the combined extracts was \trashed with water and 
air dried. The crude material melted a t  129-130" (lit. 133-134" (30)) and was quite satisfactory for the 
nest reaction. 

5-Benzyltlzio-2-nitrotoluefte 
By the same method employed above 54 g of 6-~litro-nz-toluidine was converted to 26.5 g (29y0) of 

5-benzylthio-2-nitrotoluene, 111.p. 55.5-57". Calc. for Ct.,HlaO?NS: S, 12.37. Found: S, 12.28. 

2-Bro~no-6-nitrotolz~ene 
o-Nitrotoluene was brominated by published procedures (32). The 2-bron~o-6-nitrotoluene was separated 

from the 4-brolno-2-nitrotolue~le by fractionation under reduced pressure with a meter-length colu~nn 
containing a stainless steel packing. The 2-bromo-6-nitrotoluene distilled over hrst and the product solidified 
in the receiver. The next fraction came over as  an  oil and proved to be a mixture of the two isomers. Re- 
crystallization of the solid 2-brorno-6-nitrotoluene from ethanol containing a small amount of water gave 
a 26y0 yield of pure product. B.p. 108-110" a t  3.3 mm;  m.p. 41-42", lit. 42" (19). 

6-Benzyltltio-2-nitrotolzrene 
Powdered potassium carbonate (38.8 g, 0.28 mole) was stirred into 50 ml of dimethylformamide con- 

taining 55 g (0.25 mole) of 2-bromo-6-nitrotoluene. To this was added 31.3 g (0.25 mole) of benzyl lnercaptan 
(33) all a t  once. The stirred reaction mixture, kept under nitrogen, was heated for 4 hours a t  5G55' and 
then stirred a t  room temperature for 14 hours. The additiou of an  equal volume of water, followed by 
cooling to  O0, produced a yellow solid which was triturated with dilute sodium hydroxide and then with 
water. Crystallization fronlethanolgave 17.5 g (26y0) of yellow needles, n1.p. 102-103". Calc. for CI4H13O2NS: 
C,  64.86; H,  5.02; N, 5.41; S, 12.35. Found: C, 64.72; H,  5.27; N, 5.38; S, 12.42. 

5-Benzylthio-2-nitrotolz~e~ze 
Following the same procedure o u t l i ~ ~ e d  above, 17.0 g (0.079 mole) of 3-bromo-2-nitrotoluene (25) afforded 

17.5 g (8670) of 3-benzylthio-2-nitrotoluene ~nelting a t  53-54'. Anal. Found: C,  64.56; H, 5.48; N ,  5.27; 
S, 12.47. 
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~-Be?zzyllhio-2-~zit~opl~enylpyruvic Acid 
'To a solution o f  6.9 g (0.30 mole) o f  sodium in 170 ml o f  anhydrous ethanol were added 44 g (0.30 mole) 

o f  cliethyl oxalate and 77 g (0.30 mole) o f  4-benzylthio-2-nitrotoluene. The  reaction mixture, which rapidly 
became dark red, was re f l~~xed  for 1 hour, cooled, diluted with twice its volume o f  water, and then thrice 
extracted with ether. T h e  aqueous layer was acidified to  Congo red with concentrated hydrochloric acid. 
Air \\.as blown through the solution to  remove residual ether, whereupon crystallization occurred. T h e  solid 
was separatccl, dissolved in dilute ammonium hyclroxide, and again reprecipitated with hydrochloric acid. 
Crystallizatiorl frorn an alcohol-water mixture gave ti6 g o f  4-benzylthio-2-nitrophenylpyruvic acid \\lhich 
melted at 166-167' \vith clecomposition. Fro111 the ethereal extract was recovered 9 g o f  ~~nchanged 4-benzyl- 
thio-2-nitrotoluene. Yield,  based upon the thioether consumed, 75%. 

5-Be?zz~~111zio-2-~~~l~oplzenylpyrz~uic Acid 
By the same method described aboxe, 5-benzylthi0-2-11itrotol~1e11c alforded an oil which failed to  solidify. 

It was therefore p~lrilied further by solution in cold dilute amn~onium hydroxide followed by  precipitation 
with concentrated hydrochloric acid. An ether extract o f  the oil \\.as dried (NarSOd), freed o f  solvent, and 
the residual oil subjecteel to  the reductive cyclization step in the synthesis. 

I'otnssi~iiiz E?zolnle of E thy l  3-Be~zzylllzio-2-~zi1roplzei~ylpyr~~uale 
Potassi~~nl (4.7g, 0.12 mole) was dissolved in 20 ml o f  anhydrous ethanol. T o  this solution, diluted 

with 150 mi o f  clr!. ether, was added 17.5 g (0.12 mole) o f  diethyl oxalate, followed 15 minutes later b y  an 
auhydro~is ether solution of 3-bet~zylthio-2-~~itrotoluene (26 g,  0.10 mole). i\ deep orange solution resulted 
urhich, when left at room temperature for 16 days, slowly deposited the potassium enolate as an orange 
precipitate. The solid, collected and washed thoroughly with anhydrous ether and then air clried, weighed 
27.0 g (68% crude yield). This salt was used directly in the reductive cyclization step. 

I 'otassiz~ii~ Enolale of Ellzyl 6 -Be~ze~~l t l z io -2 -~z i t rohe~zy lpyr~~uatc  
This salt \\.as obtained in 94y0 yield from 6-benzylthio-2-nitrotoluel~e by  the tnethod clescribed above. 

T h e  reaction time required ill this case was 6 days rather than 16. 

6-Be?zzylllzio6~dole-2-carboxylic Acid 
'The reductive cyclization o f  4-benzylthio-2-nitrophenylpyruvic acid was accomplished according t o  

published procedures (9 ) .  T h e  resulting 6-benzylthioindole-2-carboxylic acid was freed from sulphate ion 
and purified according to  Rydon and Twcddle (10).  T h e  solid acid obtained after removal of  the ether 
was taken LIP  in cold dilute ammonium hydroxide. Upon acidification (I-ICI) and cooling, the solution 
deposited a solid \\.hich was air dried. Fro111 15 g o f  the pyruvic acid there was obtained 8 g (62%) o f  the 
indolecarboxylic acid, n1.p. 215". Calc. for C ~ G I - I ~ ~ O ? N S :  S, 11.35. Found: S ,  11.32. 

5-Benzy~llzioi?zdo~e-2-carbo~y~ic Acid  
'The sarnc method o f  reductive ring closure converted the crude, oily 5-benzylthio-2-nitrophenylpyruvic 

acid to  5-benzylthioindole-2-carboxylic acid, m.p. 210-211" (deco~up.).  Calc. for C I G H 1 3 0 ? S S :  S ,  11.35. 
Found: S, 11.40. Yield,  based upon 45 g o f  5-benzylthio-2-nitrotoluene used in the  Reissert condensatiol~ 
reaction from which 19 g o f  the toluetle was recovered ~~nchallged, 15.2 g (54%). 

7-Bcnzyllhioindole-2-cnuborylic Acid 
For best results, the usual reductive cyclization (9 ,  16) was modified as follows. A solution o f  the  potas- 

siu111 ellolate o f  ethyl 3-benzylthio-2-nitrophenylpyr~lvate (10.0 g, 0.025 mole) in hot (80°) 4 N ammonium 
hydroxide (250 r n l )  was added slowly with stirring to  a boiling suspe~ision of  ferrous hydroxide. (The  latter 
was obtained b y  the addition o f  25 ml o f  ammonium hydroxide, d = 0.90, to  a boiling solution o f  ferrous 
sulphate heptahydrate, 45 g, 0.16 mole, in 300 ml o f  water.) T h e  resulting mixture was boiled for 90 ~ninutes 
and then filtered. T h e  ferric oxide sludge was repeatedly extracted with boiling 2 N arn~nonium hydroxide 
until acidification o f  an aliquot o f  the extract failed to  precipitate the indolecarboxylic acid. The  combined 
extracts were cooled to  5', filtered, and washed several times with ether. Upon acidification a solid appeared 
which when dried gave 2.2 g (31%) o f  7-benzylthioindole-2-carboxylic acid melting at 165-16G0. Calc. for 
CIGNlnO?NS: C ,  67.84; H, 4.59; N, 4.95; S ,  11.31. Found: C ,  67.59; H ,  4.75; N,  5.05; S ,  11.54. 

4-Be~zzyltkioi~zdole-2-cnrbosylic Acid  
This compound was prepared similarly in 56% yield from the  potass i~~m enolate o f  ethyl G-benzylthio-2- 

nitrophenylpyruvate. Purification as above gave a brown solid melting a t  185-186'. Anal. Fo~lnd:  C ,  67.84; 
H ,  4.63; S, 4.96; S ,  11.22. 

6-Benzyl l l~ioindole  
Decarboxylatiol~ \\.as carried out essentially according to  published directions (16) using cluinoline and 

copper chromite (31) .  Thirty-two grams o f  6-be11z)~lthioindole-2-carboxylic acid in 320 1111 o f  distilled 
quinoline containing 5 g o f  copper chromite catalyst was heated 16 hours at 200°. T h e  crude indole obtained 
from this reaction was dissolved in ethanol and clarified with charcoal. Three crops o f  product were obtained 
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by successive recluctions in tlie volume of the solvent. Thc combined prccipitatcs, crystallizccl fro111 all 
alcohol-\\rater mixture, aiiorded 18 g (67%) of 6-benzylthioindole, m.p. 106.5-107". Calc. for C1:I-I1:jSS: 
S, 13.41. Found: S,  13.32. 

:i-Ue?~zyltlcioI~~dole 
5-Renzylthioindole-2-carboxylic acicl (15 g) was similarly clecarboxylated by heating for 11 hours a t  

200-210" and gave 6.6 g (52%) of 5-benzylthioindole melting sharply a t  74-75', Calc. for Cl jH13SS:  S, 
13.41. 1;ound: S ,  13.62. 

7- Be7~sylthioi7~dole 
Si~lce decarboxylation of 7-benzylthioindole-2-carbosylic acid by the i~sual procedure (l(i), employed 

successf~~lly for the 5- and 6-isomers, proved to bc quite ilnsatisfactory, giving poor >-iclds even aftcr 
extended times of reaction and also causing some loss of sulphur as  HzS, a modified proccdurc recently 
described (27) \vhich avoids these diificulties was employed. From 2.83 g (0.01 mole) of the acid therc 
was obtained 2.05 g (85%) of 7-benzylthioindole mclting a t  52-53' (from sltellysol\~e B).  Calc. for CljH13XS: 
C,  75.27; H,  5.4'7; N ,  5.85; S ,  13.40. Found: C,  75.36; M, 5.42; N, 5.113; S, 13.71. 

4-Be71syltl1ioi?~dole 
This compound was prepared in SOYo yield from the corresponding indolecarboxylic acid as described 

above. I t  melted a t  35-36" (from ethanol). Anal. Found: C, 75.49; H ,  5.Y2; N, 5.98; S ,  13.36. 

6-ilhrcaptoi?zdole 
This compound was prepared by a modification of tlie procedure reported by du I:igneaud el al. (28, 9 ) .  

Commercial anhydrous liquid ammonia (125 1111) was placed in a 50X 150 inm test tubc supported in a 
Dewar flaslc by means of a cork ring. To the ammonia was added 5 g (0.02 mole) of 6-benzylthioinclolc. 
Small pieces of freshly cut sodium metal \\,ere stirred into the anln~onia until a blue color of 5-10 minutes' 
duration \\,as obtained. Excess s o d i ~ ~ ~ n  \\?as then destroyed by anlrnoni~~rn iodide, added until the blue 
color just disappeared. T11c reaction tube uras then remo\;ed from the Dewar flasl; and the ammonia driven 
off under a blanket of purified nitrogen. Distilled water (125 ml), previously boilccl and cooled, was addcd 
to  the tube, along with sufficient 3 iV hydrochloric acid to  acidify the solution. The solid \vhich appeared 
when the solution \\ras cooled \\,as removed and taken up ill dilute sodium hydroxide ancl again precipitated 
with acid. When washed with water and dried in a desiccator over P 2 0 j  (N?) it melted sharply a t  70-71'. 
Yield, 1.5 g (47%). Calc. for CsM;NS: S,  21.49. Found: S ,  21.30. 

5-Mercaptoi7~dole 
Debenzylation of 4 g of 5-benzylthioindole a s  above afforded 1.5 g (60%) of the mercaptan, urhich melted 

a t  75-76". Anal. Found: S, 21.48. 

4-AiCercaptoindole 
Debenzylation of 3.57 g (0.15 mole) of 4-benzylthioindole followed the procedure described abol-e but 

with the following changes. The ammonia was kept in an  Erlenmeycr flask surrounded by dry ice. The 
flaslc was kept stoppered tliroughout the reaction as  inuch as  possible to  minimize absorption of CO? by 
the liquid ammonia. Following the removal of ammonia, and addition of water to  tlie ammonium salt of 
the mercaptan, the resulting aqueous solution was washed several times with ether to remol-c unreduced 
n~aterial. Acidification a t  0' gave .a solid which was dried in a desiccator under vacuum over dry calcium 
chloride. The substance was an oil a t  room temperature, but was readily crystallized from S l i e l l y s ~ l ~ e  B 
a t  dry ice temperatures. Yield 1.5 g (68%). Calc. for CsH?NS: C,  64.39; I-I, 4.73; N, 9.39; S ,  21.49. F o ~ u ~ d :  
C,  64.37; H, 4.93; N, 9.49; S ,  21.08. 

7-ilhrcapfoi7~dole 
Debenzylatioil of 3.3 g (0.014 mole) of 7-benzylthioindole by the sarne procedure as  en~plo)wl for the 

4-benzylthioindole ga1.e 1.8 g (87%) of the pure mercaptan melting a t  57-58' (from Sliellysolve B). Anal. 
Fo~und: C, 64.25; M, 4.69; N, 9.31; S ,  21.45. 
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ABSTRACT 

The Stern-Grahame-Devannthan theory of the electrical double layer in aqueous systems 
is modified to  include the so-called discreteness-of-charge effect of Esin and Shilcov and 
Ershler. This provides an explanation of a n ~ ~ m b e r  of phenomena which are a t  variance nrith 
the Stern theory. A simple method of incorporating the above effect into the Stern theory is 
suggested by the work of Grahame and is equivalent in principle to  the discrete-ion approxi- 
mation einployed by the Russian authors. I t  is shown that the effect can be interpreted in 
terms of a 'self-atmosphere' potential a t  the counterions adsorbed in the Stern layer. This 
provides a new term in  the energy of an adsorbed ion, which is very nearly proportional to 
the surface density of these ions and which had hitherto been included in the specific adsorptioi~ 
potential in the Stern adsorption isotherm. This energy is not small and accounts for the 
conclusion reached by Grahame that  the adsorption potential varies strongly with the surface 
charge. Grahame found that the potential a t  the plane separating the compact and diffuse 
parts of the double layer in the solution phase (i.e. the outer Hellnholtz plane) a t  the mercury - 
aqueous electrolyte interface displays a lnaxi~nuin as  the poteiltial across the interface is 
varied, and this property is reproduced by the theory. The effect of ion size on the adsorption 
isotherm is also considered. 

1. INTRODUCTION 

In the course of his extensive investigatioils of the properties of the electric double 
layer a t  the interface between inercury and aqueous electrolyte, Grahame (1) demon- 
strated a number of properties which are a t  variance with the Stern theory (2). One 
anomaly is that if the original Stern theory be accepted then the specific adsorption 
energy of an anion (e.g. chloride ion) adsorbed by the mercury surface is not constant, 
as had been previously assumed, but exhibits a marked increase as the surface charge 
becomes more positive. Grahaine suggested that this variation of the specific adsorption 
energy is due to a covalent bond between the anion and the mercury surface, the strength 
of which increases as the mercury charge becomes inore positive. Such a hypothesis 
seems incoilsistent with the usual theory of chemical valency. The outer electron shell 
of the adsorbed anion is completed by the process of ionization, and although some 
electron sharing and anion polarization are likely, i t  is difficult to understand how such 
strong dependence of binding on surface charge can occur. In the present paper a sinlple 
explanation, based on distinguishing the inean electrostatic potential a t  ally point 
in the plane of the centers of the adsorbed ailions from the illean potential a t  the 
center of an adsorbed ion occupying this point will be developed. The difference between 

'Issued as N.R.C. No. 6696. 
?Visiting Scientist, Division of Applied Chentistry, National Research Coztncil, Ottawa. On leave of abselzcc 

front De$artntent of Mathematics, Universily of Manchester, England, fronz ilFarch 1960 to January 1961. 
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these two potentials can be regarded as origiilating in the so-called discreteness-of-charge 
effect, which has beell investigated by a number of Russian scientists (3-5) ancl by 
Grahame (6). The approach adopted here, first suggested by Grahaine (6), is simpler 
but equivalent in principle. 

In his modification of the original Stern picture of the region in the electrolyte solutioil 
adjacent to the inercury surface, Grahame ( I )  distinguished between the plane of centers 
of the layer of specifically adsorbed ions and the liinit of the diffuse layer. These were 
designated as the inner Helmholtz plane (to be abbreviated to 1.1-I.P.) and the outer 
I-Ielmholtz plane (0.1-I.P.) respectively. In the Stern theory, the 0.1-I.P. is identical with 
the I.IH.P., and the mean potential a t  this common plane increases uiliforinly with the 
potential drop across the mercur~7-electrolyte interface. Assuiniilg that the Gouy-Chap- 
mail theory applies to the diffuse layer, Grahame and Soderberg (7-9) were able to 
determine the variation with interfacial potential of the potential a t  the O.H.P. at a 
specified electrolyte concentration. They obtained the rather striking result that if 
specific adsorption takes place, the inagilitude of the potential a t  the 0.1-I.P. passes 
through a maxinluin. This behavior will be reproduced in the theory presented below. 
The discreteness-of-charge effect was originally proposed to explain the variation of 
inercury wall potential with electrolyte conceiltratioil a t  the electrocapillary maximum. 
This aspect has been treated by the Russian worlcers (3-5, 10, 11) and others (12), and 
will therefore not be discussed here. 

Current interest in the region between the mercury wall and the 0.IH.P. is directed 
illto two main channels, its dielectric and electrostrictive properties (13-15) and dis- 
crete-ion effects. The present paper is concerned with the second topic and for this 
purpose, any variation in the dielectric constant and tl~icl<ness of this region with inter- 
facial potential will be ignored, except for a brief discussion of certain aspects a t  the 
end of the paper. In this connection it is important to note that as well as the discrete- 
ness-of-charge effect there is another discrete-ion effect which is due to short range forces, 
i.e. to the size of each adsorbed ion. Such an ion will occupy a t  least one adsorption site 
and if  it is large or if it retains part of its hydration shell it ma57 o ~ c u p ~ ~  more than one. 
The occupied sites are not available to the other adsorbed ions and this affects the entropy 
of distribution and hence the chemical potential of the adsorbed ions. These ion-size 
effects have received inadequate attention up to now but they are incorporated in the 
present theory and it will be show11 that they explain the large discrepancies between 
the results of two different methods used by Grahalne (8) and Grahame and Parso~ls (9) 
to determine the ratio of the distances of the I.H.P. and the O.H.P. from the wall. As a 
result it seeins lilcely that these distances vary much less with changes in the physical 
conditions of the system than these authors believed. 

Since the discreteness-of-charge and ion-size effects are likely to be of iinporta~lce in 
a number of colloidal phenomena, we shall not confine our attention to the inercury - 
aqueous electrolyte interface, but shall consider the more general case of a plane colloidal 
surface in contact with an aqueous electrolyte. Such a surface, for example, may be the 
wall of a plate-like particle iinmersed in a dispersion inediuin contailling coagulating 
electrolytes. Recently the authors (16, 17) incorporated the discrete-charge effect into 
the theory of colloid stability of Derjaguin and Landau (18) and Verwey and Over- 
beek (19). This leads to an explanation of the dependence of coagulatiilg electrolyte 
concentration on the surface potential of the particles, a property which had hitherto 
been iilcoilsistent with the stability theory. 
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2. T I I E  STERS-GRAI-I."li\IE-DELTXKrlTFIilN WIODEL O F  TI-IE DOUBLE LAYER 

Eiuploying the electric double layer illode1 of Grahame (I) and Devanathan (20) for 
a single plate-like particle it is assumed that there is an 'inner region' of oriented water 
dipoles, of thicliness d (-5 A) and dielectric constant € 1  (-10-20), lying between the 
plate wall and 0.1-I.P. The volume density in the dispersion iuediunl of the potential- 
determining ions, ~vhich constitute the original charge 011 the plate surface, is small 
compared ~vi th  the corresponding density lz (number of ions of either type per unit 
vol~ume) of the coagulating electrolyte, which is a z - z  valency type. The centers of a 
layer of adsorbed counterions, of valency zp, where zp may be +z or -2,  are situated 
on the 1.1-I.P. inside the inner region a t  a distance P fro111 the plate wall. The 1.1-I.P. 
thus divides the inner region illto two parts, which ~vill be called the inner and outer 
zones and ~vhich are of thicknesses P and y = d - P  (Fig. 1). All the charge is assumed 

DIFFUSE LAYER 

q=-(%+q) 
O.H.F! 

outer \ 

zone inner \ 
WALL J C 

FIG. 1. WIodcl of the electric double layer. 

to be situated in the plane of the particle wall, in the I.H.P., or in the diffuse layer. 
Hence the two zones act as condensers of capacities dI</P and d I < / y  per unit area, where 
I< = ~1/47rd. The iuean electrostatic potentials a t  the particle wall, the I.H.P., and the 
0.1-I.P. are denoted by $ 0 ,  $ p ,  and $d respectively. Also, uo and up are the mean surface 
densities a t  the particle wall and I.H.P. and ud is the total charge contained in a co lun~~ l  
of the cliffuse layer of unit cross section. Within each zone the potential distribution 
function satisfies Laplace's equation and therefore we have a linear variation in potential. 
Assuming the electric field in the particle interior to be zero, it follo\vs from electrostatics 
that 

(2. 1) $0-$0 = Pao/dK 

and 

(2. 2) $p-$d Y u ~ ) / d I < .  

Applying the Gouy-Chapman theory to the diffuse layer, 
E K  k T  

Ud = --- sinh ( ~ e $ ~ / 2 k T ) ,  2 a  ze 

where k is Boltzmann's constant, T the absolute temperature, e the electronic charge, 
and K the Debye-I-Iuckel parameter defined by 

Also, the condition of electrical neutrality reads 

For a given $0 and n one more relation is required to determine the potential distri- 
bution, and this has the forill of a modified Stern adsorption isotherm, which is obtained 
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by equating the chemical potential of an adsorbed ion, pp say, to that of an ion of the 
same type in the electrolyte interior. Let v be the nulnber of adsorbed ions per unit 
area and g(v)  the number of configurations per unit area available to these ions. 
the contribution to the chemical potential of an adsorbed ion from g(v)  is 

(2 .6)  = - k T d  log, g ( v )  /dv. 

If each adsorbed counterion still retains a portion of its hydration shell and therefore 
occupies more than one adsorption site, say 9 sites, then a siinple expressioil for g(v)  is 
obtained by aclapting to surfaces the zero-order approxin~ation to the entropy of mixing 
molecules of clifferent sizes, \\lllich is provided by the volun~e fraction statistics of Flory 
(21)  and I-Iuggins (22 ) .  Suppose that M, is the density of adsorption sites on the plate 
surface so that each occupied site spans an area 1 / N ,  and each ion an area p/iV,. Then 
the formula For g(v)  corresponding to Flory-I-Iuggins' is 

(2.7)  log, g(v)  = - v  log, ( p v / N , )  - (AT,-pv) log, [ (AT, -pv) /N8] .  

Differentiating \vith respect to v and writing up = zpev, (2.6) becoines 

(2.8) p i  = -4 + k T  log, [up(N,zpe) ' -1 / (~ ,zpe-pup)  '1, 
\\-here -1 is a constant. 

To  cleterinine the electrostatic contribution to PO, the Guntelberg-Muller (23 )  charging 
process in the theory of electrolytes is employed and it is iinagined that the charge on 
a specifiecl aclsorbed ion is e', which is varied from 0 to its full value zpe. Let * p  be the 
mean potential a t  the center of the given adsorbed ion carrying the charge e', due to 
the Coulomb interaction of all the ions. Following Loeb (24) the potential is conveniently 
11-ritten as 

(2.9)  *a = $04- +al 
where # p  is the mean potential a t  ally point on the I.H.P. and +p is the "perturbation" 
potential due to the "self-atinosphere" of the adsorbed ion and its induced image in 
the plate wall. The electrostatic contribution to pp now reads 

=o = 
(2 .  l o )  ~d = So *ode' = * e k +  So C d e ' ,  

noting that # p  inay be assumed independent of e'. \Ve may therefore write the cheinical 
potential of an adsorbed ion as 

(2.11) PO = ie+ k T  log, [up(~,zpe)'- ' /  ( ~ ; . e - p d l + z o e # ~ +  +ode'. 

where [p depends on temperature and pressure. There are other terins in which do 
not occur in ordinary electrolyte theory, in particular, the energy of polarization of the 
adsorbed ion in the electric field of the double layer. This will be considered briefly a t  
the end of the paper. 

The chemical potential O F  an ion in the electrolyte interior may be expressed as 

(2.12) P O  = b + k T  log, n f / (2n+no) ,  

where to is a function of teinperature and pressure only, no is the number of water 
n~olecules per unit volume, and f  is the activity coefficient. Equating the two chemical 
potentials (2.11) and (2.12) and assuming no >> n, it is easily seen that 

up (N'zpe-pup)' exp [($+zpe#p)/kT],  
nf - .no (N,zpe) '-' 
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where 

(2.14) 

The relation (2.13) becomes the Stern adsorption isotherm if p = 1, f = 1, and %p is 
identified with the specific adsorption isotherm. I t  will be shown, however, that the 
last term on the right of (2.14) is a function of US and this property is absent in the 
classical Stern theory. 

3. SELF-ATMOSPHERE POTENTIAL A T  AN ADSORBED ION 

The mean potential +p a t  a point on the 1.1-I.P. is so defined that all ions are under- 
going thermal motion, i.e. no ion is permanently located a t  this point. Thus +p is the 
potential a t  ally point in the I.H.P. when a uniform surface charge distribution up is 
situated on the plane. Suppose now that the center of a specified adsorbed ion carrying 
the charge e', where 0 < le'l < lzpel, is situated a t  a point on the I.H.P. (Fig. 2). The  

FIG. 2. Distribution of surface charge density in the inner Helmholtz plane surrou~ldi~lg a11 adsorbed 
ion. 

mean charge distribution on the I.H.P. surrounding this charge will no longer be uniform 
but will be given by some function u(r), where r is the distance from the specified ion 
to an arbitrary point on the 1.1-I.P. If W(r) is the potential of the nleall force acting 
between the specified ion e' and any other ion (charge zse) in the I.H.P. a t  distance r ,  
then 

(3.1) u ( r ) = u ~ f ( ~ ) ,  f ( r )=exP[ -W(r ) IkT l .  

At large r ,  the surface charge density should not be affected by the fixed ion a t  r = 0 
and so u(r) --t up, which means W(r) --t 0, as r --t m ; and if a is the nearest distance 
of approach between ion e' and a second adsorbed ion, W(r) = m for r < a. The total 
charge on the I.H.P. defined by the charge distribution u(r) differs by an amount e' 
from that  defined by the uniform distributioll up, since one ion of charge e' has been 
removed from the distribution. If the I.H.P. is assumed infinitely large, we obtain the 
relation 

(3.2) 2 r ~ m r [ u p - ~ ( r ) l d r  = 2rus s: r[l-f(r)]dr = e' 

or, noting that f ( r )  = 0 for r < a, 

I t  is convenient to consider the following limiting case: (i) the dielectric consta~lt 
is uniform right up to the plate surface and equal to E, (ii) the electrolyte collcentration 
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is vanishingly small, which ineans that the diffuse layer may be ignored. There will 
then be two terins in the perturbation potential of an adsorbed ion. One is the ordinary 
electrostatic image tern1 in the wall of the colloidal plate, namely 

where E, is the dielectric coilstant of the plate medium, which is assumed to be infinitely 
thick. The other term is due to the departure of the surface charge density on the I.H.P. 
froin the uiliforin value and can therefore be expressed in terins of the difference in 
densities up - u (7). It  reads 

where the second tern1 in the square brackets is due to the correspoilding image of the 
charge difference up-a(r). An accurate determination of ~ ( r )  is difficult, but two approxi- 
inations to it have been suggested. The first is the 'discrete-ion' inodel of Esin and Shiliov 
(3) and Ershler (4), who consider the case of E, = a. distribution u(r) and its 
image in the plate wall* are replaced by an infinite hexagonal array of discrete ionic 
charges (each equal to zae) in the I.H.P. and a parallel array of opposite charges (-zae) 
a t  a distance 2p. The above authors inalie the further approximation of replacing each 
ion-image pair by an equivalent electric point dipole. If s is the distance between nearest- 
neighboring ions in the I.H.P. and E, = then (3.5) becomes very nearly 

since the area allotted to each ion in the hexagonal array is (d3/2)s%nd the corre- 
sponding charge density is up = 2zoe/d3s2. We shall employ a simpler method, which 
is equivalent in principle and may be termed the cutoff approximation. Each adsorbed 
ion is regarded as the center of a circular area in the I.H.P. froin which the uniforin 
charge density a0 is removed. Thus 

where the radius ro of the area is determined by the coildition (3.2) or (3.3) (Fig. 2). 
This yields 

(3.8) aro2aa = el. 

Substitution of (3.7) into (3.5) yields 

When ro  >> 2P, this simplifies to 

which, in the limiting case of E, = m ,  reduces to 

"These authors actually pz~t e = m and introdz~ced images i n  the O.H.P. 
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On substituting r r o 2  = (.\/3/2)s2, the 'discrete-ion' approximation (3.6) reads 

\vhich does not dilier much from the 'cutoii' approximation (3.11). 
Suppose no\\T tha t  the adsorbed co~~nte r ions  are embedded in the inne~- region of 

thickness d and dielectric constant €1 a t  distance P from the plate wall. Then the self- 
atmosphere potential +g" is conveniently written as 

4 7ragPr 
+ g l f =  g = --- Pr agg, 

E ld d ?PC 

where g is a factor depending on ro, Y, d ,  the dielectric constants, and the electrolyte 
concentration. T h e  determination of g in the general case is difficult b u t  certain limiting 
cases have been considered and these indicate the general behavior of g. Firstly suppose 
that  the particle medium is conducting (6, = a ) ,  E >> €1 so tha t  effectively E = a, and 
/3 = 7. Then it is sho\vn in the Appendix tha t  

~vhere  7 = ro/d and Iil is the Bessel function of the second ltilld with imaginary argument 
and of order 1. For T > 1 corresponding to /ag\  < 16 pcoulombs/cm' wl~en z = 1 and 
d = 5 Ak, the first term only in the series need be coilsidered and as shown in Table I ,  
even this tei-m is small. I t  is possible to extend the analysis to the case\vhere the 1.1-1.1'. 
is no longer midway between the lnercury wall a n d  the 0.1-I.P., and the correspoildiilg 
leacli~lg term in becomes simply (3.13) with g = 1. 

TABLE I 

This is the limiting form for +gl' when ro = and  g = 1 and i t  may be derived quite 
simply in the following way. Coilsicler a sheet of charge of density -ag situated a t  the 
I.H.P. between two equipotential planes A '  and B' (the plate wall and 0.I-I.P.) a t  zero 
potential and a t  distances and  r. This sheet is imagined to  have two sides \vith charge 
distributed as  shown in Fig. 3. A and B are the iinage planes. The  electric field between 

O.H.P. 8' 

i 
LINES OF FORCE 0- I d  ---L---+PL ----- 8 

F ~ G .  3. hIoclel of the inner region yielding the limiting expression (3.15) for the self-atmosphere potential 
whcn ro = 0 3 ,  e = a, and e,, = co (g = 1). 
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A' and the 1.1-I.P. is 4auay/dcl, and hence the potential drop from A' to the I.H.P. is 
4auopr/dcl. This inust also be the potential difference between the plane B' and the 
I.H.P. Since A' and B' are a t  zero potential, the potential a t  the I.H.P. is 

which is the required result. The higher terms in (3.14) ancl in the corresponding formula 
when 0 # 7 are small because the lines of force near the center of the circle of r a d' ius ro 
are practically norinal to the 1.1-I.P.; in other words, the edge effects are small for ro > d 
(7 > I ) .  

The drop in ineail potential across the outer zone $'B-$'a is designated the macro- 
potential by Ershler (4 ) .  Also, if we exclude the self-image term 4a' the true potential 
a t  the center of the adsorbed ion is 

and Ershler refers to the difference $,\-Gd as tlle macropotential. Putting g = 1 we 
readily derive from (2.1), (2.2), and (3.1G), 

(3.17) Y 
**-*d = - (r+P) ( $ 0  -*a). 

This linear relation is already given by Grahaine ( G ) .  In their rigorous mathematical 
treatment of a hexagonal array of discrete point charges situated on the I.H.P., with 
perfectly conducting colloidal wall and 0.1-I.P., Levich, Iciryanov, and Filinovsky ( 5 )  
also obtain (3.17) provided the coverage of adsorption sites by counterions does not 
exceed 25-30%. The Russian authors quite correctly ~naintain that the micropotential 
and not the macropotential should be introduced in the Stern adsorption isotherm. In 
our present notation, this means that in the exponential term on the right-hand side 
of (2.13) we should write 

(3.18) 
where 

(3.19) 

which is independent of the charge densities uo ancl up and may be identified with the 
specific adsorption potential (apart from an additive constant). We note that 4a'' is 
independent of e' and that the self-image term 4a', \vhicll is proportional to e', is obtained 
in the usual manner by considering multiple image reflections in the 0.1-I.P. ailcl the 
plate wall, but we shall not require its explicit form~~ln (5). 

I11 the introduction we commented on Grahame's conclusion that the ei~erg)~ cPs 
exhibits a inarlted increase as the surface charge uo becomes more positive in the case 
of chloride ion adsorbed a t  the mercury -aqueous electrolyte interface. Writing 
cPb = -eUg (za = - I ) ,  Grahame ( I )  estimated that Up increases by about 0.18 volts 
as uo varies froin -4 to 18 pcoulombs/cm3 for 0.3 AT NaC1 solution. The corresponding 
variation of the charge density a0 of adsorbed chloride ions is from -1 to about -28 
pcouloinbs/cm2. In the present theory the variation in Uo is attributed to the term 
-e4a1'. A11 increase in the magnit~ide iAaal of a0 of 27 pco~ilombs/cm~ correspoilds to 
an increase in Up of 

Pr PY 1 ~ ~ ~ 1  = -i- A U ~ J  = 27--- volts, 
d-K ' d?l( 
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where K is in pfarads/cm2. According to Grahalne and Parsons (9), K = 30 pfarads/cm? 
and y/d .= 4, so that ( AUpI = 0.17 volts, which is in excellent agreement with Grahame's 
estimate. 

The dielectric constants E, of silver halide crystals are in the range 11-15 and are 
perhaps not very different from the dielectric constant of the inner region. Thus for 
such colloidal media, a first approximation is obtained by putting E, = el. If we assume 
E = m , then it follows fro111 (3.11) that 

When y/rO << 1, this beconles identical with (3.13) provided g = d/P. For small coverages 
of the adsorption sites, g increases from 1 to d/P as E, decreases from m to el. In the 
limiting case of ro = m ,  i t  is easily shown that 4p1' is given by the leading term in (3.20) 
for any (finite) value of the dielectric collstant E,. As in the derivation of (3.15) we 
imagine a sheet of density -up situated a t  the I.H.P., but now the colloidal wall has a 
dielectric constant E,. The dielectric displacenlent within the colloidal medium may be 
assumed to vanish, since otherwise the 1.1-I.P. would be a t  infinite potential with respect 
to the colloidal interior. This nleans that the dielectric displacement in the inner zone 
vanishes, differing from zero only in the outer zone. There is now one image plane a t  
B (Fig. 4) and the electric field between the I.H.P. and B' is 4aua/~l .  Since B' is a t  zero 

LINES OF FORCE 
r ---L--_+%--- B 

FIG. 4. Model of the inner region yielding the limiting expression &" = - 4 r q y / e 1 ,  for the self-at~nos- 
phere potential when ro = m ,  e = m ,  and e, < m .  

potential, the potential a t  the I.H.P. is given by the first term in (3.20). plot of g 
as a function of ro/d for various values of the ratio f = (E , -E~) / (E ,+E~)  and for P = y 
and E = a, is shown in Fig. 5. (The nlathematical details are omitted from the present 

FIG. 5 .  Plot of g a s  a function of ro/d for various values of the ratio f = ( e P - e l ) / ( e p + € l )  alld for B=y 
and e = m .  
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paper.) The convergence to the limiting value g = 2 a t  ro = a, is seen to be rather 
slow. This is due to the lack of symmetry on the two sides of the I.H.P., as  illustrated 
in Fig. 4, leading to a much larger 'edge effect' than in the 'two-conductor' case of Fig. 3. 

For fixed ro/d and e = a,, the magnitude of $73'' increases as the ratio eD/e l  diminishes. 
This behavior can be understood as  follows. The potential +s" a t  the center of a circular 
disk, situated on the I.H.P., is due to  a uniform charge density -up on the disk and 
to the infinite set of induced images of this charge distribution in the two boundary 
planes of the inner region (Fig. 6). \Vhen these planes are perfectly conducting Cf = I ) ,  

FIG. 6. Infinite set of images in the mercury wall and the outer Helmholtz plane; f = ( E ~ - E ~ ) / ( E ~ + E ~ ) ,  

E = m .  

the first-order image in each plane has a charge density us and since these exert a greater 
influence than the higher-order images, the net effect of the images is to  reduce the mag- 
nitude of 4s". If now the colloidal wall is a dielectric, the charge density in its first- 
order image drops tofus and the reduction in the magnitude of +B" is correspondingly 
smaller. Thus +s" increases in magnitude as f decreases. 

Suppose now that  the O.H.P. is no longer assumed to  be an equipotential plane and 
that  the electrolyte coilcentration is very small. The  charge density of the first-order 
image in this plane will be f'us very nearly, where f' = (E-el)/(e+el). For typical 
values of e l  = 16 and e = 80, f' = 0.80, so that  the reduction from the case of the 
perfect conductor is not large. The effect of the factor f' is again to increase the magni- 
tude of 4s". However, with increase in electrolyte concentration, +s" will approach the 
value correspoilding to an equipotential 0.1-I.P. Ershler (4) has given the following 
explanation for assuming an equipotential O.H.P. a t  large electrolyte concentrations. A 
single adsorbed ion in the I.H.P. induces an oppositely charged ionic cloud in the diffuse 
layer extending into this layer a distance comparable with 1 / ~ ,  where K is the Debye- 
Hucltel parameter characteristic of the local ionic concentration. At  large electrolyte 
concentrations or large values of $d, the local value of 1 / ~  will be small and as first 
approximation we may assume that  all the charge in the cloud lies in the O.H.P. The  
distribution of the charge in this plane must be such that  the potential beyond the 
plane in the electrolyte solution is zero a t  every point. Such a distribution of potential 
is obtained when the solution side is a perfect conductor a t  zero potential. 

The general conclusion is that  g will not differ much from d//3 when eD/e l  is of the 
order of 1, provided the coverage of adsorption sites is less than, say 10%. For smaller 
values of ep/el  and a t  low coverage, g may exceed d//3. 

The  simple expression (3.13) for + i t ,  which applied a t  small us, is a two-dimensional 
analogue of the Debye-Huckel self-atmosphere potential in the limit of small electrolyte 
concentrations. The  two potentials differ in that  +i' is proportional to  the surface con- 
centration of adsorbed ions whereas the Debye-Huckel potential is proportional to  the 
square root of the volume electrolyte concentration, and we shall demonstrate tha t  
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this different depeildence on concentration is essential. I t  is well known that the self- 
atnlosphere of an ion in the electrolyte interior should satisfy a certain conditioil of 
self-consistency (23) and it is readily show11 that +@" obeys a correspoilding coildition. 
The adsorbed layer of ions is treated as  a separate phase, and an electrostatic free energy 
per unit area, which is associated with +,9", call be defined as follows. Introducing the 
Debye-I-Iuckel charging process suppose that all the adsorbed ions carry a fraction X 
of their normal charge and that a specified adsorbed ion is assigned a charge el, which 
is varied independently. Then the self-atmosphere poteiltial a t  this ion \\rill depend on 
X ,  e', and the density of adsorbed ions v ;  thus we nlay write c$~'' = +Btt(X, v,  e'). The 
electrostatic free energy per unit area takes the form 

(3.21) 

where it is imagined that v is held fixed during the charging from X = 0 to 1. Then the 
condition of self-consistency that should satisfy taltes the form 

From (3.13), the dependence of +,9" on the relevant parameters X ,  v, and e' talces the 
form +,9" = CXv, where C is a constant. I t  is seen that satisfies the condition (3.22) 
and we conclude that a linear dependence on up requires that +,9'' be independent of e'. 

I t  is rather striking that the 'discrete-ion' and 'cutoff' approximations lead to the 
same linear relation (3.17) which is valid for perfectly conducting vralls of the inner 
region and small coverage of adsorptioil sites. This illust inean that the t ~ v o  methods 
of approxinlation give identical results under these conditions, but they inay differ when 
eD is finite. The presence of a term in the adsorptioil energy which is proportional to the 
surface density of ions is not new in adsorption energy. I t  occurs in the theory of adsorption 
of gases on solids whenever the interaction of adsorbed n~olecules occupying adjacent 
sites on the solid surface is talten illto account. An entirely different approach to the 
problem of the self-atmosphere effect and therefore to the deteriuination of u(r) is 
suggested by the theory of adsorption of gases on solids, when dipole interactions between 
adsorbed molecules are considered. This involves the Bethe or soille similar method 
designed to treat the immediate environmeilt of a lattice site occupied by a inolecule (see 
Miller (25)). Such an approach should help to decide which of the two approximations 
to u(r), the 'discrete-ion' or 'cutoff' model, provides a better estiillate of da", but this 
will not be investigated here. 

There is one illconsistency in the use of the cutoff approximation (3.7) which requires 
some explanation. Whereas the distances between the ions is fixed, independent of e' in 
the discrete-ion approximation, the radius ro, defined by (3.8), is a functioil of e' in the 
cutoff approximation. In the Guntelberg process employed in (2.10), \\re iinagine that the 
charge e' of an adsorbed ion varies from 0 to its full value zpe, and by (3.8) the radius 
ro also increases from zero to its corresponding final value. I-Iowever, it is easily sho\\~n 
that the cutoff model violates the formula (3.3) when le'l < xa21up(. Suppose that zs 
and therefore up are positive. Since u(r) is either 0 or uo in the cutoff model, u B - ~ ( r )  
and therefore the left-hand side of (3.3) canilot be negative, whereas for such sillall e', 
the right-hand side of (3.3) is negative. At small e', ~ ( r )  cannot be approximated by 
the cutoff formula (3.7); i t  is seen from (3.3) that f ( r )  > 1 (and thus (u(r)(  > ) u p )  for 
some part of the range r > a. However, a t  small coverage the dominant term in +B", 

which is independent of e', satisfies the condition of self-consistency (3.22) and is not 
affected by this correction to u(r) a t  sillall e'. 
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Instead of allowiilg ro to tend to zero, it would be inore realistic to regard the 'ex- 
clusion diameter' a as the minimum value of ro and to suppose that ro = a when 
Je'l < aa21asl. For such small values of e', the relation (3.3) is satisfied if it is imagined 
that a ring of charge aa2as-e', distributed unifornlly round the circle of radius a ,  is 
superposed on the cutoff forin (3.7). This is equivalent to assuming that when e' is so 
sillall that the charge in the area occupied by the ion on the I.H.P. is actually less than 
the average, then a con~pensating charge accuinulates in the region immediately sur- 
rounding the ion (Fig. 2) .  For this crude but simple correction to the cutoff charge 
density (3.7), there will be a new term in the self-atmosphere poteiltial of an adsorbed 
ion carrying the charge e'. I t  is sufficient to consider the simple case where E ,  = € 1  and 
E = m .  Then this new tern1 reads 

which contributes to the chemical potential pg of an adsorbed ion an anlount 

This should be coinpared with the corresponding contributioil froin (3.20), which for 
y / ro  << 1 reads -4augrzge/~l. Choosing a = 27 and substitutiilg a r ~ % ~  = zge, the ratio 
of these two terins becoines - 0 . 0 7 3 ( ~ / r o ) ~ .  This is small even for coverage of adsorption 
sites as high as 30% and we inay conclude that the iilconsistency in the cutoff approxi- 
mation a t  small e' is unimportant. 

In a paper dealing with the double layer free energy of soap micelles, Overbeek and 
Stigter (26) have suggested another inethod of correcting for the self-atmosphere of an 
adsorbed ion. I t  is imagined that the charge of an adsorbed ion is smeared out over a 
circular area of radius ro, and the electrical work required to assemble this continuous 
charge distribution on the circle is determined. This is not equivalent to the corre- 

sponding energy of charging which is given by the integral in (2.10) and consequeiltly 
the method of these authors cannot be correct. 

4. VARIATION OF POTENTIAL A T  O.H.P. II'ITH PLATE POTENTIr\L 

We proceed to iilvestigate the effect of the self-atmosphere potential a t  an adsorbed 
ion on the double layer properties of a single plate. I t  is coilvenient to introduce the 
din~ensionless quantities 

(4.1) 770 = e$o/kT, 778 = e$g/kT, f a  = eGd/kT 

and also 

which has the din1ensions of charge per unit area. Then (2.1) and (2.2) become respec- 
tively 

(4.3) 

d (ao+as) 
770-776 = - P Q '  
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Also, substituting (3.16) into (3.18), the equilibrium condition (2.13) call be expressed 
as 

Eliminating uo from (4.3) and (4.4), 

d Y d aa 
Td = -?la - -- 

P P P Q '  
and now eliminating from (4.5) and (4.6), 

which expresses ?ld in terms of a0 and 70. From (4.3) and (4.4) we can also eliilliilate 
to obtain 

(4.9) a; = Q/zag, x = a a / a l ,  b = a ~ / N , z P e .  

Then, making use of (2.3), (2.4), (2.5), (4.1), and (4.2), the relation (4.8) can be written 
as 

I t  is convenient to introduce 

(4.10) 

and (4.7) as 

K E  1 dx 
sinh - z ~ d  - -- ?lo = ? l d + m Z  2 

Y gza 

20 K C  
X -  loge x+$ log, (1 -pbx) = Zbqd + - -- - 1 

sinh - zTd+ C, 
z 2 r K d  2 

where 

(4.12) C = a-log, nf. 

Here a is a constant involving the specific adsorptioil potential a@', the number of 
adsorption sites ATB, and the distances /3 and -y. The two relations (4.10) and (4.11) 
yield 7, as a function of 70 in ternls of the parameter x. We can also write (4.5) as 

thus expressing ?la in terins of x. 
Suppose wevary the potential #o a t  the wall by changing the concentratio11 of potential- 

determining ions in the dispersion mediuin, while the concentratioi~ n of the coagulating 
electrolyte is unaltered. I t  is assumed that K ,  0 ,  and -y do not v a q r  with $0. For the 
mercury -aqueous electrolyte system, # o  is the potential across the interface and this 
is varied externally. The density of adsorbed ions ua, and therefore the ratio x, will change 
with vbo. Differentiating (4.13) with respect to 170, we find tha t  

when 
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We shall find that pb << 1 and the root of the quadratic equation (4.15) in which we 
are interested is that  in the ileighborhood of x = 1 ;  the discarded root is approximately 
I /  (pb). Differentiating (4.10) and (4.11) with respect to 70, 

I t  follows that  a t  the value of x defined by (4.15) 

(4.18) d x / d 7 0  = rgzp/d 
and 

(4.19) dqd/d70 = 0. 

I t  is readily verified that  the magnitudes of + p  and +d have maxiina a t  the root of (4.15) 
Thus differentiating (4.17) again and substituting (4.18), 

evaluated a t  this root. When z~ > 0, the right-hand side of (4.20) is positive, so that  
we have a miniillurn in + d .  Assuming the plate wall to be negatively charged and +d to 
be negative, this ineans that  the magnitude of +, has a inaximum. When zp < 0, we 
assume +d is positive and again the magnitude of +, has a maximum. Similar considera- 
tions apply to + p .  

The physical basis for the maxima call be understood on examining the potential + A  

which is given by (3.16). The electrostatic work gained when an ion of valeilcy zp is 
adsorbed on the I.H.P. is not zse+p but z s d A ,  and by (3.16) and (4.9), 

(4.21) Z P ~ A  = zp7~9-X~ 

where v A  = d A / k T .  I t  follows from (4.13) and (4.18) that  a t  the maxima, 

which does not vanish. This implies that  + A  increases steadily in magnitude with the 
plate potential. However, by (3.16), 

and the two terms on the right have opposite signs. At sinall coverages, + p  = + A  and 
the first term dominates. At the value of x defined by (4.15), the two ternls in (4.23) 
cancel one another and for larger coverages, the second (self-atmosphere) term is the 
larger. The classical Stern theory is obtained by putting g = 0 and p = 1 in equation 
(4.5). This means that the self-atmosphere tern1 on the right of (4.23) is absent and 
therefore d+p/d+o is always positive. 

hilaking use of (4.2) and (4.9), it is readily verified that  the self-atmosphere term 
(3.13) is given by 

(4.24) zPe4p1'/kT = - x .  

At the inaximum in l + d J ,  x = 1 and by (4.9) the fraction of sites occupied by adsorbed 
ions is conveniently obtained from values of Q. In Fig.7, we have plotted Q in pcoulombs/ 
cm2 for various values of the relative position -y/d of the I.H.P. in the inner region and 
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of the dielectric constant e l ,  choosing T = 25' C and d = 5 A. These values are sym- 
metrical about -y/d = 0.5. The fraction of adsorption sites occupied a t  the inaxirnuin is 
approximately Q/lzalg:liae. For a density of adsorptioil sites N ,  = 5X1014, Mae = 80 
~coulombs/cm', and it is seen from Fig. 7 that for lza = 1 and a typical range g = 1 

1 7. Plot of Q  against -y/d; Q / q g  eclllals approximately the charge density of adsorbed ions a t  the 
maximr~m in ~ , i ) .  

to 2, the coverage of sites a t  the masimum is less than 5%. Furthermore, this coverage 
is reduced by the factor I/lzaJ, \\-hen 1 . ~ ~ 1  > 1. 

From their measurements on the rate of change of differential capacity with the 
chemical potential of the electrol>.te a t  the mercury -aqueous electrolyte interface, 
Grahame and Soderberg (7), Grahame (8), and recently Grahame and Parsons (9) 
determined the variation of $, xvitl~ $o and obtained a maximum in J$,l when univalent 
anions are adsorbed by the mercury surface. Comparison of the theory developed in 
this paper xvitll the experimental results of Grahame (8) 011 the adsorption of iodide 
ions i l l  the mercury - ICI electrolyte system at  25' C will now be made. Since the plate 
wall is metallic, we shall assume g = 1. There is one difficulty encountered in the inter- 
pretation of these experiments which is relevant to our comparison and which concerns 
the value to be chosen for thc ratio r/d. Two methods of determining -y/d have been 
devised ancl it xvould appear that these disagree. In one method a relation which is 
obtained by adding (2.1) and (2.2) is employed, namely 

where 

is the capacity of the outer zone. I t  is possible to determine all the quantities in (4.25) 
except IC and IC2 and these can be calculated from the experimental data. We should 
mention that the experimentally determined potential a t  the illercury wall includes the 
so-called Lange x-potential which may be regarded as originating in the dipole layers 
a t  the interface. Grahame ( I )  corrects for this by subtracting a potential difference of 
0.488 volts, which is observed a t  the electrocapillary maximum (when no = 0) of an 
unadsorbed electrolyte and in this way obtains a value for the potential which can be 
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attributed to  the true charge distributed and will be identified with the potential Go 
iiltroduced in this paper. The relation (4.25) nolv yields y ld  = 0.4, which varies very 
little with us. 

The alternative inethod of calculatiilg yld,  xvhich is simplified by Grahame and 
Parsons (9), iilvolves the equatioil (4.5) for g = 1 and zs = -1. Malcing use of (4.6), 
we may express (4.5) as 

(4.27) log, ((usllnf) -eGdlkT-P log, (1 - p~slS,zse)  = B+ (r/d)e(Go-Gd'd)/kT, 

where B is a coilstant characteristic of the adsorbed ion and the adsorbing surface. The 
above authors omit the last term on the left-hand side of (4.27) and on exanliiliilg the 
variation of Go-& with the left-hand side of (4.27) a t  fixed uo find that both B and y ld  
depend on go. For example, with KI ,  y ld  increases from 0.4 to 0.8 as uo changes froin 
-4 to 18 pcoulombs/cm2. However, such a variation in y/d is most unlikely since it  
would imply distances of the adsorbed I ion froin the mercury surface sinallel- than its 
radius (2.18A). In Table 11, we have substituted Grahaine's data for electrolyte con- 
ceiltrations c = 0.05, 0.25 and 1.0 M K I  into equation (4.27), assuming that y ld  has 

TABLE I1 

(ICI a t  25" C, -,/d = 0.4, P = 1.83, N,e = 80.1 p c o ~ ~ l o ~ i ~ b s / c n ~ 2 )  

G n o  - - * a  -*<I 
(mole/l.) j (pcoulon~bs/cn~2) (volts) (volts) B B "' 

11.35 io .  21 
11.45 8.87 
11.78 11.06 
11.19 9.58 

the fixed value 0.4. The parameter p is determined by choosing the same value for B 
when uo = -4 and 14 pco~Ioinbs/cin~ a t  c = 0.05 N KI.  B* is the value of B when 
the co-area term is omitted. The results in this table demonstrate that the iilsertion 
of the Flory-Huggins co-area terin on the left of (4.27) largely removes the anomalies 
of strongly varying B and y ld  and so the txvo methods of determining y ld  are in reason- 
able agreement. 

Most recently Mott and Watts-Tobin (15) arrived a t  the result (3.17) by arguing 
that for small concentrations of adsorbed counterions the lines of force are approxiinately 
normal to the mercury wall in the inner region. They also introduced an additional tern1 
in the adsorption energy of the couilterion which is proportional to the 312th power 
of the surface density of adsorbed ions and which, in our notation, reads 

2 nz0usey2 
E I ~ O  

This term is intended to serve the same purpose as our co-area term, nainely to correct 
for varying B and yld. However, i t  resembles the second-order term in the expansion 
(3.11) and will therefore be practically eliminated wl~en the nlultiple image reflectioils 
in the O.H.P. and mercury wall are properly introduced. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



534 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1962 

The equation (4.27) directly involves the co-area and discrete-ion effects but  not the 
dielectric constant el ,  of the inner region. However, the polarization energy of an absorbed 
ion has been omitted in the expression (2.11) for the chemical potential po and therefore 
in (4.27). This energy is related to the depe~ldence of €1 on the density v of adsorbed 
ions and is usually regarded in colloid theory as the source of the apparent increase 
of specific adsorption potential with the polarizability of the ion, e.g. from F- to I-. A 
simple expression for this energy term can be obtained by assuming that the adsorbed 
ion is enlbedded in a homogeneous medium of dielectric constant el. According to the 
linear relation (3.17), the electric field acting on the ion is equal to (#O-$d)/d and hence 
its polarization energy is given approximately by (27) 

making use of (2.1) and (2.2) and ignoring any 'natural' or 'residual' field when uo = us = 0. 
\Vhen p$ is added to the expression (2.11) for ps, there is a corresponding new term 
on the right-hand side of (4.11) given by psp/kT and 70-qd is expressed in terms of qd 

and r by (4.10). This tern1 should also be added to the left-hand side of equation (4.27). 
However, little is known about the magnitude of the derivative ael/dv. Grahame and 
Parsons (8, 9) have found that for KI  and KC1 electrolyte -mercury systems, K and 
therefore e l ,  depend only slightly on v and this is consistent with the small variation 
in B denlollstrated in Table 11. The iilsertion of the polarization term in (4.27) should 
affect somewhat the value of p but since an independent estimate of del/dv is not ltnown, 
we shall not pursue this further. 

Let the experimental values of g o ,  us, #d, and $0 a t  the maximum in be u0("), 
$d(m), and $o(") respectively. Putting zs = - 1, and making use of (4.9), the relation 

(4.15) becomes 

x = l -  p 2um) /N,e 
~7 = l+h,  say. 

l+pd  /N,e 

Also, putting g = 1, y/d = 0.4, d = 5 A, and p = 0 and 2, we can determine U ~ O = C ~ ( ~ ) / X  

a t  the maximum and hence, from (4.2) and (4.9), the capacity K and the dielectric 
constant el  of the inner region. Finally, the value of #o(") is calculated from (4.10) a t  a 
given electrolyte concentration c. Comparison with the experimental values for #o(m) 

obtained by Grahame (8) for three electrolyte concentrations of KI  are shown in Table 
111. Since the properties of the inner region are expressed in terms of the parameters 
y/d and I< only, €1 is proportional to the value chosen for d. The experimental values 
for K correspond to an empty inner region, i.e. us = 0, and are assumed to depend on uo 
only. We have also plotted (Fig. 8) the variation of $0 with $d in the case of 0.05 N KI for 
p = 0 and 2, y/d = 0.4, and the fixed (theoretical) values of K given in Table I11 
(K = 25.2 and 22.0 pfarads/cm2 respectively). In the comparison with the experimental 
points of Grahame (8) it is convenient to choose the same value for #o(m). When p = 0 
and g = 1, it is possible to eliminate x from the equations (4.10) and (4.11) and so 
obtain a single equation relating qo and qd. Putting ZO = -1, this reads 

KC 
sinh Qzq, = 

Bna-trno - exp [81d+710 - C] 
+ %c d d 

We see from Table I11 that if K is assumed independent of $0 a t  a given concentra- 
tion c, its theoretical value a t  the maximum in ( # d l  is less than the experimental value 
for us = 0 and the same uo. The dependence of K on $o a t  a given c is probably the 
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TABLE I11  
Values of parameters a t  maximum in 

(ICI a t  25" C, ?/d = 0.4, d = 5 A; c in mole/l., ao("), up('") in pcoulo~nbs/cni~, 
,J,,("'), ,Jo("') in volts, K in pfarads/cniZ) 

Experimental data 

Theoretical values 

p = O ( h = O )  p = 2  
- 

c (l/K)(dK/dvo) K €1 -+Oh) K €1 - , ~ ~ ( m )  It 

K independent of $0 at  specified c 

0 .1  21.5 12.1 0.45 19.1 10.8 0.49 0.122 
0.05 25.2 15.8 0.33 22.0 12.5 0.37 0.145 
0.025 28.0 17.6 0.26 24.1 13.6 0.20 0.16'2 

K dependent on $0 a t  specified c 

0 .1  0.0'24 30.1 0.35 27.6 0.37 
0.05 0.022 31.7 0.28 28.3 0.31 
0.0'25 0.024 34.0 0.23 29.7 0.25 

-0.09 1 I I I I f I I I 
0 -0.2 -0.4 - 0.6 -0.8 

(volts)  

FIG. 8. Plot of $d against $0: 0 = experimental points. Mercury-electrolyte interface, 0.05 N KI. 

main source of the difference, a secondary factor being the neglect of the polarization 
term (4.28). Introducing this dependence, the maximum in I # d l  is no longer defined 
by (4.15), but, from (4.10) and (4.11), by 

where t = (I l l<)  (dK/dqo),. Putting g = 1 and za = -1, this may be written as 

K E ~  K = -- sinh izqd (rn) - 1- ( d / ~ ) h t  &y (m) 

2 n-z l+h  k ~ d ~ ~ ~  

where h is defined in (4.29) and id(m) = e#d(m)/kT. The values of t can be estimated 
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from Grahame's data a t  us = 0 if K is assumed iildepeildent of uB. I t  is seen fro111 Table I11 
that  the theoretical values of K now exceed the experimental ones, although the agree- 
ment is somewhat closer for p = 2. The difference between the theoretical and experi- 
mental values of #o(m) is greatly reduced a t  c = 0.1 and p = 2 but poorer agreeinent 
is obtained a t  c = 0.025 mole/l. Also, i t  readily follo\vs from (4.11) that on the cathodic 
side of the maximum, where x  =: 0,  the difference between the theoretical curves and 
the experimental points in Fig. 8 can be attributed to a drop in K with illcrease ill 
I # o J .  However, the experimental decrease in I< froill 26.4 to 21 pfarads/cm%d~en uo 

varies from -5 to - 14 pcoulombs/cm2 and us = 0 is found to overcorrect for 4 = 2. A 
more detailed comparison seems ullwarranted without the inclusion of the polarization 
energy and other factors, such as electrostriction, which have been ignored in the simple 
model of the inner region employed in this paper. 
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APPENDIX 

Suppose that the inner region, of dielectric constant €1 and thickness d ,  is bounded 
by two perfectly conducting walls and that the I.H.P. coincides with the illedian plane, 
i.e. /3 = -y = d/2.  In the cutoff approximation, 4B1' is the potential a t  the center of a 
circular disk, situated in the 1.1-I.P. and having radius r o ,  due to a uniform charge 
density -uB on this disk. We need to consider an infinite set of images associated ~vi th  
multiple reflections between two equipotential surfaces (f = 1) a t  separation d. (The 
array of images is illustrated in Fig. 6 in the more general case where f # I and -y # /3.) 
The expression (3.5) is replaced by 

When T > 1, it  is possible to replace the series by a much more7rapidly converging 
series by applying the Poisson summation formula in the following way.* Let F(x)  be 
a function which is integrable in the range (-a, m )  and is defined as$(  F(x+O) + F(x -0 ) }  
a t  points of discontinuity. Then, putting 

G ( y )  = S m F ( x )  --a exp ( -2r iyx)dx ,  

the Poissoil suinmation formula reads 

where the suinmation is talten over integral values of x  and y  only. If this is applied 
to the function 

{ v ' ( T ~ + x ~ )  - x }  exp (a ix ) ,  x  > 0 
(A.4) x = O  

x < 0  

*The  azrthors are indebted to Professor G. E. H. Reuter of Dzrrhanz Universily, for brilzging this rnelhod to llzeir 
alte?ztion. 
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LEVINE BT AL.: DISCRETESESS-OF-CHARGE EFFECT 

then (A. 1) becoilles 

Now 

(A.6) G(y) = S m j d ( T 2 + r 2 )  -x ) exp { -2lri(y - t ) x ) d x  

integrating by parts twice. Noting tha t  

it follo\vs that  

where 

and so* 

Thus, writing m illstead of y, we obtain (3.14). 
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ABSTRACT 

Potential-energy surfaces are considered for the 0 4  complex, treated as the three-body 
complex 0 . . . 0 . . . 0 2 .  By means of these it is shown that 0 ( 3 P )  reacting with O3 may give 
rise to a molecule of 0 2  in its g r o ~ ~ ~ l d  state and one in any of the states 32,- (ground), 'A,, 
and 'Z,+; %,,+ cannot be produced. Most of the oxygen molecules produced are expected to 
be in the ground electronic state, but will be vibrationally excited. Such molecules are readily 
deactivated and unlilcely to lead to energy chains by the reaction 

02* + 0 3  -) 202 + 0. 
Such chains are therefore unlikely in the thermal deco~nposition and in that initiated by visible 
radiation. In ultraviolet light O('D) atoms are produced and the potential-energy surfaces 
show that these give rise very efficiently to O('D) + 0 3  + 0 2  + 0?(3Zu-); the latter have 
141 kcal in excess of the g r o ~ ~ n d  state. I t  is suggested that the subsequent radiative process 

is responsible for sustaining the population of vibrationally excited oxygen molecules in the 
ground state and that these propagate energy chains, as postulated by McGrath and Norrish 
(I).. The significance of these concl~~sions is discussed with reference to the experimental 
evidence. 

INTRODUCTION 

Recent papers (2 ,3 )  have been concerned with the evidence for and against the existence 
of energy chains in the thermal and photochemical decomposition of ozone. There is 
general agreement that,  in the thermal reaction and that brought about by visible (red) 
radiation, there is production of oxygen atoms in their ground (3P)  states, and that in 
ultraviolet light, excited (ID) atoms are produced. An important question is whether 
these two types of atoms can give rise to energy chains by reacting with 0 3  and produciilg 
excited oxygen n~olecules which can regenerate oxygen atoms by reaction with 0 3 .  

Bellson (3)  and McGrath and Norrish (1) have argued that the experimental evidence 
supports the conclusion that 0 ( 3 P )  atoms canilot give rise to chains, but that  O(lD) 
a t o ~ n s  do; in other words, there are energy chains in the ultraviolet reaction, but not in 
the thermal reaction or in the reaction brought about by red light. These authors, how- 
ever, have postulated quite different mechanisms for the reaction in the ultraviolet. 

I n  the present paper we examine the question from the standpoint of potential-energy 
surfaces, and arrive a t  conclusions that are essentially the same as Benson's. I t  is sug- 
gested, however, that a modified McGrath and Norrish mechanism is probably correct 
for the ultraviolet reaction. 

POTENTIAL-ENERGY SURFACES 

The course of a reaction between oxygen atoms and ozone molecules may be considered 
with reference to the potential-energy surfaces for the O4 system. Figure 1 shows that 
this requires six parameters for its complete description, but for convenience it may be 
considered as the three-body systeln 0 . . . 0 . . . 0 2 ,  and energy plotted as a function 
of the two distances 71 and 72. Such a potential-energy surface, shown as Fig. 2, may be 
regarded as a section through the complete seven-dimensional diagram required for a 
tetratomic complex, this section relating to a particular interatomic distance r' and to 
particular values for el and e2 and for the torsional angle 4. 
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FIG. 1. The O4 species. 

E4 

FIG. 2. Potential-energy surfaces for 0 4 ,  treated as the three-body system 0 . . . 0 . . . 0.. 
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McKENNEY A N D  LAIDLER: OZONE DECOMPOSITION 541 

Figure 2 shows two sets of curves, one for rl very large (i.e. for 0 + 03) and the other 
for r? very large (for O2 + 02). These curves are connected by surfaces within the 
diagram, and reactions must involve motion along a potential-energy surface, possibly 
with a jump a t  a suitable crossing point. 

The initial state of the reaction 0 (3P)  + 0 3  is represented by point A in the diagram, 
and points B, C, and D represent the possible final states; experimentally (4) the acti- 
vation energy is G lccal, so that the production of OZ(~Z,-) + O Z ( ~ Z ~ + )  is excluded on 
energetic grounds since the final state E lies 8 lical higher than the initial state. The 
reaction paths connecting A with B, C, and D are represented schematically in Fig. 3. 

Reaction Co-ordinate 

FIG. 3. Sectioli through Fig. 2, sho\ving the possible reaction paths. 

If the splitting of the surfaces occurs after the activated state the probabilities of forming 
the %,-, la,,, and lZ,+ states will be respectively 1/2, 1/3, and 1/G, correspolldillg to the 
multiplicities. (The lA, state is doubly degenerate.) I t  is also possible for the activated 
complex for the formation of 'Z,+ to be higher than that for 'A,, which may be higher 
than that for 3Z,-; i n  this case the probability of forming 01(3Z,-) is greater than 1/2. 
Most of the energy released in the reaction will therefore pass into 11011-electronic forms, 
and will be readily dissipated on collisions. 

For energy chains to be set up the reaction 
On* + 0 3  + 202 + 0 11 I 

must occur. The A H  for this reaction (5) is 25.7-E,, where E ,  is the excitation energy 
for the 0 2  molecule, so that for the reaction to be exothermic E ,  must be a t  least 25.7 
kcal. This condition is only satisfied by the 'Z,+ state or by the lower ('A, and %,-) 
states if they have sufficient vibrational energy. Since, however, the 'Z,+ state is formed 
with, a t  the most, a probability of 1 / G ,  and vibrational energy is readily dissipated, i t  is 
clear that the formation of oxygen atoms by reaction [I] will occur only with low efficiency. 
Energy chains cannot, therefore, be of ally importailce when 0 ( 3 P )  atoins are involved, 
i.e. in the thermal decomposition and in the photochen~ical decomposition induced by 
visible radiation. 
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Point F in Fig. 2 represeilts the system O(lD) f 0 3 ;  it is connected by a surface to  
the curve passing through G and correspondiilg to  the formation of 0 ~ ( ~ 2 , - )  f 02*(3Z,-). 
The latter species has an energy of 141 kcal in excess of the ground state. Schumacher 
(2) has pointed out,  as evident from Fig. 2 also, that  this reaction is endothermic, the 
difference in energy between the initial and the final state being 2 kcal. One would expect, 
therefore, that  this reaction should have an appreciable activation energy. Benson (3) 
has answered this objection by taking into account the fact that  the 0 atoms can have 
excess trailslational energies, which are dissipated relatively slowly, and hence the 
production of 02*(3&-) n~olecules can be quite fast a t  high 0 3  concentrations. The  nature 
of the surface does not permit the formation of the second nlolecule of oxygen in any 
lower excited state, except with very low probability. The  highly excited 3Z,L- molecules 
have a short life of 2.5X 10-"second (6) due to  the radiative process 02(3Z,,-) + 02(3Za-) f 
hv, which gives rise to the Schumann-Runge emission bands of 0s .  The ground-state 
oxygen molecules produced by this process will, according to the Frank-Condon principle, 
give vibrationally excited Oz molecules in exactly those levels observed in the ozone 
photolysis by McGrath and Norrish. This can be readily seen by reference to  Fig. 4. 

I t  is perhaps significant that  these workers (8) observed a maximum value around 
v" = 13 (53.5 ltcal/mole) in the vibrational energy distribution. There is no explanation 
for this maximum given in their paper, and one would expect that  if vibrationally excited 
0 2  molecules were produced solely by the endothermic process 

the populatioil of these vibrational levels should be a maximum a t  the lower energy levels. 
The  fact that  there is a maximum a t  v" = 13, however, strongly suggests that  the popu- 
lation of these vibrational energy levels is a result of the process 

As can be seen from Fig. 4, the transition froill the minimum of the 3Z,- state would 
produce 0 2  molecules in the ground state (3Za-) in roughly the 12th or 13th vibrational 
level. This should then be a maximum, as is the case. The  radiation given off in the 
process is of very short wavelength (2000 A) (2) and consequently would be absorbed by 
undecomposed ozone. 

DISCUSSION 

The above conclusions are consistent with the experii~lental results of the afore- 
mentioned authors. Some specific remarks about the decomposition mechanisin may now 
be made. 

McGrath and Norrish (1, 8) flash photolyzed, using ultraviolet radiation, a mixture of 
0 3 ,  H20, and Nz in the ratio 1:3:100, and obtained strong OH absorption. This is 
attributed to the occurrence of the exothermic reaction 

O('D) + Hz0 + 20H + 20.2 kcal. 

Hydroxyl radicals could not be obtained with 0 ( 3 P )  atoms, owing to the endotherinicity 
of the reaction 

0 ( 3 P )  + Hz0 -+ 20H - 16.8 kcal. 
In agreement with this the addition of water has little or no effect on the thermal decompo- 
sition of ozone (3, 9). 
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McKENNEY AND LAIDLER: OZONE DECOMPOSITION 

FIG. 4. Potential-energy curves (7) for the 0 2  ~nolecule, showing that  a maximum in the vibrational 
energy distribution is expected for v = 13 for + 3Z(7-. 

The most likely inechailisin for the thermal decompositioil of ozone (where only 0 (3P)  
atoms can be produced) is that of Bellson and Axworthy (lo),  which is 

0 3 + M F ? O + O ? + M  12 I 
0 + 0 3 + 2 0 2 .  [3 1 

At  the ordinary pressures the first reaction will be in its second-order region (11). The 
probability of forming electronically excited 02('2,+) is very low, as was pointed out 
above, and therefore the possibility of energy chains in the thermal reaction is excluded. 
If, however, energy chains were involved, the following reactions would have to be added : 

0 + 0 3 - ' 0 2 + 0 2 *  [41 

0 2 *  + 0 3  ' 202 + 0, [5 I 
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544 C.4NADIAN J0URS:lL OF CHEMISTRY. VOL. 40, 196'2 

but Bells011 and Axworthy (4, 10) showed that this led to a lcinetic scheme which is 
inconsistent with experiment. 

Similar coinments apply to the worlc with visible radiation, which produces O(3P) 
atoms. The quant~inl yields are probably (3) always less than 2, so that there is no 
evidence for energy chains. 

The inost probable mechanism in ultraviolet light involves as the initiating step 

0, + hv + 0 2  (singlet) + O('D). [GI 

The oxygen molecules must be in a singlet state for spin conservation; it may be the 
lZ,+ state, which requires that  the wavelength is less than 3100 A. Reaction [6] will be 
followed by 

+ 0 3  + 02(35a-) + 02(32,,-), [7] 

as discussecl above, and this is followecl by the rapicl transition 

The propagation of the chain then takes place by the vibrationally excited 02'1;(3x,-) 
lnolecules of excitation energy > 69 lccal reacting with ozone, i.e., 

The latter reactioil is the essential feature in the McGrath and Norrish mechanism. 
The termination steps are probably 

where M represents a molecule of oxygen, ozone, or an inert gas. 
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HIGH-PRECISION VOLUME TITRIMETRY 
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ABSTRACT 

\\rays in which the ultimate limit of volume titrimetry may be reached are analyzed: the 
most suitable approach, based essentially upon the use of a bulb burette, allows, in theory, a 
mechanical precision better than that of the best weight techniques to  be obtained, and the 
various factors influencing this precision are detailed. Several end-point syste~ns potentially 
sensitive to considerably better than 1 part per n~illion (p.p.rn.) are discussed. An attempt 
a t  high precision with the iron(II)/dichromate titration, using relined equipment and a n  
a~nperometric end point, is described: the observed precision was 0.7-1.1 p.p.m. for two 
experiments of about eight titrations each; the calculated precision, estimated from the 
resultant of the con~ponent precisians, was about 0.9 p.p.m. The ultimate limit. of precision 
of any titri~netric operation, whether by weight or by volun~e, is shown to be about 0.1 p.p.m. 

INTRODUCTION 

Accounts of atteinpts to use titrimetric apparatus a t  the limit of their precision have 
appeared fairly frequently over the past 50 years. One of the illost recent is that of 
Bishop (I), who has determined the attainable liinits of weight titrimetry using refined 
apparatus and techniques: under the most favorable circumstances, and by working 
under "atomic weight" conditions, the highest precision obtained by him was &13 parts 
per million (p.p.111.) for five titrations of arsenious oxide with potassiuin bromate. The 
overall mechanical precision was shown to be about &2 p.p.in.; consequently, the 
greater part of the previous value would appear to be due to uncertainty in the locatioil 
of the (graphical potentiometric) end point. This view is corroborated by reference to 
the worlc of Richards and Forbes (2), who, in their classic atomic-weight experiinents 
involving the conversion of silver to silver nitrate, obtained a precision for the ratio 
Ag:AgNO, of &2.7 p.p.111. in six determinations, or about the same as the estiinated 
overall precision of the weighings. An interesting combination of techniques was used by 
Baxter and Hale for their determination of the atomic weight of iodine (3): weighed 
amounts of iodine pentoxide and sodium carbonate were allowed to react in solutioil and 
the neutralization completed volumetrically using broinothyinol blue as indicator. The 
indicator exhibited a complete color change over the range 10 p.p.m., and an overall 
precision of &13 p.p.n~. for seven determinations was attained. 

The attainable liinits of volume titriinetry using coi~vei~tional apparatus have been 
determined (4-7); minor changes in the apparatus allow improveinents to be made, as 
exemplified by refs. 5 and 8; the present worlc discusses ways in which the ultimate limit 
may be reached and describes an attempt to reach this limit with refilled equipment. 

In the following account it is understood that the levels of precision being considered 
are often considerably better than the accuracy and consequently may be of diminished 
value. Aspects of accuracy have been fully discussed by Bishop (1) and will not be 
considered here. 

PRECISION OF VOLUME TITRIMETRY 

The ultimate precision of any titration is limited by the precision of the mecl~anical 
ineasureillents and by the sensitivity of the end point. For the purpose of the present 

'National Research Council of Calzada Postdoctorate Fellow, 1959-61. Present address: Soil Bureau, P.O. 
Box 8001, TVellington, New Zealand. 

Canadian Joun~al  of Chemistry. Volume 40 (I9G3) 
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546 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

work the system to be considered is that of a simple titration of one reagent with another. 
For maximum precision, 50 ml and 0.1 N are adopted as the nominal opti~num volume 
and concentration, respectively, of each reagent. In  the following account all values of 
precision are expressed as a standard deviation. 

Mechanical L imi t  of Volumetric iMeasurements-Pipettes 
A constant temperature is an inherent requirement of any precise voluilletric operation. 

This means that,  in practice, the volun~etric apparatus has to be immersed in a liquid bath 
suitably thermostatted. Because of this immersion, and because the degree of temperature 
control required (see later) and the need for preventing evaporation prohibit the transfer 
of liquid in the usual manner, a conventional pipette is unsuitable and something akin 
to a burette must be used. 

Xechanical L imi t  of Volumetric Measurements-Burettes 
Other things being equal, the precision of a burette is a function of the tube diameter 

(5). Bulb or chamber burettes, in which the capacity is divided between a bulb and a 
finely divided graduated section, are often used to secure a moderate increase in precision 
a t  the expense of a restriction in range, and the carrying through of this principle to its 
logical conclusion allows the ultimate in precision to be obtained.* 

The various factors influencing the precision of a burette have received detailed 
attention (5). Given adequate control of temperature and pressure, the mechanical 
precision of a bulb burette will be limited only by 

(1) precision of the initial setting, 
(2) precision of the volutne of liquid remaining on the walls after delivery (the wall 

film), 
(3) precision of the drainage, 
(4) precision of the final setting. 
To  achieve inaximum precision of the initial setting, the top of the bulb can be fitted 

either with a short graduated section, when siinilar considerations as for (4) would apply 
(see below), or with an "automatic zero". Of the various types of automatic zero currently 
in use, one similar to  that shown in Fig. 1 is to  be preferred. The internal diameter of the 
inner tip may be made as fine as required, since it  is not subject to the same limitations 
as a graduated section (see below), and consequently the variability of the automatic 
zero may be rendered negligible. This factor, together with the automatic zero's positive, 
convenient, and unambiguous operation, renders it indispensable for precise work. 

The variability of the wall film should not be a significant factor provided that the 
burette is not exposed to vibration (6). Unfortunately, the outflow rates for delivery 
from the bulb and froin the graduated section, as determined by consideration of (2) 
and (3), see below, are not the same; hence provision must be made for changing the rate 
of outflow as the meniscus passes from the bulb to the graduated section. The decrease 
in the wall film owing to  the decreased rate of delivery while setting to the mark, and the 
effect of this upon the overall precision, nlay be rendered negligible by an adequately 
long delivery time. 

*Syringe burettes, i n  which the movement of a piston inside a precision-bore tube i s  controlled by a nzicronteter 
head, have found increasing use over the past few years (49). However, apart from the d$culty of thermostatting 
such a burette, purely nzechanical considerations preclude its use here. For example, the typical n t in imum 
division of a good micrometer head i s  0.001 cm; assunzing that 0.1 of this division i s  to be equivalent to, say, 
0.00001 inl, then the maximzim syringe diameter i s  about 0.3 cm, and would require a length of 6 nz to contain a 
50-ml volzc?tze. Conversely, a syringe 1 0  c?n i n  length and 6 cnz2 i n  cross section would require a micrometer head 
sensitive to 20  n ~ p .  Clearly, syringe burettes are impractical for high-precision work. 
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DEAN: VOLUME TITRIMETRY 

FIG. 1. Autonlatic zero. With B hlled, the level in A is allowed to rise above the inner Lip. The zero is 
then set by withdrawing liquid through the side arm until the level has fallen below that  of the inner tip. 

The influence of drainage over the time required for a titration ma~7 be prevented by 
an adequately long delivery time (6). 

The variability of the final setting may, in theory, be made smaller indefinitely by 
reducing the internal diameter of the graduated section (5). In practice, however, there 
is a lower liinit of between 0.5 and 1.0 mm, depending on the design of the burette, below 
which the outflow time becomes inconveniently long. 

Consequently, of the four contributing precisions, the last is likely to set the overall 
limit. Using the results of Dean and Herringshaw (j), and the inost accurate setting that 
can be expected with small tubes (i.e., between settings 1 and 2 of ref. 5), values of (4) 

TABLE I 

Calculated precision of the final setting 

Bore of graduated Calculated precision Precision referred 
section (mrn) of setting (1111) to 50 rnl (p.p.m.) 

1.25 0.00002 0 . 4  
1 .oo 0.00001 0 .2  
0.75 0.000004 0.08 
0.50 0.0000015 0.03 

can be calculated, and are presented in Table I. By comparison, it is unliltely that a 
weight burette plus 50 g of liquid could be weighed reliably to better than 1 5  pg, or to 
about 1 0 . 1  p.p.m. (1). 

Limiting Sensitivity of the End Point 
Hitherto, the sensitivity of the end point has proved to be the limiting factor in the 

quest for high precision (see, e.g., ref. 1). As the sensitivity of the end point is largely 
subjective it is not possible to quote exact values; Table I1 summarizes some values for 
sensitive end points which have been reported in precise work. While even the best values 
of Table I1 are still approximately two orders of magnitude greater than the practical 
limit of mechanical precision, it is possible to achieve considerably better sensitivity by 
careful selection of the reagents and method. Two such methods are outlined in Table 111 
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TABLE I1 

Observed sensitivity of some sensitive end points 

Method of 
locating 

end point 
Sensitivity" 

P P I  Ref. 

I Borax/hydrochloric acid 
Photo~lletric Ferrocyanide/Ce(lV)/Victoria 

Green 
As?OS/KBrOa 

Oxalate/perrnanganate 

*For titrations involving 50 ml of 0.1 N reagent, or equivalent, except lor borax/l~yclrocliloric 
acid (0.5 N). 

Visual 

TABLE 111 

Fe(II)/dichro~nate/barium 
diphenylamine sulphonic acid 

Iodine/thiosulphate/starch 

Calculated sensitivity of two sensitive methods of detection 

Borax/hydrochloric acid 
Ferrocyanide/Ce(IV)l\iictoria 

.Green 
As,0J/I<Br03 

Mini~num detectable 
R/Ii~lim~~rn detectable change in 

change in concentration, concentration, referred 
hlethod Reagent NX lo8 to  0.1 N (p.p.m.) 

'XTlie minimum detectable chance in concentration, AN.  was calculated from A 8  = Ad/el .  where 
Ad = minimum detectable change-in optical density = 0.002; 1 = path length- 4-5 c m '  and c = 
?ror?~ral extinction coefficient = 450 a t  520 nip (14). 5.000 a t  320 ~ n p  (15). and 13,000 a t  353 mp (1G) lor 
ICMnOa, Ce(lV), and iodine. respecti\,ely. 

tExperimetits involving (Fe(1I)I from 0.1 N to  0.0002 N in botli macro- and micro-titrations, and 
\vitli various amr>erometric pairs, liave shown tha t  in solutions N to sulpl~uric acid and 0.5 Ad to  ortlio- 
pl~osphoric acid tlie change in [Fe(lI)] reauirecl to produce a change in current of 1 pa/cmz of electrode 
area (based on one electrode, both electrodes equal) under a n  applied potential difference of 300 ~ n v  is 
fairlv constant a t  2 X  10-8 A'. The minimum detectable chanae in concentration was calculated b v  
assuhinc electrodes eacli 1 cmZ in area. a rralvanometer of f.s.d. = 0.1 ua. and a minimum reliable clia~ic% 
in defle<ion of 1% f.sld.. or  about 0.601-pa. (Even this value can b i  eiceeded by a t  least one order of 
~iiagnitucle by the sensitivity ol  some commercially available instruments (see, e.g., ref. 17).) Note tli;lt, 
for Fe(II), and under similar conditions ol  electrode area a ~ i d  galvanometer sensitivity, the method is 
more sensitive tliari the "sensitive end point procedure" of Cooke. Reilley, and Furman (18). 

iEstimated from tlie value for Fe(I1) by comparisoti with tlie results of Stone and Scl~olten (10) 
$From the results ol Sease el  01. (20) ant1 corrected to tlie same conditions as for Fe(l1). 

and show that, i11 favorable cases, and provided that  the conditions are carefully chosen 
to enable the full  sensitivity to be realized, the l i i n i t i n g  sensitivity of the end point can 
be made to equal or even exceed the limiting mechanical precision. 

AN ArrTEi\/IPT A T  HIGH PRECISION WITH THE IROi\ '(II)/DICMRO~IATE 
TITRATION USING AN AMPEROMETRIC E N D  POINT 

The iron(II)/dichromate titration was chosen because the exceptionally low bac1;ground 
and completeness of reaction at the end point allow the full sensitivity of the  amperometric 
end point to be realized. The basis of the apparatus was a pair of 50-1111 bulb burettes 
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DEAN: VOLUME TITRIMETRY 549 

with a 0.5-1111 graduated section, designed in accordance with the previous considerations, 
and made of I<imble I<G 33 borosilicate glass to special order by Ace Glass Inc., Vinelalid, 
Yew Jersey. The completed apparatus is show11 cliagrammatically in Fig. 2. I t  was 
situated in a baselllent laboratory, free from vibration and excessive variation in 
temperature. 

FIG. 2,  Apparatus for high-precision volu~lle tltrlmelry. 

1-5 = Icimble S ~ O P C O C ~ ~ S  with Tcflon plugs (For 3-necked flaslc contains a solution of Fe(I1) 
clarity, stopcoc1;s 1-3, and E, have been similar to that in F. The long U-tube of 
turned through 90'; 4 and 5 through 180°, 7-mrn tubing (capacity -20 ml) guards 
about the vertical; 4 and 5 are of 1-mm against momentary overloads.) 
bore.) 1-1 = silicone-rubber connections secured with 

11 = automatic zero (see Fig. 1) tubing clamps (not shown) 
B = bulb, -50 ml J = 0.25-in. wall Tygon con~lectio~ls secured 
C = graduated stem, 0.5 ml in 0.001-ml divi- with tubing clamps (not shown) 

slons, of precision-bore capillary tubing I< = 1-tntn capillary tubing with finely drawn- 
D = side arm of 2-mm capillary tubing out tip 
E = capillary bypass: a slower rate of delivery L = 150-rnl beaker 

is obtained by closing tap  4 M = Teflon-sheathed stirring bar 
F = $liter "serum" bottle of Pyrex glass N = amperometric pair: a ,  insulated solid 
G = source of nitrogen a t  atmospheric pressure copper wire; b,  7-mm soft-glass tubing; c, 

(used with the F-burette only) (The 250-1111 mercury; d, -0.5-mm platinu~n wlre. 
(The D-burette etc. (not shown) are identical with the F-burette etc., except for the omission of G.) 

Tenzperatz~re Control 
A volume precision of 0.1 p.p.m. requires that  a temperature coilstant to 0.0005" be maintained. T o  

avoid the considerable difficulty of thermostatting to this level directly, a "tandem" arrangement was used: 
the whole apparatus was immersed in a large tank fitted with a Perspex window and filled with distilled 
water stirred slowly a t  constant speed, and this was immersed, in turn, in a larger tank also filled with 
distilled water and titted with a similar window. Both tanks were equipped with covers. 

The larger tank was thermostatted a t  23" (about lo higher than the maximum ann~lal  laboratory ternpera- 
ture) to h0.005° (measured in the least favorable position between the Perspes windows) using a powerful 
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stirrer and a 500-watt immersion heater controlled by a "Red Top" mercurial thermoregulator via an 
electronic relay, with a minimum heating cycle of 1 minute. LYhe~i a temperature difference of 1" was 
artificially maintained between the two tanks, the inner tank varied by about O.C.3" per minute; con- 
sequently, the inner tank should be constant to f 0.03X0.005° = 0.00015". The total volume of water 
involved was just over 0.5 m3, to which a few grams of thymol were added to prevent ~l iar i~ie  growths. 

The lower burette taps protruded from the bottom of the tank: the exposed "dead space" was kept to a 
minimum (about 0.3 ml) to minimize the effect of any changes in room temperature. Owing to  the difference 
in length between the two burette tips (Fig. 2) there was a difference in dead space of about 0.15 ml; during 
a titration, the observed change in temperature near the burette tips was never more than 0.2", correspond- 
ing to a maximum difference of 0.000005 ml with respect to 0.15 ml. The difference in thermal expansion 
between the two reagents (see later), and referred to the remaining dead space, would tend to reduce this 
figure. 

The burettes were viewed through the Perspex windows, and the upper taps manipulated by rods passing 
through seals in the windows. I t  was intended that  the inner tank should be completely immersed, but 
owing to the failure of some of the seals the tanlcs could be filled only to the lebel shown in Fig. 2, and 
consequently the inner tank was not completely isolated fro111 changes in room temperature. Fortunately, 
owing to the favorable location of the tank, room-temperature fluctuations were very small: short-term 
fluct~~ations in the inner tank could not be detected with an E-Mil GS 10300 Differential Thermometer 
(Beckniann type), minimum division 0.002", and any temperature drift was never Iiiore than 0.001" per hour. 

Sto~cocks  
Icirnble stopcocks with Teflon plugs were used in preference to  conventional stopcoclcs in order to avoid 

the use of grease. Taps 3 and 5 (Fig. 2), in particular, were required to be exceptionally leakproof, and those 
finally supplied* had to be very tight before a satisfactory performance was achieved: under these conditions 
their operation remained s~nooth ,  but the loclcwashers were ineffective and the threads were in danger of 
stripping. However, by rotating the plug in one direction only, or by manipulating with both hands, a 
satisfactory performance was achieved. Under constant temperature conditio~is, the tendency to stick, 
which is often encountered with these stopcoclcs (due to the grossly dissi~iiilar thermal expansion coefficients 
of glass and Teflon), was never observed. A small incision with a razor blade was made a t  riglit angles to the 
plug axis across the ends of the hole in the plug of tap  5; this allowed very fine control of the delivery. 

Preparation of the Apparatz~s 
The whole apparatus was cleaned with pernianga~lic-sulphuric acid cleaning mixture (prepared by adding 

powdered potassium permanganate to concentrated sulphuric acid, with stirring, until the solution is deep 
green in color; the preparation and use of this solution is without hazard) followed by thorough rinsing with 
dilute acidified hydrogen peroxide to reliiove any traces of manganese dioxide, and then with water redistilled 
from dilute alkaline perma~iganate in an all-Pyrex-glass still fitted with splash guards; the bottles and 
connecting tubes were then steamed with steam evolved from boiling dilute alkaline permanganate. The 
rubber bungs and siliconerubber connections were cleaned by immersion in boili~lg 3 N aqueous sodium 
hydroxide for two 1-hour periods followed by thorough rinsing in distilled water. 

After conditioning the assembled apparatus for 1 month with the appropriate reagents, it was again 
thoroughly cleaned, as before. Finally, the bottles were filled with freshly redistilled water and the appro- 
priate reagents added to approximately 0.1 N strength. After reassenibly, the apparatus was allowed to 
condition itself for 8 weelcs before the titrations of Table IV were performed. 

Reagents 
I t  was observed that  solutions of reagent-grade potassium dichromate, of various manufacture, in re- 

distilled water and contained in bottles treated as previously, had a strong tendency to become "greasy", 
as shown by incomplete wetting of the walls. On recrystallizing the dichromate four times from redistilled 
water according to the recommended procedure (21) i t  110 longer showed this tendency, even 011 allowing 
the solution to stand for 3 months; consequently, such recrystallized dichromate was used. 

Reagent-grade ferrous sulphate and sulphuric acid were found to  be satisfactory with respect to 
"greasiness" and were used without further purification. However, the former (like most solid reagents) 
was fou~id to contain minute quantities of dust and foreign matter, and a concentrated solution in dilute 
sulphuric acid was filtered through sintered glass and used for the preparation of the final solution. This final 
solution was deoxygenated by bubbling nitrogen through it for 7 days and was subsequently stored under 
nitrogen, as shown in Fig. 2. 

"Titration acid" was prepared by adding 100 ml of reagent-grade concentrated sulphuric acid to 100 ml 
of reagent-grade orthophosphoric acid and 200 nil of redistilled water. Ten milliliters of titration acid per 
titration produced a better end point than 5 1111, while 20 ml produced little improvement over 10 ml; 
therefore 10 ml was used per titration, giving a t  the end point [H2S04] 0.9 N a n d  [H3POl] .- 0.45 M. 

*Messrs. Ace Glass Inc. reported having great dificttlty in finding specimens of the required standard. 
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DEAN: VOLUME TITRIMETRY 551 

Atnperotnetric Apparatus 
An amperonietric "pair" (N, Fig. 2) was constructed of smooth platinuni wire -0.5 rnm in diameter, 

sealed in soft glass, with -0.7 cm or -0.1 cm2 exposed. The latter was deliberately small to avoid significant 
oxidation of iron(1I) by the oxide lilm (22). r\ potential difference of 300 Inv was applied across the pair 
by the circuit shown in Fig. 3. The pair \\.as nornially left exposed to the atmosphere (no improvement 

mirror 

1 

FIG. 3. Xluperonletric circuit. Resistances in ohms; total shunt resistance = 70 I< = critical damping 
resistance of the Leeds and Northrup mirror-galvanometer type 2285s. 

was noted 011 storing in water) except in between titrations, when the platinum was immersed in chromic- 
sulphuric acid cleaning mixture (prepared by grinding concentrated sulphuric acid with an  excess of 
anhydrous chromium trioxide) in order to maintain a sensitive response. 

A Leeds and Northrup mirror-galvanometer type 22851. (maximum sensitivity 0.025 pa for full-scalc 
deflection (f.s.d.) = 50 cm) \\.as used in conjunction with a special shunt (Fig. 3), similar in principle to 
that  used by Coolce, Reilley, and Furman (ls), constructed from high-stability resistors and which presented 
a constant resistance to the galvanometer independent of the sensitivity. The galvanometer was carefully 
checked for linearity by replacing the pair with a resistor and measuring the potential diiierence with a 
Beclanann model GS pH meter sensitive to 0.1% f.s.d. 

At the fairly slow stirring rates required to avoid loss of solution through splashing, the limiting current 
(9) is not attained, and a constant rate of stirring is essential if steady currents are to be obtained. Ordinary 
variable-speed ~nagnetic stirrers were found to exhibit random (and sonietimes very pronounced) fluctua- 
tions in speed, and so a specially constructed synchronous ~uagnetic stirrer was used together \vith a small 
Teflon-sheathed stirring bar. 

Diffusion of reagent from the very line, drawn-out capillary tips of the burettes could not be detected over 
the period required for the determination of the end point. 

Reading file Burette 
The graduated section was of Ace Glass "Trubore" precision-bore capillary tubing, about 0.12 cm in 

internal diameter (manufacturers tolerance f 0.002 cm), and 8 nim in external diameter. (Since thc outcome 
of the experiments could not be anticipated, the higher potential precision afforded by the use of a smaller- 
dianieter tube was sacrificed for the sake of a greater range in delivery.) 

The minimum division was 0.001 1111 and occupied -1 mni. All graduations were deliberately confined to 
the front. T o  avoid parallax, a strip of "\/itrolite" (mill;-white glass) carrying sinlilar graduations was 
placed behind the tube a t  such a distance (-4 cm) that the situation depicted in Fig. 4A was obtained. In  
accurate work, the need for making all readings a t  a mark has been described (5). However, if the meniscus 
was inadvertently stopped between graduations, or if the setting was not exact, then an exact reading using 
an "optical-lever" vernier could be obtained: the eye was moved until the lneniscus and the graduation 
were brought into the required relationship, when the correct position could be read off from the graduated 
backing, as illustrated in Fig. 4B. The method was sensitive to 0.01 of the minimum division, i.e., to 0.00001 
~ n l ,  which corresponds well with the value previously calculated (Table I)  despite the absence of a suitable 
baclcground (which could not be provided owing to the immersion of the burettes). 

Initial Adjz~stment  of Concentration 
Because of the restricted range of the burettes, the concentratiolls of the solutions had to be adjusted to 

suit: a solution could easily be concentrated without dismantling any part of the apparatus by blowing 
dry nitrogen through the solution via the tip of the burette. Minute bubbles of air or nitrogen that remained 
subsequently in the capillary network were easily removed by connecting an aspirator to the burette tip 
and manipulating the appropriate stopcocks. By this means a solution could be concentrated by up to 
0.1% per hour. The linal concentrations of reagents were: I<?Cr207, 0.101 N; FeSOa, 0.100 N in 0.48 N 
H?SOd. 

Titralion Procedz~re 
I n  the following account, the burette containing ferrous iron or dichrolnate is designated as the F-burette 

or D-burette, respectively. 
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FIG. 4. Burette reatling b!. "optical-la-er" vernier. 

(A) Correct relationship between burette scale and backing scale \vith the meniscus on a ~narlc (the diagram 
is ?lot lo scale). 

(B) Determination of reacling\vhen the meniscus is between marks. For the example sho\vn, reading = 0.010 
+b. Since b/n = b/0.001 = B/A = (0.0238-0.019)/(0.020-0.010) = 0.0048/0.01, or O = 0.00048, 
reading = 0.01!)48. 

Both burettes were filled simultaneously, a s  follows: taps 1, 4, and 5 \Irere closed, 3 was opened, 2 turned 
to connect A with the aspirator, and solution allowed to flow in until the inner tip of the automatic zero 
was covered. (A slo~v rate of filling was maintained to ensure that the heating due to kinetic effects (5) was 
negligible.) Tap 2 nras then closed, 4 and 5 \\;ere opened, and a few milliliters of solution allo\ved to flow out, 
\\.hen 5 and 3 \\-ere closed and the outside of the tips rinsed with water. The beaker and stirring bar \\;ere 
placed in position and 2 turned to connect A with G. Tap 1 of the D-burette was rnanip~~lated until the level 
in the automatic zero had fallen well below that of the inner tip and was then closed. Finally, tap 5 of the 
D-burette \\.as opened and the burette allo\ved to deliver. 

After about three quarters of the volume had been deli\~ered, as measured by a markon the bulb, 10 mlof 
titration acid was atlded from a 10-ml graduated cylinder (the close timing illvolved did not per~ni t  a pipette 
to be ~lsed),  and the stirrer started. The zero on the F-burette was adjusted, and the burette allowed to 
deliver as for the D-burette. \Vhen the meniscus in the D-burette reached a mark on the lo\ver shoulder of 
the bulb, tap 4 was closed, and delivery allowed to continue a t  the slower rate until the ~ne~liscus entered 
the graduatecl section, when it \\,as adjusted to the zero by manipulating tap 5. The amperometric pair 
was then thoro~~ghly  rinsed in running distilled \\later and placed in the solution. The F-burette was treated 
similarly to the D-burette, except that delivery was continued to the end point. 

Very m a r  the end point the reaction \\as somewhat slow, and a t  least 1 minute was allo\ved after each 
addition before the current was recorded. The maximum galvanometer sensitivity that could be used was 
-0.3 pa/f.s.cl. or about one tenth of its ~ n a x i ~ n u ~ n  sensitivity. Some typical end points are given in Fig. 5. 

RESULTS 

Titrations without Temperature Control 
T o  investigate the inlportailce of temperature control, initial titrations were illade 

without thermostatic control or water in the tanlts. In two separate experiments of five 
and seven titrations each, in which the air teinperature around the burettes increased 
by about lo over 3 hours, the net titer increased by about 0.005f 0.001 inl/deg. (A 
decrease of a few secoilds in the delivery time was also observed, but  was too small to 
be significant here; the burettes were too similar for differences in volunle to be significant: 
D-bulb, volume = 50.38 ml, F-bulb, volume = 50.25 1111.) Although the figure for this 
increase Imay be solnewhat misleading, since the tenlperatures of the solz~tions were not 
determined, it coinpares fairly well with the value 0.003 ml/deg calculated on the basis 
of the difference in thermal expansion between water and 0.5 N sulphuric acid (23), and 
emphasizes the appreciable nlagnitude of this effect, which seldom receives consideration 
in volunletric work (24). 
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DEAS:  VOLUME TITRI1\1ISTRY 

I--. -.-----..---_______..-I-.. 

1 3. Typical aniperon~etiic ciitl points (titer iiiicoi-rcctetl ;inti I.s.tl. = 0.18 pa). Tl>c v n l ~ ~ c s  are tal;ec~ 
fro111 riiii 11: 4, 50,1-4(i38 1ii1, 5, 5(J.l-i639 nil; 6, 50.146;3(j iiil. 

il br O.uidntlo~ o j  the I ~ o n ( I 1 )  
O\ving to the presence of a lelv percent oi 0s)-gen in the nitrogen ~~sec l  (but \vhicIi was 

not cliscovered until alter the expel-iments had beell completerl), very gradual osiclatio~l 
of the ferrous sulphate was observecl. Over a period 01 3 weelis, \vliich inclucled the 
titratioils of Table IV, the rate ol oxidation (calculatecl from tlie variation in titer irom 
dal- to clay) was constant and was equivalent to a n  increase in titer of 0.0000S03 
f0.0000015 1111 per hour, or about 0.0038% per clay. (A value of 0.155; per clay xvas 
observed without the use of nitrogen.) 

As each titration occupied about '25 minutes, the overall change in titer over a series 
of t i tratio~ls xvas significant; however, by recordiilg the time at- which each titration tool; 
place, and using tlie above value lor the rate of oxidation, run accurate con-ection was 
easily made. This correctioil has beell made for all titrations carriecl out  in ally one run. 
No correctio~l has beell made for the change in titer betwee72 runs. 

Observed Precision 
With the burettes properly thermostntted, and obsel-ving all precautions, tlie results 

given in Table IV were obtained. For some reason, possibly t h r o ~ ~ g h  evaporation within 
the body of the stopcocli or a t  the silicone-rubber coi~nectioi~s,  the first few titrations 
mere always coilsiderably clifferent ( f 2 . 0  p.p.111. average) from later ones, and con- 
sequently these have been oiliitted froill Table IV. Three titrations with abnormal clelivery 
tiines have also bee11 onlitted from Table IV. The results of Table IV sholv that  n pre- 
cisioil of about 1 p.p.111. for eight to nine titrations has been achieved, with a maximum 
precisioi~ of 0.7 p.p.111. for eight titratioils (riun 11). 

Calc~~lated Precisiolz 
Soiile of the contributions to the overall precision have been evaluated previously. 

The remaincler are cletailed below, a~lcl the whole summarized in Table V. 
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TABLE IV 

Observed precision of the iron(II)/dichromate titration using the apparatus of Fig. 2 

Run I (23.6.61) RLIII I1  (30.6.61) RLIII I11 (8,7.61) 

Expt. Titer Expt. Titer Expt. Titer 

4 50.13243 3 50.14676 4 50.16295 
5 41 4 7 1 5 86 

- - 

7 55 6 61 8 92 
7 70 n 84 

(Without using "optical- 8 69 10 80 
lever" vernier) 9 65 11 78 

&I ea n 
Precision (ml) 
Precision (p.p.m.) 
No. of titratlons 

*If the first result is omitted the precision is 0.000033 ml (0.7 p.p.m.) and 0.000047 ml (0.9 p.p.m.) for runs I1 
and 111. respectively. 

TABLE V 
Individual co~ltributions to the overall precision 

Source of error Precision (ml) Remarks 

Imperfect graduation 0.00000 Assumed 
Son-uniformity of bore 00 Assumed 
X~itomatic zero (diameter of 00 From Table I 

inner tip = 0.5 mm) 
Setting to mark, D-burette 01 From p. 551 
Uncertainty in graphical location of end point 02 - 
Titration-acid blank 015 From D. 555 
Variability of wall film 
Fluctuations of temperature: 

inside tank 
outside tank 

Leakage of taps 
Air oxidation correction 

-03 From p. 554 

<01 <0.0005" 
<005 Fro111 p. 550 
<01 Over 5 minutes 
<01 - 

Total precision (ml) -0.000045 
Total precision (p.p.m.) -0.9 

KoTn: Owing to the compressibility of water, a change of only 1 mm in atmospheric 
pressure alters the volume by 0.06 p.p.m. (26). Fortunately. if the change is assumed to 
affect both solutions equally, the effect is self-cancelling. 

Precision of the Wa l l  Fi lm 
The precision of the wall film may be calculated from consideratioil of the delivery time 

(6). Observed values of the latter, together with the calculated wall-film precision, are 
given in Table VI. 

Because of the significant persolla1 error, the overall contribution to the total titration 
precision caused by variability of the wall film cannot be calculated accurately, but  is 
estimated to be about 0.00003 ml, and is the same whether calculated directly from the 
results of Table VI or from the aspect of a variable error in the changeover position. 

Titration-acid Blank  
The titration acid was found to contain very small amounts of reducible impurities: 

the observed decrease in titer produced by a further addition of 10 ml of titration acid 
was: titration acid A, 0.0015 ml; titration acid B, 0.0017 ml (A and B were from different 
batches). Independent tests showed that  about four fifths of this was due to impurities 
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TABLE VI 

Observed delivery time (DT) and the calculated wall film 

D-burette F-burette 

DT, bulb, zero to mark (sec) 294 307 
Precision (sec) 1 .0  0 .9  
No. of determinations (11+5+12) (14+6) 
Calculated \ \ d l  lilm (ml) 0.0233 0.0229 
Precision (ml) 0.000039 0.000034 
DT, shoulder, mark to zero (sec) 170 64 
Precision (sec) 3 . 0  2 . 5  
No. of determinations (4$9) (16+18) 
Estimated wall film (ml) <0.0005 <0 ,0005 
Precision (ml) < 0.000006 <O. 000010 
DT. eradu'ated section. 

016.1 ml (sec) 
Calculated wall film, 

0-0.1 ml (~n l )  

NOTE: T l ~ e  rate of meniscus descent a t  the mark was low, and a personal error 
of about 0.5 second was unavoidable; bulb deliveries timed to the zero of the 
graduated section showecl a n ~ u c h  better precision of about 0.2 second. No signi- 
ficant effect of small changes (0.5") in room temperatllre upon the delivery time 
mas observed. 

in the orthophosphoric acid. These levels of impurities are equivalent to about 1 p.p.in. 
and 4 p.p.111. of SO? in the sulphuric and orthophospl~oric acids, respectively, and are in 
good agreement with those found by Meites (25). The level of impurities was but little 
affected by boiling of the titration acid for an hour with a large excess of persulphate or 
peroxide, thus confirining the observations of Meites (25). Since the voluine delivered 
by the 10-ml graduated cylinder was estimated to be precise to f 0.1 1111, the variability 
caused by the titration acid was about f 0.000015 1111. 

Calcz~lated Overall Precision of the Titration 
The individual contributions to the total precision are summarized in Table V. As all 

these components are independent, the overall precision may be calculated in the usual 
manner, and the calculated precision for the titration is seen to be about 0.9 p.p.m., in 
good agreement with the observed precision of 0.7-1.1 p.p.111. 

CONCLUSION 

I t  has been shown that, with properly designed apparatus, a precision of 1 p.p.m. in 
volunle titrimetry can be readily achieved. Further refinements are possible, and would 
lead to  further inlprovements, but  f0 .1  p.p.111. is probably the maxiinurn precision which 
can be achieved. The latter is of the same order as that of the best high-precision balances. 

Consequently, the limiting precision of any titrimetric operation, whether by weight 
or by volume, is lilcely to be 0.1 p.p.111.; although even this is exceeded by the sensitivity 
of certain favorable end-point systems, it is still appro xi mat el\^ three orders of magnitude 
better than the average accuracy of present atomic weights (27). 

Although, from the aspect of accuracy, the volumetric technique described offers no 
advantage over weight techniques (a sensitive balance and calibrated weights are still 
required for calibration purposes and for the preparation of solutions), its convenience 
~nakes it an attractive proposition where purely comparative investigations are being 
made. 
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NOTES 

OCCURRENCE OF LARGE NORMAL SECONDARY INTERMOLECULAR KINETIC 
ISOTOPE EFFECTS IN NON-EQUILIBRIUM SYSTEMS1 

Recently it has been pointed out (1) that  large inverse secondary isotope effects may 
occur in the low-pressure, non-equilibrium region of thermal unimolecular reactions. 
We wish to  call attention to the existence also of large normal secondary kinetic isotope 
effects in non-equilibrium systems produced by non-thermal methods of activation. 

Consider an equilibriunl thermal uilimolecular system in the RRKM formulation (I) ,  
then 

where R(E)  is a Boltzinailn distribution factor, Ptv is the degeneracy of active energy 
states of the activated complex a t  the level E$, N? is the density of active energy states 
of the energized molecule a t  internal energy E ,  Qv is the corresponding partition function, 
and I, is a residue of other partition functions for adiabatic degrees of freedom. I t  is 
evident that  factors of NT cancel in equation [I]. For a non-thermal inode of excitation, 
e.g. light absorption, electron impact, radiolysis, chemical activation, etc., such cancel- 
lation need not occur and the average rate constant for activated molecules is 

where f ( ~ )  is a iloil-equilibriu111 distribution of energized molecules. Then for two iso- 
topically labelled species, say H and D, 

where f ( ~ ) ~  inay or inay not equal f ( ~ ) ~ ,  depending on the characteristics of the technique. 
In the special case that f ( ~ ) x  = f ( ~ ) =  B(E'), n7e have 

and for the li~uiting case E' + eo, then 

'T~Vork szlpported by the Ofice of Naval Research i n  part. 
Issued as 1V.R.C. No. 6669. 

'Visiting Scienlist, National Research Coz~ncil, from the University of Washington. John Simon Guggenheiltt 
Fellow. 1961-62. alzd International Award Fellow, Petrolez~nh Research Fund, American Chemical Society, 
1961-62. 

3N.S.F. P~edoctornl Co-operalive Fellow, Unizersity of Washington. 

Canadian Jour~ la l  of Chemistry. Volume 40 (1062) 
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where the I, ratio is very close to unity but the density ratio may be a large number (2); 
for example, i t  has the approxinlate value 40 for C3H6 and C3D6 a t  70 kcal mole-' in the 
harmonic oscillator approximation (1, 2). Equation [4] gives the maximum effect; in 
general the Pry ratio will not be unity and will partially coinpensate the density ratio. 
As seen further below, the f(e) functions ma17 also have compensatory character. 

The correspondence between this case and the thermal, low-pressure, inverse secondary 
isotope effect is worth remarking on, and inay be seen from the explanation previously 
given ( I )  for the latter. There, the collision probability replaces the specific decomposition 
probability k c ,  so 

0 

and 

where the w ratio is close to unity, and the integral ratio R is <<I, and no tern1 il l  Aeo has 
been written for a purely secondary isotope effect. Since R strongly outweighs the Qv ratio 
(which here has an effect similar to that of the C Pry terrns previously mentioned) a 
large inverse effect was found." 

The decompositioil of chemically activated ethyl-d, radicals provides an esample of the 
new normal effect: 

The characteristic's and energetics of a closely related system, trans-DHC=CHD + H + 
DHC-CHZD", have been previously described (3). A large absolute effect is not to 
be expected in this case for several reasons: only two H atoms are replaced by D between 
the reacting species; also, f ( ~ )  is by no means a delta function located just above €OH, 

since both radicals are produced by C-D bond forn~ation and possess a n~inimum 
excess energy with respect to C-H rupture of -1.8 ltcal; finally, f (E)  for reaction [d3] 
is relatively broacleiled a little (4), which further tends to reduce the kinetic isotope 
ratio below the maximum limiting value. 

The limiting observed average values per C-H bond for these systenls studied a t  195" 
and 300" I<, and extrapolated to zero pressure,j is (kdI/kd3)0 = 2.2. An expected small 
variation of the ratio, as between 195" and 300" I<, was obscured by large experimental 
error.The accuracy of the determination is not high but  the experimental effect is 
unequivocal. 

A recent sulnmary of secondary isotope effects for equilibriuln therinal unimolecular 
systems gives an average value of 1.12 per D atom ( 5 ) .  The present quantum statistical 
effects are essentially unrelated to the mechanistic effects (6), which are of greatest 

4This effect has been erplicilly con$r?ited for the CH3NC-CD3NC isomerisalion sys le~n  by F. 1,V. Schneider 
and B. S .  Rabinovitch (u7zpzlblished resulls). 

=This  extrapolation gives ( l / k ) k - '  (see reference 3). 
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iinportailce in the exainples of the summary, and can be orders of magnitude larger than 
those that arise in such equilibriuill unimolecular systems (7)-approaching as a liinit 
ill favorable cases, the ratio of the products of frequencies of the two species. 

Investigation of other systems is continuing. 
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THE DECARBOXYLATION OF RING-SUBSTITUTED 
INDOLE-2(AND 3)-CARBOXYLIC ACIDS 

I 

The synthesis of indoles by the Reissert inethod ( I )  or by Fischer cyclization (2) of 
pyruvic acid phenylhydrazone requires a final reilloval of carbon dioxide fro111 the indole-2- 
carboxylic acid forined in these reactions. 

Such decarboxylations have been accomplished in the case of 4-, 5-, G-, and 7-fluoro- 
indole-2-carboxylic acids in yielcls of SO, 52, 51, ancl 48% respectively by siinply heating 
the substailces above the illelting point (3). The 4- and 6-chloroindole-2-carbosylic acids 
required more vigorous treatnlent but readily gave the decarboxylated product in 73 to 
78% yield when they were heated with cuprous chloride in refluxing quinoline (4, 5). 
However, Barletrop and Taylor (G) were unsuccessful in their attempts to remove the 
carboxyl group from 4- or 6-bro~noindole-2-carboxylic acid by heating these compounds 
in refluxiilg quinoline with or without catalysts such as cuprous bromide, cupric oxide, 
or copper powder. 

The variable and frequently poor results obtained in decarboxylation of the benzene- 
ring-halogenated indole-2-carboxylic acicls by Uhle's method (4, 5) was found by Rydoil 
and Tweddle (7) to be due to contamii~ation of the acid by sulphate ion stemming from 
the ferrous ammonium sulphate reductive cyclization step. authors, by careful 
elimination of the sulphate ion as well as replacenlent of the usual cuprous chloride 
catalyst by copper chromite, were able to obtain consistently good yields of the 4-, 5-, 
6-, and 7-chloroindoles. 

Plieninger et al. (8) reported GOYo yields of the 4- and G-bromoindoles from the corre- 
sponding 2-carboxylic acids by illixing the acids with n~olten cuprous bromide followed 
by heating the fusion inixture in refluxiilg quinoline. Snyder and co-workers (9) obtained 
a 21-24yo yield of 5-bromoindole by heating 5-bromoindole-2-carboxylic acid with a 
inixture of copper bronze and copper chromite, but oilly a very small yield of product 
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when they attempted to decarboxylate the ammoniunl salt of the acid in glycerol. Harvey 
later found that 5,6-dimethoxyindole-2-carboxylic acid heated in glycerol gave 97% 
yield of decarboxylated product (10). 

The successful removal of carbon dioxide from 5-iodoindole-2-carboxylic acid (11) by 
the quinoliile - copper chro~nite procedure of Rydon and Tweedle (7) indicates that to 
date this is the most generally satisfactory lnethod reported in the literature for the 
decarboxylation of substituted indole-2-carboxylic acids. 

I n  this laboratory a number of benzene-ring-substituted indoles were prepared from 
the corresponding 2-carboxylic acids. Plieninger's method (8) was found, in our hands, 
to be ullsatisfactory as well as solnewhat tedious, whereas the copper chromite - quinoline 
technique (7) gave quite unsatisfactory results in several instances (see Table I).  Use 

TABLE I 

Time Yield of pure 
I ndole h/Iethod of Temperature of required decarbosylated 

compound decarboxylntion decarboxylation (hours) product (70) 

6-SO?;  3-CO?H 
(ref. 14) 

Refluxing 
quinoline 

210-215" 
Refluxing 

q~~inol ine  
210-220" 
Refl using 

q~~inol ine  
215-320" 
Reflusing 

quinoline 
205-210" 
Refluxing 

quinoline 
210-215" 
145-150" 

74 
4s 

(ref. 12) 
61 

I~lsignificant 

(a) Method ~ n r o l r e d  heated quinoline wi th  no added catalyst. 
( b )  Ivlethoil vas  that devised by Rydon and Tweddle (7) and modified as in ref. 12. 
(c) Method is the present method i ~ ~ r o l v i n g  hot quinoline, tlie acid, and catalytic amounts  of its copper salt. 

&of this latter procedure on 7-bromoindole-2-carboxylic acid (12) required frequent 
.additions of slnall amounts of copper chromite catalyst to the hot quinoline solution 
during the reaction for successful removal of carbon dioxide (48% yield). However, the 
4- and 6-benzyl~nercaptoindole-2-carboxylic acids were decarboxylated in very poor 
yield with simultaneous loss of some of the sulphur as H2S. Accordingly a route was 
:sought which would provide not only ilnproved yields but also avoid loss of substituent 
in the case of the more sensitive sulphur-containing compounds. 

I t  has long been known that a carboxylic acid, heated with catalytic alnounts of its 
copper salt, ~lndergoes facile decarboxylation (13). When this method was applied to 
the decarboxylation of the substituted indole-2(and 3)-carboxylic acids in hot quinoline, 
.a marlied i~nprovement in yield and quality of product was experienced. Generally, 
tenlperatures necessary to effect elimination of carbon dioxide were lower, and the tilnes 
to colnplete the reaction were less, than those found for other methods employed. Further- 
more, the thioethers did not lose sulphur during the decarboxylation. This procedure 
:appears to be of wider applicability than those previously reported in the literature. 
'The results are show11 in Table I ,  in which the copper chrolnite and copper salt methods 
:are compared. 
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NOTES 

Preparation of the Copper Salt 
A stirred mixture of the acid (0.01 mole), sodiuill carbonate (0.005 mole), and water 

(100 1111) was heated until the acid dissolved. Upon the addition of a solutioil of cupric 
sulphate pentahydrate (0.005 mole) in 50 in1 of water, the blue cupric salt of the indole-2- 
carboxylic acid precipitated. The solid was washed thoroughly with water, air-dried, 
and then given a final drying in a vacuum desiccator over calciuin chloride. 

The Procedure for Decarboxylation 
A mixture of the illdole-2-carboxylic acid (0.01 mole) and its copper salt (0.0004 mole) 

in 10 in1 of synthetic quiiloline was heated until carbon dioxide begail to evolve. The 
inixture was kept a t  this temperature until gas evolution ceased (1.5-5 hours). The cooled 
solution was taken up in ether and the ether solution was washed several times with 
1 N hydrochloric acid, once with water, twice with sodium carbonate solution, and 
finally with water. When the dried (Na?SO4) ether solution was freed from solvent a 
solid was obtaiized. This was further purified, if necessary, by passage through a short 
column of neutral alumina, using methylene dichloride as eluant. 
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N,N-BRIDGED DERIVATIVES OF ADENINE' 

The reaction of 6-bis(2-l~ydroxyet11yl)amii~opurine (Ia) with thioilyl chloride was 
reported in 1957 by DiPaco and Tauro (1) to yield the adenine inustarcl derivative (11). 
Huber (2) ill an earlier publication reported that the identical reaction gave an  ionic 
l~alogen-containii~g product to which he assigned the dinleric piperazinium chloride 
structure (111). A 1960 United States patent of Lyttle and Petering (3) stated that  the 
product derived from Ia and thionyl chloride contained I equivaleilt of ionic halogen and 
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had probably undergone internal cyclization to the 1- or to the 7-nitrogen position. We 
have had occasion to prepare what appears to be the same product obtained by the three 
groups enumerated above and wish to record our observations and conclusions regarding 
its structure. 

I The reaction of G-bis(2-hydroxyethyl)ainii1opurine (Ia) with thionyl chloride, either 

I a t  rooin temperature or under reflux, gave a product (IVb) of melting point 254-256' 
(decoinp.) analyzing for C9Hl1C12N6. The compound, which was readily soluble in water, 
reacted instantaneously with excess silver nitrate, forming 1 equivalent of silver chloride. 
Titration with 0.1 N aqueous sodium hydroxide demonstrated a pK, of 6.8 and when 
alkali was added to a pH of 12, followed b~7 retitration with 0.1 N HC1, the titration curve 
did not show any major deviation. This behavior appeared to be indicative of a hydro- 
chloride. When IVb was treated a t  room temperature with sodium acetate a product 
(IVa), which had lost a mole of hydrogen chloride, was isolated. The latter was readily 
reconverted to IVb by treatment with anhydrous hydrogen chloride in ethanol. This 
conclusively establishes that IVb is a hydrochloride and therefore eliminates the piper- 
azinium structure (III) ,  the conventional nitrogen mustard structure (11), as  well as 
the quaternary aziridine structure (V). The latter could have been considered a structural 
possibility on the basis of ionic halogen content. 

Thus it is evident that IVb is, in fact, a product that has undergone self-alkylation" 
on either the 1- or 7-nitrogen function and that IVa is simply the cyclized hydrogen- 
chloride-free product. 

Before discussing the attempt to resolve the question of 1- or 7-cyclization, the behavior 
of the "one-armed" compound (Ib) is pertinent a t  this point. When 6-(2-hydroxyethy1)- 
aininopurine (Ib) (2, 4) (prepared by the reaction of 6-chloropurine with ethanolamine) 
was reacted with thioilyl chloride a product, CTHeClN6 (IVd), was obtained. This com- 
pound exhibited an acidity parallel to IVb, the pK, being 7.0. Further, the titration curve 
of IVd was very similar to that of IVb and neutralization with sodium acetate or alkali 
resulted in the loss of hydrogen chloride and forn~ation of a halogen-free product (IVc). 
The latter was readily reconverted to the original hydrochloride. From these character- 

2W. T .  Cald.~lell and S. Tozrkan, Temple University, have reached similar conclz~sions i n  a n  independent 
stzcdy (private conzmzcnicalion from Professor Caldwell). 
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istics as well as fro111 the similar ultraviolet spectral curves of the two series of compounds, 
it may be concluded that the same type of cyclization has occurred with both the "one- 
armed" and "two-armed" substances. Further, the cyclization of Ib establishes that a 
quaternary aziridine, V, is not an intermediate in the formation of IVb. 

The n.m.r. of IVa in deuterochloroform solution showed adenine ring hydrogen peaks 
a t  T = 1.79 and 2.21, while N-benzyltriacanthine (5), a y,y-dimethylallyl 7-substituted 
adenine derivative, showed ring hydrogens a t  T = 2.05 and 2.23 (5). Assignment of the 
2.21-2.23 position to the unperturbed 2-proton would be consistent with cyclization to  
the 7-position, the 8-proton being shifted various degrees by the different substituents 
attached to the 7-nitrogen. 

The ultraviolet spectra of our products, however, are not in accord with that expected 
for a 7-substituted adenine. Triacanthine and 7-D-ribofuranosidoadeiline (6) are reported 
to exhibit 273 mp, E 13,000 and a A::: for triacanthine of 277 mp, 6 18,000. Com- 
pounds IVa and IVc respectively exhibit AH,?,: 264 mp and 270 mp and undergo a hypso- 
chromic displacement of 2 mp rather than a bathochronlic shift in going from water to 
0.1 N l~ydrocl~loric acid. I t  is possible that the presence of the third ring in IV is modifying 
the spectrum but a t  the present time neither the 1- nor 7-cyclized structure can be 
discarded. I n  this connection it should be noted that Ramage and Trappe (7) reported 
the cyclization of 2-cl1loro-4-methyl-5-an~i11o-6(2-chloroethyl)aminopyrin1idine to  a five- 
rather than to a six-membered ring, while Chu, Harris, and Mautner (8) prepared 8-bis- 
(~-chloroeth~~l)-a~~~i~~oadeni~~e hydrochloride without internal cyclization having occurred, 
although self-alkylation to either the 7- or 9-position would have led to a new five- 
membered ring. 

Compounds IVa and IVc were found to be non-toxic in the mouse a t  a daily dose of 500 
mg/l;g for a period of 1 week3 and have not demonstrated any significant antitumor 
activity." 

EXPERIMENTAL 

Melting points are uncorrected and ultraviolet spectral determinations were made with a Carey model 14 
recording spectrophotonleter. We are grateful to Mr. T. A. Wittstruck for the n.m.r. determination. Ele- 
mentary analyses mere performed by Midwest Microlab, Inc., 7838 Forest Lane, Indianapolis 20, Indiana. 

6-Bis(2-ltydrox-yeLhyl)allzinop~~rine ( l a )  
A mixture of 6-chloropuril1e5 (5.0 g), diethanolanline (10 ml), and absolute ethanol (50 ml) was heated 

for 8 hours under reflux and then cooled overnight a t  0°, yielding 6.5 g of l a ,  m.p. 319-221" (reported 
205" (I),  216-218" (2), 228-231" (3)); XEH~ 213 and 276 mp, e 16,500 and 18,300; hz:THCI 284 mM, e 16,400. 
The constants were unchanged after further crystallization from 95% ethanol. Anal. Calc. for C9HI3N50?: 
C, 48.42; H, 5.87; N, 31.3'7. Found: C, 48.28; H, 5.99; N, 31.23. 

Reaction of l a  with Thionyl Chloride - Preparation of I V b  
(a)  W i t h  Heating 
The bis-hydroxyethyl derivative (Ia) (5.0 g) was heated for 16 hours, with stirring, in boiling, freshly 

distilled thionyl chloride (100 1111). The solvent was removed i n  vaczro and the residue stirred with absolute 
ethanol (50 1111). The product, 5.0 g, exhibited m.p. 250" (deconlp.) while the analytical specimen from 
absolute ethanol melted a t  254-256O (decomp.); Xi;: 215 and 268 mp, e 18,500 and 13,100; Xi2sNHCI 215 
and 268 mp, e 18,500 and 13,400. (Reported n1.p. 245" (I),  243-247" (2), 253-255" (3).) Titration with 
0.1 N sodium hydroxide gave pK, 6.8. Anal. Calc. for C S H I I C ~ ? N ~ :  C, 41.56; H, 4.26; N, 26.93; C1, 27.26. 
Found: C, 41.53; H, 4.34; N, 27.04; C1, 27.29. 

(b )  Williozrt Heating 
A suspension of Ia (480 mg) in thionyl chloride (15 ml) was stirred for 14 hours a t  room temperature. 

The precipitate was filtered through a sintered-glass funnel and washed with benzene and then absolute 

3Toxicily studies by Dr. R .  I .  Dorfniar~ of this foz~ndation. 
"Antitunior assays by the Car~cer Chenzotherapy National Service Center. 
W e  wish to thank Bzrrrozrglcs Wellcotne and Co. for a generozls gift of nzaterial. 
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ethanol, yielding 600 mg of IVb, m.p. 246-248", whose ultraviolet and infrared spectra \\.ere identical with 
the product obtained in (a). Recrystallization from absolute ethanol gave 453 mg of product, n1.p. 254" 
(decomp.), whose infrared spectrum was unchanged. 

Reaction of I  Vb with Silver Nitrate 
A solution of IVb (65 mg) in water (10 1111) was reacted with silver nitrate solution (2.0 equi\.. in 5 ml 

of water) containing a dropof nitric acid, causing instantaneous formation of a precipitate. The silver chloride 
was rapidly filtered and then washed with ethanol-acetone and dried. \\'eight 32 mg (0.89 equiv.). 

Nezttralization of I  Vb - Preparation of I  Va 
Sodium acetate trihydrate (500 mg) was added to a so l~~ t ion  of hydrochoride IVb (500 mg) in water 

(5 ml). The solvent was removed a t  room temperature i n  vaczto and the residue extracted with chloroform 
and crystallized several times from chloroform-hexane to yield an analytical specimen of I\la, 111.p. 310- 
315'; Xg;? 214 and 270 mp, e 18,300 and 12,700; XiiyNAC1 215 and 268 mp, e 19,700 and 14,200; n.m.r. 
(CDC1,) 1.79, 2.21, 5.50, 5.61, 5.71, 5.78, 5.97, and 6.067. Anal. Calc. for C ~ H I O C ~ N ~ :  C,  47.79; H ,  4.69. 
Found: C, 47.92; H, 4.81. 

Reconversion of I  Va to I  Vb 
Hydrogen chloride was bubbled for 30 minutes through a stirred suspension of IVa (50 mg) in absolute 

ethanol (5 ml). Ether was added and the precipitate was filtered, washed with ether, and recrystallized 
from methanol, yielding the hydrochloride IVc, 111.p. 254' (decomp.), whose infrared spectrunl \\,as identical 
with the product described above. 

6-(2-Hydroxyell~yl)a1ni~zopz~rin~ (Ib) 
A mixture of 6-chloropurine (5.0 g) and 2-a~llinoethanol (10 1111) in absolute ethanol (50 ml) \\.as heated 

for 3 hours under reflux and then cooled, yielding 5.14g of Ib, m.p. 250-252". An analytical specimen 
obtained from ethanol exhibited n1.p. 255-257" (reported 247-249" (2)); 267 mp, e 15,000, Xz:,NHC1 
273 mp, e 14,500. Anal. Calc. for C7HeW50: C,  46.91; H, 5.06. Found: C, 46.73; H ,  5.20. 

Reaction of I b  with Thionyl Chloride - Preparation of I  Vd 
A stirred suspension of Ib (2.0 g) in freshly distilled thionyl chloride (50 ml) \\.as boiled for 16 hours 

under anhydrous conditions. The thick paste was cooled, filtered, and the precipitate washed with benzene 
and then suspended in absolute ethanol and stirred for a few minutes. The collected precipitate of IVd 
weighed 1.7 g and exhibited m.p. 305-309" (decomp.). Crystallization fro111 methanol gave an analytical 
sample, 1n.p. 306-310°, whose pK, (titration with 0.1 N aqueous sodium hydroxide) was 7.0. Anal. Calc. 
for C7HsClN6: C, 42.54; H ,  4.08; N, 35.45; C1, 17.95. Found: C, 42.87; H ,  4.08; N, 35.70; C1, 17.93. 

Reaction of I  Vd with Silver Nitrate 
A solution of IVd (200 mg) in water (20 1n1) was treated with silver nitrate (180 mg, 1.05 equiv.) in 5 ml 

of water. A few drops of dilute nitric acid were added and the precipitate, which had formed im~llediately 
after the silver nitrate addition, was removed by centrifugation, washed, and dried, yielding 137 rng (0.95 
equiv.) of silver chloride. 

Neutralization of I  Vd - Preparalion of I  Vc 
Solid sodiunl bicarbonate (300 mg) was added to a clear ice-cold solution of 200 mg of IVd in water 

(2 ml). Carbon dioxide was liberated and a crystalline product deposited. Collection of \'a and recrystal- 
lization from methanol yielded 102 mg of pure product, m.p. 2955296". When sodiulll acetate (400 mg) 
was substituted for bicarbonate the identical product was obtained. Xg;? 212 and 264 mp, e 17,500 and 
10,400. X$:?HCl 211 and 262 nlp, E 18,900 and 11,600. Anal. Calc. for C?H?i\Ta: C, 52.16; H ,  4.38; N, 43.46. 
Found: C, 51.94; H, 4.43; N, 43.27. 

Reconversion of I  Vc to I  Vd 
Treatment of IVc with hydrogen chloride exactly a s  described above for IVa to I\Ib, gave the hydro- 

chloride, m.p. 305-309" (decomp.), identical with the original sample. 

1. G. DIPACO and C. S .  TAURO. Ann. Chim. (Rome), 47, 698 (1957); Chem. Abstr. 52, 1179 (1058). 
2. G. HUBER. Angew. Chem. 68 ,  706 (1956). 
3. D. A. LYTTLE and H. G. PETERIKG. U.S. Patent No. 2,957,875 (1960). 
4. H. G. WINDBIUELLER and N. 0. I~APLAN. Abstracts Division of Biological Chemistry, Nc\v Yorlc 

Meeting of the American Chemical Society, Sept. 1960. p. 2%. 
5. N. J. LEONARD and J. A. DEYRUP. J. Am. Chem. Soc. 82,  6202 (1960). 
6. W. FRIEDRICH and I<. BERNHAUER. Chem. Ber. 89,  2507 (1956). 
7. G. R. RAhlAGE and G. TRAPPE. J. Chem. Soc. 4410 (1952). 
8. S. H. CHU, J. E. HARRIS, and H. G. MAUTNER. J. Org. Chem. 25,  1759 (1960). 
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NOTES 

ADSORPTION OF CHROMIC ACID O N  SILICA 

INTRODUCTION 

A chromic acid - sulphuric acid mixture is frequently used as a cleaning agent for 
glassware and silica ware and is widely recommended for this purpose in texts on quantita- 
tive analysis (1) and elsewhere (2). However, when precise measurements are involved, 
the use of this mixture is suspect, because of the possibility of etching the glass surface 
and the difficulty of removing final traces of chromium from the surface (3, 4). In order 
to investigate the amount of chromium left on fused quartz after chromic acid cleaning, 
a number of quartz rods, cleaned in this way, were irradiated with thermal neutrons and 
the amount of chromium remaining estimated with the aid of gamma-ray spectrometry. 

: EXPERIMENTAL DETAILS 

The quartz used in this work was manufactured by the General Electric Company, \\~'illoughby, Ohio, 
and had a specified purity of 99.!)7% 5 0 2 .  I t  was in the form of 1-mrn diameter rods which were cut into 
3-cm lengths. Four batches, each containing 40 pieces, were prepared. Each batch was first cleaned in a 
detergent solution, with an  ultrasonic generator, to relnove superhcial grease and dirt. After repeated 
rinsing in distilled water, the rods were dried a t  110' C. One batch was then put aside to act  as  a standard. 
The remaining three groups were soaked o\:ernight in a chromic acid - sulphuric acid mixture (35 ml  of satura- 
ted sodium dichromate solutio~l rnade up to  1 liter with concentrated sulphuric acid). Each batch of rods was 
then washed a t  least 20 times with distilled water and dried a t  110' C. Two batches of these rods were 
talcen and given further treatment. One group was placed in 10% hydrofluoric acid for 10 ~ninutes  and 
the other group in a 50/50 nitric acid - sulphuric acid mixture for 3 h o ~ ~ r s .  After washing in distilled water 
they were dried as  before. 

For reactor irradiation, the four batches of rods were sealed into separate polythene bags, which in 
turn were wrapped in superpure al~uuinunl foil. Fifty niilligrams of potassiurn dichro~nate, sealed in a Vycor 
vial, was irradiated in the same irradiation can a s  the rods, to act as  a chromium reference standard. Approxi- 
mately 2 weelcs after irradiation, the batches of rods were examined on a 100-channel gamma-ray spectrom- 
eter. Chromium was identified by half-life measurements and by the 0.32 Mev photo peak of chromium-51. 
The amount of chromi~um present was calculated by dissolving the potassium dichro~nate reference standard 
in water and counting a suitable a l i q ~ ~ o t  of the solution ill a position of geometry co~nparable to that of 
the quartz rods. 

RESULTS 

The amount of chromium found on the batches of rods is given in Table I. 

TABLE I 

Amounts of chromium detected 

Batch Treatment Wt. of Cr/batch (pg) 

S None 0 
1 ~ l e a i e d  in chromic acid '7.7 
2 Cleaned in chromic acid followed by H F  5 . 2  
3 Cleaned in chromic acid followed by HN0,/H?S04 3 . 3  

The geometrical surface area of the rods was approximately 40 tin? Therefore, for 
group 1, which had no treatment following the chroinic acid - sulphuric acid cleaning, 
about 0.2 pg of chromium per apparent square centimeter of area remained after washing. 
Treatment with I-IF or the I-INOa/fI?S04 mixture, after the chromic acid - sulphuric 
acid cleaning (batches 2 and 3), resulted in a decrease in the amount of chromium on 
the quartz surface, but did not remove i t  all. 

Canadian Journal of Chemistry. Volunle -10 (1962) 
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I From these results it is apparent that  a chromic acid - sulphuric acid cleaning mixture, 
I although satisfactory for routine operations, should not be used in circumstances where 

lninor traces of chromium are deleterious. 
Adsorption behavior similar to that  of quartz would be expected with laboratory 

glassware cleaned in a chromic acid - sulphuric acid mixture. However, most glassware 
now in common use is of the borosilicate type and it is not practical to use reactor irradia- 
tion to ascertain the amount of chromium remaining after cleaning because of the very 
high thermal neutron cross section of boron. 

ACKNOWLEDGMENTS 

The author wishes to express his thanks to Mr. J. L. IHorwood for performing the 
gamma-ray spectrometer analysis. This paper is published by pern~ission of the Director, 
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New York. 1950. p. 281. 

i THE X-RAY ANALYSIS OF HETISINE HYDROBROMIDE* 

1 The crystals of hetisine hydrobromide, C20H2703N.HBr, were prepared and crystallized ' from absolute methanol by Dr. G. Feniak. They were found to belong to the space group 
P21. The unit cell dimensions are: a = 9.75, b = 10.84, c = 9.43 A,  P = 114"40'; Z = 2. 

I Three-dimensional data  were collected from Weissenberg films, and the number of 
I observed reflections, out  of all those possible within the range given by the Cu radiation, 
I amounted to 8G%. The determination of space group was confirmed and the bromine 
I atom was located a t  x = 0.063 and z = 0.257, by means of two Patterson syntheses, 

carried out with the (h01) and (hkO) data. The y coordinate of bromine was taken as 
0.250 and a three-dimensional Fourier synthesis, based on phases calculated only for 
the heavy atom, was computed for sections perpendicular to the b axis. 

An examination of models of this synthesis led to the complete solution of the molecular 
structure of this compound. The choice of correct atomic positions and the elimination 
of their mirror image peaks was based solely on consideration of the interatomic distances 
and valency angles. In addition to mirror images, three spurious peaks were found 
along the b axis, directly above the bromine atom. Since the data were collected fro111 
levels normal to the b axis and the temperature factor is unusually low (2 A2), there 
was no doubt that they were diffraction effects caused by the terlni~lation of the Fourier 
series. 

*Issued as N.R.C. No. 6670. 

Canadian Journal of Cliemistry. Volume 40 (1962) 
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NOTES 

Nitrogen 

Oxygen 

a sin ,6 

FIG. 1. A projection of the structure of hetisine hydrobromide along the c axis, with the corresponding 
diagram of the molecule. Light atom contours are a t  intervals of 2 e A-z, starting with a broken line a t  
2 e AI. The bromine aton1 contours above 10 e are a t  10 e A-2 and are drawn with heavier lines. The 
centers of all light atoms are marked by crosses. 
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This original molecular structure was later established as the correct one, but the 
first set of atonlic coordinates consisted of only 21 atoms, all of which were treated as 
carbon atoms for the structure factor calculations. I t  is interesting that the C=CH2 
bond length was found even a t  this early stage of investigation to be 1.29 -4, and there- 
fore in good agreement with the theoretical value. The po and po-p ,  maps for the three 
axial zones had confirmed the position of the additional three atoms and made possible 
the identification of the oxygen atoms. The nitrogen atom was identified by tal<ing 
into account the chemical work on hetisine. Two structures have been postulated for 
hetisine (1 )  on the basis of linlited chemical evidence. While the carbon-nitrogen sl;eleton 
proposed by Wiesner and Valenta (2 )  proves to be correct, the substituents were foulld 
to be located differently than in either of these structures. 

The (001) Fourier projectioil of hetisine hydrobromide, together with the corresponding 
schematic drawing of the molecule, is given il l  Fig. 1. 

A three-dimei~sional Fourier synthesis which was subsequelltly evaluated left no doubt 
as to the reliability of the structure, as all the false mirror image peaks had disappeared 
and the electroil density values a t  the atomic centers were found to be in escelleilt 
agreement with the positions of the nitrogel1 and oxygen atoms. 

The values of the discrepancy factor, R, omitting the unobserved reflections, are a t  
present: 0.23, 0.18, and 0.14 for the h01, hkO, and Okl spectra, respectivel).. The overall 
R factor for the hkl data is 0.22. The refinelllent of atomic parameters is still in progress, 
and a detailed report of this worlc will be published later. 

I am indebted to Dr. F. R. Ahnled for computational assistance and for the use of 
his IBNI G50 and 1620 programs. I wish to express 111); gratitude to Dr. 0. E. Edwards 
for suggesting this investigation, for valuable discussioizs, and for providing the pure 
specinlen of the alltaloid, and to Dr. L6o Marion for his full support and unfailing en- 
couragement. I wish to thank also Mrs. C. Macltey for her help throughout the course 
of this work. 

1. S. \Y. PEI.LETIEI<. Tetrahedron, 14, 76 (1961). 
2. I<. WIESNEI~ and Z. \~ALENTA. Progress i n  the chemistry of organic natural products. \7ol. S V I .  

Springer-Verlag, Vienna. 1958. p. '16. 

RING CONTRACTION IN THE R4ERCURY-PHOTOSENSITIZED 
DECOMPOSITION OF CYCLOPENTENE 

Flowers and Frey (1)  have recently reported that in the thermal isomerization of 
vinyl cyclopropane a t  339-390' C, cyclopentene is the principal product (987;). In a 
current study of the mercury-photosensitized reactions of cyclopentene, we have louncl 

Canadian Journal ol Cl~emistry. Volume 40 (1063) 
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NOTES 569 

vinyl cyclopropane to be a major product. In sharp contrast with early work on the 
thernlal decomposition of cyclopentene (2, 3) where hydrogen and cyclopentadiene were 
the principal products, we found only small yields of hydrogen, no cyclopent a d'  lene, a 
number of Clo products, and some liquid polymer, especially a t  low pressures. Typical 
quantum yields for a 10-minute run, a t  27' C and 30 mm pressure of substrate, are: vinyl 
cyclopropane (0.24); Hz (0.034); CloH14 (0.16); C10H16 (0.22); and C10H18 (0.05). 

Preliminary results show that the quantum yields of all major products decrease 
gradually with increasing substrate pressure, and that the fornlation of Clo products is 
conlpletely inhibited by 6% NO, whereas hydrogen and vinyl cyclopropane production 
remains unaffected. 

I Cyclopentene and vinyl cyclopropane have valence tautonleric structures, i.e. only 
carbon-carbon bond shifts are involved in isomerization. Sinlilar valence tautomerisnl 
has been S~IOIITII to occur with a number of cyclic diems and trienes (4-7). 

EXPERIMENTAL 

Phillips I'\esearch grade cyclopentene, with a stated purity of 99.720/0, \vas used. Gas chromatographic 
analysis with a silica gel column showed the presence of 0.15% cyclope~~tane  and 0.050/o ~~c lopen tad iene .  
The nitric oxide was Matheson C.P. grade, distilled from n liquid-oxygen trap, the middle fraction being 
used. The propane for actinometry \\,as Matheson "Instrument Grade" with a stated purity of 99.00/0. 
After trap-to-trap distillatioi~, the middle fraction \\.as talcen for the measurements. 

A con\,entional high-vacuum apparatus was used, with 50-mm cluartz cells. The lamp was an  air-cooled, 
Hanovia 87A45 lo\\-pressure mercury lamp (Vycor 7910 body). 

The proclucts condensable in liquid nitrogen were separated by gas-liquid chro~natography, using silica 
gel columns to isolate a C; fraction and the three Clo products. The C; fraction was further partitioned into 
~~nreac t ed  substrate, and the individual Cj  products on an oxydipropionitrile column. The non-condensable 
gas was shown to  be hytirogen by mass spectrometry. 

Parent peak analysis on a mass spectrolneter indicated the principal products to bc CjHe, CloHlr, CI~1116, 
and ClnI11e. The infrared spectrum of the C;H, product showed that  methyl groups were absent (i.e. no 
absorption a t  13S5+10 cm-1). In addition, the n.1n.r. spectrum, using tetranlethylsilane as  an  internal 
standard, revealed two bands, between 0.2 7 and 9.8 r ,  which could be ascribed to  a cyclopropyl group. 
The infrared spectrunl was identical with tha t  reported by Van Vollienburgh (8) for vinyl cyclopropane. 

Selective absorption 011 a sulphuric acid:lirebriclc colum~l (9) established that  the CloHlr and C l a H l ~  
products \\ere u~lsaturated while the C ~ O H I B  was not. The CloHls had the same retention times as  bicyclo- 
pentyl 011 two chromatographic columns. The products are believed to  be a cyc lope~ l t en~ l  cyclopentene, a 
cyclopentyl cyclopentene, and bicyclopentyl. 

A detailed study of the cyclopentene reaction will be submitted to this journal a t  a later date. 
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DIMETHYLPHENYLBENZYLAMMONIUM CHLORIDE AS A REAGENT FOR PLATINUM 

The use of dimethylphei~yIbenzylammoniun~ chloride as a reagent for the gravimetric 
determination of platinum was recommended by Ryan (1). Westland and \Vestland ( 2 ) ,  
in a critical examination of the method, suggested a revised procedure to correct 
deficiencies they had found in the original method; unfortunately, their comments are 
based upon the use of impure reagent and are only valid in that instance. Their reagent 
was prepared by mixing coininercial dimethylaniline and benzyl chloride with no inter- 
mediate purification of these materials; aqueous solutions of their reagent developed a 
blue coloration within 2 weeks. Din~e thy lp l~eny lbenzy la i~~n~onium chloride prepared 
from purified reactants is a white, stable compound; aqueous solutions, as stated in the 
original paper, may be liept for several months in a dark bottle with no signs of discolora- 
tion, and the platinum complex, under prolonged heating, shows 110 tendency to darken 
or tar. 

H. M. Whitehead, in view of the Westland and Westland paper, recently prepared 
some diinethylphenylbenzylammoi~ium chloride in this laboratory and reinvestigated 
the precipitation of platinuin by this reagent. Determinations were carried out using 
both the original (1) and revised (2) procedures; 110 difference in results, as shown below, 
was evident. 

P t  recovered, mg 

P t  taken, mg Original method Modified method 

The results show that washing with cyclohexane and dioxane are unnecessary when 
pure reagent is available. The losses in weight by the platinum precipitate, as recorded 
by Westland and \Vestland, are undoubtedly due to coiltainination by reagent inlpurities; 
washing by organic solvents gives good results by removal of these iinpurities. The thermal 
graphs given in the \Vestlands' paper confirm this rather than support the suggestion of 
decomposition of the platinuin complex; 226.7 mg of complex decreased to 225.6 mg 
(by less than 0.5%) after 10 hours' heating. 

1. D. E. RYAN. Can. J. Chem. 34, 1683 (1056). 
2. A. D. WESTLAND and L. \VESTLAND. Talanta, 3, 364 (1060). 

A SYNTHESIS OF ISOASPARAGINE FROM 0-BENZYL ASPARTATE 

In the course of the preparation of some aspartic acid peptides, ample supplies of 
8-benzyl aspartate and p-benzyl N-carbobenzoxyaspartate were required. The methods 
available for the synthesis of these compounds are lengthy. The latter is prepared by the 
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NOTES 57 1 

selective saponification of carbobenzoxyaspartic acid dibeilzyl ester (1, 2), which in turn 
is decarbobe~~zoxplated with hydrogen broinide to  provide the P-benzyl aspartate hydro- 
bromide (3). We therefore sought a simplified synthesis for these intermediates. 

P-Benzyl I>-aspartate was prepared directly fro111 aspartic acid b17 benzylation of the 
w-carboxyl group in the manner used for glutaillic acid (4). Subsequent carbobenzoxyla- 
tioil provided the p-benzyl N-carbobenzoxy-L-aspartate in good yield. 

The ready accessibility of these intermediates permits a simple and unequivocal 
synthesis of isoasparagine, analogous to  that  already described for isoglutamine ( 5 ) .  
P-Benzyl N-carbobenzoxy-L-aspartate was amidated using the ~llixed anhydride pro- 
cedure ( G ) ,  and the product, benzpl N-carbobenzoxy-L-i~oasparagine,~ was subsequently 
catalytically hydrogenated to  give isoasparagine which is free of asparagine, the usual 
contaminating by-product in inost isoasparagine syntheses.? 

EXPERIMENTAL 

0-Benzyl L-Aspartate 
Sulphuric acid (10 mi) was added to anhydrous ether (100 ml) followed by benzyl alcohol (100 ml). 

The ether was removed under vacuum and finely ground L-aspartic acid (13.4 g) was added, in several 
portions, while the mixture \vas magnetically stirred. The ensuing solution was left a t  rooin temperature for 
24 hours, 95y0 ethanol (200 n ~ l )  was added, followed by pyridine (50 ml), which \vas added dropwise \\~hile 
the solution \\-as vigorously stirred. The mixture was cooled overnight, thc deposit was filtered off and xashed 
by trituration with ether. Recrystalliration from water containing a few drops of pyridine afforded pure 
0-benzyl L-aspartate (8.9-9.9 g, 40-45y0), m.p. 218-220" C,  [01]DZ5 +28.1° (c, 1;  1V HC1). (1;o~rnd: C, 58.9; 
I-I, 5.7; K, 6.2. Cl,H1gNOj requires: C,  50.2; H ,  5.9; S ,  6.3%.) 

0-Benzyl N-Carbobenzo.vy-L-aspartate 
0-Benzyl L-aspartate (4.46 g, 20 mmoles) was clissolved in hot water (300 ml) and the solution \\-as allowed 

to cool. \Vhen the temperature reached 60" C (the compound begins to crystallize a t  55O C) sodiunl 
bicarbonate (3.5 g, 50 m~noles) and carbobenzoxy chloride (4.1 g, 24 m~noles) wcre added and the solution 
was stirred vigorously for 3 hours. The solution was then extracted twice with ether, and acidified to congo 
red with hydrochloric acid. The mixture was cooled for several hours (if the product is an  oil it soon 
crystallizes), filtered, and the product was dried a t  50' under vacuum. One recr).stallization from benzene 
gavc 5.3 g (7595), 111.p. 107-108" C,  [ a ] ~ ~ j  +11.0" (c, 10; acetic acid) (lit. m.p. 108", [ a ] ~ ? ~  +12.1° (1)). 
(liound: N, 4.0. Calc. for C18H18N06: N, 3.9y0.) 

Benzyl N-Carbobenzosy-L-isoaspa~agi?te 
0-Benzyl iV-carbobenzoxy-L-aspartate (1.70 g, 5 rninoles) was dissolved in purilied diosane (10 ml) 

containing tributylamine (1.2 ml, 5 mmoles). The solution was cooled to lo0 and ethyl chloroformate 
(0.49 inl, 5 mmoles) was added. The solution was kept a t  lo0 for 20 minutes after which anhydrous ammonia 
was bubbled through for 15 ~ninntes.  After an  additional 15 ininutes, the dioxane was removed under 
vacuum with a water-bath temperature under 45". T o  the residue was added carbon tetrachloride (20 1111) 
and water (20 ml), and the nlixture was shaken vigorously. The white product was filtered off, dried in a 
vacuunl desiccator, and recrystallized fro111 ethanol to give 1.1 g (62y0), 1~1.p. 103' C,  [ a ] ~ ? ~  -12.8' (c, 2 ;  
din~ethylforrnamide). (Found: C,  65.1; H ,  5.5; N, 7.9. C ~ ~ H ? O N ? O S  requires: C, 64.0; H ,  5.7; N, 7.995.) 

L- Isoasparagine 
Benzyl iV-carbobenzoxy-L-isoasparagine (0.89 g) was hydrogenated over palladized charcoal for 24 hours 

in Soy0 aqueous ethanol containing a few drops of acetic acid. The catalyst was filtered off, the solution 
was evaporated to dryness, the residue \vas dissolved in water, and three volumes of ethanol were added. 
After cooling, the product was recrystallized froin water-ethanol to give needles (0.56 g, 'i5y0), [ a ] ~ ~ ~  
+14.8" (C, 1.5; 0.1 1V HC1) (lit. [ a ] ~ ~ ~  +14.9" (8); [ a ] ~ ' ~  +15.5" (9)). (Found: C,  31.8; H ,  6.6; N, 18.5. Cak .  
for C.iH8N?03.H?O: C, 32.0; H ,  6.7; N, 18.7'70.) The illaterial is free of asparagine, as evidenced by paper 
chromatography in n-butanol -acetic acid - water (12:3:5) (XI isoasparagine 0.18; Rl asparagine 0.12). 

1. A. BERGER and E. KATCHALSKI. J. Am. Chem. Soc. 73, 4084 (1951). 
2. P. M. BRYANT, R. H. ~ I O O R E ,  P. J. PILILOTT, and G. T. YOUNG. J. Chem. Soc. 3868 (1959). 
3. D. BEN ISHAI and A. BERGER. J. Org. Che~n .  17, 1564 (19.52). 
4. S. GUTT~~.ANN and R. A. BOISSONHAS. Helv. Chim. Acta, 41, 1852 (1958). 

'Bernlzardt has reported tlze preparation of this compound (7) but to our knowledge no details have been pz~blislzed. 
?See reference 8 for n~ost of the pertinent references. 
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5. M. I<RAAIL and L. P. BOUTHILLIER. Can. J .  Chem. 33, 1630 (1955). 
6. R. A. Borsso;ixi\s. Helv. Chim. Acta, 34, 874 (1951). 
7. S. A. BERNHARDT. J .  Cellular Comp. Physiol. 54, s~~pplement  I ,  195 (1959). 
8. C. RESSLEB. J .  Am.  Chem. Soc. 82, 1641 (1960). 
9. M. BERG~IASS and L. ZERVAS. Ber. B,  65, 1192 (1932). 

FURFURALDEHYDE FROM THE ALDOBIURONIC ACID 
2-O-(4-O-METHYL-a-D-GLUCOPYRANOSYL URONIC ACID)-D-XYLOPYRANOSE 

I t  has been found by many workers (1) that uronic acids give 33-45yo of the theoretical 
value of furfuraldehyde when distilled with 12y0 hydrochloric acid. Norris and Resch (2) 
have shown that glucuronic acid in combination gives 21.48% of its weight of furfural- 
dehyde. I t  has been suggested fro111 time to time that the yield of furfuraldehyde for 
uronic acids be corrected before interpreting the results for pentosans. \Vise and Ratliff 
(3) assumed that the uronic acids present in wood would evolve 35y0 of the theoretically 
possible amount of furfural and corrected their pentosan values accordingly. Hemicellu- 
lose from plant material generally contains 4-O-methyl-D-glucuronic acid as the major 
uronic acid component. The aldobiuronic acid 2-0-(4-0-methyl-a-D-glucopyranosyl uronic 
acid)-D-xylopyranose has been isolated from the partial hydrolysis product of many 
plant materials. I t  was thought that the yield of furfuraldehyde from this compound 
would correspond more closely with the yield to be expected from the T 'd' IC com- 
ponent of the parent polysaccharide. 

The aldobiuronic acid used here was isolated by partial acid hydrolysis of the hemi- 
cellulose from RlIesta fiber (Hibiscus cannabinz~s) (4) by column chromatography (5). 
Further purification by paper chromatography with the solvent system butanol-pyridine- 
water (10:3:3) removed small amounts of xylose. The aldobiuronic acid was extracted 
from the paper with water and the solution was treated with Amberlite resin IR-120(H), 
filtered, and collcentrated to a syrup. The syrup was dried to a powder in a vacuum 
desiccator over P205. The aldobiuronic acid had [ a ] D 3 2  +96.G0 (c, 1.07 in water) (found: 
OMe 9.25%, uronic anhydride 51.04y0, equivalent weight 337.5; calc. for C12H20011: OMe 
9.1y0, uronic anhydride 51.76y0, equivalent weight 340). The aldobiuronic acid was 
characterized as 2-0-(4-0-methyl-a-D-glucopyranosyl uronic acid)-D-xylopyranose by 
conversion to methyl 2 - 0 - [ m e t h y 1 ( 2 , 3 - d i - 0 - a c e t y l - 4 - 0 - m e t h y l - ~ -  
ate]-3,4-di-0-acetyl-D-xylopyranoside (6) having n1.p. 201' C and [ f f I D 2 '  +99.G0 (c, 0.6 in 
chloroform). Furfuraldehyde was estimated as phloroglucide according to the TAPPI 
method (7) and calculated from the weight of phloroglucide using Krober's table. In 
actual experi~nent 86.97 mg of aldobiuronic acid gave 50.7 mg furfural-phloroglucide. 
Thus after the xylose portion of the aldobiuronic acid is accounted for, it appears that 
4-0-~nethyl-glucuronic acid residue evolves 15.04y0 of its weight of furfural. On glu- 
curonic anhydride the yield is 16.24y0, which is 29.77y0 of the theoretical value. The 
precipitate of furfural-phloroglucide did not contain any methoxyl group. 

Canadian Jourtlal of Chemistry. Volume 40 (1962) 
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DIMETHYLPHENYLBENZYLAMMONIUM CHLORIDE AS A REAGENT FOR PLATINUM 

The use of dimethylphei~yIbenzylammoniun~ chloride as a reagent for the gravimetric 
determination of platinum was recommended by Ryan (1). Westland and \Vestland ( 2 ) ,  
in a critical examination of the method, suggested a revised procedure to correct 
deficiencies they had found in the original method; unfortunately, their comments are 
based upon the use of impure reagent and are only valid in that instance. Their reagent 
was prepared by mixing coininercial dimethylaniline and benzyl chloride with no inter- 
mediate purification of these materials; aqueous solutions of their reagent developed a 
blue coloration within 2 weeks. Din~e thy lp l~eny lbenzy la i~~n~onium chloride prepared 
from purified reactants is a white, stable compound; aqueous solutions, as stated in the 
original paper, may be liept for several months in a dark bottle with no signs of discolora- 
tion, and the platinum complex, under prolonged heating, shows 110 tendency to darken 
or tar. 

H. M. Whitehead, in view of the Westland and Westland paper, recently prepared 
some diinethylphenylbenzylammoi~ium chloride in this laboratory and reinvestigated 
the precipitation of platinuin by this reagent. Determinations were carried out using 
both the original (1) and revised (2) procedures; 110 difference in results, as shown below, 
was evident. 

P t  recovered, mg 

P t  taken, mg Original method Modified method 

The results show that washing with cyclohexane and dioxane are unnecessary when 
pure reagent is available. The losses in weight by the platinum precipitate, as recorded 
by Westland and \Vestland, are undoubtedly due to coiltainination by reagent inlpurities; 
washing by organic solvents gives good results by removal of these iinpurities. The thermal 
graphs given in the \Vestlands' paper confirm this rather than support the suggestion of 
decomposition of the platinuin complex; 226.7 mg of complex decreased to 225.6 mg 
(by less than 0.5%) after 10 hours' heating. 

1. D. E. RYAN. Can. J. Chem. 34, 1683 (1056). 
2. A. D. WESTLAND and L. \VESTLAND. Talanta, 3, 364 (1060). 

A SYNTHESIS OF ISOASPARAGINE FROM 0-BENZYL ASPARTATE 

In the course of the preparation of some aspartic acid peptides, ample supplies of 
8-benzyl aspartate and p-benzyl N-carbobenzoxyaspartate were required. The methods 
available for the synthesis of these compounds are lengthy. The latter is prepared by the 
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FURFURALDEHYDE FROM THE ALDOBIURONIC ACID 
2-O-(4-O-METHYL-a-D-GLUCOPYRANOSYL URONIC ACID)-D-XYLOPYRANOSE 

I t  has been found by many workers (1) that uronic acids give 33-45yo of the theoretical 
value of furfuraldehyde when distilled with 12y0 hydrochloric acid. Norris and Resch (2) 
have shown that glucuronic acid in combination gives 21.48% of its weight of furfural- 
dehyde. I t  has been suggested fro111 time to time that the yield of furfuraldehyde for 
uronic acids be corrected before interpreting the results for pentosans. \Vise and Ratliff 
(3) assumed that the uronic acids present in wood would evolve 35y0 of the theoretically 
possible amount of furfural and corrected their pentosan values accordingly. Hemicellu- 
lose from plant material generally contains 4-O-methyl-D-glucuronic acid as the major 
uronic acid component. The aldobiuronic acid 2-0-(4-0-methyl-a-D-glucopyranosyl uronic 
acid)-D-xylopyranose has been isolated from the partial hydrolysis product of many 
plant materials. I t  was thought that the yield of furfuraldehyde from this compound 
would correspond more closely with the yield to be expected from the T 'd' IC com- 
ponent of the parent polysaccharide. 

The aldobiuronic acid used here was isolated by partial acid hydrolysis of the hemi- 
cellulose from RlIesta fiber (Hibiscus cannabinz~s) (4) by column chromatography (5). 
Further purification by paper chromatography with the solvent system butanol-pyridine- 
water (10:3:3) removed small amounts of xylose. The aldobiuronic acid was extracted 
from the paper with water and the solution was treated with Amberlite resin IR-120(H), 
filtered, and collcentrated to a syrup. The syrup was dried to a powder in a vacuum 
desiccator over P205. The aldobiuronic acid had [ a ] D 3 2  +96.G0 (c, 1.07 in water) (found: 
OMe 9.25%, uronic anhydride 51.04y0, equivalent weight 337.5; calc. for C12H20011: OMe 
9.1y0, uronic anhydride 51.76y0, equivalent weight 340). The aldobiuronic acid was 
characterized as 2-0-(4-0-methyl-a-D-glucopyranosyl uronic acid)-D-xylopyranose by 
conversion to methyl 2 - 0 - [ m e t h y 1 ( 2 , 3 - d i - 0 - a c e t y l - 4 - 0 - m e t h y l - ~ -  
ate]-3,4-di-0-acetyl-D-xylopyranoside (6) having n1.p. 201' C and [ f f I D 2 '  +99.G0 (c, 0.6 in 
chloroform). Furfuraldehyde was estimated as phloroglucide according to the TAPPI 
method (7) and calculated from the weight of phloroglucide using Krober's table. In 
actual experi~nent 86.97 mg of aldobiuronic acid gave 50.7 mg furfural-phloroglucide. 
Thus after the xylose portion of the aldobiuronic acid is accounted for, it appears that 
4-0-~nethyl-glucuronic acid residue evolves 15.04y0 of its weight of furfural. On glu- 
curonic anhydride the yield is 16.24y0, which is 29.77y0 of the theoretical value. The 
precipitate of furfural-phloroglucide did not contain any methoxyl group. 
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ABSTRACT 

The ammonolysis of tetrakistriAuoro~~~ethyldiarsine probably proceeds through solvolytic 
fission of the As-As bond. Solvolysis of the diarsine by sodium methoxide in methanol does 
not seem to proceed by this mechanism. ChlorobistriRuorornethylarsine is stable to ethanol 
and ethanethiol below 110" but reacts violently with solid sodium alcoholates to give only 
decomposition products. With solid sodium mercaptide chlorobistrifluoroinethylarsine yields 
ethyln~ercaptobistriRuoro~nethylarsine. This mercapto-arsine is also obtained by reacting 
iodobistrifluoron~ethylarsine with mercuric mercaptide. A~nmonolysis and hydrolysis studies 
of the coinpounds RcAsCF3 and RAs(CF3)c (R = C2Hs, CIHO) indicate that the mechanism 
of solvolysis could be Sx2. 

DISCUSSION AND RESULTS 

Allialine hydrolysis of trifluoromethyl arsenicals to  fluoroform is usually rapid and 
quantitative, though trifluoroinethylarsine, bistrifluorornethylarsine, and tetrakistri- 
fluoroinethyldiarsine hydrolyze to  fluoroforin and fluoride (1, 2). The postulated mecha- 
nism for the hydrolysis of the diarsine involves hydrolytic fission of the As-As bond: 

Ainmoilolysis of trifluororllethyl arsenicals seeins to parallel hydrolysis, though the diar- 
sine and ammonia do not give fluoride (3). In this paper further solvolysis reactions of 
the diarsine and other trifluoromethyl arsenicals are described. 

Ammonolysis of tetraliistrifluoroinethyldiarsine gives 89y0 of the trifluoroinethyl a s  
fluoroforin (3). Amn~oilolysis of bistrifluoromethylarsine under similar conditioils gives 
76y0 of the trifluoromethyl as  fluoroform and no fluoride. Thus if the ainilloilolysis of the 
diarsiile also proceeds through solvolylic fission of the As-As bond, 

the yield of fluorofor~ll would be expected to be 50% (from the (CF3)2AsNH2 (3)) plus 
76% of 50% (from the (CF3)2AsH): a total of 88%, in good agreement with the experi- 
mental result. Furtherinore the experimental observations during the an~inonolysis of 
the diarsine and bistrifluoroillethylarsiile correspond very well. The diarsine is stable t o  
methanol a t  20' (4 days) but  is decomposed by illethanolic sodium inethoxide to give 
fluoroform (90%) but  no fluoride. Bistrifluoroinethylarsine under similar conditioils gives 

Canadian Journal of Chemistry. Volume 40 (1962) 

575 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



576 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 40, 19G2 

fluoroform (67y0) and no fluoride. If the solvolysis of the diarsine occurred by fission of 
the As-As bond, 

CHSOH 
(CF3)?As-As(CFs)? (CF3)zAsOCH3 + (CHa)?AsH, 

then the expected yield of fluoroform would be 50% (from the (CF3)2AsOCH3) plus 67% 
of 50% (from the (CF3)ZAsH): a total of 83.5%, which is less than the experi~nental 
result. Methanolysis of (CF3)2AsOCH3 would be expected to be complete since tris- 
trifluoromethylarsine, although slowly attacked by ethanol a t  20°, is a t  least 98% 
solvolyzed to fluorofornl by methanolic sodiuin methoxide. i\/Ietl~anolysis of both the 
diarsine and bistrifluoron~ethylarsine produces a green solution, but a water-insoluble 
product is obtained from methanolysis of the arsine. In view of this and the discrepancy 
between the expected and found yields of fluoroform i t  seems that  n~ethanolysis of the 
diarsine does not proceed through solvolytic fission of the As-As bond. The l~ydrol~,sis 
of tetralcistrifluoro~nethyldiphosphine is also believed to proceed through fission of the 
P-P bond, and part of the evidence offered for this is that  bistrifluoroinetl~ylphosphine 
and fluoroform are produced b~7 the reaction of the diphosphine with dilute l~ydrocl~loric 
acid a t  100" (4). I t  has now been found that tetralcistrifluoromethyldiarsine is stable under 
the same conditions. The diphosphine is unstable to liquid ammonia and 4Sy0 of the 
trifluoronlethyl is lost as fluoroforin after 28 days. Thus the extent of ammonolysis of the 
diphosphine is less than that of the diarsine. Si~uilar results have been found for tristri- 
fluoroi~~ethyl-phosphine and -arsine (3). 

Cl~lorobistrifluoromethylphosphine reacts wit11 etllanol below 20" to give ethoxybistri- 
fluorometh~~lphosphi~~e (5), and when warmed with ethanethiol the corresponding 
mercapto-phosphine is obtained (6). Chlorobistrifluoromethylarsine is stable to ethanol 
below 120" and to ethanethiol below 110". In an attempt to prepare allcoxybistrifluoro- 
methylarsines chlorobistrifluoro~nethylarsine was reacted with sodium metl~oxicle and 
ethoxide. A violent reaction takes place and only decomposition products can be isolated. 
In a more controlled reaction using sodium methoxide bistrifluoromethylarsiile oxide 
was produced. The reaction of chlorobistrifluoron~ethylarsine with sodium mercaptide 
is less violent and ethylmercaptobistrifluoroi~~etl~ylarsine is obtained. The same product 

(CF3)2AsC1 + NaSC?Hj --t NaCl + (CI;j)nAsSC?Hj 

is obtained fro111 the reaction of mercury nlercaptide with iodobistrifluoromethylarsine. 
The use of solid sodiuin and mercury mercaptides for reactions of this sort has not pre- 
viously been reported, though the lead(I1) derivatives have recently been used to prepare 
mercapto-silanes (7). 

Cl~lorobistrifluoroinethyl-arsine and -phosphine react readily with ammonia (3, S), yet 
the phosphine does not react with sodamide (8). A si~uilar result has now been found for 
the arsine. The arsine is also stable to forinamide a t  20". 

The rates of hydrolysis of the co~npounds (CH3)zA~(CF3)3-z have beell found to 
increase as  the number of trifluoromethyl groups is increased (2, 9). A similar result has 
been found for the rates of hydrolysis and ainmonolysis of the coinpounds (C3H6)&- 
(CF3)3-z (10). I t  has now been found that  the con~pounds R,As(CF3)3-, (R = C2H5, 
n-C4H9) show this same trend with respect to ammonolysis and hydrolysis. Com- 
parison of the details of these experiments with those of Haszeldine and West (9) suggests 
that for a particular number of trifluorometl~yl groups the rate of hydrolysis decreases 
in the order CH3 > CzH6 > CaH9. Anlmonolysis of the ethyl compounds also seems to 
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be faster than am~nonolysis of the corresponding n-butyl compounds. Heptafluoro- 
prop)7ldirnethylarsine is also slowly attacked by ammonia, giving lleptafluoropropane. 
These results arc co~~sistent  with the idea that solvolysis involves i~ucleophylic attack a t  
the arsenic atoll1 (9), and suggest that mechanism could well be Sx2. 

Tristrifluorometl~ylarsine is stable to liquid sulpl~ur dioxide a t  20°. 

EXPERIMENTAL 
The tritluoromcthyl arsenicals were prepared by recorded methods. Techniques usccl were similar to those 

previously described. Most compounds solvolyzed to give fluoroform, the identity a~ltl  purit). of which was 
checl;ed spectroscopically and, where possible, by molecular weight measurement. 

Soloolysis of ChlorobistrijiroronietI~~y~a rsine 
Chlorobistrifluoromethylarsine (0.870 g) and dry ethanol (0.269 g)  did not react after 3 days a t  SdO o r  

13 hours a t  120'. Similarly no reaction occurred between the arsine (0.296 g )  and ethanethiol (7.5 g) after 
44 hours a t  110°, or between the arsine (0.510 g) and formamide (0.34 g )  after 3 days a t  20". Chlorobistri- 
fluoromethylarsine (0.663 g )  and excess sodium methoside reacted violently on being warmed quic1;ly 
iron1 -196" to 20' to give fluoroform (0.142 g, 97% of the trifluoromethyl); methanol was identified in 
the remaining volatile fraction by its infrared spectrum. The water-insoluble solid product contained 
elemental arsenic, identibed by its X-ray powder photograph. In a second experiment the chloro-arsine 
(1.457 g) and sodium methoside (1.2 g) were allo\ved to warm LIP from - 196" to 20' over 16 hours, a vigor- 
ous reaction tool; place a t  - 10' and some charring occurred. The volatile products were fluoroform (0.331 g, 
40(%) and a fraction (0.434 g ;  molecular weight (M), 352) whose infrared spectrum was almost identical 
with that of a sample of bistrifluoromethylarsine oxide. Excess sodi~1111 ethoxide and chlorobistrifluoro- 
methylarsine reacted violently, giving ethylene, fluoroform, ethanol, and arsenic metal, but no ethoxy- 
bistrifluoromethylarsine \\.as formed. Chlorobistrifluoromethylarsine (1.325 g )  and excess sodium mercaptide 
reacted vigorously on being warmed to 20' to give, amongst other ~~nidentified products, ethylene and a 
slightly impure sample of etI~ylntercaptobistrifl~~oroii~etl~ylarsine (1.107 g). Anal. Found: CFa, 49.57"; hI, 27'7. 
C~H~ASFP,S requires: CFI, 50.5%; M, 274. The infrared spectrum of this fraction was consistent with that 
expected for the mercapto-arsine. Found: liquid film: 2965 (m), 2925 (m), 2870 (w), 2220 (w), 1650 (v\v), 
1465 (m), 1434 (w),  1383 (w), 1264 (s), 1167 (vs), 1133 (vs), 1100 (vs), 1057 (m), 1043 (m), 966 (w), 758 (w), 
726 (s). The same con~pound \\.as produced in 90% yield from the reaction of iodobistrifluorornetl~ylarsinc 
with excess mercury mercaptide a t  20' (4 days). Chlorobistrifluoro~~~ethylarsine (0.814 g )  and sodamide 
(5 g) did not react a t  20' (9 days) (03% recovery). Found: kl, 250. Calc. for CzAsClFG: &I, 249. 

Solvolysis of T~ is t r i f l z roro?r ie~ lars ine  
Tristrifluoromethylarsine (0.924 g )  and dry ethanol (1 g)  a t  20" (12 days) gave fluoroform (0.053 g, 

7.7% of the trifluoromethyl). The arsine (0.765 g )  and 5 rnl of a 10% solution of sodium methoxide in 
methanol after 3 days a t  20' gave fluoroform (0.548 g)  equivalent to 98% of the trilluoromethyl. Tristri- 
fluorornethylarsine (1.689 g) and s ~ ~ l p h ~ ~ r  dioxide (14.98 g)  did not react after 7 days a t  20'. 

Solvolysis of Trtrakistrifl~roro~~zetl~yldiarsznr 
The diarsine (0.327 g) and dilute hydrochloric acid (10 1111) did not react after 24 hours a t  100". No 

reaction occurred between the diarsine (0.308 g )  and dry methanol (10 ml) after 4 days a t  20". The diarsi~le 
(0.353 g) and 6 ml of a 5y0 solution of sodium methoside in methanol gave, on being warmed to 20°, a 
green so lu t io~~  which slowly became colorless then brown after 12 hours. After 6 days lluorofor~n (0.209 g;  
90% of the trifluoromethyl) mas obtained. The solid remaining in the tube contained a t  least t\vo phases 
and was conlpletely soluble in water. This solution contained arsenite but no fluoridc. 

Solvolysis of BistrifIzforon2eth?darsine 
Bistrifluoroniethylarsine (0.306 g)  and ammonia (4.40 g) gave a green solution and a white precipitate 

a t  low temperature. The color gradually faded from the solution as it was warmed to 20' and the solid 
became red-brown. After 28 days fluoroform (0.152 g; 76% of the trifluorornethyl) was obtained. Arsenite 
but no fluoride was produced. Bistrifluoron~ethylarsine (0.185 g) and 4 ml of a 5y0 solution of sodium 
methoxide in methanol gave a transient green solution on being warmed to 20'. After 12 hours a copious 
brown precipitate had formed. After 5 days fluoroform (0.081 g )  equivalent to 677; of the available 
trifluoromethyl was isolated. The brown solid remaining in the reaction tube contained arsenite but no 
fluoride and was partly insoluble in water and acetone. The infrared spectrum of this solid indicated the  
presence of C-F groups. 

Reactio?~ of Tetrakistrifl~~oromethyldiphosp~~ine with A ~ n m o r ~ i a  
The diphosphine (0.264 g )  and ammonia (1.79 g) galre a colorless solution a t  20' which slowly deposited 

a white solid. After 14 hours the solid was red-brown. After 28 days fluoroform (0.105 g )  equivalent to 48% 
of the trifluoromethyl was obtained. No fluoride was produced. 
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Solvolysis of Trifluorometkyl Arsenicals containi~zg Ethyl and n-Bzrtyl Groups 
The results call be summarized as follows: 

Yield of 
Solvolysis Temp. Ruoroform 

Compou~ld ~ll~noles reagent Time KC) (%) 

C?MsAs(CFa)? 0.912 10% NaOH (10 ml) -1 days 100 100 
1.52 Liquid NH3 (3.9 g )  10 days 20 36 

(C?H,)?AsCF3 2.29 20% NaOH (10 ~ n l )  3 days 20 1 
1.37 1070.NaOH (10 ml) 12 hours 100 34 
1.67 Liqu~d NH3 (6.9 g)  14 days 20 7 

?1.-C4HBAs(CF3)? 1 .63 20% NaOH (10 ml) 5 days 20 2 
1.55 10% NaOH (10 ml) 11 hours 100 38 
1.83 Liquid NH3 (6.3  g)  20 14 11 days 

(vz-C4H0)2AsCF3 1.43 10% NaOH (10 ~ n l )  12 hours 100 I0 
1.29 Liquid NH3 (5.3  g)  13 days 20 < O .  5 

(CH,)?AsC,F7 0.722 Liquid NH3 (1 .'2 g )  9 days 20 11 (C3F?H)* 

T l i c  excess ammonia was rernoved \\.it11 hydrochloric ;~cicl. 
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DERIVATIVES OF MONOGERMANE 

PART I. THE VIBRATION-ROTATION SPECTRA OF GERMYL FLUORIDE AND BROMIDE' 
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ABSTRACT 

The vibration-rotation infrared absorption spectra of germyl fluoride ancl bromide have 
been observed. A11 of the fundamentals in GeH,F were located, and the rotational structure 
of the E-type bands were resolved and analyzed. The low-frequency band, v3(al), in GeH3Br 
was not observed but an esti~uate of its position was made from the frequencies of the com- 
bination band V~+YC, and of U6. The rotational constant /I" and the Coriolis constants f.1, fs, 
and f6 were calculated for both molecules, and agreement with microwave A" values was 
satisfactory. Thermodynamic functions based upon a rigid-rotator, harmonic-oscillator model 
have been evaluated for ger~nyl  fluoride and bromide. 

INTRODUCTION 

The infrared vibrational spectra of only six compounds containing the germyl (GeI-I,--) 
group have been reported. These are germane (I), monodeuterogermane ( 2 ) ,  digermane 
(3), chlorogermane and chlorogermane-da (A),  and vinylgermane (5). The molecular 
structure of the fluoride ( G ) ,  chloride (7), and bromide (8) have been determined by 
inicrowave spectroscopy, the results of which were subsequently confirined il l  the case 
of the chloride by an analysis of the rotational structure of its perpeildicular infrared . - 

absorption bands (4). In the course of an investigatioil of tetracovaleilt germanium 
compounds, in which the germyl derivatives were of particular interest, we prepared a 
series of GeH3S compounds, where X is F, C1, Br, I ,  CN, KCO, NCS, and CI-13, and 
measured their infrared vibratioilal spectra under medium dispersion. A detailed treat- 
illeilt of the vibration-rotation spectra of the fluoride and the bromide is presented 
here. 

EXPERIMENTAL 

All volatile co~npou~tds  were nlanipulated in  a glass high-vacuunt a p p a r a t ~ ~ s  in which the stopcocks 
were lubricated with a chlorofluorocarbon stopcock lubricant. 

Gern~yl  bromide was obtained by the reaction of germane with bromine, using a nlethod similar to that 
described for the preparation of silyl bromide (9). Bromine (7 .9  mmoles), in s~nal l  portions, was condensed 
into a tube fitted with a stopcoclc in which a sample of germane (8 .1  mmoles) had been cooled to -196' C. 
After each addition of bromine, the mixture was warmed slowly until the color of bromine had just disap- 
peared. The products were separated from unconsunled germane by fractional condensation and vaporization 
in a trap cooled to - 160' C before proceeding to the next addition of bromine. Germyl bromide was recovered 
from the product mixture by several distillations a t  -78' C (91% yield; found: molecular weight (M)  
156.0, v.p. 25.7 mm a t  -23' C; calc. for GeHoBr: M 155.5, v.p. 25.0 min a t  -23' C (10)). 

Germyl fluoride was prepared by the interaction of excess silver(1) fluoride with germyl broinicle (11). 
The bromide (2.0 inmoles) was passed slowly through a sample of glass wool and powdered silver fluoride 
contained in a U-tube which was cooled to -22.g°C. The monofluoride (1.67 mlnoles; found: M 9-1.7; 

' T h i s  work was presented i n  part at the Eighth Ottawa Syrnposiz~ttz on  Applied Spectroscopy, Ottawa, O?ztario, 
Sebtember 18-20. 1961. 

 older of N.R.C. Stzrdentslzips, 1966-58. 
3Holder of a N.R.C. Postdoctorate Research Fellowship, 1059-61. Present address: Depart~ite?zt of Cl~crrlistry, 

University of Lucknow, Lucknow, India. 
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ralc. for GeH31;: A 1  '34.6) was separated from the difluoride (0.151 inmoles; found: ;\.I 112.8; calc. for 
GeH?Fn: M 112.6) by passing a nlisture of the two through a trap cooled to -05° C, a t  which temperature 
the difluoride is in\-olatile. I t  is partic~llarly important to ensure complete removal of the difluoride, since 
there are several very intense absorption bands in its infrared spectrum (12) which occur in the same spectral 
regions as absorptions due to the monofluoride. 

Spectra were recorded in the range of 4000 to Ci25 cni-I with a Perkin-Elmer Model 221-G spectro- 
photometer using a NaCl prism-grating optical system and with a Perliin-Elmer Model 21 illstr~~merlt 
equipped with CaFl and NaCl prisms. 'These instruments were calibrated using CO1, CO, and NH3 so 
that an absolute accuracy of about 1 cnl-' is claimed. Snlall frequency differences, however, as encountered 
in the analysis of the rotationa! structure of the perpendicular bands, are expected to be accurate to about 
3-0.2 cm-I. The v~ vibration in the spectrum of the bromide was observed with a Perkin-Elmer Infracord 
instr~lment equipped with a ICBr prism. 'The resolution (ca. 4 cm-I) was adequate to distinguish betweell 
successive peaks in this absorption band. This instrument was calibrated with polyethylene, and an accuracy 
of 3-3 cnl-1 was obtained. Tlic measured separation of successive Q branches is espected to be accurate to 
about +0.3 clll-'. 

Measurements were made on compounds in the gas phase contained in a 7.5-cnl cell fitted with I<Br 
\vindows a t  pressures of 5.5, 10.0, and 17.0 nun for the fluoride and 17.0 and 25 0 lllln for the bromide. 

RESULTS 

The frequencies and assignments of the fundamental bands for gernlyl fluoride and 
bromide are listed in Table I and tlie vibrational spectra are shown in Figs. 1 and 2. The 

Frequency (cm-1) 
Vibration -- 

\,7il>ration number Species GeHJ GeH,Br 

Ge--H stretch 1 A I 2118.0 2113.3 
Ge-HJ bend 2 -4, 859.0 831 5 
Gc-S stretch :3 .-I , 689.2 (310)* 
Ge-H stretch 4 E 2128 6 2121 4 
G~I-I:, bend 5 E 874.2 872.3 
GeHs rocl; 6 E 663.7 578.1) 

individual fundrumental bands, observed under higher resolution than that used to 
Figs. 1 and 2, of tlze fluoride are shown in Figs. 3-7 and of the bromide in Figs. 

8-11. Assignments of the subband pealcs in tlie perpendicular absorption bands are 
listed in Table I 1  for the fluoride, and in Table I11 for the bromide. 

DISCUSSIOX 

The rotational structure of the perpendicular-type bands and the band co~itours of 
the parallel-type bands confirm the microwave studies, which indicate that the fluoride 

bro~nide are synzmetric tops of C3,, symmetry. i\iIonohalogerma~~es, GeI-I,$X, have 
three syminetric vibrations of species i l l  ancl three doubly degenerate perpendicular 
vibrations of species E. These, as well as all overtones and combinations, are infrared 
and Ramrun active. 

Vibrational assig~lments for tlie ill-type funda~i~entals were made on the basis of 
band contours which show a PQli structure, and for the E-type fundanzentals on the 
basis of the s,w,w,s intensity alteration in the subband pealcs arising fronz the ilucleai- 
spins of the protons and the Cau sym~netry of the molecule. Location of tlze centers of 
the P, Q, and R branches of the parallel bands was not always apparent because of the 
strong overlap with less intense perpendicular bands. Thus, vibrations v l  and va, v z  and 
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G R l F F I T l l S  l<T AI,.: SPECTRA 

FIG. 1. 'The infrared spectrulil of GeH3F. 
FIG. 2. The infrared spectrum of GcH3Br. 

I;IG. 3. The v, band in GeH3F. 
FIG. 4. The u? band ill GeH3F. 
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GRIFFITHS ET AL.: SPECTRA 

CM" 
1:lc;. 8. The vl band ill GeH3Br. 

v j ,  and v3 and v6 in the spectrum of the fluoride, and v l  and vr ,  and v2 and v j  in the spec- 
trum of the bromide, overlapped. When it was not obvious, the structures of the parallel 
bands were estimated by subtracting the contributions of the perpendicular bands from 
the overall band contours as described by Lord and Steese (4). In this way, the frequencies 
of the P, Q, and R branches and the P-R separations were determined. 

iVo?z-degenerate (--I I) Tribrat ions 
The fine structure in the parallel bands was not observed in the fluoride and bromide 

spectra because the resolutio~l in our spectrometers was not high enough. The rotational 
constants, B,, which are lc11ow11 from microwave investigations to be 0.335 cm-l for the 
fluoride and 0.079 cm-I for the bromide, determine the line spacings in the parallel 
bands. These values are so small that individual lines of separation 213 were not resolved. 
Parallel bands of the fluoride showecl well-defined PQR triplet structure, since the ratio 
of rotational constants, 13/,1, is high and co~ltrols the relative intensity ratio of the Q 
to the P and R branches. This ratio is very small in the bromide so that the Q branch 
could not be resolved and only the P-R doublet structures were observed. The P-R 
spacings for gennyl fluoride and bromide were calculated from the for~llulas of Gerhard 
and Dennison (13) and are compared with the observed values in Table IV. The agree- 
ment between observed and calculated spacings is considered to be reasonable in view 
of the overlapping parallel and perpendicular bands and the large number of germanium 
isotopes. 

Degenzrate ( E )  Vibrations 
The rotatio~lal structure of the E-type bands was easily resolved since the rotational 

constants A and the ratios .-1/13 are large in the fluoride and bromide. Analysis of the 
spectrum was facilitated by assigning appropriate I< values to the RQK and 'QK sub- 
bands of co~llparable intensity a t  high values of I<, where there was negligible absorption 

FIG. 5 .  The vc band in GeH3F. 
FIG. 6. The v? and v j  bands In GeH3F. 
FIG. 7. The v3 and v~ bands in GeH3F. 
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100 

FIG. 0. The vl  and v, bands in GcHsBr. 
FIG. 10. The v 2  and v 5  bands in GeHaBr. 

30 
650 600 550 

CM-' 
FIG. 11. The v 6  band in GeHaBr. 
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'TABLE I1 

Frequencies (cm-1, vac.) of subbands in GeHoF 
-- 

Subbands of v4 Subbands of vs Subbands of vo 
- --- 

K R~~ P o ~  Intensity ' O K - ~ O K  " @ K + ~ @ K  R @ ~  P~~ ~ntensity ~ Q K - ~ Q K  R ~ ~ + P ~ ~  R~~ P o ~  Iriterlsity R Q ~ - ~ Q ~  R@K+P@K 

S S - S - 
0 

0 2133.2 - - - 876.9 - - GG4.9 - - 2 
1 2137.0 2128.4 \r 9.5  .1268.3 882.2 871.5 I\' 10.7 1753.7 - 661.0 \P - - ?I 

2 2142.9 2123.6 19.4 42G6.4 887.5 8GG.8 \v 20.7 1751.3 671.8 G58.(i \v 13.2 1330.4 
3 21217.7 2118.5 s 29.2 -1266.2 892.8 861.1 s 31.3 1753.9 - G54.9 s - - Z 
4 2151.0 2113.2 w 38.7 4265.1 697.2 856.G \Y -4O.G 1753.8 - G51.7 I!' - - in 

6 2166.3 2108.3 \\, 48.0 -12G4.G s102.G 851.6 15' 51.0 1751.2 G81.8 648.0 \v 33.8 1329.8 
li 2161.4 2103.2 s 58.2 4264.6 007.5 846.3 s 61.2 1763.8 684.7 G44.9 s 39.8 1329.G > 
7 2166.1 2098.1 \v 68.0 -1264.2 912.4 841.3 \\' G87.0 641.4 !r 45.G 1328.4 r 71.1 1753.7 
8 2171.1 2093.1 m 78.0 -126-1.2 017.4 836.3 m 61.1 1753.7 6 9 0 .  637.1 \v 53.8 1328.0 
0 2175.G 2087.0 s 87.7 4263.5 922.2 831.2 s 91.0 1753.4 G93. :3 - s - / 'C1 

10 2180.3 2082.6 w 97.6 42G2.8 026.9 826.2 \\' 100.7 1753.1 606.5 - \\- - - 
m 
0 

11 2184.~1 2077.4 \v 107.0 .1261.8 031.3 820.8 \v 110.5 1752.1 600.8 - - - \v 4 

12 2188.(j 2072.4 s 116.2 4261.0 93G.1 815.6 s 120.5 1751.7 
7 > 

13 - 810.6 \\' - - 

1 .1 - 805. 6 \v .-- 

15 .-. 800.3 s -.. - 

16 .- - 794.3 \\' -. -. 

17 . .. 780.8 \v - -- 

18 784.4 s - . 
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TABLE IV 

P-R separatio~is in the parallel bands 

P-R separations (cni-I) 
Vibration 
number GeH3F GeHsBr 

3 26.6 - 

Average 25.6 12.0  
Calculated 26.4 12.1  

of the inore intense overlapping parallel bands. The s,w,w,s intensity alteration of these 
subbands was helpful in this analysis, for the band centers lie between strong RQo and 
the weak PQ1 subbranches. 

With the exception of v5 in the spectrum of GeI-13Br, the analysis of the rotational 
structure of the perpendicular bands was straightforward. The "QK subband peaks in 
v5 were strongly perturbed near K = 4, due to Ferini resonance with the coinbin a t '  ion 
band ~ 3 + ~ 6 .  Thus, the RQ4 and the RQ5 subbands were each split into two lines, the 
separation of which should theoretically allow an evaluation of the constants of the 
perturbation. The details of these splittings, however, were rather poorly defined; there- 
fore, the constants were not evaluated. Although v 3  in GeH3Br was not observed directly, 
it was possible to estimate its position froin the difference (v3+v6) - (v6) = 319 ~111-l. 

Since the origin of the combination band is not known precisely and the effects of anhar- 
monicity were ignored, the frequency of v3 is probably not accurate to better than 
f 1 0  cm-l. Because of the perturbation of YE, a t  small K and the overlapping of v 5  by 
v 2  a t  K = 6-9, the subband peaks were analyzed using only the frequencies of RQK 
subbands having I< > 10. The general method ~ised in the rotational analysis is as 
follows. 

Subband frequencies may be represented (14) by the equation 

where v, is the band origin, (or B)  = h/8rVA (or h/8r21B), { is the Coriolis coupling 
coefficient, ant1 the single and double primes refer to the upper and lower vibration states, 
respectively. Thus, the fundamental frequency of an E-type bancl occurs (AUf(l-2{,) 
-B,') cm-I below the strongest subband peak, RQo. The coefficient of the I< term was 
obtained by plotting (RQ~-PQK)/2 versus R, the slope being equal to the coefficient, 
while the slope and intercept of the straight line resulting from a plot of (RQK+pQK)/2 
against IC2 gave the coefficient of K2 and the constant term, respectively. A least-squares 
treatment of the points gave the following equations for the subband frequencies of 
E-type bands in gerinyl fluoride and bromide. 

For germyl fluoride, 

For germyl bromide, 
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For X YZ3 molecules, the 1 sum rule is 

where 

therefore, 

if the variatioil of -4' and B' with the vibrational state is neglected (see eq. [I]). Using 
the B, value froin microwave stiidies for B', A1' is readily obtained and represents an 
average A' = (/I4' +A5' +L '16 ' ) / 3  By assii111ii1g B' = B" for vq, v g ,  and V6,  the coefficients 
of IC2 in eqs. [2-71 allow an evaluation of /lf' and of the various - ~ l ~ ' ,  which then may be 
substituted in eq. [ I ]  to yield values of li. Thc results are listed in Table V. 

'TABLE V 
l<otationnl constants of GeH.,F and GeH3Br 

Constant GeM3F GeH3Br 

Table V1 suininarizes the various structiiral parameters determined by inicrowave 
spectroscopy for the fluoride, chloride, and bromide. The nlicrowave A'' constants all 

TABLE VI 

S t r ~ ~ c t ~ l r a l  paranleters of GeFI3F, GeH3CI, and GeHaBr 
- 

Parameter GeH3F GeH3CI GeHsBr 

*Microwave results. 

agree within experimental error with those determined by infrared methods, although 
the former tend to have somewhat higher values than the latter. This is not unexpected 
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GRIFFITNS ET XL.: SPECTRA 589 

since the ~llicrowave values were calculatecl for the ground state and the infrared con- 
stants were determined on the assu~nption that B,' = Bi' for all perpendicular vibrations. 

Tlzerrnodynumic Fz~nct  ions 
The ther~nodynamic values listed in Table VII for germyl fluoride and bromide, 

TABLE VII 

Thermodynamic functions* of GeH3F and GeI-13Br 

Temperature -( F"-Eo") (H"-Eon) -(F"-- Eoo) (H"-Eo") 
(" I<) T T So Go T T So Go 

- ~ - -  
28s. 16 j 0 . h  1 66.08 12.23 55.80 9.89 65.71 13.42 
-100 -53.80 10.21 64.05 14.63 ' 58.88 11.07 69.96 15.52 
500 56.20 11.29 67.50 16.45 61.47 12.12 73.61 17.11 
600 58.35 12.27 70.64 17.00 63.77 13.07 76.85 18.41 

- - - - 

"Enits are cal deg-'mole-'. 

respectively, were calculated 011 a rigid-rotator, harmonic-oscillator approximation and 
are given for the ideal gas state and 1 atnl pressure (14). 
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ARSENIDES OF THE TRANSITION METALS 

VI. ELECTRICAL AND MAGNETIC PROPERTIES OF THE TRIARSENIDES1 
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Received November 29, 1961 

ABSTRACT 

Homogeneity limits a t  750' C of the ternary DO2 triarsenides (Ni,Co)As3, (Fe,Co)Asa, and 
(Fe,Ni)As:, have been established. The electrical and magnetic properties of these systems 
and the triarsenides of cobalt, rhodium, and iridium have been examined. The results are: 

Magnetic Electrical 
Syste~n Limits properties properties 

CoAss - xp = -0.158X10-G Semiconductor 
RhAs3 - xi6" = -0.219xlO-6 Se~nico~iductor 
IrAss - X 2 j o  = -0.253 X - 

Si,Col-,As3 0 < x ,< 0.65 P : f f  = 0.8-1.2 p ~ / N i  Ni donor atom 
Fe,Col-,As3 0 ,< x < 0.16 Perf = 1.9-2.7 pn!Fe Fe donor atom 
Fe,Ni1-~As3 0.25 < z < 0.46 Weak paramagnet~sm Se~ni- to metallic 

These data are discussed with reference to the bonding model proposed by Dudkin and 
Abriltosov. The rnodel is satisfactory for the binary compounds and the Ki/Co system, but 
not for the Fe/Co and Fe/Ni systems. 

INTRODUCTION 

Skutterudite (CoAs3, DOz) type structures are fdund among the phosphides, arsenides, 
and antiinonides of cobalt, rhodium, and iridium, as well as the phosphides of nicltel 
and palladium (I). In this lattice each metal atoll1 is surrounded octahedrally by six 
pnigogens13 while each of the latter is shared by two inetal atoins and has two other 
pnigogens as  nearest neighbors, forming a distorted tetrahedral environment. These 
conlpounds and the pyrite-type diarsenides PtAs2 and PdAsz are the only transition 
metal pnictides in which the metal atoills ai-e entirely surrounded by pnigogens, pre- 
cluding direct metal-metal interaction. 

Dudltin and Abrikosov (2-5) have proposed an electronic illode1 for CoSb3 which they 
have used with considerable success in describing the electrical properties of doped and 
undoped specimens. They have assumed that  the bonds in these compounds are semi- 
conducting bonds as defined by BIooser and Pearson (6, 7). In this inodel each antimony 
atom forms single covalent bonds with its two nearest antimony neighbors, and half 
bonds with the two metal neighbors, as indicated in Fig. I. The antimony 5s and 59 
orbitals are coillpletely occupied, and are assumed to form sp3 1.c.a.o. orbitals in accord 
with the distorted tetrahedral environment of the antimony atoms. Each metal atom 
in turn forills half bonds with the six pnigogen atoms which surround it ,  the three valence 
electrons required occupying octahedral d2sp3 hybrid orbitals. Although the metal 
bonding orbitals are only partially occupied they do not overlap other metal orbitals 
and metallic conduction would not be expected to occur. 

'Issued as  N.R.C. No. 6697. 
2N.R.C. Postdoctorate Fellow. Present address: Bell TelepIzo?ze Laboratories, ilfurray Hill,  N.J., U.S.A. 
3 G ~ o ~ p  V A  elentelzts: N ,  P, As, Sb, Bi. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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PL1I:ISS A N D  I-IEYDING: AKSENIDES 

FIG. I. Bolldi~~g nlodel of CoAs:, according to Dudkin and Abril;osov ( 5 ) .  

If this model is correct, certain predictions can be made collcerning the magnetic 
and electrical properties of these compounds. The  cobalt family of tripnictides, 
Co(Rh,Ir)P3, Co(Rh,Ir)As3, Co(Rh,Ir)Sba, should be dialuagnetic and selniconducting. 
Indeed, both CoSb3 ( 5 )  and CoAs3 (8) are semiconductors, the latter having an energy 
gap of approximately 0.25 ev. Very recently Kjeltshus and Pedersen have reported that  
IrAsa and IrSb3 are diamagnetic (9). Similarly, the iron family analogues, with one less 
d electron, should be paramagnetic and semiconducting. In the nicltel family analogues, 
the additional metal electron cannot be accepted by the d orbitals, which are completely 
occupied, and must be assumed to occupy a higher energy level, possibly within the 
conductio~~ band; consequently these compounds should be weakly paramagnetic and 
metallic conductors. 

With the exception of Kip3 and PdP3 (lo), the iron and nicltel analogues have not 
been prepared synthetically, nor do they exist in nature. However, cobalt is often par- 
tially replaced by nickel and iron in natural sltutterudiies ( l l ) ,  and Dudkill has estab- 
lished the substitutional solid solution limits of iron and nicltel i l l  CoSba (2, 5). We have 
determined the substitutioll limits in the systems Fe,Col-,Asa, Ni2C01-,As3, and 
Fe2Nil-,As3 a t  750" C in the presence of excess arsenic. Unit cell dimensions, magnetic 
susceptibilities, electrical conductances, and therlnal e.m.f. polarities of these solid 
solutions and of the binary compounds CoAs3, RhAsa, and IrAs3 have been deterniined 
for their intrinsic interest and as a measure of the validity of Dudliin's model. 

E X P E R I ~ I E N T A L  
1. Sa i~rp Ie  Prepara t io?~  

.illoys were prepared by the direct interactioi~ of arsenic and metal powders in sealed, evacuated tubes. 
Iron, cobalt, and niclcel sponges were supplied by Johnson, Matthey and Co., with the following spectro- 
scopic analyses in p.p.m.: 

h'1 n Fe Co N i Cu Other 

Rhodium and iridium sponge supplied by Baker and Co. were found by spectroscopic analysis to contain 
slight traces of Ca, Cu, Si, and Fe and Sb, Si, and Ca, respectively. The sponge was reduced in purified 
hydrogen a t  600" C prior to  use. 
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Conlinco high-purity arsenic, containing Ca, Cu, Pb, Mg, and S, each less than 0.1 p.p.m., and Si less 
than 0.2 p.p.m., was sublimed in vacuo a t  450' C (i.e. converted to  an amorphous form) to facilitate grinding, 
and stored in vaczro. 

Specimens were prepared in 5- to 10-g quantities by weighing calculated quantities of metal and arsenic 
powders in air and sealing in pyrex tubes under high vacuum with 5-10% excess arsenic to suppress dis- 
sociation. After the  specimen was heated for 24 hours a t  400-450" C the product was removed, ground, 
and resealed in vycor or clear quartz for a series of 6- to 7-day annealing periods a t  750' C. At the end 
of each annealing period the alloy was slow-cooled in the furnace, reground, and sampled for a Dcbye- 
Scherrer pattern. Annealing was repeated  until all dilfraction lines due to extraneous phases hacl been 
eliminated and consecutive photographs showed no change in lattice parameters. r2t temperatures below 
750" C equilibrium was attained only slowly, and a t  higher temperatures most of the alloys suffered peritcctic 
decomposition. 

The excess arsenic was remo~7ed by ~naintaining a very small ten~perature gradient along the sample 
tube dl~ring annealing, thus causing the arsenic to  crystallize in the void space away from the bull; of the 
sample. 

Debye-Scherrer patterns were obtained in 11.46-cm Norelco cameras using Co K,  radiation. 
Resistivity and Seebecl; coefficient specimens were prepared by slow sintering a t  750' C in the presence 

of excess arsenic. Finely ground partially reacted alloy was tamped firmly into 4-m111 I.D. heavy wall 
vitreosil tubing, forn~ing a rod 5-12 cm in length. Excess arsenic was added above the specimen, a ~ ~ d  the 
tube evacuated, sealed, and sintered for 6-7 days a t  750' C. The rod was pushed from the capillary, satupled 
for diffraction pattern, and resealed in a standard annealing tube. .Annealing then followed the course 
previously outlined. 

2. Jfagnetic S~~scept ibi l i t ies  
Susceptibilities were deter~nined by the Curie method  sing I-lenry pole-caps and the experimental 

arrangement described in an earlier paper (10). The atmosphere in the temperature control system and 
balance was dry, purified nitrogen a t  770 mm pressure. Powdered specimens of about 1 g were held in a 
quartz bucket for study in the temperature region 83" to 670' I<. Under these experimental conditions 
the susceptibility of crystalline arsenic was determined with no tarnishing of the crystal faces or detectable 
loss in weight due to vaporization of As203 or arsenic itself. For higher temperatures the bucket was replaced 
by a sealed, flat-bottomed quartz a~npoule of sufficient length that it could be opencd and resealed in a 
regio~l exposed to negligible field. The force on the specimen was determined a t  three magnet currents, the 
minimum field to which any part of the specimen was subjected being ca. 8000 gauss. The apparent sus- 
ceptibilities were plotted against l/(FI,n,,,,+Hmi,) for specimens showing field dependence, and the data 
extrapolated to illfinite field strer~gtli to eliminate thc effect of ferromagr~etic impurities. 

3. Electrical 1'1 opertres 
The resistivity of sintered specime~~s was determined in a simple d-c. circuit over the temperature range 

SO0-670" I<. Current from a storage cell was passed through the specimen in series with a standard resistance, 
and the potential drop across a 1;nown length of sample ~neasured using null-point probes. The direction 
of the current was reversed a t  each experimental point and the mean potential drop determined to eliminate 
stray contact and thermal voltages. Measure~nents were made with the specimen under vacuum above 
room temperature and under a s~llall nitrogen pressure below room temperature. 

The Seebeck coefficients of these compounds versus copper were determined for COAS~ specinle~is only. 
Calibrated copper/constantan thermocouples silver-soldered into pure copper hen~ispheres of ca. 0.35-mm 
D. made spring-loaded contact with the ends of the sintered specimen. The sample was held by a boron 
nitride sleeve which also served to support small differential heaters a t  each end of the specimen. The 
whole was sealed in zlacuo and thermostated for measure~nents from SO0 to 670' I<. X minimum of 12 hours 
was allowed for the apparatus to come to equilibrium under any given set of conditions. 

A very simple apparatus showing the polarity of the hot junction of the specime~i/copper couple ivas 
used to determine the type of conduction occurring in the iron- and nickel-substituted semiconductors. 

lZESIiLTS AND DISCUSSIOS 

I .  Limits of Solid Solz~tion Regions and Stoichiometry 
The limits to which iron and i~ickel call be substituted for cobalt in CoAss, and iron 

for nickel in the hypothetical coillpound NiAsa a t  750' C, as determined by Debye- 
Scherrer patterns, are given in Table I. In this table comparison is nlade with the limits 
and unit cell dimensions observed by Holmes in naturally occurring skutterudites (8). 
The unit cell dimensions of the solid solutions are, within experimental error, linear 
functions of the composition (Fig. 2). 
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PI.EASS AND HEYDING: .-YRSENIDES 5'33 

TABLE I 
Substitution limits a t  750' C,  and room-temperature lattice dimensions i n  iron- and 

nickel-substit~~ted Coils3 

i\iIineral limits Unit cell, 
S\.stem Observed limits (Holmes (11)) Specimen obs. (A) Mineral (11) 

I FIG. 2. Cubic 1111it cell dimensions of substituted triarsenides as a function of composition. 

Throughout this study total ailalyses have indicated persistent deviations froin 
stoichiornetry. Indeed, specimens annealed a t  750' C are Illore properly represented by 
the formula (M,M:-,)Ass-,, with 0 < y < 0.20. The deviation from stoichiometry does 
not appear to be a function of the degree of substitution, nor is there any detectable 
variation in lattice dimensions with arsenic content. Analyses of some 40 alloys do indi- 
cate, however, that  departure from ideality in the (Fe,Co)Ass system is significantly 
greater than in the other three systems (Table 11). In all systems the deviations are 
considerably less than have been observed in ~latural  skutterudites (11). 

TABLE I1  
Departure from stoichiometry 

(Specimens an~lcaled a t  750' C in the presence of excess As) 

System (3 - y ) m i n  (3 -y)rnox ( 3  -~)rncnn 

We were unable to devise a satisfactory technique for density determinations on 
I these compounds; consequently it  is not possible to say whether or not arsenic vacancies 

in the lattice are occupied by metal atoms. 
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594 CANADIAN JOURNAL OF CHIIMISTR'I. VOL. 40, 1962 

Stoichiolnetric CoAs3 can be prepared by prolonged annealing a t  650' C in the presence 
of excess arsenic. The properties of stoichiometric COAS~ discussed below were obtained 
on specimens prepared a t  this lower temperature. 

2. -Magnetic and Electrical Properties 

(a) Cods3, Iih,ls3, and I rdss  
The binary triarsenides are diamagnetic, as predicted by Dudkin's model. Roo111 

temperature (296' K)  susceptibilities a t  infinite field strength are: 

The susceptibilities of all three compounds are slightly temperature dependent, as shown 
in Fig. 3. The susceptibilities of IrAs:, reported by Kjekshus and Pedersen (9) have 

FIG. 3. Mass susceptibiliiics of CoAs.,, RhXsa, ant1 IrAs3 a t  infinite ficlcl strcngth in c.g.s. e.m.u./g. 
Open points are the susceptibilitics of IrAsa recorded by ICjckshus and Pcdersen (9). 

been included in this figure. Since the Gouy methocl was used by these authors and 
extrapolation of experimental susceptibilities to infinite fielcl strength could not have 
been made, agreement with our values is not unsatisfactory. 

Typical temperature/resistivity curves are shown in Fig. 4(a). The data represented 
were obtained on a stoichiometric specilnen of CoAs3, although deviations from stoichionl- 
etry did not affect the resistivity within experimental uncertainty. All three compounds 
were found to be 9-type sen~iconductors. The therinal e.m.f. of COAS~ measured against 
copper increases from 10 pv/OC a t  100' I< to  a maximum of 140 pvI0C a t  320' I<, and 
then decreases to 85 pv/"C a t  GOO0 K. 
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PLE.ISS A N D  HEYDING:  AKSENIDES 

FIG. 4. ( a )  liesistivity of stoichio~uetric binary triarsenides as a function of temperature. ( b )  Resistivity 
of nickcl-substituted cobalt triarsenide as a function of t e ~ n p e r a t ~ ~ r e  and composition. 

The decrease in diamagnetic susceptibilities observed a t  higher temperatures is coli- 
sistent with the electrical behavior of these compounds. With increasing temperature, 
the number of electrons in the conductioil band increases, and consequently the con- 
ductivity and the paramagnetic contribution due to the concluctioll electroils also 
increase. 

(b) The System Ni,Col-,AsJ-,, 
The effect of nic1;el substitution on the electrical resistivity of CoAs, is illustrated 

in Fig. 4(b). In  agreement with the model, ilickel behaves as a donor impurity. At 
appreciable nickel concentratio~ls selniconducting properties are lost and the system be- 
comes illetallic in character. Conduction becoilles type with 1% substitution of nickel 
for cobalt. 

Susceptibilities of three spec i~~~ens  with 3, 20, and 4OY0 substitution are give11 in 
'Table 111. At 3% substitution the triarsenicle is wealcl~. diamagnetic except a t  1011- 

temperatures; a t  higher concelltrations the paramagnetic coiltributioil of the conduction 
electrons is sufficiellt to make the overall susceptibility positive. Reciprocal suscepti- 
bilities are plotted as a functioil of teinperature in Fig. 5. At 20% substitution the 
effective moment per nic1;el atom is 0.804 pn with a Weiss coilstailt of -290" I<, while 
dt 40% substitutioil pet,  = 1.24 po ,  and 0,. = -1200" I<. 

(c )  The System Fe,Col-,Ass-,, 
Susceptibilities of three specimens in this system are given in Table IV. Observed 

susceptibilities are the sum of individual paramagnetic contributions due to coilductioil 
and uilpairecl electrons (if any), and diaillagiletic contributions due to the arsenic, 
cobalt, and iron cores. At low iron co~lceiltratioils the dianlagnetic terms will be of the 
same order of magnitude as the parainagnetic terms, and to recognize the temperature 
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TABLE 111 

Mass susceptibilities of NizCol-sAsB (c.g.s. e .~ l l .~~ . /g )  

z = 0.03 z = 0.20 x = 0.40 

T ("I<) xy X loa T ("I<) x: x 106 T ("I<) xy x 10G 

FIG. 5. Reciprocal s~~sceptibil i ty of 11icl;el-substituted cobalt triarsenide as a fu~lction of temperaturc 
and composition. 

dependence of the paramagnetic terms some correction for diamagnetic susceptibility 
niust be nlade. As a first approxi~nation we have assunled the diamagnetic terins in 
FezCol-,As3 to equal the diamagnetic susceptibility of CoAs3 itself. The corrected or 
paranlagnetic susceptibilities, x,, given in Table IV were obtained by subtracting the 
mass susceptibilities of COAS~ a t  the appropriate temperatures (cf. Fig. 3). 

TABLE 1V 
Mass sr~scc~tibil i t ies of Fe,Col-,As; (c g.s. e.m.u./g) 

-- 

N = 0.059 z = 0 107 .v = 0.151 
-- 

T x;X1OG x ~ x 1 O 6  T x y ~  10' x: x1OG T x y ~ l O G  x;X1O0 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



PLEASS AND HEYDING: ARSENIDES 5!)7 

The reciprocals of these paran~agnetic susceptibilities are plotted as a function of tem- 
perature in Fig. 6. Effective mon~ents per iron atom obtained from this graph are given 
in Table V. 

FIG. 6.  Iicciprocal of 'paramagnetic' susceptibility of iron-substituted cobalt triarsenides as a fullction 
of temperature and composition. 

Effective mome~lts per iron atom in Fe,Col-,i-\sl-, 

These data are consistent with an unpaired electron in Fe and an appreciable con- 
duction electron contribution. This is in agreement with the model which requires all 
 unpaired electron ill a non-bonding d orbital. The model predicts that no appreciable 
change in semiconducting character should occur on the substitution of iron for cobalt. 
In fact, substitution of iron has a profound effect on the resistivity, as show11 in Fig. ' i (a ) .  
h~letallic behavior results with the substitutioil of as little as 1% of the cobalt by iron, 
and additional substitution increases the resistivity. At 1% substitution conduction is 
p type, and a t  higher concentrations, n type. 

Two possible explanatioils of this behavior call be coilsidered. If the distributioil of 
electrons in bonding and 11011-bonding levels is correct, conductioil may occur via d band 
interaction. This iillplies that the RiIooser-Pearson rules cannot be applied to these 
systems, and refutes the basic assun~ption in Dudkin's model. Alternatively, if d3 hybrids 
rather than d2sp3 hybrids are the prominent bonding nodes about the iron atom, there 
will be two fully occupied non-bonding d orbitals, and the eighth electron inay occupy 
the 4s level within the conduction band. One would expect the momei~t of this electron 
to be partially quenched and the effective moment to be less than has beell observed; 
some decrease in effective moment with increasing iron concentration is inclicated, but 
only after substitution of one iron atom in each unit cell has been made. 

( d )  The System FeZNil -zA~3-U 
The model predicts that these con~pounds should be strongly paramagnetic due to 

the unpaired spin in Fe, and metallic in conduction due to the conduction electron in 
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FIG. 7. ( a )  Resistivity of iron-substituted cobalt triarsenide as  a function of temperature and cornposi- 
tion; data for x = 0.15 were obtair~ed with two separate alloys. ( b )  Resistivity of iron/nickel triarsenides 
as a function of composition and temperature. 

Xi. Here again the model is not supported by experimental evidence. The compound 
with 46% Fe (i.e., a t  the iron-rich limit of the solid solution region) exhibits semiconducting 
character (cf. Fig. 7 ( b ) ) .  Cotlductio~l is n type. With i~lcreasiilg substitution of niclcel 
for iron the resistivity decreases and the systen~ becomes metallic. 

The inass susceptibilities (Table VI) are small, and the moment per iuetal atom is 
much less than one might expect in comparison with the Fe/Co system. In  Fig. 8 the 

TABLE VI 

Mass susceptibilities of Fe,Nil-,As2 (c.g.s. e .m.~~. /g)  

T ("10 x y  x 10" T("I0  x?x10G T(" I0  xTx10G 

susceptibilities are conzpared with Ni/Co and Fe/Co all0)7s and with COAS~. The tem- 
perature dependence has the same form as that of COAS~ and the Ni/Co compounds; 
indeed, nickel and iron appear to form pairs which are equivaleilt in magnetic behavior 
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PLEASS AND HI.:YDING: ARSENIDES 

~ 1;rc. 8. Comparison of mass susceptibilities of M,~JII:-,.~s~ nlloys as a function oi temperature. 

to cobalt i11 the nicltel/cobalt systenl. Writing the general formula Fe,Nil-,As3 in the 
form Sil-2,(Fe,Ni)2,As3, paramagnetic susceptibilities increase in the order Nio o3Coo 9 7 ,  

Xi0 l(Fe,Ni)o 9, Xio zCoo 8, Nio.J(Fe,Ni)o 7, with (Fe,Ni)?, roughly equivalent to C O ~ ~  
Even allowing that conductance measuren~ents 011 sintered powders do not give 

reliable values of the resistivity, the same analogy can be drawn in the electrical proper- 
ties of the Ni/Fe and Ni/Co alloys. There is a gradual transition from semiconducting 
to metallic behavior, and a decrease in resistivity, in the order Nio ojCoo 97, Nio OsCoO 95, 

Nio oe(Fe,Ni)o 92, Nic, zCoo Nio 14(Fe,Ni)o 80, Ni0.3(Fe,Ni)~ i ,  Nio 4Coo 6 (cf. Figs. 4(b) 
and 7(b)). 

Jt is tempting to propose that electron transfer occurs, and that (Fe-Xi+) pairs are 
formed. In terms 01 Dudltin's model, this simply requires that the concluction electron 
in Xi occupy the unpaired non-bonding d orbital in Fe. We feel that there is not sufficient 
evidence to support such a proposal. If it could be shown that an Feo 5Nio.S tripnictide 
is diamagnetic, and that in an iron-rich region magnetic aiid electrical properties are 
analogous to those of an iron-substituted cobalt series, some lorm of electron transfer 
might be accepted as the basis of a model. 

SUMMARY 

I. The DO2 triarseilicles CoAs3, RhAsZ, and IrAs3 are diamagnetic sen~iconductors. 
2. Substitutioil of Ki for Co in CoAs3 causes a linear increase in unit cell dimensions. 

Nickel acts as a donor impurity. With nicltel substitutioil greater than ca. loyo, con- 
ductance is metallic in nature. The effective moment per nickel atom is equivalent to 
less than one unpaired electron, and the Weiss constant in nicltel-rich specimens is large 
and negative. In electrical and magnetic properties nicltel behaves lilte cobalt with an 
adclitioilal electron in the conductioil band. 
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3. Substitution of Fe for Co in CoAss increases unit cell dimensions. Iron acts as a 
donor impurity, with less than 1% substitution leading to illetallic character. The 
effective moment per iron atom is equivalent to between one and two unpaired electrons, 
and the Weiss constant is relatively small and negative. Iron in this system does not 
behave as cobalt with one less electron in a now-bonding orbital. 

4. In the DO2 (Fe,Ni)AsS ternary system, iron appears to be in a different state than 
in the (Fe,Co)As3 system. The effective moment per iron atom is less than one unpaired 
electron. The properties of this system are cornparable to those of the (Ni,Co)As3 system, 
inlplying that iron/nickel interaction results in behavior very similar to that exhibited 
by cobalt. 

3. The nlodel proposed by Dudkin describes adequately the electrical and magnetic 
properties of the binary triarsenides and the nickel/cobalt triarsenides. I t  is less satis- 
factory when applied to the iron/cobalt and iron/nickel triarsenides. 
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ABSTRACT 

The transfer of heat in a Tian-Calvet microcalori~neter is treated theoretically. Although 
quantitative agreement between predicted behavior and experimental observation is not 
obtained, the qualitative features brought out by the considerations should be helpful in the 
design and use of this type of calorimeter. 

INTRODUCTION 

Several ~nicrocalorimeters of the Tian-Calvet type have been described in the literature 
and are being usecl to study sinall heat effects and reaction rates i n  both chemical and 
biological syste~ns (for a survey and bibliography see Calvet and Prat (1) or Rossini (2)). 
Equations relating to the use of such instruments have been derived (3) on the basis of 
thermal conduction theory and applied to experiment (4, 5) by the empirical fitting of 
constants in the equations. A description is here given of a somewhat different approach 
to the same problem in which an attempt is made to calculate a priori the behavior of a 
~nicrocalori~neter from the geometry and physical properties of the materials, using 
certain integrals tabulated recently (6). Although such a theory is necessarily approxi- 
mate, the results should be helpful in the design of microcalorimeters with specified 
time constants and in the use of such instruments. Results of the theory are compared 
with experi~nental curves obtained with a microcalorimeter in operation in this laboratory. 

CONDUCTIVITY THEORY 

Detailed accounts of the construction of microcalorimeters of the Tian-Calvet type 
have been given elsewhere (1, 2, 7). For the purpose of the present treatment only brief 
reference will be inade to the pri~lcipal features of the calorimeter in this laboratory since 
the design of this equipment follows closely that described by Attree et al. (7). A Dural 
blocli with tapered holes to acconlmodate four thermopile units is held a t  a constant 
temperature inside five concentric cans contained in an air thermostat. Each thennopile 
is constructed between a silver thimble and a set of Dural rings separated by teflon 
spacers, the resulting unit fitting snugly into one of the holes in the bloclr. The photo- 
graph (Fig. 1) shows one of these units, inverted, with 4 of the 12 rings in position; there 
are 12 rows of 6 junctions and an additioilal junction a t  the bottom of the thimble. Two 
such units are placed in cliametrically opposite holes ill the block and the ther~nopiles 
connected in opposition. 'l'he resulti~lg e.111.f. and its integral with time are amplified and 
recorded as in reference 7. 

For the purposes of the theory, heat effects of interest are considered to occur in one 
of the thimbles. In Fig. 2 the temperature of the thimble, Tl( t ) ,  is assumed unifor~n, as 
would be the case with a well-stirred fluid colltent or if the thimble were a perfect con- 
ductor; n is the inner radius of the Dural rings and v(r,t) is the temperature a t  a distance r 

' Issz~ed as 1V.R.C. No. 6692. 
?ATational Reseaick C o ~ ~ n c i l  of Canada Postdoctorate Fello?v 1958-60. Present address: ddia71~i T.T~lley 

Laborntories, The  Procler and Gamble Cotnpan)!, Cincinnati 39, Oltio, U.S.A. 

Canadian Jourlial of Chemistry. Volume 40 (1962) 
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FIG. 1. Photograph of one of the partiall?. assemblecl thern~opiles. 

fro111 the center of the thimble a t  time t .  The problem the11 reduces to that  of predicting 
the following quantities: 

(i) V(t) -v,(t), the temperature difference recorded b) the thermopile, where v,(t) = 

v(a,t); this difference will be designated by E ,: 
(ii) Si [V(LL) -v,(u)]dz~, which is proportional to the heat transferred to  the block in 

time t and is referred t o  as  I,; 
(iii) n,(t), the change in blocli surface telnperature with time. 
If the assumption is made that  the blocl; is infinite in both the axial a i d  radial direc- 

tions, then we can consider the calorimeter assenlbly as approximating to  a region bounded 
illterilally by a circular cylinder of a perfect conductor (radius a )  having a thermal 
resistance l / H  per unit area a t  the surface. This problem has been considered for certain 
heating conditions by Jaeger (8); in general, solutions are obtained by the Laplace trans- 
form method (9). Three dime~lsionless parameters are used t o  describe the thermal 
characteristics of the assembly: 
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BENJAMlN AND BENSON: THERMAL COSDUCTIOI*: GO3 

FIG. 2. Diagram of the cylindrically symmetric model used in calculati~lg heat conduction in  the  
microcalorinleter. 

where I<, p ,  c ,  and K are the therinal conductivity, density, specific heat, and diffusivity 
in the infinite region; S is the heat capacity of unit length of the internal cylinder; and t 
is the time. A heatiilg condition frequently used in the nlicrocaloriineter is as follows: 
a t  zero time the bloclc and reaction thiinble are a t  the same uiliforin temperature (taken 
to be zero) and heat is then supplied for a time t' a t  a constant rate Q calories per second 
per unit length of the thimble. Using the method of the Laplace transfor~natio~l it can 
be shown that for t < t*, 

and for t  >, t", 

Q h V(t) -vS (t) =- - [I- F(lz,a,~)] K 2~ 
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Q 12 V(t) -v, (t) = - ;-- [F(h,a,r-T*) - F(h,a,r)] I< 2T 

In these equations the functions F(h,a,r) and G(h,a,r) are integrals which have been 
tabulated for certain values of h, a, and T by Jaeger (8) and by Bullard (10). Values ol 
F(h,a,r) and G(h,a,r) suitable for use in the present context have recently been computed 
(6), together with values of a third function, E(h,a ,r) ,  defined by the equation 

This function call be used to determine the rate of change of v,(t) with time through 
differentiated forms of eqns. [5a] and [5b]. 

CONIPARISON \VITH EXPERIMENT 

The theory as outlined above is approximate when applied to experinlent in as much 
as the assuinptions which have been made are not strictly valid for the following reasons: 

(a) V(t) is not uniform since very little stirring of the cell contents can talie place in 
practise. However, V(t) will not vary appreciably over the surface of the thimble because 
of the high thermal conductivity of silver and the uniforin distribution of the thermocouple 
junctions over the surface. Within the cell a thermal gradient will be present but this 
radial variation should be small except for very low values of h. 

(b) The calorimeter assembly does not have perfect cylindrical symmetry. The approxi- 
mation introduced by neglecting the finite size of the blocli in directions normal to the 
axis of the thimble is probably quite good except for small h values. The presence of 
end effects associated with the finite length of the assembly may cause more serious 
errors ill the use of the theory. 

The total heat capacity calculated by summing the heat capacities of the thimble and 
its coiltents is about 20 cal (deg. C)-I. This ignores contributions fi-om the glass and 
plastic coilnections to the cell, which are difficult to estimate. A value near 35 cal (deg. C)-I 
is indicated by analysis of heating curves as described in reference 2 (see pp. 247-250). 
For the present calculations we have therefore used a value of S = 3 cal (deg. C)-I, the 
length of the thimble being about 10.5 cm. The corresponding value of a is 9.39, which 
is taken as 9 for convenience. 

The radiation constant H,  defined as the heat transferred per second per unit teinpera- 
ture difference across unit area, will be made up mainly from conduction along the 
thermocouple wires H,,, radiation froin the thimble H,,,, and air convection (including 
air conduction) H,,,. 

Ht, is estimated to be 3.21X10-5 cal sec-I c n r 2  (deg. C)-I. There must also be a 
considerable contribution to thermal conduction from connections to the cell and thimble, 
although these are made of poorly conducting materials where possible. 

H,,, is less readily calculated since the emissivity of the silver thimble and thermocouple 
wires varies greatly, being 0.02 for polished silver and 0.2 for a dull surface. Using a value 
of 0.1, H,,, is found to be O.GX cal sec-' ~ m - ~  (deg. C)-I. 
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BENJAMIN A N D  BENSON: THERMAL CONDUCTION 

Both conduction and convection are possible in the air space separating the thimble 
and block. Convection in an enclosed vertical space is discussed by >lIcAdams (11) and 
Jakob (12), who describe experimental results with air which show that no appreciable 
corlvection occurs between two surfaces as long as x3AT < 11.4 cm3 deg. C,  where x is 
the separation of the surfaces and A T  the temperature difference between them. In the 
present case this corresponds to V(t)  -v,(t) being less than 2" C, a co~ldition which will 
be satisfied for heat inputs up to about 60 calories. Conduction in air leads to a value 
of 2.0 X 10-j cal sec-I cm-2 (deg. C)-I for Hair. 

From the above considerations it appears that a minimum value of H is CiX 10-j cal 
sec-I c i ~ l - ~  (deg. C)-I, corresponding to IL = 2200, while larger values are to be expected 
due to conduction along cell connections. 

The silver thimble containing a reaction cell is heated by means of an electrical heater 
wire and E l  = V(t)-v,(t) reaches a maxinlum value E,* a t  time t*, decaying slowly to 
zero t l~ereafter .~ A convenient way of expressing this variation is by plotting the ratio 
E,/E,+ against time. This is done in Fig. 3 for curves calculated from theory and from 

FIG. 3. Cornparis011 of esperin~ental and theoretical curves of the ratio E t / E I * :  . . . a = 9, h = 600; 
-- a = 9, h = 1500; --experimerrtal. 

experinlental observations and for two T* values (note t = 0.2027 minutes). The theoretical 
curves for two different values of IL were obtained from eqns. [Gal and [Gb] using the table 
in reference 6. I t  appears that using a = 9 a value of h near 1000 would fit the experimental 
curves. The effect of variation of a! can be judged from Fig. 4, where it may be seen that 
an increase in a leads to a lower time constant for the decay curve. A close fit of the 
experimental curve in Fig. 3 could therefore also be obtained with a somewhat higher 

I a value (10-12) and a value of It more in lteepiug with that estimated (2200). This implies 
I that a lower value of S should have been used in estimating a!, as was indicated by a 

priori calculations. 

3In tlze absence of convection, heating and cooling resz~lt i n  reciprocal behavior and only heating will generally 
be referred to i n  this discz~ssion. 
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100 200 300 400 500 600 

7- 

FIG. 4. Plots showing the effect on the ratio E,/EI* of varying the parameter oc (T* = 300, It = 600). 

The integrated temperature difference I ,  is compared with theory in Fig. 5. The ordi- 
nates plotted in this graph are values of 1-I,/I,, where I,  is the value I ,  approaches 
in the limit as t goes to infinity. 

FIG. 5. Co~nparison of experimental and theoretical curves of 1-(It/I,) (T* = 10): - - -- oc = 9, It = 1500; ----experimental. 

The block surface temperature v,(t) is found to have a maximum value near t = t* 
and decays to zero in a manner similar to V ( t )  -v,(t) but the curve is more drawn out. 
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BEKJAMIN AND BENSOX: THERMAL CONDUCTION 607 

This is illustrated in Fig. 6, where v,(t) is cornpared with the maxiinurn temperature 
difference El& AS 7% increases, the variation during heating approaches a limiting curve 

i FIG. 6. Plots showillg thc effect OII the ratio v , ( t ) / E t r  of varying T* (a = 9, A = 600). 

which is not sensitive to changes in a but is inore dependent on h. Increasing T* results 
in slower decay of the curves. 

DISCUSSION 

Prediction of the experimental behavior as outlined appears to be correct within a 
factor of two and is dependent on the values of the paraineters h and a. Differences 
between experiment and theory are consistent with the probable errors in the estiillated 
values of these parameters, requiring that smaller h and larger a be used. 

Somewhat better agreement between the estimated value of a and that found by 
esperirnent might have been expected and the difference is no doubt due to neglect of 
contributions of the cell connections in calculating a. The methocl used to obtain a 
by experiment must talx account of such contributions since it involves setting up a 
steady-state condition in which the heat loss from the cell equals the heat input and this 
will only be true when the temperature in all parts of the assembly is independent of time. 
Since there exists no large heat sinl;, similar to the metal block, in good thermal contact 
with the upper cell connections, considerable heating of the latter over a relatively large 
distance inay pertain in the steady-state condition, resulting in a smaller value. Because 
of the time necessary to attain thermal equilibrium in these relatively poorly conducting 
components of the assembly, the value of the total heat capacity will lie between that 
calculated for the cell (-20 cal (deg. C)-l) and that found for stead>,-state conditions 
(-35 cal (deg. C)-I), depending on whether t" is relatively small or very large. A value 
near 28 cal (deg. C)-I is iildicated from the temperature rise fouild for t k  equal to 2 
minutes; the correspoi~diilg a value would probably give better agreement of the theory 
with experiment. This varicltioi1 of the heat capacity of the system is discussed by Calvet 
(1, 2), who, in a typical case, finds a 10% increase in heat capacity when t* is increased 
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from 1 ininute to  24 hours. A11 even larger increase is to  be expected in the present 
calorimeter since it  woulcl appear t o  have a lower H value than that  usecl by C a l ~ e t : ~  

In any heated cell which is not a perfect conductor, thermal disequilibrium will exist 
and nlay be characterizecl by a constant D for the particular cell together \vith its contents 
(2). This disequilibi-ium will also result in an increased apparent heat capacity but t l ~ e  
effect is generally inucll snlallcr than that  due to  contributions of the cell connections. 

In view of these considerations i t  is apparent that  a straightforward estimate of t l ~ e  
heat capacity neglecting cell connections inay be in error by nearly 100% and the actual 
value depends on the time of heating, t":. The  40% increase necessary to  match this 
estimate with esperi~nental values for small t:' in the present assembly may serve as  an 
empirical guide to  other applications of the theory described. An even greater increase 
would be necessary for very large t:' values. 

Despite this variation in a (and also presumably sinall changes in h) liritll t:':, I,>, the 
total area under the temperature diffei-ence - time curve, is found experimentall>- to  be 
proportional to  the heat input for t:': values of fl-om 2 nlinutes to  I hour ancl for heats up 
to 2-3 cal. At  greater heat inputs, this proportionality, even lor t:" values constant a t . 2  
minutes, no longer holds, with I, beconling increasingly lower than that  expected as more 
heat is iiltroducecl during a heating period. Temperature rises in this region are not large 
(0.1-0.5' C) ancl any transfer of heat, other than by convection, should still be propor- 
tional to the t empera t~~re  diflerence between the block and cell. As stated earlier, air 
convection woulcl not be expected to  be present in this range of temperature rise. Con- 
vection in the liquid contents of the cell may, however, beconle important a t  this stage 
and account for part of this 11011-linear variation of Im with heat input. A further 
reason may be due to an increase in thermal disequilibriuin in this range. The accuracy 
of the nlicrocalorinleter for estimating heat effects in this region is less than in the range 
0.05-2 cal, where optimum performance is found. This is to be expected if heat transfer 
is no longer linear, since Im will then depend on the thennogenetic curve. 

As can be seen in Fig. 6, v, clecays to  zero very slowly and this has the effect of causing 
tailing of the temperature difference ancl I ,  curves. Thus, accumulation of the last few 
percent of the heat effect may be somewhat prolo~lged and often it would be adva~ltageous 
to  stop a run a t  this point and reload the cells. This could be done by applying a correc- 
tion to the I ,  value a t ,  say, 95% Im on the basis of curves of the type shown in Fig. 5: 
little loss of accuracy should result in this way, particularly if a good fit of the experi- 
mental and theoretical curves is used. 
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CYCLIZATION OF AROMATIC PHENYLHYDRAZONES 
WITH CARBON MONOXIDE TO YIELD SUBSTITUTED PHTHALINIIDINES" 

ALEX ROSENTHAL AND RIIAIZY R. S. WEIR 
Departr~zent of Cheilzistry, Uniuersity o j  Bri t ish Colu~nbia,  Vanancortver, British Col1~111bia 

Received December 5 ,  1961 

ABSTRACT 
The reaction of benzophenone phenylhydrazone with carbon  non no side a t  230" and 3800 

p.s.i. to give 3-phenylphthalimidine-1V-carbosyani~iide, and a t  lower tenillperatt~res (1'30-220") 
to give a mixture of :3-phenylphthali111idi11e-A~-carboxyanilide and 3-phe~~ylphthalimidi~le 
has been studied. An independent synthesis of 3-phenylphthali~nidine-1%'-carbosyanild is 
described. 4-Methylbenzophenone phe~iylh~drazone reacted with carbon moniloside to give a 
nlisture of two isomers, 3-phenyl-6-1llcthylphthali1llicli1le-ivosya1ilide ancl 3-(P-tolyl)- 
phthalirnidine-N-carboxyanilide, whose infrared spectra are described. An independent 
synthesis of 3-(P-to1yl)phthalimidine-N-carbosyaniiide has also been carried out. 

\ When aromatic ilitrogei1-containing compounds (having a ,C=N- or a -N=N 
group) are treated with carbon monoxide in the presence of dicobalt octacarbonyl catalyst, 
ring-closure reactions have, in several instances (1-4), been observed. The present worlc 
deals with the reaction of carbon monoxide with benzophenone phenylhydrazone and 
4-nlethylbenzopl1ei10i1e phenylhydrazone. 

Benzophenone phenylhydrazone reacted with carbon monoxide a t  3800 p.s.i. and a t  
230-240" in the presence of preformed dicobalt octacarbonyl catalyst to give 3-phenyl- 
phthalimidine-N-carboxyanilide (I)  in about 70y0 yield. The structure determination 
of the latter was as follo\vs: ( I)  was subjected to hydrolysis by 75% sulphuric acid and 
two products were isolated: aniline, identified as tribromoaniline, and a \.ellow solid of 
melting point 230" whose molecular formula was C1.lI-IloOs. The latter 1vas identical 
with the hydrolysis product of 3-phei~ylpl~tl~alii11idi11e. Refluxing (I)  in 9'3Gjo deuterium 
oxide gave material whose iilfrared spectrum illdicated the presence ol an N-D grouping 
(see experimental section). These observations suggestecl that the carbonylation product 
contained the 3-phenylphtl~alii~1idii1e 1-iilg structure, an N-H group, and a group 
capable of yielding aniline on I~ydrolysis. Iilfrared and elemental anall~sis established the 
presence of two carbonyl groups. The worli of Rgurahashi and Horiie (4) on azobenzene 
(see Chart 11) suggested that the secoild carbonyl group (the first being incorporated 
into the 3-pl1enylpl1t11alil11idii1e ring) illigllt well be situated between the two nit]-ogen 
atoms, fornling an N-carboxyanilide side chain, which contains the requirecl N-H 
group and which would give aniliile an acid hydrolysis. The structure of (I) was then 
established by direct coinparisoil (infrared analysis ancl mixed meltillg point) with an 
authentic sample of 3-pl~eng~lphthali111idii1e-N-carboxyai~iide The characteristic infrared 
absorption pealcs of this carboxyanilide are listed in the experimental section. 

When the reaction temperature was reduced to 3110-220" the product was a mixture 
which separated on fractional crystallization froill benzene into 3-pl1eng~lpl~thalii11idii1e 
(11) (SOY0) and 3-pl~enylpl~thalii~~idine-N-carboxya11ilide (12y0). On further reduction 
of the temperature to 190-200" only 3-phenylphtl~alinidine (%yo) was isolated. The 
structure of (11) was established by direct comparison with an authentic sai-nple of 
3-pheng~lpl~thalii11idine, prepared by the method of Rose (8), and by the preparation of 
the monoacetyl derivative by treatment with sodium acetate and acetic anhydride (8). 

*Presented at tlze 140th A.C.S. Meeting, CI~icago, Septen~ber 1961. 
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+ mixture of oils 
20 "/; 

/ I I 
0 

/ 

H Ph H PI1 

210-220" 
\/ 

N-C-NHPh + N-H 
CO 

C N 
\ I I 0 

II 
NHPli , 0 

+ mixture of oils 
30% 

black solid 
50 "/;, 

25% + mixture of oils 
20 % 

The same temperature dependence of the number of carbon monoxide entities incor- 
porated into the product was observed by i\lIurahashi and Horiie (4), whose results are 
illustrated in Chart 11. 

When 4-methylbe~~zopl~enone phenylhydrazone was treated with carbon monoxide a t  
230" under the same conditions a mixture of two isomers, 3-(p-tolyl)phthal i~~~idi~~e-N- 
carboxyanilide (111) and 3-phenyl,6-111ethylphthali1~1idi11e-N-carboxya11ilide (IV), of 
melting points 183-186" and 226-227" respectively, was obtained (Chart 111). Both were 
present in about 20y0 yield, and were isolated from the reaction mixture in pure form 
by fractional crystallization from benzene. Structures (111) and (IV) are based on infrared 
analyses and elemental analyses, and, in the case of (111), on direct comparison wit11 a n  
authentic sample of 3-(p-tolyl)pl1t11alimidi11e-N-carboxya11ilide, prepared by the con- 
densation (0) of 3-(p-toly1)phthalilnidine (7, 8) with phenyl isocyanate. The infrared 
spectra of (111) and (IV) differ only slightly from each other and from that of 3-phenyl- 
phthalimidine-N-carboxyanilide (I), the carbonyl peaks a t  5 .86 and 3.92 p, and the other 
characteristic phtl~alimidine-N-carboxya~~ilide bands a t  6.25, G .  42, 6.90, 7.40, and 
8.10 p, being present in the spectra of all three compounds. The strong band a t  f i .  70 p 

present in (I) and in (IV) is co~lsiderably wealtened in ( I l l ) ,  and a strong band a t  8.54 p 

in (IV) is absent in (I)  and (111). Differences in the 11-, 12- ,and 13-p regions of the spectra 
of these compounds were also observed. 
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lllisti~re of oils 
305,: 

Thus, having established by direct comparison structure (111), and i t  being apparent 
from infrared analysis that (111) and (IV) varied only slightly, it was concluded that 
(IV) nlust be 3-phenyl,6-~netl1ylphthalimidi11e-N-carboxyanilide. 
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This result differs frolll previous observations (4) on the effect of substituents on carbon 
monoxide ring-closure reactiolls in substituted azobenzenes; here the cyclization always 
occurred on the substituted ring. 

General Consideratio?~s 
(a)  The high-pressure equipment has been dcscribcd previously (1). 
(b) In every carbonylation r u n  2 g (0.006 mole) of dicobalt octacarbonyl catalyst \\.as used, and carbon 

lnonoxide was added to an initial pressure of 2000 p.s.i. a t  room temperature. 
(c) The rcaction products listed iiiclutle only those observed to bc present in greater than 5%. 
(d) The misturcs of oils obtained in all the runs after separation of the crystalline reaction products 

were shown by chror~~atograpliy 011 alumina to  be composctl of a t  le;~st five components. Further investi- 
gation of these nniistures mas [lot pursued a t  this stagc. 

(e) The blacl; solid (see Chart  I )  appeared to 11e all organo-cobalt complex \vhich was insoluble in organic 
sol\-ents. 

I'ieparatioi~ o j  Benzophe~~o?ze Phe~zylkyd;~aeone 
r\ nlixturc of 4 g (0.022 mole) of belnizophel~one, 4 g (0.034 molc) of frcshly clistilled pl~enylh~drazininie, 

and 0.05 g of zinc chloritlc \vas heated to  reflux, with stirring, for 30 nlinutes. On cooling of the n~is ture  
thc rnatci-ial solidilied to a pale yellow Inass, which mas w;~slietl with dilute acetic acicl and then water, 
a l~ t l  \\us recrystallized from 05';;; ethanol; -1.7 g (78%) of white, ~nieetlle crystals was obtained, m.p. 
137-138" (5). 

I-', epa, rrtiotj of 4- I1 f e t l~y lbc~rrop l~e1~0~1e  Pl~eny lkyd~a~o~re  
To a solution of 6 g (0.033 mole) of 4-mctl~ylbenzophenoi~e (prepared by a minor rnodilication of tlie 

n~ethod of Bachnlann (9)) in the minimum amount of glacial acetic acid was added 4.2 g (0.036 mole) of 
freshly distilled phenylhydrd~i~ie.  l'hc 111ixti1re was left overnight i~ni the refrigerator and tlie broivn oil 
thus obtained \\.as washed frec of acetic acid and dissolved in 05% et1i:uiol. Allowing the ethanolic solution 
to  s t , l ~ ~ d  a t  room temperature for 48 hours resultetl ill thc formation of white crystals of 111.p. 107-100° 
(licld, 03%) (10). 

Cai.boi~ylation Reaction 
.\ typical carbol~yIatior~ rull was as follows: 
'To a sol~ttion of 7 g (0.023 1~10le) of be~lzophenone pheliyll~ydrazorie ill 50 ml of dry benze~ic vcras added 

2 g (0.006 Inole) of dicobalt octacarbonyl catalyst and 3000 p.s.i. of carboll monoxide (LIatheson, C.P. 
gas). Tlie niisture was heated to 230-240' with shal;ing for 190 nlinutes. Tlie bonii11) was then cooled over- 
night alld vcrnited. 'l'he reactio~i product col~sisted of a dark brown liquid and 6 g (71y0) of yellow solid. 
The solitl \\,as crystallized twice frorn 75% acetic acid, giving white rieedlcs of n1.p. 211-214". The  infrared 
spectrum of this lllaterial iri a I<Br pellet showcd strong carbong~l bands a t  5.86 and 5.02 p, and also strong 
I~alids a t  63.25, 6.42, 6.70, 6.00, 7.40. '7.68, aniid 8.10p. Anal. Found: C, 76.51; I-I, 4.06; N, 8.41; 0 ,  9.07; 
mol. wt. (Rast) ,  314. Calc. for CglMicN?O?: C, 76.50; I-I, 4.88; N, 8.50; 0 ,  9.76; mol. mt., 328. 

S.1r1phr~i.i~ ./lcid (7Syo) I-lydrolysis of 3-Pl~~~zyl/1lztl~c~li~11idi~te-i\'-cai.boxya~~ilide 
3-1'hcnylphtlialir11itli1ie-N-carboxyi~11ilide (0.2 g) was dissolved ill 40 ml of 75% sulphuric acid solution 

and refluxed for 4 hours. The mixture was thcn poured into 100 1111 of water, tlie small amount of brown 
solid was filtered, a~icl the remaining acidic solution was extracted with ether and dried over anhydrous 
sodium sulphate. Bro~rline mater was added to  15 ml of the residual aqueous solution and a white precipi- 
ta te  mas obtained of m.p. 120"; ~nixetl m.p. with an authentic srunple of 2,4,6-tribron~oaiiilirlc, 121". The 
infrared spectrum of the material \\-as identical with that of 2,4,6-tribroii1oariili1ic. 

Evclznnge Reactzon of S-I'ltenylplrtAalz~~~~~E~~~e-N-carZ,oxy~~~ilide with D2O 
3-Phenylphtlialimidi~~e-N-carboxyaniiiid (0.1 g )  was refluxed for 6 Iiours ill 10 1111 of 99% D20 con- 

taining 0.05 g of I<?C03. The solid was then filtered, \vashetl with a small quantity of ethanol, and dried. 
The infrared spectrum showed a strong K-13 band a t  4.18 p, arid a wcalcening of the an~ ide  I1 band a t  
6.25 p and the arnicle 111 band a t  8.10 p, these changes beirig in accord with those reported by Rellarny (11). 

Synth,esis of 3-1'I/e~ayEpl~.thali11~idi~~e-iV-cni~boxya~~ilide (6 )  
:\ mixture of 0.3 g (0.0014  role) of 3-pheng~lphthali111idi11e, 0.2 g (0.0017 ninole) of phenyl isocyanate, 

ar~t l  20 ml of toluene (the latter dried over calcium chloridc, filtered, arid then stored over sodium) was 
relluxctl for 24 hours. The solution was then cooled, and the resulting solid precipitate was filtered, washed 
with toluene, tlried, ant1 weighed; 0.45 g (955&), m.p. 212-215", was obtained; mixed m.p. (with the pro- 
duct ( I )  of thc carbollplation reaction) 213-215". The itlfrarcd spectrulil of this compound was identical 
with that of the carbonylatioli reactio~l product. 
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Carbonylation of Beneopherroize Phenjllkydrasone at 210-220' 
The product obtained from the carbonylation of benzophenone phenylhydrazone a t  210-280' consisted 

of 3.3 g of a greyish, granular solicl and a brown benzene solution. On recrystallization from ethanol the 
solid had a m.p. of 211-214". After puriiication by chro~natography on alumina, using chloroform as  eluent, 
the melting point was 223-225", and the mixed melting point with a n  authentic sample of 3-phenylphthal- 
imidi~le 223-226". The brown benzene solution was boiled to  destroy remaining catalyst and the solvent 
removed. This gave 1.6 g of a bluish solid, which, on washing with benzene and recrystallizatio~i from 
ethanol, gave white needles of m.p. 212-215'. The mixed melting point with a n  authentic sample of 
3-phenylphthali~nidine-N-carboxyanilide was 211-214". 

Carbonylation of 4-~Wethylbcnzophet~one Phenylhydrazone 
The clear, brown belize~le solution obtained from the carbonylation of 4-methylbenzophel~o~le phenyl- 

hydrazone was boiled for 30 minutes to  destroy any remaining catalyst, was filtered, and was concentrated 
to  a volume of about 25-30 ml and then was left in the refrigerator overnight. This gave 1.9 g of white 
crystals, which on recrystallization from ethanol had m.p. 226-227'. (The purity of this material was 
checked by chromatography on both alumina and silicic acid columns, and no change in melting point 
was observed in the chrolnatographed material.) The residual benzene solutiot~ was reconcentrated to 
about 10 rnl and was again cooled. A second 2-g fraction of white solid was thus obtained. Recrystallization 
from ethanol gave white crystals of m.p. 183-186'. Anal. Found: isomer of m.p. 236-227': C, 76.93; H, 
5.33; N, 8.20; isomer of m.p. 183-186': C, 77.30; H,  5.20; N, 8.16. Calc. for C??H18N?O.: C, 77.20; H,  5.30; 
N, 8.19. 

Preparation of 3-(p-Tolyl)plzthali?t7idi?le 
The method used here was an adaptation of that described by Rose (8) for the preparation of 3-phenyl- 

phthalimidine. 
T o  a solution of 56 g (1.00 mole) of potassium hydroxide in 200 ml of water was added 24.5 g (0.10 mole) 

of p-toluyl-o-benzoic acid, prepared by the method of Fieser ( i) ,  and 16 g (0.19 mole) of hydroxylamine 
hydrochloride in concentrated aqueous solution. The reaction mixture was boiled for 20 minutes, with 
stirring, and was then allowed to  stand for 12 hours a t  room temperature. The solution was cooled in ice. 
and the product anhydro-oxime was precipitated by the addition of concentrated hydrochloric acid, and 
was recrystallized from 95% ethanol. I t  was then dissolved in  the minimum amount of glacial acetic acid, 
a large excess of zinc dust was added, and the mixture was heated with vigorous stirring for several hours. 
I t  was then cooled and poured into ice water, and the resulting white precipitate was filtered, and then 
recrystallized from 75% acetic acid, m.p. 216-219". The infrared spectrum of this material was very similar 
to that of 3-phenylphthalimidine, with bands a t  5.96, 6.22, G.91, 7.38, 5.58, 7.70, and 8 . 8 0 ~ .  Anal. Found: 
C, 80.80; H, 5.91; N, 5.95. Calc. for CijHijNO: C, 80.80; H ,  5.84; N, 6.28. 

Preparation of 3-(p-Tolyl)plzthalinzidine- IV-carboxyanzlidc (6)  
A misture of O.'i g (0.0031 mole) of 3-(p-tolyl)phthali~~iidine and 1 g (0.0084 molc) of phenyl isocyaliate 

in 40 ml of benzene was refluved for 24 hours. The solution was then concentratecl and cooled, and the 
resulting solid was crystallized from 95% ethanol, 1n.p. 187-188.5'; misetl n1.p. of this conipour~d with 
material (111) from the carbonylation reaction was 183-186". .Anal. ITound: C,  77.37; M, 5.41; N, 8.05. 
Calc. for C?.$I182\T?O?: C, 77.30; H ,  5.27; N,  8.19. 
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THE INFRARED SPECTRA AND PHASE TRANSITIONS 
OF SOLID PIPERIDINIUM HALIDES 

A. Cauxxx AND C. SANDORFY 
Depnrtiii~?it of Cl~etiiistry, University of iIIontrea1, il/lontreal, Que. 

Receivecl November 27, 1961 

ABSTRACT 

'The infrared spectra of solicl films of piperidini~im halides wcrc measured a t  both 1.oo111 
temperature and lo\\, tempcrat~~res.  The spectra of the chloricle and the bromide are not 
appreciably affected by cooling, but the spectrum of the iodide exhibits spectacular changes. 
'I'hese changes are explained by assuming the occurl-eiicc of q phase transition a t  about 
-15' C. The possibility of a "cha~r" -+ "boat" interconversion IS also discussed. 

IXTRODUCTION 

Substituted ammo~iiuni halides often undergo crystalline phase changes at low tem- 
peratures. 111 this laboratory we have been investigating these phase changes by means of 
infrared spectra. Piperidi~iiun~ I~alides exhibit some special features whicl~ are presented 
here. Xo attempt will be ~i iade to assign all the bands in the infrared spectra of the 
piperidinium halides; rather, the emphasis will be put  on the comparison of room- and 
low-temperature spectra in order to  investigate the occurrence and nature of changes in 
the crystal or molecular structure. The  room-temperature spectra of piperidinium 
halides have already been clisc~~ssecl in the l i t e r a t ~ ~ r e  (1-4). 

EXPERIMENTAL 

I'ipcridir~i~~m rhloride, bromide, .~nd  iodide were prepared and purified by standarcl methods; the spectra 
are those of solid films prepared by sublimation in vncuo. A Perltin-Elmer model 21 spectrometer was used, 
mounted \\-it11 a sodium chloride prism. 'l'he spectra presented in this paper iccre measured a t  room tenl- 
perature, 25' C, and a t  liquid-air temperature, -190" C. They were also measured at  -72' C but these 
spectra are not give11 since, in all cases, they showed no significant dilfere~~ces fro111 those meas~ired a t  -190° 
C. The low-temperature cell was essentiatly a brass Dewar in which the sample \\-as cooled by direct metallic 
conduction, clry ice plus alcohol and liquid air being thc two refrigerants. 

RESULTS 

T h e  NI-I?+ group does not have any  degenerate vibrations. There is a group of strong 
bands between 3000 ancl 2800 cm-I which contains the two NI-I?+ stretching bands and 
the two CI-12 stretching bands followecl by a few combination bands. The complexity of 
the 2800 and 1400 cni-' regions is probably partly clue to the fact that  CEI? groups linked 
directly to the nitrogen have stretching and deformation frequencies slightly different 
from those of the other CH2 groups. The NI-I,+ bending band lies near 1600 cm-I and is 
split into two in the spectra of both the chloride and the bromide. 

The  differences between the rooln- and low-temperature spectra of the chloride and the 
bromide (Figs. 1 and 2) are slight, with the usual sharpening of the bands and resolution 
of some of the shoulders being evident a t  the low te~nperature:  no inclication of a change 
in the crystal structure can be discerned. 

The  iodide behaves differently. The  spectrum measured a t  -1'30° C contains about  
twice as  many bands as the one a t  25' C (Fig. 3) ; and shows an appreciable increase in 
scattered light, a plienome~~on often accompanying phase transitions. Some of the  bands 

Canadian Journal of Cl~e~nis t ry .  Volu~ne 10 (19G2) 
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in the low-temperature spectrum are obviously new, e.g. the bands near 817, 1046, 1114, 
1180, and 1350 cnl-I. Some other bands are in almost exactly the same places in both 
the room- and low-temperature spectra, e.g. those a t  854, 917, and 943 cm-I. Some band 
splitting occurs a t  - 190" C, e.g. a t  1023 and 1455 cm-I. The NI-I,+ stretching ancl bcnding 
vibrations do not yield new bands a t  - 190" C, but they shift slightly. 

DISCUSSION 

Recently RCrat (5) exanlined the crystal structure of piperidiniunl chloi-ide a t  roo111 
temperature  sing X-ray techniques. I-Ie found that the structure is ortliorhombic 
(space group: Dnl,"-Pcmb) with four molecules per  ini it cell, and tliat the piperidini~~nl 
ion has the "chair" form. Froin this alone we can conclude, on the basis of the close 
similarity between their spectra, that a t  room temperatu~-e all three halides have a siiuilar 
crystal structure and the "chair" form. The same coi~clusion is valid a t  low temperature 
for the chloride and the bromide, but not the iodicle, which must change its crystal struc- 
ture and perhaps even its conformation. 

The spectacular cliailge in the spectrum of pipericli~lium ioclide occurs s~~c lc l en l~~  a t  a 
temperature between -10' C and -20" C ;  further cooling does not radicall~. change 
the spectrum. This seems to exclude tlie possibility of a mixture of "boat" ancl "chair" 

I 

I being preseitt or in fact any other ltiild of nlisture. Further evidence against the mixture 
I 
I contention is the fact that the KI-12+ bending bancl shifts from 1380 c i ~ i - ~  a t  25" C to 

1 1565 cm-I a t  -1'30" C, remaining a single band throughout; i f  a mixture were present, 

i two well-separated bands woulcl be seen. The wealth of bands found iit tlie low-ten~perature 
spectru~n shows that a nuntber of bands which are fol-biclcle~~ a t  room temperature beconle 

I 

1 allo\ved a t  low temperature (tlie "new" bancls). Some splitting of bands is also observed, 
e.g. a t  1023 and 1433 cin-I, and may be linlrecl to coupling between molecules in tlie sallle 
unit cell or to removal of degeneracy. 

The piperidini~~m ion is isoelectronic with cycloliexane. Therefore, assuming that the 
perturbation caused by the replacement of one carboll by a positively charged nitrogen 
is slight, the "chair" form I ~ ~ L I S ~  have approximatell. D.~,lsymmetry. Since i l l  this sym~neti-JT 
group Illany bancls are forbidclen or clegeneratc, this explains tlie relatively low 1l~1111ber 
of bands founcl in the roonl-temperature spectra. The problent is verj. similar to the one 
oi cycloliexai~e which has bee11 treated in cletail by Ramsay and Sutlierland (6). The 
low-teiltperature spectrunl of the iodide cait t he l~  be ~~nclerstood if we suppose that :I 

phase transition lias occurred, and tliat the s y m m e t r ~ ~  of the crystalline enviro~line~lt 
lias been decisively lowered around tlie piperidinium ion. This would explain, in a general 
way, the appearance of new bands and the observed splittings. The  bancls ~vliicli are 
allowed anyway might not shift appreciably. 

Table I compares thc observed frequencies in the infrared and Ranlan spectra ol c~ clo- 
Iiexalte, talren from Ramsay and Sutherland, aitd those in the infrared spectra of pipcridin- 
ium iodide a t  2.5" C and a t  -190" C. There is a close similarity between the spectr;~ of 
the two compouncls. I t  can be seen that a t  room temperature the piperidinium ion has 
an (approximate) center of sj.~nmetry in the crystal, and that a t  low temperature this 
is lost and the originally Ranlan-active or inactive (the one near 1110 cnl-I) funda- 
mentals appear. 

"Chair" -+ "boat" interconversion would esplain tlie illcrease in tlie n ~ ~ m b e r  of bands 
a t  the low temperature equally well, since the symmetry of the "boat" form is much 
lower than that of the "chair" form. I t  would be surprising, however, if the "chair" 
iorin were stable a t  higher temperatures and the "boat" form a t  lower teiiiperatures, 
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TABLE I 
'The infrared and Raman frequencies (in cm-') of cyclohexane (6) and thc  infrared 

frequencies of piperidinium iodide from 1500 to 700 cm-1 * 

Cyclohexane Piperidinium iodide 

Infrared Raman Infrared, 25" C Infrared, - 190' C 
(vapor) (liquid) (solid) (solid) 

*Approximate intensities are in parentheses, with 10 corresponding to  the strongest band of a spectrum. 

although the replacement of one carbon atom by N+ and the hydrogen bonds make the 
case somewhat different froin that  of cyclohesane. There is also a spectral argument 
against this i~lterpretation. As we stated earlier, some bands are in almost exactly the 
same places in both the room- and low-temperature spectra. This is very unlikely to  
happen if "chair" + "boat" i~lterconversion actually does occur, except for some highly 
localized CI-I:! bands, which are certai~lly not the observed non-shifting bands below 
1300 cm-l. 

The question arises as  to  why the chloride and the bromide do not exhibit the same 
phenomenon as  the iodide. In this respect it  may be pointed out that  although there is a 
close similarity between the spectra of all three halides a t  25' C, the spectra of the chloride 
and the bromide are much more nearly identical with each other than with the spectrum 
of the iodide. In particular, the positions of the NHn+ stretching and bending bands 
show that the hydrogen bonds are weaker in the latter compound. 

CONCLUSION 

The  changes that occur in the spectrum of piperidiniu~n iodide on cooli~lg are probably 
due to a phase transition, the symmetry around the piperidinium ion being considerably 
lowered thereby. The interesting possibility of a "chair" + "boat" transformation seems 
to be unlikely. 

The room-temperature spectra of the three halides, and the low-temperature spectra 
of the chloride and the bromide, are all well in accord with a "chair" configuration for 
the piperidinium ion and a relatively high crystal symmetry. 
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Further X-ray and Ranla11 investigations would be expected to throw more light on 
these probleins. 
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SOLID ANILINIUM HALIDES 
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IZeceived November 2'7, l9Gl 

ABSTRACT 

The ilifrared spectra of aniliniuni chloride, brornidc, and  iocliclc, measurc*cl a t  '22' C ,uicl 
a t  -190' C, are prescnted. 'The spectrum of the chloridc is essentially the same a t  both 
temperatures but the spectra of both the brornidc and the ioclicle eshibit clinngei indicating 
a crystalline phase transition, in accordalice with recent S - r ay  cleterminations of the crystal 
strurturcs of these co~~ipouncls. 

The crystal structure of r n e t l ~ y l a ~ ~ ~ n ~ o n i u m  chloride was investigatecl by I-Iuglies and 
Lipscomb (I) ,  who found that  a t  room temperature it is tetragonal, with the C-N axis 
coinciding with the fourfold crystallograp1~ic axis (space group: D41>---P4/nnznz), every 
n i t roge~~  atom being surroui~cled by four chloride ions and there being two molecules per 
unit cell. The space group, along with the number of molecules per unit cell, i~lclicates 
that  the ions must be on sites of s ~ ~ ~ ~ ~ i l i e t r y  DqCl or Cdu. III order to  reco~lcile the threefold 
symlnetry of the ion with one of these site syrn~~letries, the i o ~ ~  I ~ I L I S ~  rando~nize its 
orientation either bl. rotatioil or by orientational disorcler. Icing ancl Lipscomb (2) have 
shown that n-propylan1i1io1~iu111 chloride and bromicle have crystal structures similar 
to that of rnethylam111o1~iu111 cl~loricle a t  room temperature (also space group Ddh5- 
P4lnnz.m with two ~llolecules pel- unit cell). Again the i\;I-13+ group must ranclon~ize its 
orientation. 'Taguchi (3) in a rcce~lt publication sumnlarized our present linowletlge of 
the crystal structures of primary allline hydrohalides, ancl clivided them into two groups: 
In the first group he placecl those with ci-ystal sti-uctures similar to  that of methyl- 
a~l~nionium chloride and having the aforen~entio~~ed characteristics. In the second group 
the crystals are n1011oclinic or orthorhombic, every nitrogeil atoll1 is surroundecl by three 
(not four) halogen ions, and there are four molecules per unit cell. Typical of the second 
group are cyc1o I~ex~~ lammo1~ i~11~~  chloride and bromide, which were st~ldied by Shimada, 
Okays, and Nakamura (4), using X-ray techniques (space group: C25-Pca21). The space 
group of the crystal along with the number of molecules per unit cell indicates that the 
molecules in t11e crystal lie on general positions. Therefore there is no longer any contra- 
cliction between the syn~inetries of the crystal and the NHp+ group: the atoms are in 
fixecl positions. The crystals belonging to the first group undergo phase challges a t  lower 
telnperatures. l..he resulting phases were studied by X-ray techniques by Icing and 
Lipscomb (5) for n-propyla~~~nlonium chloricle (space group: Gal,"-C2/m), by infrared 
techniques by Waldroll (6) for n~ethylan~~nonium cl~loricle, and by the authors (7 )  for all 
four n~e t l~y l an lmo~~ ium halicles. I t  turns out that  the low-temperature phases of the halides 
belonging to the first group have crystal structures si~llilar to those of the halicles belonging 
to the second group," wl~ich clo not undergo phase changes a t  all (3). 

Anilinium halides exhibit some unexpected features which have recently aroused 
renewed interest among crystallographers. They also constitute a good test of the useful- 
ness of infrared spectra i l l  detecting phase changes. We measured their spectra a t  different 
temperatures and we shall now discuss the cases of the three halides one by one. 

'See, howeoer, tlze 6-plznses of ~~~cthy lu~i~~izon iun tz  bronzide nxd iodide (7). 
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CABANA A N D  SANDORF'I': ANILINIUM HALIDES 

ANILINIUM CHLORIDE 

Brown (8) determined the crystal s t r ~ ~ c t u r e  of anilinium chloride a t  room temperature 
using X-ray techniques. I t  is mo~ioclinic with three chlol-ine ions surrounding the 
group and has four molecules per unit cell (space group: C,4-Cc). Thus, it is similar to  
the crystal structure of the amine h~.drollalides of the second group. Accordingly it has 
never been reported to undergo phase changes a t  lower temperatures, and it has an 
infrared spectruni very similar to the spectrum of cyclohexylammonium chloride (Figs. 
1 and 2). 

The broad complex band centerecl a t  about 2810 cm-I for aniliniunl chloride contains 
the NI-13+ stretching vibrations overlapped and followed by a number of combination 
bands. The strong band a t  2570 cm-' has also been shown to be a combination band (9). 
The sharp band a t  about 2040 cm-I has a n  appearance very similar to that of the band 
a t  2062 cm-1 and 2080 cm-I in the low-temperature phases (y- and 0-phases respectively) 
of inetl~ylammonium chloride. \i\!aldron (6) assigned this band to tlie sum of the toi-sional 
oscillation frequency of the NI-I3+ group (vs) and its asymmetrical bending frequency 
(vs). I t  was shown by the authors (7) to be a good indicatol- of less than threefoltl sym- 
metry around the NI-I:;+ group; it is invariably also present in the spectra of solid primary 
amine hydrollalides whose crystal structure belongs to the second group--cyclohexyl- 
ammonium chloride is a goocl example (Fig. 1). The asyinmetrical and symmetrical 
bending vibrations of the NI-13+ group give bands ileal- 1600 cm-I and 1500 cm-I respec- 
tively, very close to the two well-know11 bands of the phenyl ring. The band a t  1470 cm-1 
is very probably the first overtone of the out-of-plane CI-I bending vibration near 740 
clllrl, its intensity being increased b\; Fermi resonance. The degenerate XI-I:++ rocking 
band is probably the one near 1100 cn-I and the C-K stretching band the one a t  
1020 cm-I. The comparatively lower frequency of the NI-I3+ stretching band in the spectra 
of anilinium chloride (2810 cm-I comparecl to 2980 cm-I) shows that tlie hydrogen bonds 
in anilinium chloricle are stronger than in cyc lo l~exylami~~o~~i~~i rn  chloride. 

The main point to emphasize, as regal-ds the present investigation, is that the spectru~n 
of anilinium chloride is pi-actically the same a t  2.7' C as a t  - 190' C. At the low teinpera- 
ture the normal sharpening of the bancls in the spectra of crystals occurs to give a some- 
what better resolution of overlapping bands, with a few shoulders becoming separate 
bands; but no differences indicating a change of phase are observable. This is in complete 
agreement with the crystallographic results. 

r\i\rILINIUM BROMIDE 

Wllile cyclohesylammonium bromide ancl iodide have spectra very similar to  that of 
the chloride, anilinium bromide has a spectrum exhibiting significant clifferences from that 
of anilinium chloride (Fig. 3) .  At 2.5' C the NII3+ stretching region near 2860 ~ 1 1 1 - ~  is 
very broacl and structureless, as also are the Nf-I3+ asymmetrical bending band near 
1,570 cm-I and the XI-I,++ rocking band near 1110 ~111-~. They all belong to degenerate 
vibrations. At  lower temperatures all these bands become much sharper, the extent of 
the sharpening being clearl) much greater than in cases where no change of crystal struc- 
ture occurs. The (vC+Y~) band near 2040 cm-I is absent from the spectra. These changes 
indicate a crystal structure a t  room temperature with a symmetry not very different 
from that of the a-phase of m e t l ~ ~ ~ l a m m o i ~ i ~ ~ i ~ ~  chloride, and higher than that of cyclohexyl- 
an~inonium chloride or anilinium chloride. 

This conclusion is in excellent agree~nent with the recent X-ray of Taguchi (3). 
According to his measurements the higher-temperature phase is orthorhombic (space 
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group: D~l,lO-Pnaa) and the low-temperature phase monoclinic (space group: C2,,j- 
P2,/a), nritli both phases having four molecules per ~111it cell. The crystal symmetry of 
the higher-temperature phase r eq~~ i r e s  that  the N-C1 - - - C4 axis shoulcl lie on a digonal 
axis. TIILIS, the xI-13+ group, which has threefold symmetry with respect to the same 
axis, must randomize its orientatio~t with respect to this axis. According to T a g ~ ~ c h i  this 
is achieved by a disordering whereby the NI-I:,+ group "assumes two (or a multiple of 
two) equally stable orientations with respect to the N-C1-- - C4 axis, or may be 
flipping amollg different orie~ttations". This ceases a t  lower temperatures since then 
tlte symruetrj. of the crystal is lower, the ions lie on general positions i ~ t  the crystal, and 
tlie atoms can take up fixed positions. Suga ( lo ) ,  who has st~~cliecl the thermal properties 
of arlili~tium bro~nicle, has shown that the transition is a typical orcler-disorder transition 
with a critical temperature of 2.2" C. This well explains the broacl~iess of the bancls men- 
tio~~ecl in the preceding paragraph. 

A weak broad band appears in the low-temperature spectru~ti a t  1850 cm-I which InaJ- 
be clue to a contbination betwee11 the asj,mmetrical bending vibration and a lattice 
vibration a t  about 300 cm-I. I t  ma>. seem surprising that the (vs+vg) combination bancl, 
~vliich was fairlj- promine~lt in the spectra of the chloricle, cloes not appear in tlie low- 
temperature spectrum. This ma\- i~tclicate a lesser cleparture Iro~n threefold sj7lnlnetry 
around the XI-I:,+ group than in the chloride (cf. the 6-phase of r ne t l~y l a~ i imo~ t i~~m 
bro~iiicle (7)). 

Co~icl~~cling this s e c t i o ~ ~  we call saj. that again there is excellent agreement between 
X-ray a~lcl infrarecl data. 

;\SILISIUi\lI IODIDE 

'l'o the authors' lanowledge the crj-stal structure of ani l iniu~l~ iodide has not been stucliecl 
~ ~ s i ~ i g  X-raj. techniques. Since, however, both room- ancl low-temperature spectra (Fig. 4) 
are very similar to the corresponcling spectra of the bromicle, it is probably safe to preclict 
that the ioclicle ltas two phases with crystal s t r uc t~~re s  similar to those of the corresponding 
phases of the bron~icle, anel that a similar order-clisorcler transition must talie place 
between them. Confirmation of this cleduction by X-ray t e r l ~ ~ ~ i q ~ ~ e s  or b>- a stucly of tlte 
thermal properties of the crj-stal ivo~~lcl be most \velcome. 

The salts nerc prepared and purified by s t a ~ ~ d a r d  methods. The  spectra are those of solid hll~is prepared 
111. sublimation in  zjncl~o ul~cler moderate heatil~g. A Perkin-Elmer model 21 spectrometer was used mounted 
with a sodium chloride prisn~. The spectra given i l l  Figs. 1-4 were measured a t  25' C and -190" C. \Ve 
also measurecl them a t  -70" C but in all cases they were si~nilar to those mc;~surecl a t  -190° C except for 
the greatel- degree of bil~lcl shal.pellilig a t  the lower ten~peraturc. 

I~ifrarecl spectra are not a n  absolute means of cliscerning crj ,s~alli~le phase changes. 
'There are norn~al clna~iges which occur ~vhen the temperature is lowered: tlte bancls become 
sharper, sho~~lclers are often resolvecl as bancls, ,utd changing conclitions for band overlap 
may alter the relative intensities oi close-lying bands. If these are the only spectral 
differences observecl, theit the spectroscopist must conclude that  110 change in crj.stal 
structure has been detected. Irt the other extreme, spectacular changes in the spectrum, 
band splittings, ancl major changes in intensities ancl ballel positions accompany phase 
changes whe11 these imply the loss of high-symmetry e l e ~ ~ t e ~ t t s  (such as  threefold or 
higher axis), or a change in the number of molecules per miit cell. Such spectacular 
cllanges are observecl in the case of the m e t l n y l a m ~ ~ ~ o n i ~ ~ m  lialicles. 
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CABANA AND SAKDORFY: ANILINIUM HALIDES 629 

Aniliniuin bromide and iodide appear to be intermediate cases: a nloderate change in 
crystal symmetry is accompanied by an order-disorder transition. Correspondingly there 
are changes in the spectrum which are less spectacular but still significant-they concern 
the intensity and especially the broadness of the bands. This case constitutes a good 
illustration of the power of infrared spectra in the detection of phase transitions. Care 
should be taken not to discouilt relatively minor changes in the spectra when loolti~lg for 
phase transitions. 
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NITROGEN-FREE DERIVATIVES O F  ATISINE : AN EXTREMELY 
HINDERED CARBOXYLIC ACID1 

J.  W. APSIMON,? 0. E. EDWARDS, AND R. HOWE? 
Dis~ision of Pure Cl~enlislry, iValional Resca~clz Co~lnci l ,  Olla~irc~, Canada 

Received December 8. 1061 

ABSTRACI' 
The action of nitrous acid on azoniethines derived from the all;aloid atisine gave a good 

yield of nitrogen-free hemiacctal, thus providi~ig the lirst means of removing the nitrogen 
from the diterpenoid allcaloitls. Transformation products of the hemincetal, including the 
most hi~ldered carbosylic acid hitherto I;rlo\vn, are clescribed. The internal oxidatiorl-red~~ctio~l 
reactio~ls encountered in this and related work are tliscussetl. 

The earl)- work on the chemistry of atisine, the main al1;aloid of ;Iconiturn hetero- 
plzyllum, was done by Jacobs ancl his colleagues ( I ) .  A structure for dihydroatisine was 
postulated b ~ -  IIriesner and co-workers (2) and elaborated by addition of the oxazolidine 
ring to structure I for the all;aloicl (3). The oxidation studies and selenium dehydrogena- 
tions a t  340° which formed the basis for this assignment did not rigorously prove the 
structure, and left the stereochemistry unlaown. 

Recent work on atisine, however, has confirmed the presence of the bicyclo[2,2,2]octa11e 
system substituted as in I (4, 5 ) ;  work on ajaconine has given strong support to the 
re~naining features of the proposed sl;eleton (6(a)), and the Garrya alkaloids and atisine 
have been interrelated (7). Evidence has also been produced for the relative and absolute 

stereochemistrj- illustrated in I1 (4-6, 8-10). In  order to test these conclusions by inter- 
relation of atisine with diterpenes of known structure and stereochemistry, a method 
was developed of removing the nitrogen from the alkaloid. \Ire now amplify our pre- 
liminary report on this deamination (11). 

Our early attempts to open the hetero ring centered on methods of raising both carbons 
flanking the nitrogen to aldehyde or carboxyl oxidation levels, when hydrolytic removal 
of the nitrogen should be possible. I t  seemed desirable to have C-16 ancl C-17 a t  difierent 
oxidation levels in the deami~lation product, so that C-17 could be selectively deoxyge- 
nated to the angular methyl while leaving a labelling function on C-1G. 

If immonium ions are intermediate i l l  ~llost oxiclations of carboil attached to nitrogen 
(12), then it should not be possible to directly oxidize azometlline I11 to the lactam 
IV. Indeed, preliminary experiments using N-bromosuccinimide and potassium per- 
manganate showed little prorn i~e .~  An obvious way to surmount this difficulty was to 
oxidize the K-methyl carbinolamine V or its methyl ether in basic media. On the basis 

Issz~ed as 1V.R.C. No. 6735. 
?A'alional Researclz Coz~tzcil Posldodorale Fellow. 
3U71p~1bli~11ed e~perinzetzls by Dr. D .  Dnornik. 

C:tnadian Jourl~al  of Chemistry. Volurne 40 (10G2) 
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.&PSIMON ET AL.: .-\TISINE DERIVATIVES 

of the stereochemistry shown in V the 17-hydrogen is inaccessible to oxicliziilg agents; 
hence attack should be on the N-methyl or 011 C-16. 

The carbinolamine V and the isocarbinolamine VI were prepared as illustrated. The 

isocarbinolamine was characterized as its anhydronium iodide VII (the isomethiodide). 
Again, oxidation of V with alltaline ferricyanide, N-bromosuccinii~~ide following by 
permanganate, and alkaline permanganate was not encouraging. The only crystalline 
neutral product isolated was the lactam VIII,  which could also be prepared by chromi~iin 
trioxide - pyridine oxidation of I X  or perrnanganate oxidation of the isocarbii~olamine 
VI. This implies a ready interchange of oxidation levels between C-1G and C-17, a point 
which will be discussed further in the sequel. 

T\vo other possible methods of achieving the objective were atteinpted. One, the 
reaction of the azomethine with acetic anhydride, led to an  un~isual producti but little, 
i f  any, of the desired N-acetyl carbinolamine acetate. The second was the attractive 
possibility that the azomethine 111 was in slight but significant equilibrium with the 
hydrated form, the secondary arnii~ocarbii~olamii~e. If this could be trapped by nitrous 
acid, or if nitrous acid reacted directly with the azomethine, giving the S-nitroso car- 
binolamine X, we expected that an irreversible sequence would ensue, leading a t  least 
formally thro~igh the primary carboni~~m ion X I  to products with the hetero ring open. 

The reaction of 111 with nitrous acid was carried out i l l  aqueous dioxane containing 
sodium acetate. The latter was added to provide a generous supp1~- ot' n~icleopl~ilic 
anions, with the thought of trapping the primary carbonium ion before it could re- 
arrange. However, a yield ol up to 78Yo of hemiacetal was obtained from the reaction, 

'T lz is  murk toill be tlze subject oj' separate c o ~ ~ ~ n l u n i c n t i o n .  
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with no appreciable amount of aldehyde acetate. This indicated that the aldehyde oxygen 
was'participating in the deamination as illustrated, forestalliilg any rearrangement, and 
that a cyclic osonium ion was the primary product: 

We a t  first believed the structure of the hemiacetal to be XI1 ( l l ) ,  but subsequent work 
provides convincing evidence that i t  is in fact X1II.j The evidence for this assignment 
will now be considered. 

The hemiacetal analyzed correctly for C19H300.'. I ts  infrared spectrum co~ltained 
hydroxyl absorption a t  3350 cm-I and ail ether band in the correct hemiacetal range 
(1030 CIII-~). I t  could be oxidized to a d-lactone (XIV) (v,,,,, 1723 c~n-I) and reduced by 
lithium aluminum hydride to a diol. Wolfl-I<ishner recluction converted it to a primary 
alcohol. This could be osidizecl with socliuill dichi-ornate to an aldehyde and the latter 

XI1 X l l l  

collverted to a carbosylic acid (XV) by Kiliani reagent (14). On the basis of XI11 these 
changes can be for~llulated as shown: 

X l l l  - $y--$J-& 
I xv  

H O O C  H O O C  \ H XVI I  

Had the hemiacetal been XI1 the acid would have been XVI. The problein lay i l l  

distinguishing between these two possibilities. 
The formation of the lactone would have favored XI11 rather than XI1 if one could 

guarantee that the heiniacetal was oxidized as such, since as noted above, the 17-hydrogen 
of XI1 would have been inaccessible. However, since the hydroxy aldehyde could be 
the species being oxidized this arguineilt is weak. The lactone, aldehyde, and acid had 
their C=O stretching vibrations a t  abnorillally low frequencies (v,,, 1725, 1696, and 

5Djerassi and Vorbriiggen Izave recently carried out a parallel sel of reactions i n  the Garrya series (9)  and 
have obtained the Izemiacelal analogous to X I I .  W e  are gratefzil to t l ~ e f r ~  for keeping Z L S  infornzed of the progress 
of their work. Recently also, Schaff?zer, i lr igoni ,  and Jeger (13) have used a n  analogoz~s dea?tzitzatio?z reaction i?z 
conessine chemistry. 
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1690 cnl-I respectively), a phenoillellon nlost probably associated with steric com- 
pression of the chromophore. Similarly the ultraviolet absorption of the acid (A,,, 222 illM) 

occurred a t  longer wavelength than any lillowll acid (Table I ) ,  an effect which can be 

Ultraviolet clata i11 '35% ethanol 

Xmnr E 

Traris-anti-tra~ls acid ( S X I )  204.5 226 
Trans-anti-cis acid (XVIII) 202 350 
Tctmhydropiruaric acid 20S . 5 135 
Tctral~yclroisopimaric acicl 203.5 178 
Unlcnown acid 222 80 

correlated with the extent of alkyl substitution near a carbosyl However, the nlost 
unusual property of the acid was its very low acidity. In 70Yo ethanol its pK,' was 9.6 
and in 80% methyl cellosolve7 its pK,' was 9.2, compared to 7.1 and 7.8 for pinlaric 
arid isopiillaric acid respectively in 75y0 ethanol. Our suspicion that the acid had structure 
XV rather than XVI was aroused when a sanlple of desoxypodocarpic acid XVII,  ltindly 
supplied by Professor E. Wenliert, was found to have 'I pIi,' of 8.25 (757, ethanol). This 
made it clear that  the shielding of the axial carbosyl by the angular methyl was not 
sufficient to account for the weal; acidity of the unltnown. However, desoxypodocarpic 
acid is a poor model due to the flattened aronlatic ring C. \\Te hence decided to compare 

the unltnown with acid XVIII ,  whic11 we hoped could be produced froin agathenedicar- 
boxylic acid.'(l7) as illustrated : 

MeOOC 
X X  

X V l l l  - 
\ 

HOOC 
X X l l  X X l l l  X X I  

GTlte aalues reported i n  our preliminary co~~z~rzzmication 7vere deterrnirted on  a n  old Becknzan z~ltraviolet 
spectroplzotonzeter. The  ne7v valz~es, deterntined on a Carey Model 11 spectroplbotonzeter witlz fused quartz optics, 
are ?nore accurate. T11c.y cast doubt on the waaeleitgtlts of the ma:cinza reported k t  ~eference 16. 

7T.I/E are gratefill to Dr. W. P. Arya ,  who determined this value. Tlte calculated .i~nll~e (16) i s  8.91. 
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We were able to prepare the trans-anti-trans acid XXI in a pure state by the route 
shown. The optical rotatory dispersion curves of X X  was allnost identical with that 
of cholestane-3-one (18), thus proving the coilfiguration to be as illustrated. However, 
the ~olff-~<ishner reduction of the cu,P unsaturated ltetone gave a nlixture of olefins, 
presun~ably XXII and XXIII ,  from which, on hydrogenation, a mixture of XVIII and 
XXI resulted. A generous gift of ketones XXIV and XXV by Dr. R. H. Bible (derived 
from podocarpic acid (19)) enabled us to prepare XXI as a checl; on the assigned 

s t ru~ tu res ,~  and to prepare XVIII in a pure state. 
The PIC,' (75% alcohol) of these acids was 8.2 and 8.4 respectively, again ii~uch 

stronger than the unltnown. Since XVIII most probably has the conformation illus- 
trated in XXVI ring C should simulate the branch of the bicyclooctane ring 'cis' to 
the carboxyl in the un1;nown acid. Thus it is an excelleilt illode1 for XVI, malting it 
un1il;ely that the unknown had this structure. 

X X V I  

Convincing evidence for structure XV for the unknown acid came from comparison 
of its n.1n.r. spectruin with those of the model acids (Table 11). R/Iethyl groups attached 

Chemical shifts of methyl groups in T (CC14) 

Acid C-15 C-I6 C-17 
. .- 

Tetrahytlropimaric - 8 84 9.26 
SS I 8 75 - $1 27 
XVII I  8 75 - 9 .03  
tinknown 9.20 9. 10 - 

to the same carbon as a carboxyl should resonate a t  considerably lotver field than 
isolated methyls. However, trans-spatial cleshielding of the angular methj-1 by ail axial 
carboxyl on C-1 would introduce some ambiguity unless its magnitude were lti~own.~O 

ST.Tfe are grnteful to  Dr .  A. 17, Robertson for deternvining th is  property.  
T l z e  ident i ty  qf X X I  fronz t l ~ c  two sources, inc idental ly ,  provides a d i ~ e c t  steric correlafion b~fliileet~ podoc(~rpic  

and  ugat lze~zedicarl~os~~l~ic  acid ( f o r  correlation of podocarpic acid.noitk abietic acid see ref. 2O(n); for correlation 
of agatkenedicarbo.uylic acid ze~ith abietic acid see ref.  20(b)) .  

1OTlVe are gratefzll to D r .  P. d e  ilcayo, tulzo szlggested the  use of th is  nzethod of dist . inguis/~iizg between X Tf  and  
S V I ,  a n d  to  Dr .  F .  A. L. i l n e t ,  w h o  drew orlr attention to  the trans-spat,inl factor. A t  tlzat tinze (1959)  good 
referen,ce acids  were not available. 
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APSIMON ET AL.: ATISINE DERIVATIVES 635 

The chemical shift of C-17 in XXI  is practically identical with that for the same 
carbon in the pimaric acids (Table I1 and ref. 21). However, in the case of XVIII C-17 
resonates a t  considerably lower field" (9.03), indicative of steric pressure forcing it 
close to the axial carboxyl. This must represent close to the maximum possible trans- 
spatial cleshielding for the system. 

The effect of an equatorial carboxyl on the methyl attached to tlie same carbon in 
the resin acids results in a chemical shift for the group of around 8.84 (Table I1 and 
ref. 21). An axial carboxyl, however, gives a methyl on tlie same carbon a shift near 
8.75. The chemical shift of the methyls in the un1;nown acid are incompatible with 
either of tlie above situations, but the signal a t  0.10 corresponds well with that expected 
for a methyl in close prosimity in space to a carboxyl. Hence of the two possible structures 
for the unlinown acid, XV must be the correct one. 

A further test of this assignment became possible wlie~i it was observed that oxidation 
by dichromate of the diol obtained by lithium aluminunl hyclride reduction of the hemi- 
acetal XII I  gave two lactones. The one produced in lesser amount proved to be identical 
with the lactoile from bro~iliile water or dichroinate oxidation of the hemiacetal. The 
major lactoile was isomeric with it, and should hence have structure XXVII. Comparison 
of the i1.m.r. spectra of the two lactoiles showed that the lone methyl signal in the new 
lactone was a t  higher field (9.1) than that  in tlie lactone from the hemiacetal (8.9), 
in agreement with the assigned structure." 

I11 order to complete the comparison of physical properties attempts were made to 
prepare acid XVI. We were unable to open the lactoile ring of XIV, lience a route to 
XVI via the hydroxy and aldehydo acids was closed.13 I t  seemed possible that the lactones 
coultl be partially reduced to the hen~iacetals, thus providing a method of going from 
XXVII via XI1 to acicl XVI. In fact recluctioll with a limited amount of lithium aluminum 
llydricle XIV was converted to XI11 in good yield. I-Iowever, comparable reductioils 
of lactone XXVII gave mixtures of unchanged lactone, the diol, and hemiacetal XII I .  
Hence, once again, a possible promising route to acid XVI was not realized. We believe, 
ho\vevei-, that the above evideilce is adequate to prove the tleamination product to have 
structure XI11 and tlie highly abnormal acid to be XV. 

The acicl XV could not be extracted froin ether by dilute sodiuin hj.droxide solution, 
a further indication of its abnormal character. All the uilusual properties of this acid 
must be associated with sl~ielding of the carbosyl by the angular methyl group and one 
branch of the clicyclooctane system. \Ve attribute its very low acidity, the weakest 
hitherto reported (see also footnote 5), to steric hindrance of solvation of the anion 
derived from it. 

The slower LiAlI-I4 reduction of lactone XXVII than of lactone XIV is not surprising, 
since normal reduction leading first to the alkoxide XXVIII  is prohibited by the extreme 

"Chei l~icnl  s l ~ i f l s  are gkelz itz T salz~es  (22).  
l?T,Ve are zlnnble to accoz~nt for. the larger yield of X X V I I ,  z~nless  steric con~pressiolz of tlze hydrogens olz C-17 

accelerates their e l i~t l inat ion in tlze oxidation. 
13We t h n ~ z k  Dr. A. lVicolson for sonre of these attempts.  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



63G CAY-4DIAS J O U R S A L  OF CHEMISTRY. VOL. 40, 1962 

crowding of the side of C-17 facing the bicyclooctane ring (see XXIX).  Internal hydride 

X X V l l l  X X l X  X X X  

transfer shown in X X X  is possible but again subject to estreme hindrance. The ~llost 
lilcely possibility is that the reaction proceeds mainly as sho\\.n: 

This relieves the serious iliteractions a t  once, rund since the aldehyde would be rapidly 
reduced, accounts for the fact that  little hemiacetal survives, in contrast to the reduction 
of the isomeric lactone (XIV). 

In the above work three new iristances were encountered in which an excllange of 
oxidation level between C-1G and C-17 tool; place: the original deamination, the oxida- 
tion of carbinolamine V, and the reduction of lactone XXVII. Three otlier phenomena 
of this type have been observed in the simpler diterpenoid alltaloids: ( a )  The atisine-to-, 
isoatisine collversion exeinplified in tlie present work by the rearrangement of V to 
VI. The mechanism of this strong base-catalyzed reaction is probably the following: 

The driving force for the nearly complete conversion seems to be the 17-oxygen:5-hydrogen 
interaction (G(a)). (b) The thermal co~lversion of isoatisine salts to atisine salts in hot 
acetic anhydride (23), for which possible mechanism is a 1 :3 hydrogen shift as illustrated:14 

(c) The formation of the A17-azomethine froin isoatisine diacetate, when the A16-azomethine 
was expected. This rearrangement took place in boiling carbon tetrachloride (24), i.e. in 

binzoleczilar process seerrzs prohibited by the extrelizely crowded environn~ent of the nilrogen. 
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a relativel~, non-polar inediurn (but some water present) with possible base catalysis: 

A c O  

The driving force in the case of (b) and (6) appears to be thc relief of 10:17:19 hydrogen 
iilteractions (G(a) , 24). 

-l'11c dismutation in (c) and in the three cases in the present xvorli are remarl;able for 
the mild conditions uiider which they take place. The species ~lndergoing the dismuta- 
tion in the deamination reaction could be the azometl~ine, the azomethine salt, the 
N-nitroso carbinolamine, or the hemiacetal. The reaction cited in (c) provides strong 
evidence that the azomethine double bond is mobile in the presence of organic base in 
hot carbon tetrachloricle. I t  is tempting to thil~li that the equilibrium is set up in the 
clcamination, and that the Al6 isonler reacts muc11 faster with nitrous acid. However, the 
reaction takes place in acid inedium, and despite the low pI<,' of the azomcthine (6.0 
in 80% alcohol) it must be largely in the forin of its salt. Thus the base catalysis, which 
seems necessary for the isomerization, is absent and we consider it unliliely that any 
appreciable amount of the unstable azomethine is forined. Similarly the isomcrizatiou 
of immoni~~m salts is negligible a t  80" (24), hence even more so a t  room temperature. 
Even if eq~~ilibriunl were set up, in each case al~nost  exclusively on the A17 side, i t  seems 
very unliliely that the rate of reaction with nitrous acid would be sufficiently different 
to malie the product arise exclusively from the AIG isomer. 
X more liliely entity to equilibrate is the N-nitroso carbinolamine X. The 5-hydrogen: 

oxygen repulsion and 10:17:19 hydrogen i~lteractions should force this into equilibrium 
wit11 the immonium ion XXXI.  This, however, w o ~ ~ l d  be a high-energy state because 

H 
X X X l  X X X l l  X X X l l l  

of the proximity of the positive nitrogen to the positive end of the N=O dipole. I t  thus 
might rearrange with greater facility than ordinary i m m o n i ~ ~ n ~  salts by 1,3-hydride 
transfer or proton exchange with solvent to XXXII.  The latter would hydrate nearly 
irreversibly to XXXIII ,  which would then give rise to hemiacetal XII I .  However, if 
this were correct it is difficult to account for the fact that no product derived from X is 
isolated since opening of X to the N-nitroso aldehyde would also relieve the non-bonded 
interactions. 

We are thus forced to the concl~~sion that part, if not all, of the dismutation takes 
place between the hemiacetals, XI1 going to XI11 via the oxoniunl ions: 
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Tliis also seems to be tlie best explanatioil of the forination of XI11 on the reduction 
of lactone XXVII by litliium aluminum hydride. Tliis would be acid catalyzed a t  least 
to the oxonium ion stage and also probably take place on the surface of alurniila during 
cl~romatograpl~y. A11 attempt was made to generate a mixture of the two heiniacetals 
by the action of acid on XIII ,  but only unchanged XI11 and amorpl~ous products were 
obtained. 

Finally, the deamination of the Czo-azomethine alcol~ol XXXIV (24) gave a good 
yield of a hemiacetal, presumably XXXV, cllaracterized as the methyl acetal. This now 
had substituents 011 ring C, making possible conversion to I<nown diterpenes. However, 
the conversion of ring C to a plienol in related worlc (4) proved very expensive, hence 

@::2 9 
H 0 

X X X I V  
H 

X X X V  

an interrelation witli podocarpane derivatives by this route did not seen1 practical. 
Removal of tlie nitrogen from the Garrya allialoids has recently enabled correlation 
witli tlie diterpene Iiaurene and rotatory dispersion colnparison witli other members 
of tlie pliyllocladene faillily (9, 10). Tliis has provided confirmati011 of tlie absolute 
stereochemistry suggested for tlicsc and the atisine group of all<aloids (4, G(a)).15 

Rotations of absolute ethanol solutions, ~~l t ra \ . io le t  spectra of 95YG etha~lol solutions, infrared spectra 
of nujol mulls, unless other\vise stated, \\ere deterniined. The ph',' \.slues are the pH's a t  half titratio11 in 
the indicated solvent mixture. iCIelting points were talcen 011 a Iiofler hot stage. Alumina activities are 
on the Broclcmann scalc (25). 

.lIeL/riodide of Clg-.:l zo?)zeLhi?~e 
CI9-Azomethine (54 mg) in acetone \\.as treated with excess methyl iodide in acctone. The product, after 

three crystallizations from acetone, formed needles, m.p. 326-328"; [ o l ] ~  -27" (c, 1.19); [ilflo - 112"; 
PIC, -12.5 (957; EtOI3). Found: C, 58.01; 13, 7.62. Calc. for C.oH3rNI (413): C, 58.11; 13, 7.75. Infrared 

+/ spectrum: v.,,:,, 1685 cm-I (\c=s ). / \ 
Iso71zethiodide V I I  fro711 Llze C la - .~ l~o? l~~ t l~ i?~e  

Cle-Xzomethine (70 mg) \\'as colt\;ertecl to rnethiocliclc as  above, ancl the solvent evaporated. The crystal-. 
linc residue was relluxed for 7 hours under nitrogen with 5 1111 of a solution of 400 mg of potass i~~m hydroxide 
in 7 ml of methanol. (The conversion was not complete after 3 hours.) The metha1101 \\.as removed under 
reduced pressure, the residuc taken up in water and cstractecl into ether which was \vaslied and dried. The 
pale yellow gun1 from the ether was dissolved in methanol and cxactly neutralized \\ritli hydriodic acid in 
methanol. The solvent was removed under reduced pressure and thc rcsidue talcen LIP i l l  methanol to which 
charcoal was adclcd. The solution \\.as filtered through a short ceiite c o l i ~ m ~ l  and the methanol evaporated. 
'The crystalline residue was recrystallized four timcs from acetone-liesane and formed needles, m.p. 273" 
(evacuated capillary); [ o l ] ~  -24" (c, 1.43); [ i v I ]~  -99"; pI i ,  10.65 (95% EtOH). Found: C, 57.87; H, 7.45. 

\ + /  
&Ic. for C201-13?SI (413): C, 58.11; PI, 7.75. Infrared spectrum: v,,,,,, 1697 cm-I (>c=s' ) \ '  
Lac ta?~~  V I I I  fronz Isocar binolanline VI  

The isomethiodide (85 mg) was dissol\,ed in 4 1111 of clioxane-lvater (3 : l )  and treated with an excess of 
freshly precipitated silver oxide. After 1 h ~ u r  the material was filtered and the residue urashcd with a little 

'jFzrrtlzer proof of Lhc corrcct?~ess of tlze strzrct~rrc and stereochenzistry lzas ~zozd bee?z proaided ( J .  . I pS i~~~o?z  
and 0. E .  Edzoards, z7z preparation) by partial sy?ztl~esis fro171 podocarpic acid of the n~irror i~zzage of a?z IV-acclyl 
plzenol deiGed f r ~ ? ~  atisi?ze (4). 
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dioxane-water. (There appeared to have been some reduction of the silver oxide.) A solution of potassium 
permanganate (22 mg, 1 equiv.) in 3 ml of water was added dropwise to the filtrate. The first few drops 
were decolorized slowly but then decolorization became Inore rapid and manganese dioxide separated. 
After half of the pernlanganate solution had been added, the purple color persisted for 0.5 hour and so the 
addition was stopped. Sodiu~ll bisulphite was added to decolorize the solution, which was then percolated 
through celite to remove manganese dioxide. The filtrate was evaporated to dryness i n  vacuo and the residue 
taken up in ether. The ether solution was washed with 6 N sulphuric acid to remove any basic material, 
and then with water. The ether extract furnished 30 nlg of neutral material of which 22.7 mg was pentane 
soluble and crystalline with m.p. 129-132". Recrystallization fro111 pentane gave the lactam Vl I I  as prisnls, 
m.p. 134.5-136"; [ a ] ~  -56" (c, 0.81); [MID -170". Found: C, 79.91; H, 10.20. Calc. for C20H310N (301): 
C, 79.67; H, 10.37. Infrared spectrum: v,:,, 1649 cm-I (6-lactarn). 

The lactan1 was recovered quantitatively after 2 hours a t  200' in a solution of potassiunl hydroxide in 
trimethylene glycol. 

N-illetlzyl Base I X  
Azomethine methiodide (220 mg) was dissolved in aqueous methanol (go%, 10 ml) and a large excess 

of sodiu~n borohydride (130 nlg) was added. The solution became cloudy and all oil was gradually preci- 
pitated. After 3 hours the solvent was evaporated and the residue taben up in ether, washed with aqueous 
sodium carbonate, then water, and the ether dried with sodium sulphate. The ether extract was evaporated 
to give a clear gum (163 nlg) which solidified. After four recrystallizations from acetone the product formed 
prisms, m.p. 58-60"; [ a ] ~  -71' (c, 0.03); [ilff]D -211". Found: C, 83.74; H ,  11.36. Calc. for C ~ O H ~ ~ N  (287): 
C, 83.56; H, 11.57. 

Lactam VIIf  fro112 1V-~lletlzyl Base I X  
A solutio~l of the N-methyl base (85 mg) in pyridine (4 ml) was added to a solution of chromic oxide 

(138 mg) in pyridine (4  ml) and kept for 20 hours a t  room temperature. Sulphur dioxide was passed in 
with cooling until the solution was clear blue-green. The solvent was removed under reduced pressure, and 
the residue taken up in ether and washed with dilute aqueous hydrochloric acid, then water. The dried 
ether extract was evaporated to give a clear gum (51 ~ n g )  which solidified easily on seeding with the iso- 
lactam. The gum was chromatographed 011 neutral alumina (Grade IV, 1.5 g) and eluted with hesane (20 ml) 
to give 31 mg of crystalline lactam as prisms from pentane, n1.p. 134-136"; [o l ]~  -57" (c, 0.69); [i%f]~ -171". 
It did not depress the melting point of the lactam from the isocarbinolan~ine and their infrared spectra 
(mulls) were identical. 

Owidalion of N-illelhyl Carbinolanzine V 
The methiodide from 108 nlg of azolnethine was dissolved in aqueous dioxane and stirred with excess 

freshly prepared silver oxide. The solid was removed by filtration. A solution of 0.7 g of sodium hydroxide 
in 4 ml of water was added to the filtrate, followed by dropwise addition over 20 minutes of a solution of 
00 mg of potassium permanganate in 8 1111 of water. 'l'he manganese dioxide was removed by filtration and 
the filtrate was acidified with dilute sulphuric acid and extracted with methylene chloride. The methylene 
chloride solution yielded 52 mg of neutral product. This was adsorbed from pentane solution onto 500 ~ n g  
of a lu~n i~ la  (Grade 11). One component of the ~nixture was rapidly eluted with pentane. Chloroform then 
eluted a fraction from which was obtained, after recrystallization, 15 mg of lactam, m.p. 134.5-136". This 
did not depress the melting point of lactam V111, and their infrared spectra were identical. 

Aclion of iVilrous Acid on tlze CIB- Azoiirelhiiae III 
A solution of azomethir~e (250 mg), sodium acetate (625 rng), and sodium nitrite (625 lug) in a mixture 

of dioxane (37.5 1111) and water (25 ml) was treated dropwise with a solution of acetic acid (1.25 ml) in 
dioxane (2.5 ml) over 6 hours. Nitrogen was passed over the solution continuously and during the addition 
of the acid the mixture was agitated vigorously. After standing for a further 12 hours, the solvents were 
evaporated a t  30' and the residue taken LIP in ether. The ether extract was washed with aqueous potassiun~ 
carbonate, water, 6 N sulphuric acid, and then again with water. On evaporation of the dried ether extract, 
265 nlg of a neutral yellow gum was obtained, [ a ] ~  -48' (c, 1.05, CHC13). Adsorption OII alumina (Grade 
111 neutral, 8 g) and eluting with hesane gave the following fractions: 

(1) mobile liquid (7.2 mg), 
(2) material which crystallized from pentane (17.3 mg), 
(3) non-crystalli~le yellow gum, 
(4) yellowish solid, very soluble in pentane (20 mg). 

Benzene and benzene-chloroform (3: 2) eluted 208 nlg of nearly pure hemiacetal (78%) which crystallized 
spontaneously. 

This yield of he~niacetal was exceptional, and on repetition under apparently identical conditions the 
yield could drop to 60% or less of hemiacetal. The sodium acetate was added with the thought of trapping 
the primary carbonium ion before it could rearrange. However, no acetate ester was formed, and it appears 
that  this may be useless. 
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Henziacetal XIII  and its Reduction 
After recrystallization frorn pentane the hemiacetal had 1n.p. 164-165", [e]n -56" (c, 1.09). I ts  infrared 

spectrum had v,,,3350 (OH) and 1050 (0-C-0-C) cm-I. Found: C,  78.83; H ,  10.37. Calc. for CloHBoOa: 
C, 78.57; H ,  10.41. 

The hemiacetal \vas inert to  sodium borohydride in aqueous methanol. However, in a refluxing sol~ition 
of lithiunl aluminum hydride in ether it was quantitatively converted in 1 hour to the corresponding diol. 
This crystallized from aqueous alcohol as  fine needles, n1.p. 169'. For analysis this was sublimed a t  140' a t  
5X10-" mm. F o ~ ~ n d :  C, 78.11; H, 11.08. Calc. for C I S H ~ ? ~ ? :  C, 78.03; H, 11.03. 

Oxidation of Hemiacetal XII I  to a Lacto~ie 
(a) He~niacetal (20 mg) in dioxane (3 ml) was treated dropwise with bromine water. The first few drops 

were decolorized rapidly. The reaction mixture containing a small excess of bromine was left overnight. The 
solvent was evaporated and the white solid taken up in ether, \\lashed with water, and dried. Evaporation 
of the ether gave the lactone as a white solid (19 mg). This was purified by percolating a benzene solution 
through neutral alumina (Grade 111). Recrystallization from methanol-water afforded plates, m.p. 163.5- 
16q0, [ff]D -37" (c, 0.91). Found: C, 79.03; H, 9.77. Calc. for CISI-I280? (288): C, 79.12: H, 9.79%. Infrared 
spectrum: vmm 1725 cm-I (6-lactone). 

( b )  A solution of 80 mg of hemiacetal in 4 ml of acetic acid was oxidized during 0.5 hour by 31 mg of 
sodium dichromate dihydrate in 1.25 ml of acetic acid. The escess reagent was destroyed by sodium sulphite, 
then the acetic acid removed under reduced pressure. The residue was talcen up in methylene chloride, and 
this washed with dilute acid and sodium carbonate solution. The 79 mg of product was chro~natographed 
on 1.7 g of neutral alumina (Grade 11). Benzene and 1 : l  benzene-ether eluted 55 mg of lactone. After 
recrystallizatio~l from aqueous methanol this melted a t  163'; mixed m.p. with the lactone from oxidation 
by bromine-water 164". The lactone was reduced by l i t h i i ~ ~ n  aluminum hydride in refluxing ether to  the 
same diol, m.p. 16g0, obtained on rcduction of the hemiacetal. 

Primary illcohol froin XII I  
He~lliacetal XI11 (150 mg) and hydrazine (95y0, 2 ml) in triethylene glycol (4 1111) were warmed overnight 

on a water bath. A further portion of hydrazine (1 1111) was added and the mixture reflused a t  140" for 1 
hour. P o t a s s i ~ ~ ~ n  hydroxide pellets (1  g) were added gradually and the temperature raised to 200° for 6 
hours. Water was added to the cooled mixture, which was then extracted with ether, washecl with water, 
and dried. Evaporation of the ether gave a white solid (138 mg). Chromatography on n e ~ ~ t r a l  alumina 
(Grade 111, 5 g)  and elution with hesane-benzene mixtures gave a pentane-soluble solid (123 mg) which 
when crystallized from methanol gave prisms, m.p. 9Go, [ff]D -38" (c, 1.00). Foiund: C, 83.30; M, 11.50. 
Calc. for C19H3?0: C, 82.54; H, 11.66%. Infrared spectrum: v,,,~ 32G0, 1017 cm-' (OH). 

Oxidation of Primary Alcolzol to Aldelzyde 
The primary alcohol (88 mg) in acetic acid (4 ml) was treated dropwise with a solution of sodiu~u 

clichromate dihydrate (31 mg) in acetic acid (1  ml). X small excess of reagent mas present for 3 hours. 
Excess reagent was destroyed with sodium bisulphite and the solvents were evaporated. The solid was 
talcen up in ether, washed with dilute aqueous sodium hydroxide ( lyo) ,  water, and then dried. Evaporation 
of the ether gave a neutral solid (81 nig) which was chromatographed on neutral alun~ina (Grade 111, 2 g). 
Ell~tion with pentane gave the aldehyde, which crystallized from methanol as  plates, 111.p. 129-131°, [@ID 

-94" ( c ,  0.84). Found: C, 82.99; H, 10.75. Calc. for CloHnoO (274): C, 83.15; H ,  11.02%. Infraredspectrum: 
v,, 2760, 2680, 1696 cm-I (-CI-10). 

Oridatio?~ of Aldehyde to Acid X V 
Aldehyde (45 mg) in acetic acid (8 ml) was kept with a slight excess of a modified Iciliani reagent (600 mg 

of sodiurn dichro~nate, 800 mg of concentrated HzS04, 1.35 g of water, and 1.35 g of acetic acid) for 3 hours. 
Excess reagent was decomposed with methanol and a s~nal l  amount of sodiiim bicarbonate was added to 
neutralize the si~lph~iric acid. The solvents were evaporated and the solid was talcen up in ether. The ether 
solution was extracted with aqueous sodium hydroxide (5%), washed with water, and dried. On evaporation 
the ether layer gave 37 mg of 'neutral' material. Thc all~aline extract, on acidification and estraction with 
ether, afforded 3 mg of gummy material. The 'neutral' material was chromatographed on neutral alumina 
(Grade 111, 1 g). I-Iexane eluted a trace of aldehyde, while chloroform-methanol eluted the acid (32 mg), 
which crystallized from methanol-water as  plates, n1.p. 21y0, [@ID -45' (c, 1.43). Found: C, 58.63; 13, 10.26. 
Calc. for Cl9H3002: C, 78.57; I-I, 10.41%. Its pK,' in 70% alcohol was 9.6 and in dimethyl cellosolve 
was 9.42 (1G). I t s  infrared spectrum (nujol mull) had peaks a t  1695 cm-I (medium) and 1675 cm-I (strong) 
and a characteristic band for carboxylic acids a t  1256 cm-I (mediu~n).  In rather concentrated chloroform 
solution (9.7 mg/ml) its infrared absorption had peaks a t  35G0, 3480 cm-I (OH) and 1'730 (medium), 1690 
(strong) cm-' (C=O). In  dilute solution in chloroform a new band appeared a t  1715 cmrl and the 1730 
cm-I band increased in intensity a t  the expense of the one a t  1690 cm-l. 

The sodium salt of the acid was prepared in methanol. After removal of the solvent under reduced pressure 
the residual solid was washed with dry ether. I ts  infrared spectrum ( n ~ ~ j o l  mull) had no absorption between 
1600 and 18CO cm-I, but had typical carboxylate anion absorption a t  1565 (medium) and 1545 (strong) cm-1. 
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lp-1~ethoxycarbonyl-la,l2~-dimethyl-7-J~~~droxy-trans-a~zti-trans-perlzd roplzenantlzrene (XIX) 
The a,p-unsaturated ltetone from agathenedicarboxylic acid (17) (200 mg) in dry  ether was slowly added 

to  a vigorously stirred solution of lithium (300 mg) in liquid ammonia (100 ml). After 40 minutes the stirring 
was stopped, an~n~on ium chloride (1  g)  was carefully added, and the ammonia allowed to  evaporate. \\later 
(50 mi) was added to  the residual slurry and the mixture was continuously ether-extracted for 36 hours. 
The extract was dried and evaporated, yielding a yellow oil (170 mg), which was distilled under reduced 
pressure. The main fraction (120 mg) distilled a t  130-140° a t  lop3 mm and crystallized on treatment with 
ethyl acetate. Recrystallization from the minimum volunle of ethyl acetate yielded colorless prisms (95 nlg), 
m.p. 107-108°, [ff]D $55.5" (c, 0.46). Found: C, 73.41; H ,  10.30. Calc. for ClsH3oOs: C, 73.-13; H ,  10.27. 
Infrared spectrum: v,, 3550 cm-I (hydrosyl), 1710 cm-I (ester). 

1p-11~ethox~carbon~~l-1a,l2~-dimethyl-tra~~~-a~zti-tran~-perhyd~o-7-pI~e~zontIzrone (XX) 
The above alcohol (100 mg) in benzene (10 ml) and acetic acid (5 ml) was mixed with a solution of sodium 

dichromate dihydrate (76 mg) in acetic acid (10 ml) and allowed to stand a t  room temperature for 4 hours. 
The mixture was poured into water (50 1111) and the benzene layer separated. The aqueous layer was further 
extracted with benzene ( 3 x 2 5  ml) and the combined extracts washed well with 2 N sodium carbonate 
solution and water. The extract was dried and evaporated, yielding a pale yellow oil (83 mg) which crystal- 
lized on treatment with ether. Sublimation a t  155O a t  5X10-4 nmm yielded colorless needles, m.p. 196". 
Found: C, 73.64; H ,  9.42. Caic. for C18H?s03: C, 73.93; H ,  9.65. Infrared spectrum: v,,, a t  1720 cnl-I, 
strong and broad (ketone and ester). I ts  optical rotatory dispersion curve showed a single positive Cotton 
effect, X ,,,, 306 mp, [a],;,, $1000"; A,;, (approx.) 272 mp, [a],;, -625". 

Ip-Carboxyl-la,l2p-dilnetlzyl-trans-a~zt~i-tran~-perI~ydropIzenantI~rene (XXI)  
The keto ester )0( (50 mg) in hydrazine hydrate (lOOa/o) (1.5 mi) and triethylene glycol (2 ml) was heated 

to  140' during 1 hour, potassium hydroxide (600 mg) was added, and the temperature was raised to 200°&5" 
for a further 4 hours. The reaction mixture was cooled, acidified with 2 Nsulphuric acid, and ether-extracted. 
The ether extract was washed well with water, dried, and evaporated to yield a pale yellow oil (35 mg). 
The product was chromatographed on silica (3 g)  in pentane-benzene (50:50) to  yield colorless needles, 
m.p. 130-140". Sublimation a t  120° a t  mm yielded the a~~a ly t i ca l  sample (30 n ~ g ) ,  n1.p. 150-154", 
[aID $34" (c, 0.36). Found: C, 77.07; H,  10.74. Calc. for C1713?~0:: C, 77.22; H, 10.67. Infrared spectrum: 
v,:, 1697 cm-I (-COOH); pk', in 80% ethanol 8.4. 

'The same acid (XXI)  (mixed melting point, infrared, and n.m.r. spectra) was also obtained by a 
similar Wolff-Kishner reduction of 10-carboxyl-la,l2P-dimethyl-trans-anti-trans perhydro-6-phenanthrone 
(XXIV), kindly supplied by Dr. R. H. Bible, Jr. 

1 p - C a r b o x ~ ~ l - l a , 1 2 p - d i m e t I z y l - t r a n s - a n t ~ c  ( X  VIII )  
1p-Carboxyl-la,l2~-dimethyl-trans-anti-cis-perhydro-6-phena11throne (510 mg) (Icindly supplied by Dr. 

R. H. Bible, Jr.), 100a/o hydrazine hydrate (4 ml), and triethylene glycol (4 ml) were heated to 140° during 
1 hour. Potassium hydroxide (4 g)  was added and the temperature raised to  200°&50 for a further 4 hours. 
The reaction mixture was cooled, acidified with 2 N sulphuric acid, and ether-extracted. The ether extract 
was washed well with water, dried, and evaporated to  yield a colorless crystalline product (415 mg), m.p. 
140-158". Sublimation a t  118O a t  lo-' mm yielded colorless prisms of the acid XVIII ,  n1.p. 171°, [ a ] ~  $89" 
(6, 0.33). Found: C, 77.31; H ,  10.84. Calc. for CliHzaOz: C, 77.22; H,  10.67. Infrared spectrum: v,, 1695 
cm-1 (-COOH); PIC, in 80% ethanol 8.2. 

Attempted Synthesis of X V I I I  from Agntlzc?zcdicarboxylic Acid 
The a,p-unsaturated ltetone from agathenedicarbosylic acid (600 mg) in triethylene glycol (5  ml) and 

hydrazine hydrate (100%) (3  ml) were heated to 140° during I hour. Potassium hydroxide (3 g) was added 
and the temperature raised to  200' for 5 hours. The  mixture was cooled, acidified with 2 NH2S04,  and 
thoroughly ether-extracted. Drying and evaporation yielded a semicrystalline oil (650 mg) which was 
chromatographed on silica (10 g). Elution with pentane removed triethylene glycol while benzene-pentane 
(50:50) gave colorless prislns, m.p. ca. 110". Recrystallization from n-pentane yielded colorless prisms, 
m.p. 140-145", [ a ] ~  $128" (c, 0.47). Found: C, 77.67; H ,  9.76. Calc. for C I ~ H Z G O ~ :  C, 77.82; H, 9.99. Infrared 
spectrum: v,,, 1698 cm-I (-COOH). Proton resonance was observed a t  8.80, 9.16, and 9.35. More than 
one vinyl hydrogen signal was present, indicating contamination with XXIII .  

Hydrogenation of Wolff-ICishne~ Product 
The acid produced above (25 mg) in acetic acid (10 ml) was hydrogenated in the presence of prereduced 

platinum oxide (24 mg). In 1 hour the uptake of 2.4 n ~ l  of hydrogen was observed (calc. for 1 mole 2.3 ml). 
The solution was filtered and the catalyst washed well with alcohol. Removal of the solvents under vacuum 
left a colorless oil (25 mg) which crystallized on treatment with ethyl acetate, m.p. 118-132". Sublinlation 
a t  120" a t  mm yielded colorless prisms, m.p. 130-13G0, [ a ] ~  $32" (c, 0.42). Found: C, 77.35; H ,  10.54. 
Calc. for CliH2002: C, 77.22; H ,  10.67. Infrared spectrum: v,,, a t  1695 cnl-I (-COOH). Proton resonance 
observed a t  8.78, 9.025, 9.27, corresponding to  a mixture of XVIII and XXI.  
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Tlze 16,17-Diol 
To a solution of 493 mg of hemiacetal XI1 in 25 1n1 of dry ether was added 490 ~ n g  of lithil~nl a l u ~ n i ~ l u ~ i l  

hydride. The solution was refluxed for 2 hours, then the excess reagent destroyed using ethyl acetate. Dilute 
sulphuric acid was cautiously added, the layers separated, and the aqueous layer extracted three times 
with ether. The spontaneously crystalline product tveighed 540 mg. I t  was recrystallized fro111 acetone- 
hexane to  a consta~lt  melting point of 16D0, then sublimed a t  110' a t  5x10- '  mm for analysis. I t  had 
[CY]D -28' (c, 1.25). I;ound: C, 78.11; H, 11.08. Calc. for CleII,?O,: C, 78.03; H, 11.03. Under less \.igorous 
conditions sollle hemiacetal remained unreduced. 

Lactone X X  V I I  
The 16,17-diol (171 tng) was dissolved in 3 ml of acetic acid. To this was added, with stirring, a solution 

of 160 ing of sodilun dichronlate dihydrate in 2 1111 of acetic acid. The oxidation was rapid until nearly the 
equivalent of two atoms of oxygen had been added. After co~npletion of the addition (2  minutes) the reaction 
mixture was left for 0.5 hour a t  room temperature. The excess reagent was reduced with sodium bisulphite 
solution, then the solvent re~noved under reduced pressure. The residue was talcen up in dilute acid and 
~llethyle~ie chloride. The methylene chloride was washed with dilute sodium carbonate solution, dried, and 
the solvent evaporated. The 159 mg of neutral product was adsorbed from hesane on 5 g of neutral a lu~n i r~a  
(Grade 11). After a small non-crystalline forerun (4 ~ n g ) ,  hexane and benzene eluted 64 111g of pure lactone. 
Benzene-ether, 1: 1, eluted a mixture of lactones (50 ~ n g ) ,  and ether and methanol in ether eluted hydrosylic 
product. The coillbined early eluates were crystallized to  a constant melting point of 168", [a]D2' -16" 
(c, 1.49), then sublimed for analysis. Found: C, 78.90; H, 9.94. Calc. for CIeH?gOz: C, 79.12; H,  0.59. The 
more strongly adsorbed lactone mixture was separated by careful chro~natography into the above lactone 
and a lactone identical with the one from oxidation of the henliacetal. The hydroxylic products could not be 
resolved into pure substances by further chron~atography. 

Redtiction of Lacto~ze X I  V  to Henziacetal 
Pure lactone (32 mg) was dissolved in 2 ml of dry ether. T o  this was added a solution of approximately 

4 111s of lithium alu~ninutn hydride in 2 ml of ether. After 12 minutes a t  room te~nperat i~re  the  reagent was 
destroyed with one drop of methanol. The solvent was removed under reduced pressure, and the residue 
distributed between methylene chloride and dilute acid. The 32 mg of product gave 37 nlg of pure henliacetal 
XIII.  

Reduction of Lactoize A'X V I I  
The lactone was inert to  sodiunl borohydride in hot aqueous diosane. A solutio~t of 1-4 mg of the lactone 

in dry ether containing 40 mg of lithium aluminum hydride was co~npletelp reduced to the 16,li-diol, 1n.p. 
and mixed m.p. 165", in 15 minutes a t  room temperature. 

r\ solution of 31 ~ n g  of the lactone, m.p. 16i0,  in 5 1111 of ether was prepared. To this was added 2 ml of 
ether containing approximately 3 111g of l i thiu~n alun1i11u111 hydride. After 3 minutes a t  room temperature 
the excess reagent was destroyed with two drops of methanol and the solvent removed under reduced 
pressure. The residue was talcen up in methylene chloride and dilute s~ilphuric acid. The  methylene chloride 
layer and washings yielded 31 mg of product. This was dissolved ill ca. 2 ml of hexane. After standing over- 
night the solution had deposited 8 mg of diol. 'The soluble product was adsorbed from hexane onto 530 11lg 
of neutral alumina, activity 11. Hesane, b e ~ ~ ~ e n e ,  and ether eluted unchanged lactone (11 111g). Methanol 
in ether and ethanol in chloroform eluted 10 mg of a mixture of hemiacetal and diol, which were separated 
by crystallization froill hexane. The hemiacetal after three recrystallizations fro111 hexane melted a t  164' 
(crystal form line matted needles changing slowly to tiny cubes). I t  did not depress the melting point of 
hemiacetal S I I I ,  and their infrared spectra (nujol mull of fine needles) were identical. 

reduction for 10 ~ninutes of 48 111g of lactone in 6 rnl of ether containing 7 ~ n g  of lithium aluminum 
hydride gave 35 1ng of diol, 9 ~ n g  of ~~nchanged lactone, and 2 111g of he~l~iacetal. 

Actiolz of ivitiozrs Acid on the Clo-Azonzelhine Acetate ( X X X I V )  
A solution of azomethine acetate (500 mg), sodium acetate (1.3 g),  and sodium nitrite (1.25 g )  in a mixture 

of dioxane (75 ml) and water (50 1111) was treated dropwise with a so lu t io~~  of acetic acid (2.5 rnl) in dioxa~le 
(5.0 ml) during 5 hours. Nitrogen was passed over the s o l u t i o ~ ~  continuously and during the  addition of 
the acid, the ~nixture was agitated vigorously. The mixture was allowed to  stand a t  room temperature 
overnight and the solvents were then relnoved a t  50° under reduced pressure. The residue was dissolved in 
ether and washed with potassiu~ll carbonate, water, 6 iV sulphuric acid, and then again with water. The 
dried extract was then evaporated, yielding a yello\v gull1 (470 mg) which could not be induced to crystallize. 

\ I t  had infrared absorption a t  3400 (OH), 1735 (acetate), and 1640 (,C--CH?) cm-I. 

The above oil was warmed with metha1101 and evaporated to snlall bulk and diluted with water, yielding 
colorless needles (390 mg). The analytical sample was sublimed a t  160' a t  111111, 111.p. 17j0, [ c Y ] ~  -78.5O 

\ 
(c,  0.96). Infrared 1naximu111 a t  1730 cnlrl (acetate), 1655 crn-I (/C=CHr), and co~l~plex ether absorption 

in the region 1000-1100 ctll-1. Found: C, 'i3.47; H ,  9.36; OhIe, 8.25. Calc. for C23H3604: C, 73.36; H, 9.64; 
OMe, 8.07. 
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THE RAMAN SPECTRA O F  SULPHURIC, DEUTEROSULPHURIC, 
FLUOROSULPHURIC, CHLOROSULPHURIC, AND 

METHANESULPHONIC ACIDS AND THEIR ANIONS 

R. J. GILLESPIE AND E. A. ROBINSON' 
Departvzent of Cl~entistry, ilFc~lIastcr University, Havzilton, Ontario 

Received October 27, 1961 

ABSTRACT 

'The Raman spectra of sulphuric acid, deuterosulpliuric acid, chloros~~lphuric acid, and 
methar~es~~lphonic acid have been redetermined, and the spectrum of fluoros~~lphuric acid 
measured for the first time. The spectra of fluorosulphuric acid - sulphuric acid, cl~lorosulphuric 
acid - sulplluric acid, and fluorosulphuric acid - arsenic trifluoride luistures have also bee11 
measured. The spectra of the hydrogen sulphate, dcutero sulphate, fluorosulphate, chloro- 
su lpha t~ ,  and ~ ~ ~ e t l ~ a n e s ~ r l p h o n a t e  anions have been obtained in various solvents. Frequencies 
are asslgned to the normal modes of vibration of all these acids ant1 their allions ant1 the 
assigr~ments are compared with those of previous worlcers. 

During the investigation of the Raman spectra of the systems H2S0,-SO?, D2SO4- 
SOa, HSOaF-S03, and HS03C1-SO3 reported in the following papers it became clear 
that the spectra of the acids H2S04, D2SO1, HS03F, HS03C1 and their anions were not 
all lcnown with certainty, either because all the expected lines had not been observed or 
because no complete assigninent of the observed frequencies to the normal inodes of 
vibration had been made. Therefore the Raman spectra of these acids and their anions, 
and the spectra of metl~anes~~lpl~onic acid and the metl~anesulphonate ion, were redeter- 
mined and in each case the observed frequencies have been assigned to the ilormal 
inocles of vibration. 

SULPHURIC i\CID AND DEUTEROSULPHUIZIC i\CtD 

The results of our ineasurernents of the Rainan spectra of H2SO4 and D2SO4 and the 
infrarecl spectrulll of H2SO.I i l l  the sodiuill chloride region are given in Table I together 
with the results of some of the earlier workers (1-5). Our Raman spectra are also shown 
in Fig. 1. Table I does not include the results of all the previous studies since there is 
generally good ageelllent between the various sets of lneasurenlents and much of the 
earlier work has recently been discussed by Walrafen and Dodd (2) and by Gigu&re and 
Savoie (4). Soine workers have observed additional Rainan shifts a t  740 and 1050 cm-I 
and additiollal weal; bands in the infrared a t  332, 675, 1050, and 1240 cm-I that we did 
not observe in our Ralllail spectrum of H?SOI. Also, lines a t  711 and 1050 cm-I and 
a t  305 and 475 cm-I have been reported in the Ralnall ancl infrared spectra of D2S04 
that were not observed by us. 

The 1050 cm-1 line, which increases in illtellsity on addition of water to sulphuric 
acid, is undoubtedly due to the I-ISO1- ion. GiguPre and Savoie (4)  observed this line 
in their infrared spectruin of sulphuric acid and claillled that it was due to HS04- ions 
forillecl in the autoprotolysis of sulphuric acid, 

2H1S04 F? HaSOi- + HSOA-. 

However, it has been shown by other methods that the coilcentratiol~s of the autoprotolysis 
ions i l l  100% s~~lphuric acid are very slnall (e.g. a t  25' [H3S04+] = 0.013 inolal; [HSOB-] 

'Prescizt address: Depart1lze7zt of Chemistry, University of Torotzto, Toronto 6,  Ontario. 

Canadian Journal of Chemistry. Volume 40 (1963) 

6-14 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



GILLESPIE .AND ROBINSON: RXMAN SPECTRA 645 

= 0.018 nlolal (ti)), and it is therefore inost unlikely that any frequencies due to these ions 
could be detected in the pure acid by either infrared or Ra~nan  spectroscopy. Gigu&re 
and Savoie's observation of the 1050 cm-I line in their infrared spectrum was undoubtedly 
due to HSOI- ions for~ned by the ionization of water inlpurity in their sample. The saine 

I explanation doubtless applies in other cases where the 1050 cin-I has been reported as a 
I I line of sulphuric acid. The line observed by Leckie (3) a t  740 C ~ I I - ~  is probably due to 
I H30f inlpurity since lines near this frequency have been observed in the infrared spectra 
I of hydroxoniuin salts (7). 

In the H2S04 molecules, nine of the normal inodes can be described approxiinately 
as a syillilletric and an asymmetric stretch and a bending inode of the SOz group, three 
similar vibrations of the S[OH(D)]I group, SO2 and S[OH(D)I2 roc1;ing modes, and a 
torsion. In addition there are six vibrations of the OH(D) groups. A reasonably con~plete 
assigninent of the frequencies to the fuildanlental modes of H2S04 has been given by 
Gigu6re and Savoie (4) and a partial assigninent has also been suggested by Walrafen 
and Dodd (2). 

TABLE I 
'The vibrational spectra of H2S04, DzS04, HSOxCI, HSOJF, and CI-I,S03H 

(frequencies in cm-') 

Raman Infrared 
-- - 

( b )  (6) ( 4  (a)  ( e )  (f) (6) 

- - - - - 2450 2430w 2490 
- - - - - 2970 3000s 3090 

D&Oj HSO,CI -- - -- 
Raman Infrared Raman 

-- --- 

( a )  ( 4  (e) (6) (a) (g) ( A )  (i) 
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TABLE I (Conclrrded) 
--- 

HSOSF CHaS0;H 
- -- -- - - - - 

I< aman Infrared Raman 
- - --- 

( a )  ( a )  ( a )  ( j )  ( h )  (1) 

NOTE: ( a )  Present resnlts; (b) Venkateswaren (1);  (c) \Valrafen and Dodd (2) ;  ((1) Leckie (3) ; ( e )  GiguPreand Saroie (4); (/) Marcus 
and Fresco ( 5 ) ;  (21 Simon. Kriegsmann. and Dutz (2-1); ( h )  Matossi ant1 .Aderhold (26);  (i) Vogel-I-Iiioler (27); ( j )  Simon and 
Kriegstnann (11); ( I : )  Sandemann (28); (1) Gertling and lMaarsell (10). 

*1>11e to I-ISOI-. 
tDue  to DSOI-. 

Our assignn~ents for the S O ?  stretching and b e n d i i l g  modes and the S ( O H ) ?  stretches 
(Table 11) agree with those given by GiguGre and Savoie but the remaini~lg  a s s i g n m e i l t s  

TABLE I1 

Assignment of the fundamental vibrations of H2SOd and D?SO., (fre~~uencies in cm-I) 
-- 

H2SO.g D?SO, 
Approsi~liate 

Species ( a )  ( b )  ( c )  ( a )  ( b )  (c)  description" 

SO:! sym. stretch 
S[OH(D)12 sym. stretch 
SO2 bend 
S[OH(D)] : !  bend 
Torsion 
S[OM(D) ) l  asynl. stretch 
SO? rock 
SO? asym. stretch 
S [ O H ( D ) ] ,  rocli 

O-H(D) O-M(D) sym. bend stretch 

O-H(D)  wag 
O-H(D)  asym. strctch 
O-M(D) bend 
O-lI (D)  wag 

NOTE: (a) This worl;; (b) Gigusre and Savoie (4);  (c) Walrafen and Dodd (2). 
*Walrafen and Dodd gave a difierent description of the normal modes of the sulphuric acid molecule based on the four modes 

of the sulphate ion. 

differ from those given by these authors. In  the  s p e c t r u i l l  of S O q F 2  the SOz bend and 
SOz rock have a p p r o x i i n a t e l y  the same frequency of 545 cn l - I  and are not resolved in 
the Raman spectrum of the liquid (8). Sinlilarly, in  the s p e c t r u i l l  of H2S04 i t  appears 
tha t  the SOz bend and S O 2  rock have approximately the same frequency of 563 c m - I  
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L 
IGOC 

FIG. I.  Raman spectra: ( I )  H~SOI,  (2) DzSO.1, (3) HsO~F,  (4)  HSOaCI, (5) CHaS03H. 

and are not resolved in the Raman spectrum. We agree with Venlcateswareil (1) in 
finding that this line is weakly polarized whereas Walrafen and Dodd (2) found i t  to  
be depolarized. If it is indeed wealcly polarized this is consistent with i t  actually con- 
sisting of two lines, one of which is polarized and one of which is clepolarized. In the 
spectrunl of D2S04 the two lines expected in this region of the spectruill are in fact 
observed a t  560 cm-l (depolarized?) and 522 cm-' (polarized). The latter is assigned to 
the SOz bend and the 3.30 cm-I line to the SO2 roclc. 

I11 the Rainan spectra of HzS04 and D2S04 the lines a t  422 and 390 cm-l, respectively, 
are assigned to the S(OH), and S(0D)t  rocking illodes and the lines a t  392 and 356 cm-l, 
respectively, to the S(0H)t  and S(0D)z bending modes. The 392 cm-1 line has been 
reported by Venkateswaren (1) and by Walrafen and Dodd (2) to be wealcly polarized. 
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Although we failed to observe any polarization of either the 392 or the 356 ~111-1 line it  
s e e m  probable that  both lines are very weakly polarized. The apparent weak polariza- 
tion of the 392 cm-I line inay be due to the depolarized line arising from the torsional 
mode also having a frequency of approximately 392 cm-I in both H2S04 and D2S04 
(cf. 360 cm-I for the torsional mode in S02Fz (8)). I t  seems probable that the line due 
to the torsional nlode is in fact coincident with soille other line in the spectrum since 
the torsional inode (a2) should be active in the R a ~ n a n  and inactive in the infrared 
spectrum and no lines are observed in the Raman spectrum which do not have their 
counterparts in the infrared spectrum. 

I t  is difficult to malie any coinparison of our assignment with that  of Walrafen and 
Dodd (2) since these authors assume that the spectrum of sulphuric acid inay be related 
to that  of the sulphate ion in crystalline calcium sulphate, for which nine frequencies 
have been observed. Although they admit that the interactions which remove the 
degeneracies of the four fundamental frequencies of the sulphate ion to give the nine 
observed frequencies, are probably considerably different from those arising f ro~n the 
formation of S-OH bonds they assume that the frequencies of crystalline CaS04 inay 
be used as  a guide to the assigil~nent of the frequencies of sulphuric acid, and of the 
HS04- ion. This does not seen1 to us to  be as reasonable a basis for making assign~neilts 
as  our comparison with other SOsX2 molecules and S03X- ions. 

Of the six vibrational frequencies (two stretches, two bends, and two wagging or 
torsional modes) which are theoretically expected to  be associated with the 0-H(D) 
groups we have only observed one, a bend a t  1137 cm-l, for sulphuric acid. The rather 
high frequency of this vibration is presumably to be attributed to strong hydrogen 
bonding between the 0-H groups and other oxygen atoms. The 0-H(D) stretches 
were not observed in our Raman spectra presumably due to  the insensitivity of the 
photographic plates in the 1800-3000 cm-I region. However, Gigu&re and Savoie (4) 
observed bands in the spectrum of H2S04 a t  2450 and 2970 cm-' and in the infrared 
spectrum of D2S04 a t  1860 and 2200 cm-l, which they assigned as the symmetric and 
asymmetric 0-H(D) stretches, respectively. Similar bands were also reported by 
Walrafen and Dodd (2). Other very weak and somewhat doubtful lines in the infrared 
spectrunl a t  1240, 675, and 332 ern-l for H1S04 and a t  475 and 305 cm-I for DzS04 
may possibly be due to other OH(D) bending or torsional modes. 

FLUOROSULPHURIC, CHLOROSULPHURIC, AND AIETHANESULPIIONIC .\CIDS 

The results of our measurements of the Raman ancl infrared spectra of HS03F,  
HSO3C1, and CH3S03H are given in Table I and Fig. 1. The Raman spectra of HS03C1 
and R/IeS03H have been reported previously by other workers but there has been no 
previous study of fluorosulphuric acid. Our measurements are in good agreement with 
the earlier work except for a few details which are discussed later. The Ranlan spectra 
of the systems HS03F-H2S04 and HS03Cl-H?S04 were also studied and the results 
are given in Table 111. The spectra contain only the lines of the component acids, indi- 
cating that there is no extensive ionization or any other reaction in these systems (9). 

The nine fundamental vibrations of a molecule of the type SOeXY may be approxi- 
mately described as SO2 symmetric and asymmetric stretches, an SO2 bending mode, 
S X  and SY stretches, an SO:! rock, an S-X wag, and S-Y wag, and a torsion. In the 
molecules HS03F,  HSOPCl, and CH3S03H there are, in addition, three vibrations of 
the 0-H group and in the latter compound nine vibrations of the CHB group. Our 
assignments for these n~olecules are given in Table IV. 
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TABLE I11 

Rarnan spectra of the H?S04-HS03F and HzSOa-HS03CI systerns (frequencies in cnl-1) 

HzSO4-HS03F 'I?S04-HSOsCI 

Percentage of H&04: Percentage of I-I?S04: 

100.0 50.4 28.4 17.2 0 .0  100.0 68.2 48.2 25.4 0 .0  

TABLE IV 

Assignment of the fundamental vibrations of the acids HO-SO?-S (freq~~encies in cm-I) 

HS03F HSOlCl CHsSOsI-I 
Approxi~nate description -- -- -- 

of vibration Species (a) (a )  ( b )  ( c )  (a)  (4 (el  

SO2 s y m  stretch (a') 1230 1209 1153 1153 1174 1112 1128 
SO2 asym. stretch (a") 1445 1408 1396 1396 1350 1369 1354 
SO? bend (a') 560 623 G23 535 534 538 
SO? rock (a") 555 513 513 - 506 335 505 
S-X stretch (a') 850 416 416 - 7 7'2 760 

- 
774 

S-OH stretch (a') 960 920 916 904 718 905 
- S-IV wag (a') 405 200 200 338 504 335 

S-0 wag (a') 560 452 482 - 480 - 470 
Torsion (a") 391 312 - 420 - - 

0-13 bend (a") 1178 1150 - - 1123 1170 1174 

Xo.1.:: (a) Present \vorL; ( b )  Simon. Kriegsmann, and Dutz (25); (6) Vogel-I-Iogler (27); ( d )  Gerdi~ig and Maarnen (10); (e) Simon 
and Krlegsrnann (11). 

The assignment of the line a t  1174 cm-I to the SOz symmetric stretch in CH3S03H 
differs fro111 the assignnlent of previous worliers (10, 11) who assigned this frequency to  
the 0-H wag and gave 1128 cm-I as the SO2 symmetric stretch. Our assignnlent of 
the SOz symmetric stretch in HS03Cl also differs from that given previously by Si~llon 
et al. (25). These authors did not observe a separate line a t  1209 cm-I but only a broad 
band centered a t  1153 cm-I, which they assigned to the SO? symmetric stretch. In our 
spectrum two separate lines were observed in this region a t  1209 and 1150 cm-I. The  
fornler is assigned to the SO2 symmetric stretch and the latter to an 0-H bend. In 
sulphuric acid we have assigned the analogous vibrations a t  1195 and 1137 cln-I, re- 
spectively. Two lines are also observed a t  sinlilar frequencies in the spectrum of fluoro- 
sulphuric acid; one a t  1230 cm-I is assigned to the SO? symmetric stretch and the other 
a t  1178 cnl-I to an 0-H wag. In the spectrum of a 50 mole% solution of HS03F in 
AsF3 the band a t  1175 cnl-I is absent, although tha t  a t  1230 cnl-I appears strongly 
(Fig. 2) ;  this supports the assignment of the 1178 cnl-I line as an 0-H bend. Presun~ably 
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2000 1600 1200 800 4 0 0  0 
A Y crn-' 

FIG. 2. l iama~l  spectra of 1:l mixtures of some acids with acetic acid: ( 1 )  I-ISOaCI-CH3C02H, (2) 
H2S0.1-CI-IaCO?H, (3)  HSOaF-CH3CO?II, (4) CI-InCO?H. j anion lines, I sol\rent lilies. 

the change in the nature and extent of hydrogen bonding caused b), dilutillg the HSOJ? 
wit11 A s F ~  shifts this band to some other region of the spectrum, probablj- to a lower 
lrequelicy where i t  is obscured by another line. In  other respects this spectrum is simply 
a superpositioll of the Raman spectra of arsenic trifluoride and fluorosulphuric acid, 
sho\ving that  there is no appreciable reaction or io~iizatioll in this system. This result is 
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ill agreement with conductimetric measure~llents on dilute solutions of arsenic trifluoride 
in fluorosulphuric acid which show that AsF3 is oilly slightly ionized (12). 

I t  is interesting to note that the S-OH stretching frequencies HS03F, 960 cm-I; 
HS03C1, 920 cm-I; CH3S03H, 904 cm-' decrease in the order of decreasing acid strength 
(9). The frequency ol the 0-H bend also apparentll. decreases as the acid strength 
decreases. 

The assignn~ents of the SO2 bend and roclting vibration in these n~olecules were niacle 
by colliparison with the assigl~~nent of the similar nlodes of S02C12 and S02F2 (8) and 
they are also collsistent with the assignll~ents made above for H2S04 and D2S04. 

In fluorosulphuric acid the S F  stretch is identified as the line a t  850 cm-I by com- 
parisoii with the frequency of the similar vibration in related molecules. The reniaining 
lines in the Ranlan spectrum of HS03F a t  405 and 395 cm-I can be reasonably assigned 
to the S-F wag and to the torsional 11iodc. The only relilainillg vibration to which a 
frequency has to be assigned is the S (0H)  bend. We presunle that this also colitributes 
to the band a t  560 cm-I on the grounds that the frequency of this vibration is probably 
greater than 482 cln-l, which we assign below to the analogous vibratioi~ in HSOjC1, 
since the S (0H)  stretch has a higher frequency in HSOJF than in HS03C1. 

In the spectruil~ of HSO3C1 the strong polarized band a t  416 cin-' is assigiled to the 
S-C1 stretch and the low-frequency line a t  200 cni-' to the S-C1 wag. The line a t  
312 cm-I is assigned as the torsion as this is the only low-frequency depolarized line. This 
assignlllent is also reasoilably consistent with the frequencies assigned to this torsioil 
in other related nlolecules. Only the S-OH wag renlains to be considered and the weak 
line a t  482 cni-I 111ust be assigned to this vibration. 

In the spectrun~ of methanesulphonic acid the line a t  772 cm-' call without doubt be 
assigned to the C-S stretch. The frequency of 338 cm-' (polarized) then seeills reason- 
able for the S-CH3 wag, leaving the line a t  420 cm-' as  the torsion and that a t  480 cni-1 
(polarized) as the S-OH wag. The frequency of the S (0H)  bend is very siiliilar to that 
in HS02C1, which is consistent with the silliilarity of the frequencies of the S (0H)  
stretches of these two molecules. The relllaining lines niay be assigned to C-H vibra- 
tions: 985 C I I I - ~  as a CH:, wag, 1265 and 1420 cm-I as CH3 bends, and 3032 and 2945 CII I -~  

as CH3 stretches (11). The 0-H stretch has apparently not been observed. 

'THE HNIOSS HSOI-, DSO.l-, SOJ-, SOICI-, CHSSOI- 

These ions have all been studied previously, although, in some cases, oilly a few of 
the strongest lines were observed or a limited region of the spectrull~ only was investi- 
gated, especially in the case of infrared studies. The results obtained in the present 
work are shown in Table V together with those of other investigators. 

Siebert studied the Ralllan spectrum of a solution of sod iu i~~  fluorosulphate in water 
(13). The infrared spectra of solid alkali metal, a1n1i1011iu111, silver, and triphenyl car- 
bonium fluorosulphates have been investigated by Sharpe (14). A single line a t  1080 cm-1 
due to the fluorosulphate ion was observed by Millen (15) in the Ralnail spectruni of 
solid nitronium fluorosulphate. In the present work the following solutions containing 
the fluorosulphate ion were exaniined : 

(i) Sodium fluorosulphate in water. 
(ii) Solutions of sodium chloride and of sodiuln sulphate in fluorosulphuric acid. In 

these solutions fluorosulphate ion is formed according to the equations 
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TABLE V 
The v i b r a t i o n a l  spectra of the i o n s  HSO4-, DS04-, S O I F - ,  SOJCI-, and CH3S03- 

( f r e q u e n c i e s  i n  cm- l )  

440 420 429 420 409 409 408 408 - - 
608 595 590 594 593 566 566 562 562 565 - 
902 890 895 887 885 592 592 600 608 5 83 - 
- - - 982 - 786 786 782 808 732 

- - - 
710 

1036 1042 1040 1051 1050 - 970 - 
1195 1191 1195 1200 1230 1082 1082 1080 1083 1073 1070 
- - - - 1341 1250 1287 1225 1235 1277 1289 

- - - - 1299 - 
- - - - 1656 1643 
- - - - 2347 2320 

CH3SOS- DSOI- so3c1- 
- 

( 1 )  (976) ( 1 2 )  (0) (P) ( 9 )  ( r )  ( s )  (t) (u) ( v )  

344 - 346 345 348 411 215 220 220 - - 
533 - 522 524 533 572 390 392 400 - - 
560 - 552 556 560 632 540 535 538 535 540 
778 789 785 784 789 910 563 567 570 565 562 

- 960 (364 962 965 970 1050 - - 5 85 580 
1050 1060* 1049 1049 1054 1194 1050 1052 1050 1044 1044 
1177 1200 1182 1185 1184 - - - - 1150 1160 
1268 1254 1238 1238 1225 - 1195 1191 1200 1275 1250 
1368 1330 1362 1362 - 
1435 1417 1421 1425 1429 
- 1433 - - - 
- 23 -LO - - - 

2943 2945 2943 2943 2944 
3020 3020 3021 3022 3024 

S o r e :  (a) Present results, water in sulphuric acid (85% H?SOI) (Raman). 
( b )  Present results, sulpl~uric acid in acetic acid (Raman). Lines due to  CI-IaCOOH and CI-IaCOOI-Izi observed a t  452. 620. 

014. 1179, 1383. 1370, 1425. and 1676 cm-1. 
(c) Present results, KIISO4 in sulphuric acid (Raman). 
( d )  NaHSOd in watey (Raman) (Siebert (13)). 
(t:) Water in sulpliur~c acid ,(infrared) (Walrafen and Dodd (2)). 
(f) Present ~esu l t s .  I<FSOB In water (Raman). 
( R )  KFSOa In \rrater (Raman) (Siebert (13)). 
( h )  Present results. fluorosulphuric acid in acetic acid (Rarnan). Lines also appear in the spec t run~ a t  461, 671, 908. 1102. 1350. 

1448, and 1678 cnl-1 due presumably to CMaCOOH and  CI-IJCOOII?~. 
(i) Present results, water i n  IIS03F (Raman). Lines also appear in the spectrum a t  844. 970. 1185. and 1408 cm-1 due t o  non- 

ionized IISOaP, and a t  010 cm-1 due to 1-1601. 
( j )  IiFSOa (infrared) (Sharl~e (14)). 
(1:) Ph3C7.SOaF- (infrared) (Sl~arpe and Sheppard (20)). 
( l ) , P r c s e ~ ~ t  results, water in menthanesulphonic acid. Lines which were observetl a t  484 and 912 cm-1 are presumably due  t o  

non-ionized CI-IaSOdI. 
( 7 1 1 )  C111S0a.Na (infrared) (Siebert (13)). 
( T I )  CHaSOa. I i  (infr;lred) (Gerding and Maarsen (10)). 
(0) CHaS03.h'a (infrared) (Gerding and Maarsen (10)). 
(j) CHaSOa. Wa (ir~frared) (Simon and Kriegsmann (19)). 
(o) Present results, deuterium oxide in (12% DzO) (Raman). 
( r )  Present results, NaSOaCI in dimethyl sulphoxide (Raman).  Lines due to the solvent \\.ere obser\-ed a t  311, 337. 384, 602. 

671, 703. 901, 931, 955, 1043. 1,149, 1228, 1312, 1335, and 1.420 cm-'. 
(s) Present results. KSOiCl In dimethyl sulphoside (Rarnan). Lines due to  the solvent were obser\.ed a t  309.384. 602, 671. 703, 

901. 031. 953. 104d. 1149. 1230, 1314. 1340. and 1422 cm-1. 
(1) Present results. I-ISOaCI dissolved in acetic acid (Raman). Lines due to  CI-IaCOOH and CH;COOIIz' \rere observed a t  603. 

010. 1150. 1303, 1370, 1430. and 1676 cm-1. T h e  line observed a t  313 cm-1 is presumably due to non-ionized chlorosulpl~uric acid. 
( 2 1 )  PCla.SO3 (infrared) (\Waddington and Khnberg  (16)). 
( 8 )  [(CI-la)dS]Cl.S03 (infrared) (Waddington and IClanberg (16)). 
*Actually obser\.cd as a triplet a t  1050. 1060, and 1073 cm-1. 

The hydrogen chloride was removed by warnling the solutions. In  the Rainan spectra 
of these solutions onl~7 one new R a i n a n  shift, a strong line at  1080 c m - I ,  was observed, 
and the intensity of the solvent line a t  1230 cm-I was enhanced. Other lines due to the 
fluorosulphate ion are obscured by the spectrum of the solvent. 
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GILLESPIE AND ROBINSON: RAMAN SPECTRA 653 

(iii) Mixtures of acetic acid and fluorosulphuric acid. In addition to  the lines due to 
the conlponent acids several new lines which could be attributed to the SOaF- ion were 
observed (Fig. 3). 

A Z/ cm-' 
FIG. 3. Ranla11 spectra of solutions of water in some acids: 

in HS03F, (3) 157, H 2 0  in H?SOr, (4) 12% DzO in DzSOI. 

(iv) Solutio~ls of water in fluorosulpl~uric acid. Fluorosulphate ion is formed by the 
ionization 

1320 + IISOaF HaOf + SOSF-, 

although there is also slow hydrolysis, 
HSO3F + HsO = H F  + HzSOd. 

Lines due to the FSO3- ion and the 910 cm-1 line of sulphuric acid were observed in 
addition to those of ffuorosulphuric acid (Fig. 2). 

Siinple illeta1 chlorosulpl~ates have not been studied previously, although Waddingtoil 
and Klanberg (16) have attributed seine of the bands of the infrared spectra of the 1:l 
complexes of [(CH3),N]C1 and PC16 with sulphur trioxide, which they formulated as 
the chlorosulphates (CH3)4N+S03C1- and PC14+S03Cl-, to the chlorosulphate ion. 

The following solutioils containing the chlorosulphate ion were studied: 
(i) Solutions of sodiunl and potassium chlorosulphates in dirnethyl sulphoxide. 

(ii) Mixtures of acetic acid and chlorosulphuric acid. In addition to the lines due to 
the co~npoilent acids several new lines which could be attributed to the S03C1- ion were 
observed (Fig. 3). 

(iii) Solutions of potassium chloride and potassiu~n sulphate in chlorosulphuric acid in 
which the chlorosulphate ion is formed by the reactions 

KsSOr + 2EIS03C1 = 2Kf + 2SO3C1- + HzSO,, 

KC1 + HSO3Cl = Kf + SOaC1- + HCI. 
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The spectrum of the S03CI- ion is partially obscured by that of the acid. Hoivever, a 
strong line is observed a t  1054 cm-I, the 1200 cm-I line of the acid is enhanced, and a 
weak line is found a t  538 cm-l. 

The vibrational spectrum of HS04- has been obtained previously froill studies of 
solutions of water in sulphuric acid (e.g. ref. 2), from an aqueous solution of sodiuin 
hydrogensulphate (13), and from infrared studies of crystalline aillnloniuil1, sodium, 
and potassiuill l~yclrogensulphates (17). In the present urorl; the Raman spectruill of the 
l~ydrogensulpl~ate ion was obtained from the spectru~ll of three different solutions: 

(i) Solutions of water in sulpl~uric acid in which h~drogensulphate ion is fornled 
according to the equ a t ' ion 

The spectra obtained (Fig. 3) were sonlewhat illore complex than \\~ould be expected 
froill this equation and a detailed interpretation of the spectra gives evidence for some 
additional species, probably the hydrogen-bonded "ion-pair" H30+.HS04-.  These 
measuren~ents will be discussed in more detail in a later paper. 

(ii) A solution of sulphuric acid in acetic acid (Fig. 2). The low intensities of the 
characteristic lines of su lph~~r ic  acid in the spectrum of an approxiil~ately equimolal 
nlixture of sulphuric and acetic acids shows that ionization is extensive: 

CH,CO?H + H?SO, = CH:,CO?Hy+ + HSO,-. 

This is consistent with the concl~~sion from previous cryoscopic and conductimetric 
n~easuren~ents that ionization is essentially coinplete in dilute solutions of acetic acid 
in sulphuric acid (18). 

(iii) A solution of potassium sulphate in sulphuric acid. 
There is generally good agreement between our different sets of measureinents and 

earlier work with respect to the frequencies that may be attributed to the hydrogen- 
sulphate ion. The infrared spectra of solid hydrogen sulphates (17) are rather more 
complex than the spectra of the ion in solution: this is pres~umably to be attributed to 
crystal-field splitting of the three degenerate n~ocles of the HS04- ion. Because of their 
complexity these spectra have not been given in Table V ;  they lend general support 
to our assignment of the six fundamentals. 

The fundamental frequencies of the deuterosulphate ion were obtained from the 
spectra of solutions of DzO in DZS04. Similar measurements have previously been 
reported by Leckie ( : 3 ) ,  although l ~ e  did not interpret his spectra in detail. 

The spectrum of tlle i~~ethanesulphonate ion was obtained sinlilarly from measure- 
ments on solutions of water in metl~ai~esulphonic acid. The infrared spectra of some 
salts of methanesulphonic acid have been reported previously by Gerding and Maarsen 
(lo),  by Siebert (13), and by Simon ancl I<riegsmann (19). The present spectrum is in 
good agreement with the previous worl;. 

The ions XSOa- have tetrahedral structures and belong to the C3, point group. They 
therefore have sis normal illodes of vibration which should all be active in both the 
Raman ancl the infrared spectruin. I t  is convenient to describe the three totally syin- 
nletric ( a )  vibrations as an SO3 synlmetric stretch, an SX stretch, and an SO3 syn~metric 
bend, and the asymmetric (e) vibrations as an SOs asyinmetric stretch, an SX wag 
(or XS03  deforination), and an SO3 asymmetric bend. Our assignil~ents and those of 
previous workers are given in Table VI. 
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Assignment of the fundamental vibrations of the anions SSOn- (frecl~~encies in  cnl-I) 

HSO.1-" :SO,- SOzCl- SOaF- CI-I:~SOz- 
Approsimntc -- - - 

descriptio~l ( a )  (b) ( a )  ( a )  (6) ( a )  (b) (4 ( a )  (e)  ( b )  (f) 

SO1 syni. sketch  ( a )  I040 1051 1050 1050 1044 1083 1082 1073 1050 105-1 1055 1049 
S S  stretch ( a )  895 887 907 416 540 786 786 732 778 7 8  790 785 
SOJ s ~ m .  bend ( a )  504 594 572 535 565 566 566 565 560 533 562 554 
SO1 asyrn. sketch  (c) 1195 1200 119-4 1195 1275 12:10 1287 1277 1177 1200 1200 1183 
SO1 aspm. bend (c) 594 594 632 585 583 592 592 583 532 560 533 523 
S S  \\lag (c) 411 4 2  411 220 - 405 409 - 344 346 348 346 

XOTE: ( 0 )  Present results; ( b )  Siehert (13); (c) \\'addington and Rlanberg (16); ( d )  Sharpe (14); (I:) Simon and  Rricgsniann (11); 
( j )  Gerding Maarsen (10). 

'LWalrafen ant1 Doclcl (2) also assign the frequencies of MSO.,- t o  normal vibrations o l  the ion but  only group them as (a )  or (s) 
v ib ra t~ons ,  i.e. 13-11, 1050. and  855 cm-1 (a);  1230, 598, and -117 cm-1 ( e ) .  

The SO3 symmetric and asymmetric stretches and bends are easily assigned by com- 
parison with the frequencies of the corresponcling SO2 vibrations. I t  is foui-td that fre- 
quencies of the symmetric and asymmetric stretching modes fit the same linear relation- 
ship that  has been shown to hold for the SO? s>.mmetric and asymmetric stretches of 
sulphuryl compounds (20). They have lower frequencies than the corresponding SO, 
stretches in the parent acids, which is consistent with the reduced double-bond character 
of the SO bonds. 

The S X  stretches have frequencies that are very similar to those of the S X  stretching 
modes in the parent acids. The somewhat lower frequency of the S F  stretch in the 
fluorosulphate ion compared with that  for the analogous vibration in fluorosulphuric 
acid is interesting and probably indicates that  the partial double-bond character of the 
S-F bond in the fluorosulphate ion is appreciably less than in fluorosulpl~uric acid. 

The spectrum of the S03F- ion is very similar to  that of the isoelectronic species 
perchloryl fluoride, C103F, for which the Raman spectrum has been obtained by Powell 
and Lippincott (21) and the infrared spectrum by Lide and i\/Iann (22). The assignment 
for S03F- given in Table VI receives strong support from the fact that  it is closely 
paralleled by Powell and Lippincott's assignment for ClOsF, as is shown in Table VII. 

TABLE VII 
Cornparis011 of the Raman spectra of C103F arid SO:,F- (frequencies in cm-I) 

C10aF 

SOIF- Assiaiiment (21) 
- -  - - 

408 405 CI-T; rock vde) 
566 51-9 CIOJ deformation va(nl) 
592 589 CIO, deformation v d  e )  

786 # C1-F stretch ~ ~ ( a l )  

1083 1061 ClOa symmetric stretch v l (a l )  
1230 1315 or 1175 C10:1 asymmetric stretch v.,(e) 

NOTE: 1,1 nsas assigned the freq~~enc!, of 1315 cm-I by Pomell and  Lippincott (21). I t  could be 
reassigned the frequency ol I175 cin-1, which mas interpreted by these nrorkers as 2vn, in wliiclt 
case the 1312 cm-1 line could bp reassigned to v , + v r .  

*Two lines due to CI17F and C132F respectively. 

Waddington and Klanberg (IG) clid not observe the lines a t  220 and 416 cm-I in the 
spectrum of SOPCl-, since their meas~~rements clid not extend to  this region of the 
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spectrum. They assigned 540 cnl-I as the S-C1 stretch, 1275 c ~ n - ~  (in (CH&N. S03Cl) 
as the So3 asymmetric stretch, and 1150 cm-I as a combination of the S-CI stretch and 
asy~lln~etric SO3 bend (vz(al)+vs(e) = 580+540 = 1120). We reassign the band a t  
1150 cm-I in their spectrum, which corresponds to the line a t  1195 cm-1 in our spec- 
trum, to the SO3 asy~llmetric stretch in which case the line a t  1275 cm-I in their infrared 
spectrum can be interpreted as a combination of the sy~n~netr ic  SO3 stretch and S-C1 
wag (vl(al)+v6(e) = 1050+220 = 1270 cm-I). We assume that the line a t  565 cm-1 in 
the infrared spectrum, which we did not observe in the Raman spectrum, is due to the 
removal of degeneracy by the crystal field. 

The line a t  960 cm-I in the spectrum of the metha~lesulphonate ion may be assigned 
as a CH3 wag and those a t  1268 and 1435 cm-l, and 2943 and 3020 cm-I, as CH3 bends 
and CH3 stretches by conlparison with the similar lines in the spectrum of methane- 
sulphonic acid. The line a t  1368 cm-I is presumably also a CH3 wag and an analogous 
line may be present in the spectrunl of metha~lesulphonic acid but it almost coincides 
with the line a t  1350 cm-l, which is the SO2 symmetric stretch in this molecule. I t  is of 
interest to note that the frequencies of the CH3 vibrations are very similar in both 
the acid and its anion. 

EXPERIMENTAL 

Sulphuric acid was prepared by adjustment of the freezing point of A.R. grade acid to  10.37' (30) by 
addition of A.R. grade oleum. Fluorosulphuric acid and chlorosulphuric acid were purified by  distillation 
of the co~n~nercial  products in a dry atmosphere, and had b.p.'s 161-162' and 152", respectively. Methane- 
sulphonic acid (Eastman Icodak) was purified by fractional crystallization (m.p. = 19.6"). Deuterosulphuric 
acid was prepared by slowly distilling sulphur trioxide into cooled deuterium oxide (ca. 97% DZO) until the 
increase in weight indicated that a weak deutero-oleum had been produced. Then deuterium oxide was added 
to  the meal; oleum until the maximum freezing point of 14 2" was reached (23). Potassium fluorosulphate 
was prepared by the reaction between potassiu~n chloride and fluorosulphuric acid. Fluorosulphuric acid 
was distilled onto the chloride and then the mixture heated under reflux until the reaction was complete. 
Excess fluorosulphuric acid was renloved ~lnder  reduced pressure. Sodium and potassium chlorosulphates 
were prepared by a similar method except that in this case only slightly more than the stoichiometric 
amoiunt of chlorosulphuric acid was used and the excess removed by washing with acetonitrile and nitro- 
methane. Acetic acid was purified by fractional crj,stallization. Dimethyl sulphoxide was 99.9% pure 
"Ba1;er analyzed" solvent. 

The Raman spectrometer and the method for obtaining depolarization factors have been described 
previously (24). Specimens for infrared spectra were thin films of liquid pressed between silver chloride 
disks. The infrared spectra were obtained ~v i th  a Perkin-El~ner (model 21) spectrometer. 

We thank Dr. Sharda D a s g ~ ~ p t a  for carrying out the infrared measurements and Dr. 
R. H. Ton~linson for a gift of deuteriuln oxide. 

The National Research Council and the Ontario Research Foundation are thanlted 
for financial assistance. 
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RAMAN SPECTRA OF THE H&O,-SO3 AND Dp!3O,l-S03 SYSTEMS: 
EVIDENCE FOR THE OCCURRENCE O F  POLYSULPHURIC ACIDS 

R. J. GILLESPIE AND E. A. ROBINSON' 
Department of C h e ~ l ~ i s f r y ,  McAJaster University, Hanzilton, Ontario 

Iteceived October 27, 1961 

ABSTRACT 
7 .  I he Raman spectra of oleums, i.c. l n i s t ~ ~ r c s  of sulphur trioxide a11d su lph~~r ic  acid, have 

been re-examined. Similar ~neasureme~lts on the sulphur trioxide - deuterosulphuric acid 
(D2SOn) system are also reported. 'l'he experimental results and conclusions of previous 
slm~lar work on oleums are discussetl. By comparison of the spectra of oleums with those of 
the polysulphuryl halides it is sho\vn that the polysulphuric acids H?S207 ancl H?S30la are 
present in this system. I he increase in the f r e q ~ ~ e ~ l c y  of the SO! stretching vibrations with 
increasing concentration of s u l p h ~ ~ r  trioside gives evidence for the existence of higher poly- 
sulphuric acids such as  I-IIISlOla a t  high concentrations of sulphur trioxide. In relatively 
concentrated o l e ~ ~ m ,  sulphur trioxide monomer and trimer are also present. Lt is shown that the 
self-dissociation of liquid H?S?07 gives mainly molecular li?S2O1o and H2SOn and not ionic 
species. The conclusions reached from the interpretation of the Raman spectra of the DzSOl- 
SO3 system are similar to  those arrived at  for s~~ lphur i c  acid oleun~s. 'The spectra of solutioiis 
of SaHSOI in o l e ~ ~ m s  were also examined, and are discussed. 

INTRODUCTION 

The constitution of oleu111 solutions has beell examined by several workers using 
Raman spectroscopy. The early work is surveyed by Millell ( I )  and more recently the 
systenz has been examiued by \Valrafen and Young (2). The infrared spectra of oleums 
have also been reported very recently by Gigu&re and Savoie (3). The previous workers 
are agreed that the spectra give evidence for the formation of H2S207. Millen ( I )  claimed 
that the spectra also provide evidence for the formation of higher polysulphuric acids 
such as H2SaOlo and H&3,013. The occurrence of such species in the H2SOd-SO3 systein 
has been disputed by 1\;Valrafen and Young (2), who claim that the Raman spectra can 
be explained il l  terins of H2S0.+, H2S207, ions derived from H2S207 (e.g. HS207- and 
H:jSO.,+), SO3 mo~lomer, and SOp polymer only. Gigu&re and Savoie (3) claim that their 
spectra also indicate the forillation of higher polysulphuric acids such as H2S:jOlo in 
addition to H2S207. In fact neither Millen's interpretation of the earlier Raman spectra 
(1) nor the worlc of Gigu&re and Savoie (3) gives direct proof for the existence of poly- 
acids higher than H2S207 and their arguments are not conclusive. Thus, although salts 
such as K2S3010 (4) and (N02)2S3010 ( 5 )  are well established, the existence of the parent 
acid has been less certain. The present work provides concl~lsive evidence for the occurrence 
of HZS3010 and strong evidence for higher acids such as H?S1013, although it is not 
possible to deduce the exact chain lengths of the higher polyacids. By comparison of the 
Raman spectra of oleuins with those of S205F2 and SaOsF2, which have beell shown to 
be linear acyclic polyiners ( G ) ,  the occurrence of H2S20i and H2S3010, which are iso- 
electroilic with S205F? and S308F2, respectively, is proved. Although comparison of the 
oleuill spectra with that of S4011F? (7), with url~icl~ HS4OI3 is isoelectronic, is incon- 
clusive, the variation of the frecluency of the SO2 symmetric stretching vibration with 
SO3 concentration gives strong evidence for higher polysulphuric acids, such as H2S4013, 
a t  high sulphur trioxide coilcentr a t' ions. 

SOLU'TJONS O F  SUI,PI-IUR T R I O S I D E  I N  SU1,PHURIC ACID 

The Iian~an spectra of 14 oleum solutions with compositions intern~ecliate between 
H2S04 ancl SO3 are given in Table I and seine of the spectra are shown in Fig. I ,  together 

lP;.esent add~ess: Defiartntent o j  Cheii7istry, University of Toronto, Toronto 5, Ontario. 

Canadian Journal of Chemistry. Volume -10 (1962) 
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GILLESPIE A N D  ROBINSON: RAMAN SPECTRA O F  OLEUMS 

FIG. 1 ( a  and b). Raman spectra of oleums: (1) H2SO4, (2) 7.-2% SO,, (3) 11.1% SO,, (4) 26.6% SOs, 
(5) 35.8% SO3, (6) 45.9% SO, ( H ~ S ~ O T ) ,  (7) 51.2% SOa, (8) (9) 60.3% so,, (10) 68.8% Soar 
(11) 82.270 SOs, (12) 92.2% so, ,  (13) 1oo%so3. 

with the spectra of HzS04 and liquid sulphur trioxide taken from previous publications 
(8, 9). These spectra are in good agreement with those obtained by previous worlters 
except that  we observed a number of additional lines and some lines were found in less 
concentrated oleums than previously. 
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Iiegiolz 0 to 11.6% SO3 
When sulphur trioxide is added to 100% sulphuric acid several new frequencies appeal- 

in the Raman spectra of the solutions which are not observed in the spectrunl of sulphuric 
acid itself and most of the lines due to sulphuric acid begin to dinzinish in intensity. New 
lines are observed a t  152, 302, 323, 472, 506, 729, 800, and 1422 cm-l. The sulphuric acid 
line a t  563 tin-I shifts slightly (to approximately 537 cnl-l) but does not change appre- 
ciably in intensity as the stoicl~iometric concei~tration of SO3 increases, and the lines 
a t  076 cm-I and 1137 cm-I increase in inteilsity while the sulphuric acid frequency a t  
1103 cm-I gradually shifts to 1215 cm-l. The new lines i l l  the oleum spectra have their 
counterparts a t  very sinlilar frequencies in the spectrum of S2Os'F.l except for the lines 
a t  977, 1215, and 1422 cm-I (Table 11). This provides strong evidence that  H2S207 has 
a structure similar to that of S205F1, i.e. HO. SO1.O. SO?. OH. 

The lines a t  1215 and 1422 cnl-I are obviously due to stretching vibrations of the 
SO? group and their occurrence a t  lower frequencies in the spectrum of S205(OH)2 than 
the corresponding vibrations in disulphuryl fluoricle but a t  higher frequencies than in 
sulphuric acid (8) is consistent with the established correlation of the SO? stretching 
frequencies with the electronegativities of the attached groups (10). A pair of symmetric 
stretching frequencies and a pair of asyinmetric stretching frequencies are expected 
theoretically but it appears that  the two lines expected for the symmetric stretches are 
not resolved. The expected separation of the two lines is approxiillately 20 cm-l, which 
is of the same order as the width of the observed line a t  1215 cm-l. The slight change 
in the position of the sulphuric acid line a t  1137 cm-l, which has been assigned as an 
0-H bend (8) is consistent with the siinilar vibration in H2S2O7 llaving a siinilar fre- 
quency. This also explains why its intensity changes little in dilute oleuins, since on 
adding SO3 to sulphuric acid the concentration of 0--H bonds changes only slowly a t  low 
concentrations of sulphur trioxide. 

In the Raman spectrum of SsOjF2 an S F  stretching vibration gives a strong line a t  
872 cm-I and no analogous line is observed in the oleuill spectra as expected. However, 
as the line a t  077 cm-I in the oleum spectrum is not present in the spectrunl of S205F2 
it  is reasonable to assign this line to the S-OH stretch of Sz05(OH)2. At low concen- 
trations of sulphur trioxide in sulphuric acid this line is a t  977 cm-l, and is not resolved 
froill the asymmetric S(0H)p stretching frequency due to sulphuric acid, but in stronger 
oleunzs where sulphuric acid is no longer present its frequeilcy call be more accurately 
determined as 068 cm-I. In fluorosulpl~uric acid, which has been sholvil to be a stronger 
acid tllan sulpl~uric acid (11), the S (0H)  stretch has been observed a t  060 cm-I (8). The 
shift of the SO? vibrations in H2S207 to higher frequencies as compared to  the SOz 
vibrations in H2S04 is also consisteilt with HzS207 being a stronger acid than H&04  
(10). The other vibrations are assigned frequencies by comparison with the spectra of 
sulphuric acid (8) and disulpl~uryl fluoride (4), as showi~ in Table 11. 

The freezing-point depressions and conductivities of dilute solutio~ls of SO3 in sulpl~uric 
acicl are consistent with the formation of H2S2Oi, which behaves as a weak acid of the 
sulphuric acid solvent system (1 I ) ,  

Thus a 1 molal solution of H2S207 in sulphuric acid (7% SO3) is only 12% ionized, and 
a 5 molal solution (21y0 SO3) is only 5% ionized. I t  is shown later that a strong line 
a t  1080 cm-1 is diagilostic of the HS207;- ion, and no line a t  this frequency is detected 
in the oleum spectra, which is consistent with the concentration of HSe07- being small. 
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There are in fact no lines which can be assigned to any of the ions H3S04+, HS207-, 
and S?Oi=. The sulpl~uryl stretches of the anions of the acids XS02 .  01-1 have frequencies 
in the range 1030 to 1090 cm-I (8), and in the oleurn spectra the only lines which occur 
in this range are the very sharp line a t  1075 cm-I, which is diagnostic of SO3 monorner, 
and a weak line a t  1020 c~p-', which is found on157 a t  very high concentrations of SO, 
and is due to So3 trirner (9). 

Regiolz 11.6 to 41 .2yo SO3 
In this region the lines assigned to the species H&07 increase in intensity and those 

due to H?S04 decrease in intensity. At 20.97, SO3 new lines appear a t  633 cm-I, 685 cm-1, 
and 1450 c~n-l. At a slightly higher concentration a new line appears a t  140 cm-1 and 
a t  35.87, SO3 further low-frequency lines are observed a t  176 cm-I and 257 cm-1. Also, 
in 26.6% SO3 a sharp line appears a t  1075 cm-I and in 35.87, SO, a further line is found 
a t  530 cm-I. These latter lines are due to monomeric SO3 (9), although the 530 cm-1 
line is probably common to other species as well. The presence of free sulphur trioxide 
is also indicated by the high SO3 vapor pressure of these solutions. The weak line a t  
630 cm-' can be attributed to an SO2 roclting mode of HzS207, by comparison with the 
assignment of a line of the same frequency in the spectrum of S205F2 (4). 

I t  has been shown that  the line a t  150 cm-I in the spectra of the disulphuryl halides, 
which has been assigned to the S-0-S bend, is replaced by several (theoretically 
five) lines in the spectra of trisulphuryl halides which are also due to slteletal bends (4). 
Thus the replacement in the most dilute oleurns of the single line a t  155 cm-I, which 
is assigned to the S-0-S bend of HZS207, by lines a t  140, 176, and 257 cm-I in the Inore 
concentrated oleums is considered to be due to the formation of trisulphuric acid, 
H2S3010. The line a t  approximately 700 cm-I in the spectra of the disulphuryl halides 
(4) is replaced bjr two lines a t  approximately this frequency in the spectra of the tri- 
sulphuryl halides (699 and 724 cm-I in the spectrum of S,08F2). Hence the appearance 
of a new line a t  685 cm-I in stronger oleurns in addition to the 730 cm-I line which 
occurs in wealter oleums also is ascribed to the formation of H2S3010. I t  has siinilarly 
been observed that  a peak near 730 cm-I in the infrared spectra of dipl~ospl~ates is 
replaced by two pealts near 680 and 730 cm-I in the infrared spectra of triphosphates 
and this has been used as a diagnostic test for these colnpounds (12). 

The new line a t  1450 cm-I is interpreted as the SO? asymmetric stretch of H2S3010. 
As expected, it is weak and the non-appearance of the symmetric stretch as a separate 
line, which according to the straight-line relationship between SOz symmetric and 
asymmetric stretching frequencies (10) should occur near 1230 cm-I, is probably due to 
overlap with the 1215 cm-I line of H?S?Oi. In fact tlle band assigned to the symmetric 
stretch in H?S?Oi gradually shifts to  higher frequencies as the concentration of SOs 
increases. 

The spectrum of dilute oleuln is very similar to that  of S2051;2, which is isoelectronic 
with H2S207, but with increasing concentration of SO, the spectra become more si~nilar 
to those of S308F2, which is isoelectrollic with H2S3010. 

Liqwid Diszllphz~ric Acid (45.97, SOa) 
Cryoscopic studies have shown tha t  HzS207 undergoes extensive self-dissociation (13, 

14). In the spectruln of liquid H2S207 we assign the line a t  900 cm-I to the S-OH sym- 
metric stretch in H2S04 and the line a t  965 cm-I to  the S-OH stretch in H2S207. The 
two lines a t  690 and 735 cm-1 and the low-frequency lines a t  145, 175, and 252 cm-I 
are all diagnostic of H2S3010. The line a t  1075 cm-I is due to sulphur trioxide monomer. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



GILLESPIE .4ND ROBINSON: RAMAN SPECTRA O F  OLEUMS 665 

In addition the SOS symmetric stretch of H?S?Oi a t  328 cm-I is acconlpa~lied by a weal: 
line a t  350 cm-I and the SOS asy~nlnetric stretch of HzS0o7 a t  809 cm-l is acco~npa~lied 
by a weal: line a t  850 cnz-'. I t  has been shown previously that each of the two lines 
in the spectra of disulphuryl halides that are due to slteletal stretches splits into two 
lines in the spectra of the trisulphuryl halides (4). Thus we attribute the weak lines a t  
350 and 850 cm-l in the spectruin of liquid HzSz07 to the species H2S3Ol0. We conclude 
that the main self-dissociation process in liquid disulphuric acid is 

2H?S?O? = E12S,0,0 + HzSO4. [I] 

Since the strong sharp line a t  1075 cm-', which is diagnostic of SO3 ~nonomer, is also 
present in the spectrum, the dissociation 

H?S?Oi = H,SO4 $. SO, (2 1 
must be of sollie iniportancc. 50 lines are present in the spectru~n of liquid disulplzuric 
acid which call be attributed to ionic species. The low specific conductance of liquid 
H2Sz07 ( K  = 3.7X1OP3 cm-I) is consiste~lt with the absence ol appreciable con- 
centrations of self-dissociation ions (15). 

Region 45.9% to 100% so3 

Comparison of the Raman spectra of concentrated oleums with the spectruin ol 
S4011F2 (7) does not give conclusive evidence for the occurrence in the oleuin system 
of higher polysulpl~uric acids such as HrS3OlJ. Further splitting of lines in the spectruin 
of a trisulphuryl conipound is to be expected on going to a tetrasulphuryl coinpound 
but  these were not resolved in the spectrunl of StOl1F2 (7), pres~~rnably due to extensive 
overlapping of the lines resulting from the 45 norinal vibrations of this molecule. Thus 
we have not been able to find characteristic diagnostic frequencies for tetrasulphuryl 
compounds. Hok~rever, the SO2 symmetric stretch, which has a frequency of 1195 cm-1 
in HzS04,  1224 cili-' in oleuin of the coillpositioil HzS207, and 1230 cm-l a t  the com- 
positioil HzS3010, gradually inoves to even higher frequencies as the concentration of 
SO3 in oleum increases until a t  very high stoichiometric concentrations of SO3, e.g. 
92.2y0 SO3, it is a t  ISGO cm-I. The weak line attributed to the SO2 asymmetric stretch 
also shifts to higher frequencies, although its low intensity makes this shift more difficult 
to observe. RTe interpret the continuous shift of the SO? stretching frequencies with 
increasing SO3 co~lceiltratioil to the presence of increasing ainounts of higher poly- 
sulphuric acids such as HS4013. I t  is iloteworthy that the SO2 syillilletric stretch has a 
frequency of 12GO cm-I in the solid, acyclic, polymeric, a, and P forins of sulpliur trioxide. 
The 1260 cm-l line that is observed in 92.2y0 oleuin cannot be due to S309 since this has 
syrnnletric SOz stretching frequencies a t  1230 and 1270 cm-I (9) and lines are observed 
a t  1224 and 1270 cnl-I in the spectruin of 92.2y0 oleum in add i t ion  to the well-resolved 
line a t  12GO ~111-~. This latter line also cannot be due to inononleric SO3, which has SO 
stretching frequencies of 1070 and 1390 cm-I (16). I t  is, moreover, not liltely that the shift 
in frequency from 1220 to 12GO cin-l is merely a solvent shift since over the saine com- 
position range the symmetric SO stretch of inonorneric SO? has a constant frequency 
of 1070 cm-1. We co~lclude therefore that the polysulpl~uric acids HO. S02. (S03),LOH 
have SOz sy~nmetric stretching frequencies of 1230 cm-I for n = I ,  and higher frequencies 
for higher values of n up to a limiting value of 1260 cm-I when n becomes rather large. 

Tlze 1270 cm-l line which first appears in the 5G.5y0 oleunl and increases in intensity 
up to 100% SO3 has been previously assigned as the in-phase symmetric SO2 stretch 
of S3O9 (9). AS it is tlle strongest line of this species none of the other lines in the spectrum 
of 56.5% oleum can be due to S309; they would be too weal: to be observed. 
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Disc~ission of Previous W o r k  
Millen ( I )  attributed lines in the oleuin spectra a t  480 and 530 cm-I to H2S3OlO and 

a t  245 and 688 c~n-I to H2S4013 on the grounds that the first two appeared in the 
spectra a t  higher concentrations of Sod (36y0) than other lines attributed to H2S20i, 
and the latter two a t  still higher concentrations (Sly0). However, we find a line a t  
471 cm-I even in the wealtest oleum studied (7.2y0), and as there is a line a t  487 cn1-I 
in the spectrum of S205F2 the 471 cm-I line can be assigned with some certainty to 
H2S207. Similarly we find a line a t  257 ~ 1 1 1 - ~  in a 35.8yo oleum and a line a t  685 cm-I in 
a 20.9y0 oleum. Comparison with the spectrum of S308Ff shows that these lines can 
in fact be attributed with some certainty to H2S3010 rather than uniquely to H2S40l3, 
although they are lilcely to occur in its spectrum also. The appearance of a new Rainan 
line as the concentration of SO3 is increased cannot be reliably correlated with the 
appearance of a new species a t  that concentration since it ma17 arise from a line of weak 
intensity of a species that is present a t  coilsiderably lower concentrations but not in 
sufficient amount to give an observable line. 

GiguGre and Savoie's interpretation of their infrared spectra (3) agrees reasonably 
well with our iilterpretatioll of the Raman spectra. Thus they assigned lines a t  550, 
970, 1185, and 1368 clllrl as being common to both H2S04 and H2S207 while lines a t  
732 and 806 cm-I were regarded as characteristic of H2S207 and higher polysulpl~uric 
acids and were assigned to SOS skeletal vibrations. We assign the 806 cm-I line to a 
slteletal vibration but  according to our assignment the 732 cm-I line is due to an SO, 
rocliing mode. Using the same type of argument as NIille~l ( I ) ,  GiguGre ancl Savoie (3) 
have assigned a line a t  688 cm-l, which they first observed in a 25% oleuin, and a line 
a t  1430 cm-l, which they first observed in a 23y0 oleum, to H2S3010. This is in agreement 
with our assignment for the 688 cm-I line, but we find a line a t  1420 cm-l, which we 
assign to H2S20i, in the inost dilute oleums studied that gradually shifts to higher 
frequencies in the higher polysulpl~uric acids. I n  agreement with the present work 
these authors were unable to find any conclusive evideilce for the ions H3S04+ and 
HS4O7-- ill the oleums studied nor did they find any infrared bands that could be un- 
ambiguously assigned to H2S4013 or higher polysulpl~uric acids. The frequencies of the 
lines observed in the infrared spectra generally agree well with those observed in the 
Rainan spectra. The infrared spectra contain two lines a t  approximately 618 and 640 
cm-I that are not observed in the Raman spectra. 

Our conclusions are in inore serious disagreement with the recent worli of Walrafen 
and Young (2), who used a photoelectric method in an attempt to obtain estimates of 
the concentrations of species in the H2S0.L-SOB system. Unfortunately, although the 
relative intensities of the lines that  they observed are undoubtedly lnore accurate than 
could be obtained from our photographic worl;, they obtained many fewer lines and 
several closely spaced groups of lines are very poorly, if a t  all, resolved in their spectra. 
Because they found that the only lines in the Rainan spectra of oleums that were not 
present in the spectra of either H2S04 or liquid sulphur trioxide reached a maximum 
intensity a t  approximately the colnposition H2S207 they assuined that this acid and 
its ions are the only new species formed in H2SOd-SO3 illixtures. However, we find a 
nun~ber of lines that cannot be attributed to either H2S04 or to SO3 ancl its polymers 
that continue to increase in intensity in solutions containing more SO:, than corresponds 
to the composition H2S207 and which by comparison with the spectra of the polysulphuryl 
halides ma), be assigned to H2S3010 and higher poll-sulphuric acids. Young and Walrafen's 
quantitative interpretation of their results rests on their assulnptioil that the only poly- 
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sulphuric acid tlzat is formed is H.2S207 and on the further assumption that  this acid is 
extensivel>. ionized. This latter assumption is in direct contradiction to evidence from 
tlze results of extensive studies of the freezing points ( l l ) ,  conductivities ( l l ) ,  and 
acidity functions (17) of the H2SO1-SOz system, \vhich slzo\v that HLSsOi is only a 
rather weal; acid of tlze sulphuric acid system and is only very incompletely ionized 
even in the nlost dilute oleunl studied in the Ranzan worl;. 

\,\ialrafen and Young found, as we have, that the intensity of the 910 CIII-~ line does 
not decrease in intensity in proportion to tlze expected decrease in the concentration 
of H2S0.1. They assumed therefore that one of the ions formed in the ionizatio~l of 
H2S20i (i.e. H3S04+ or HS207-) must also contribute to  the intensity of the 910 cm-1 
line. Our explanation for the persistence of this frequency a t  concentrations of SOa 
greater than that required for the stoichiometric formation of H&Oi is, however, that 
free HLSOl is in fact still present in the system as a consequence of the self-dissociation 
of H2SZOi into H?SOa and HLS3010. NIoreover, as is discussed later, it is unlikel>. that 
either of the ions H3S04+ or HS207- could contribute to the 910 cm-I line. 

Walrafen and Young also mal;e the arbitrary assumption that  "Raman radiation 
having a frequency of 300-3345 cm-I contains energy from two sources, H?S207 and 
HS20i-". Our results on tlze other hand show two distinct lines in this region of the 
spectrum a t  302 and 323 c~zz-~ wlzicl~ have been assigned to a torsional mode and a 
slteletal stretch, respectively, of H&Oi and the higher polysulphuric acids. 

I t  is unfortunate that tlze inadequate sensitivity and resolution of the photoelectric 
metlzocl used by Walrafen and Young and the unjustified assumptions made in the 
interpretation of their spectra and also the inaccuracy of their titration method of 
determining the concentrations of their oleums invalidate what would otherwise be useful 
information on the concentrations of the various species present in oleums. Although 
the present work establishes the nature of the species present wit11 some certainty it gives 
only qualitative inforniation on their relative concentrations. 

SOLUTIONS O F  SODIUhlI SULPHATE I N  0LEUh.I 

An important point in Walrafen and Young's discussion of their results is the assump- 
tion tlzat the HS20i- ion contributes to the intensity of tlze 910 cm-I line. We have 
suggested above that this ion is not present in sufficient concentration in oleums to give 
rise to any characteristic lines in the spectrum. I t  seemed important therefore to attenzpt 
to obtain the spectrunl of the HS207- ion and accordingly the Raman spectra of solutions 
of sodium sulphate in some oleums of different strengths were measured. The results 
of these measurements are given in Table I11 and Fig. 2. Some similar measurements 
have been reported previously by Millen (1). The compositions of the solutions are 
expressed ill  terms of the ratio n0/nai where no is the number of nzoles of NaHSOi added 
to n,' moles of H?S20i. The HS207- ion is for~ned in these solutions by the reaction 

H,S,Oi + NaHSO, = N a +  + kIS.07- + HrS04. ~3 I 

At high concentrations of NaHSOi substantial quantities of SzOi= are also formed 
accordilzg to the equ a t' 1011 

HS207- + i\;aHS04 = Na+ + S20i= + H2S04. [41 

The concentrations of all the species in a solution for various values of nb/nai  may be 
calculated from the following data (11) using a sinzilar method to that outlined in a 

5 previous publication (18) : 
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TABLE I11 
Raman shifts for solutions of NaI'IS04 in  oleum (frequencies i n  cm-l) 

-- 
- 

7.2% oleom 11.1% oleuni 2G.G% oleum 41.2% oleum 
-- -- - 

t i :  0 .OO 0.29 0.56 1 .OO 2.00 0.00 0.29 0.56 1.00 1.44 0 .00  0.5G 1.00 00.0 0.29 r, > 
z 

- - - - - - - - - 140(1) - - 135(2) 140(2) 
155t1) 145(1) 148(1) 145(1) 145(1) 155(1) 145(1) 115(1) 145(1) 148(1) 154(1) 145(1) 150(1) 173(1) 178(1) 2 
- - - - - - - - - - - 250(1) - 7 

305(1) 310(2) 308(2) 315(3) - 302(2) 313(3) 311(3) 311(3) 308(2) 300(4) :301(3) 301(4) 20G(G) 300(G) s 
327C3) 320(3) 325(3) 328(3) 325(3) 327(4) 325(4) 32G(-4) 3 4  324(-4) 325(0) 32G(5) 325(5) 325(8) 325(8) 
388(5) 392(3) 389(5) 390(5) 391(5) 391(4) 385(4) 3S5(.4) 390(-i) 300(L) 388(1) 389(1) 380(1) - 302(1) 0 
410(5) .120(5) 120(5) 520(5) 420(1) 4 1 8 0  418(4) 2 0 4 )  420(4) 120C1) 415(1) 420(1) 420(1) 415(1/2) 423(1/2) 2 
474(1/2) 4700) 4700) - - 171(1) 481(1) 481(1) 483(1) 480(1/2) 470(3) 400(2) 4G2(1) 470(5) 480(5) F 
517(1/2) 529(1/2) 529(1/2) - 510(1) 510(1/2) 520(1/2) 530(1/2) 540(1) 520(3) 50G(1) 530(1/2) 501(1) 505(3) 0 
- - - - - - - - - - - - 528(0) 530(5) 

503(8) 559(8) 562(8) 559CG) 5G2(G) 503(8) 550(8) 55G(8) 559(8) 559(8) 503(7) 559(7) 55f;(7) 5G2(5) 5G0(5) 2 
- 012(1/2) Gl5(l/2) - - 590(1/2) 500(1/2) - - 041(1/2J G20(1/2+) 0",(1/2-) fi31(1/2) G32(1/2) li: 

- - - - - - - - - 682(1/2) 700(1) 690(1/2-) G88(2) 695(1) 5 
781(2) 731(1/2) 735(1) 728(1/2) - 7 728(1) 7300)  730(2) 728(1) 732(G) 730(-4) 7:30(4) 735(10) 733(0) 
SlO(l/2) 825(1/2) 825(1/2) 823(1/2) - 80G(1) 820(1) S23(1) 820(1) 820(1) 810(1) 815(1/2) 818(1) 812(1) 810(1) 0 
- - 885(1/2) 8S2(1) S32(1) - - - 5 8S",1/2) 890(1/2) 805(1/2) 895(1) - 

910(0) 012(9) 912(9) 'JlO(9) DlO(0) nll(0) 912(0) 011(9) 011(9) 908(0) 000(G) 008(1j) 903(D) 903(2) 00-4(2) 
- - - - - - - - - - 055(1) - - 2 943(1) 

980(2) 971(2) !)73(2) 9fj8(21 OG8(1) 080!3) OCG(2) 900(3) OGlj(3) DGD(3) OD8(.L) 975(3) 970(3  965(5) 080(3) 
- - 1049(1) 1052(2) - - - - 1010(1/2) - o 1040(1/2) lO.iO(1) - 

1084(1) 1083(3) 1082(4) lOOO(3) - 1082(1) 1082(3) 1082(0) 1082(8) 1075(1/2)*1083(-4) 1082(G) 1075(2)+ 1083(5) 
1130(10) 1118(C,) 1 1152(5) 1158(4) 1135(10) 1150(10) 1150(10) 1155(8) 1158(8) 1145(10) llGO(10) 1155(G) 1175(7) llG8(3) 
3225(4) 1205C-1) 1210(3) 1210(2) 1205(1) 1215(4) 1212(-L) lZO(3) 1213(4) 1215(3) 1218(0) 1230(7) 1230(6) 122.4(10) 122fi(4) 
1370(2) 1365(2) 1365(2) 1365(2) 13G4(l) 1375(2) 1375(2) 13(i5(2) 1365(2) 13G5(2) 1357(1) 1350(1) 1340(1) - .- 

1,122(1/2) 1420(1) 1450(1) 1420(1/2) - 1422(1) 1430(1) 1-420(1) 1120(1) 1420(1/2) 1415(2) 1421(2) 1-L25(2) 1~130(3) 1420(?) 
- - - .- - .- - - - 145211/2) -- - 14C,R(41 - 

*Due to SO3 monomer. 
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5 6 7 
1 

9 10 

J \ i  

1 6 0 0  1 2 0 0  8 0 0  1600 1 2 0 0  8 0 0  1 6 0 0  1200 8 0 0  

nu c,-~ 

FIG. 2. Ralnan spectra of solutions of sodium sulphate in o lc~~ms.  

(1) (2) (3) (-1) (5) (6) (7) (8) (9) (10) 
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K,,' = [H,S04+][HS04-:I[HrS01]2 = 2.4X10-6 
K1 = [HaS04+] [HSr07-]/[HrSr07][HrSO?] = 1.4 X 
I<:, = [H,SO?+:l [S,O7=]/[HS,O7-:l [H?SO,] = 1 X lo-.'. 

This value of K 2  is an estirnate based on the assumption that ICI/K? = 10, as is the 
case for the first two dissociatioil co~ls ta~l t s  of diphosphoric acid in water for which 
IC1 = 1.4XlO-1 and K r  = 1.1 X10-3. The results of these calculations are shown in 
Fig. 3. No allowance has been made for probable non-ideal behavior of the solutions 

FIG. 3. Approximate concentrations of species in solutions of NaHS04 in oleum (1 molal HsSsOi in 
HzSO4). 

or for the possibility of the conversioil of the HSzOi- and S O 7 =  ions to higher polymeric 
forms such as S301a= but Fig. 3 indicates a t  least approximately the manner in which 
the relative concentrations of species change as NaHSO4 is added to an oleum, which is 
adequate for our present purpose. 

I t  is possible to predict frequencies for some of the more important characteristic 
vibrations of HS207- and S207= by utilizing correlatio~ls derived from observatioils on 
related molecules and ions (8). Thus the following frequencies have been found for the 
S-OH stretching mode: HSO4-, 895 cm-l; HrSO?, ( V ~ ~ , + V , ~ ~ , ~ ) / ~  = 944 cm-l; HSOBF, 
960 c111-~; H2Sa07, 968 cm-I. There seeins to be an increase in the frequency of this 
vibration with increasing acid strength, and a frequency of between 944 and 968 cm-l, 
probably close to 968 cm-l, \vould be expected for the S-OH stretching frequency in 
the HS20i- ion. I t  is rather unliltely that  this vibration (or ally other vibratioil of the 
HS207- ion) could contribute to the intensity of the 010 cm-l, as was assuilled by 
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GILLESPIE AND ROBINSON: RAMAN SPECTRA OF OLEUMS 671 

Walrafen and Youilg (2). The SO2 stretching vibratioils also show a similar increase in 
frequency with increasing acid strength. Thus the following frequencies have been 
found for the SO2 symmetric stretch: HS04-, 1040 cm-l; S03F-, 1080 cnl-l; HzS04, 
1195 cm-l; H2S207, 1224 cm-l; HS03F, 1230 cm-l; and for the SO2 asymmetric stretch: 
HS04-, 1195 cm-l; SO3F-, 1228 cm-'; H2S04, 1368 cm-'; H2S207, 1425 cnl-l; HS03F,  
1445 cm-I. The close similarities in the frequencies of the SO2 stretching vibrations for 
HS03F  and H2S207 mal~e  it very probable that the vibrations of the -0.S03- part 
of the HS207- ion will have frequencies close to those in SOBF-, i.e. 1080 and 1230 cm-l, 
while the frequencies for the HO.SO2.0- part of the ion should be close to those in 
H2S207 itself, i.e. 1225 and 1425 cm-l. 

Sodium hydrogensulphate was added to 1 molal HzSz07, (7y0 SO3) to give solutiolls 
with nb/nal  = 0.29, 0.56, 1.00, and 2.00. There is little change in the spectrum com- 
pared with that of the original oleum until the composition nb/nai  = 0.56 is reached. A 
solution of this composition has a minimum conductivity, the concentrations of H3S04f 
and HSO4- are very small, and the most important ionic species are Naf and HS207- 
(19). At this composition a new, relatively sharp line is observed a t  1080 cm-l and its 
intensity increases as further NaHS04 is added. We therefore attribute this line, as 
Millen (1) did, to the HS207- ion, and we assign it to the SO2 synlinetric stretch of the 
0. SO3- part of the ion: its frequency agrees well with that predicted above. The corre- 
sponding asymmetric stretch is not observed as a separate line as it almost certainly 
has a very siinilar frequency to the syminetric SO2 stretch of HZS207. Although a t  the 

1 composition nb /na t  = 1.00, molecular H2S207 has been substantially replaced by 
HS207- ions the intensities of the lines a t  approxin~ately 1210 and 1420 cm-' do not 
dilllillish very greatly and therefore we assign these frequencies to the SO2 stretching 
vibrations in the H 0 . S 0 2 .  0- part of the ion in addition to the similar vibrations in 
the H2S207 n~olecule. 

At  the composition nb/nal  = 2.00, HS207- ion has been substantially coilverted to 
S2O7=. Since the 1080 cin-l remains in the spectrum with about the same intensity i t  
must also be a frequency of the S207= ion: this is reasonable as  not much change in the 
SO2 symmetric stretch of the -0.SO3- part of HSz07- would be expected when the 
second hydrogen is ionized to give Sz07=. 

The S-OH stretch of the HSz07- ion is difficult to detect in the spectra because the 
S-OH stretch of HzS207 and the asymmetric S-OH stretch of H2S04 give lines a t  
960 cm-1. However, in the 7y0 and llyo oleums solutiolls with nb/nal  = 1.00 a new line 
may be present in the spectra a t  940-950 cm-l, since the line a t  960 cnl-' appears to 
broaden and to merge into the 910 cm-l line due to the symmetric S-OH stretch of 
sulphuric acid, whereas in the spectra of the original oleuins and also of solutions con- 
taining larger quantities of NaHS04 the 960 cm-' line is well resolved from the 910 cm-' 
line. The above conclusions are confirmed by the spectra of solutions of NaHS04 in 
26y0 and 45y0 oleum. 

The spectra of these solutions are difficult to interpret in detail because of the con- 
siderable overlapping of the lines due to different lllolecular and ionic species. However, 
it seems clear that the 1080 cm-' line is diagnostic of the HS207- and probably the 
S207= ions as well and the fact that  this line is not observed in oleums, but  appears and 
increases in intensity on the addition of NaHS04, is consistent with other strong evidence 
that disulphuric acid is a rather weak acid of the sulphuric acid system and not a strong 
acid as assumed by Walrafen and Young. I t  is unlikely therefore that  the HS207- ion 
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contributes substantially to the intensity of the 910 cm-I line in oleums as claimed by 
these authors, particularly as the S-OH stretch of this ion almost certainly has a 
frequency in the range 940-960 cm-l and this is the onl~7 vibration that  is likely to give 
rise to a line in this region of the spectrum. 

SOLUTIONS OF SULPHUR TRIOSIDE I N  DEUTEROSULPHURIC ACID 

We have not studied the D?S04-SO3 system as  extensively as the H?S04-SO3 system 
but the Raman spectra (Table IV) are very similar to  the spectra of protosulphuric 

TABLE IV 
Rarnan spectra of solutions of sulphur trioxide in  deuterosulphuric acid 

(frequencies in cm-I) 

Percentage of SOa: 

acid oleums. The observed lines may be assigned by comparison of the spectra with 
the spectra of the polysulpl~uryl fluorides and the protosulphuric acid oleums as shown 
in Table V. This coinparison clearly demonstrates the forination of D2S207. Earlier 
cryoscopic and conductiil~etric measureillents on the D?S04-SO3 system have bee11 inter- 
preted in t e r m ~  of the forination of D2S207, which behaves as a very weal; acid (20). The 
absence of any lines in the Raman spectra which can be assigned to  ions confirills the 
behavior of DPS207 as a weal; acid in D2S04. 
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GILLESPIE AND ROBINSON: RAMAN SPECTRA OF OLEUMS 

TABLE V 
Assignments of frequencies in the Raman spectra of solutions of sulphur trioside 

in deuterosulphuric acid 

16.4% SO3 56.9% SO3 
------ 

Frequency Frequency 
(cm-I) Assignment (cm-') Assignment 

143 D2S201 SOS bend 145 D?SpO7, D?S30lo'' Slceletal bend 
-. 190 D ~ S ~ O ~ O *  Skeletal 

300 D?SzOi 1 orsion 260 D2S3010 Slieletal 
325 DzS?Oi SOS stretch, s 300 D~S?OI,  D~S?OIO* Torsion 
352 DzS04 325 D2S207, D?S3010* Slceletal stretch 
404 D?SO4 354 DzS3010* Slceletal stretch 
482 DzSzOi SO? rock 449 D z S ~ O ~ O *  Torsion? 
500 D2S207 SO? rock 479 D2S207, D?S~OIO* SO? rock 
525 D?S04, D2S?07 SO? bend 499 D?S?07, D ~ S ~ O I O *  SO? bend 
565 DaSOr 530 D2S207, D2S3Oko* SO? bend 
583 DzSz01 SO? rock 563 D2SO4, D?S207 SO? bend 

612 D?S3010* SO? rock? 
730 D,S?Oi SO? rock 685 DzS~OIO* SO? rock 
906 D?S04 730 D2S207, DZS~OIO* SO? rock 
980 D2S04, D.'S?07 S-OD stretch 960 D?S?07, D2S3O10* S-OD stretch 

1175 D2SO.4 1075 SO3 SO stretch, s 
1205 D?SZOI SO? stretch, s 

1230 DzS207 SO? stretch, s 1230 D~S207 SO? stretch, s 
1340 D?SOI 1255 D?S30lo* SO? stretch, s 

(1420) D?SzOi SO? stretch, a 1416 DzS201 SO2 stretch, a 
1444 D?SaOla* SO? stretch, a 
1515 Hieh ~ o l v m e r  SO2 stretch. a 

*These lines are probably also common to higher polyacids. 

As the concentration of sulphur trioxide increases most of the Raman frequeilcies of 
D2S04 (S) diminish in intensity and those due D2S207 increase in intensity. The strong 
diagilostic frequency a t  1075 cm-I due to moilomeric SO3 is first observed in a relatively 
dilute oleurn (27.1y0 '003) and this line grows in intensity as the coilcentration of the 
oleum increases. The band a t  1270 cm-I, which is diagilostic of the triiner S3O9, does not 
appear until the strength of the oleuin is increased to approximately SOYo SO3. The 
formatioil of higher deuteropolysulphuric acids, e.g. D2S3010, is indicated both by the 
splitting of the 730 cm-l line into two lines a t  685 and 730 cm-l and by the shift of the 
SOz syniinetric stretch to higher frequencies with increasing stoichioinetric concen- 
tration of SOB. In dilute oleurns the line a t  1230 cm-I is attributed to an SO? syinmetric 
stretch of D2S207. This line shifts to 1225 cm-I in the strongest oleums and this is 
attributed to the formation of higher polyacids such as D?S3010 and D2S4Ol3. 

EXPERIMENTAL 

Sulphuric acid (100yo) was prepared, as has been described elsewhere (?I), from alialytical grade 
concentrated sulphuric acid and 30% oleurn, by adjustment to the maxim~11-n freezing poilit of 10.37". 
Deuterosulphuric acid was prepared by distilling sulphur trioxide into cooled deuterium oside ~ ~ n t i l  there 
was a slight excess of sulphur trioxide. The 100yo acid was then obtained by acljustment of the freezing 
point to 14.49" by addition of small amounts of deuterium oxide (20). The o l e ~ ~ m  solutions were prepared 
by weight by distillation of pure sulphur trioxide into the 100yo acid. Sulphur trioxide \\.as obtained by  
distillation of 65% comn~ercial oleum to which potassium persulphate had been added to oxidize any 
sulphur dioxide present to the trioxide. 

In the recent work of Giguhre and Savoie (3) and of Walrafen and Young (2) the compositions of the 
oleulns studied were obtained by titration with sodium hydroxide solution. As the latter worlrers point out 
this method of determining the compositions of solutions of sulphur trioxide in sulphuric acid is very 
inaccurate, particularly for strong oleums. Our method of preparing oleurns of known coinposition is simple 
and the concentrations of the solutions were obtained very accurately. 
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674 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

The Raman spectra were rncasured with the photographic apparatus described previo~~sly using exposures 
oE approximately 2 to 4 minutes. The spectra were measured by co~nparison with a standard iron arc using 
a Leeds and Northrup inicrophotometer (4). The frequencies of the lines reported are probably accurate 
to f 5 cm-I. 
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ABSTRACT 

The Raman spectra of solutions of sulphur trioxide in fluorosulphuric acid and chloro- 
s~llphuric acid have been examined. By comparing the spectra with those of the polysulphuryl 
halides and the polys~~lphuric acids the formation of the halogen-substituted polysulphuric 
acids H S ~ O G F ,  HS309F, HS~OGCI,  and HSsOsCl is proved and some evidence is obtained for 
higher polyacids s~ lch  as HSdOlzF and HS.lOlsCI. The fluorine n.m.r. spectra of solutions of 
sulphur trioxide in fl~~orosulphuric acid have also been investigated: they provide supporting 
evidence for the formation of fluoropolysulphuric acids. Vibrational frequencies diagnostic of 
the ions SZOsF-and SZOGCI- have been obtained from the Raman spectra of fluoros~~lphuric acid 
solutions containing both sulphur trioxide and sodium fluorosulphate, and chlorosulphuric acid 
solutions containing both sodium chlorosulphate and s ~ ~ l p h u r  trioxide. 

The preceding paper gives an analysis of the spectra of solutions of sulphur trioxide 
in sulphuric acid in terms of the forination of the polysulphuric acids HzS207, H2S3010, 
and higher polyacids (I). This paper presents the results of a similar investigation 
of the Raman spectra of solutions of sulphur trioxide in fluorosulphuric acid and 
chlorosulphuric acid. 

T H E  FLUOROSULPHURIC ACID - SULPHUR T R I O S I D E  SYSTEM 

Raman Sfiectra 
Cryoscopic and conductimetric measurements have show11 (2) that sulphur trioxide 

behaves as a non-electrolyte in dilute solution in fluorosulphuric acid. There has been no 
previous Raillan spectroscopic investigation of this system. Our results are shown in 
Table I and Fig. 1. 

The spectrum of the imost dilute solution studied (4.6% SO3) has new lines a t  300, 
311, 325, 458, 721, 1074, 1202, 1394, 1412, and 1489 cm-l, which are not present in the 
spectruin of fluorosulphuric acid (3). The lines a t  1074 and 1394 cm-I can be assigned 
to sulphuric trioxide monomer (4). The five lines froin 300 to 721 cm-I may be conlpared 
with sinlilar lines in the spectrunl of S205F2 a t  290, 301, 323, 455, and 733 cm-I (5). The 
spectra of relatively dilute solutions of SOB in fluorosulphuric acid are also very sinlilar to 
the spectra of dilute solutions of sulphur trioxide in sulphuric acid (Table 11), in which 
the formation of the conlpound H&O.i (I) is well established. The new lines in the 
spectra are thus consistent with the forination of a disulphuryl compound. The high- 
frequency lines a t  1212, 1243, 1412, and 1489 cnl-I are undoubtedly due to SO2 valency 
vibrations. For a disulphuryl compound of the type S2OsX2 or Sz05XY four valeilcy 
vibrations of the SO2 groups are expected (5) (two symmetric stretches and two 
asyininetric stretches), and thus the above lines may be assigned to two symmetric 
stretches (1212 and 1241 cm-I), and two asymmetric stretches (1412 and 1489 clllrl), of 
a disulphuryl compound. By conlparisoil with the SO2 valeilcy vibrations in the spectruin 
of S205Fz a t  1249, 1264, 1490, and 1611 cin-I it is clear that the high-frequency lines 

lPresent address: Departliielzt of Clret~zisti.y, University of Toronto, Toronto 5,  Ontario. 
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TABLE I 
Raman spectra of solutions of sulphur trioxide in fluorosulphuric acid (frequencies in cm-1) 

Percentage of SOJ: 

observed in the spectrulll of the HFS03-SO3 system are not due to SzO6Fz (11), although 
this might have been fornled by the reaction 

2HFS03 + SO8 = SrOjF? + HzSO,. 

Ailoreover, none of the characteristic vibrational frequencies of H.?SO.l are foullcl in these 
spectra. 
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GILLESPIE A N D  ROBINSON: SULPHUR TRIOXIDE SOLUTIONS 677 

FIG. 1. Ranla11 spectra of the  HS03F-SO3 system: (1) HSOsF, (2) HSOaF -4.8% SOa, (3) HSOaF - 
32.6% '003, (4) HSOsF - 89.4% SOa. 

We conclude therefore that sulphur trioxide reacts with fluorosulphuric acid to form 
fluorodisulphuric acid, S2OBF(OH) (111), in much the same manner as SO3 reacts with 
sulphuric acid to form disulphuric acid. The coinparison in Table I11 of the frequencies 
of the SO2 stretching vibrations observed in the S03-HS03F system with those of 
Sz05Fz, S206FC1, SzOjC12, and S205(OH)Z provides strong support for attributing them 
to the new species Sz05F(OH). 

The S-OH stretch of S205F(OH) would be expected to have a frequency close to 960 
cm-1, the frequency of the analogous vibration in fluorosulphuric acid. Therefore the new 
line which first appears a t  973 cm-I in the spectru~n of the 7.9% SO3 solution may be 
assigned to the S-OH stretch of fluorodisulpl~uric acid. In the spectru~n of this solution 
another new line appears a t  140 cm-I, which can be assigned to the S-0-S bend of 
HFSz06 by comparison with the line a t  157 cm-I in the spectru~n of Sz06Fz. At slightly 
higher concentrations of stoichio~netric sulphur trioxide further new lines appear in the 
spectra a t  215, 232, 352, 364, 505, 530, and 705 cm-I. The ~nultiplicity of lines a t  low 
frequencies and in particular the replacenlent of the line a t  approxiinately 724 cm-I by 
two lines a t  724 and 705 cm-I is diagnostic of a trisulphuryl compound (4) and thus we 
conclude that as the concentration of SO3 increases the higher polyacid S308F(OH) 
(IV) is also present in the system. At relatively high concentrations of sulphur trioxide 
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GILLESPIE AND ROBINSON: SULPIiUR TRIOSIDE SOLUTIONS 

TABLE I11 
SO? stretching vibrations in disulphuryl compounds 

1249 1490 1249 1490 1189 1442 
SzOsFz S20aFz S?OsCI? 

1264 1511 1264 1511 1209 1462 
1205 1453 1210 1410 1209 1408 

S20aFCI S2Or,F(OH) S*OaCI(OH) [ 
1248 1487 1250 1489 235 1452 

"Mean frequency of two unresolved lines. 

in fluorosulphuric acid only a few new lines appear in the spectra. However, as was found 
to  be the case for solutions of sulphur trioxide in sulphuric acid (I) a t  very high concen- 
trations of S O 3 ,  a line appears a t  1270 cnl-I which is indicative of the presence of sulphur 
trioxide trimer, S 3 0 9 ,  in these solutions. The SO1 synl~lletric stretch a t  1250 cm-I (which 
is well resolved fro111 the adjacent line due to sulphur trioxide trimer) shifts slightly to 
approximately 1258 cm-l. This small but real shift in frequency may possibly be ascribed 
to the formation of higher polysulphuric acids such as S 4 0 1 1 F ( O H ) .  Table I1 gives our 
assignment of the observed spectral lines of two dilute solutions of sulphur trioxide in 
fluorosulphuric acid. 

N .  M.R. Spectra 
Further evidence for the formation of fluoropolysulpl~uric acids in this system was 

obtained from a study of the variation of the chemical shift in the fluorine n.m.r. spectra 
of the fluorosulphuric acid -sulphur trioxide system (Fig. 2). AS the stoichio~lletric 
concentration of sulphur trioxide increases the single fluorine resonance peak shifts to 
lower field. The fact that a separate resonance is not observed for each polyacid indicates 
that there is sonle rapid exchange process which averages the chemical environment OF 

0 20 4 0 6 0  80 100 
% SO, 

FIG. 2. FlQ cheiliical shifts in the HS03F-SO3 system. 6, chemical shift from internal S206F2 (C/S a t  
56.4 Mc). 
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the fluorine atoms. Since the presence of free SO: in the system is indicated by the occur- 
rence of the 1074 cm-l line even a t  low SO3 concentrations, the exchange process is most 
probably the exchange of SO3 between the various polyacids: 

H(SO3)nF + SO3 = H(SOB)~,IF. 

I t  is of interest to compare the relative cheinical shifts in the fluorosulphuric acid - 
sulphur trioxide systein with the corresponding shifts of the polysulphuryl fluorides (6). 
Figure 3 shows such a comparison for the purpose of which we have interpolated the 

FIG. 3. Comparison of the F19 chemical shifts of the fluoropol~~sulphuric acids and the polysulphuryl 
fluorides. 6, chemical shift from internal S Z O ~ F ~  (C/S a t  56.4 Mc). 

chemical shifts in the HFS03-SO3 systenl a t  the stoichiometric compositions corre- 
sponding to  complete formation of the acids HSzOGF, HSSOgF, HS,O1?F, HS5015F, etc., 
although, in fact, a t  these compositions the system ulldoubtedly contains several of these 
species in equilibrium. There is a strilting similarity between the spectrum of the poly- 
sulphuryl fluoride resonances and those of the fluoropolysulpl~uric acids. 

Addition of a polysulphuryl fluoride such as S ? O J F ~  to a solution of SO3 in  fluoro- 
sulphuric acid gave an additional line in the n.m.r. spectrum, showing that these species 
were not present in the original system-a conclusion which agrees with our deductioll 
from the Rainan spectra that  polysulpl~uryl fluorides are not formed irom the reaction 
between fluorosulpl~uric acid and sulphur trioxide a t  room temperature. Polysulpl~uryl 
fluorides were formed, however, when sulphur trioxide and fluorosulpl~uric acid were 
heated to  100" in sealed tubes for several hours (Fig. 4). 

The Raman and n.m.r. spectra of solutions of sulp11~1r trioxide in fluorosulphuric acid 
a t  room temperature therefore indicate the for~llatioil of the fluoropolysulpl~uric acids 
HS20GF, HS30gF, and perhaps higher polyacids such as HStOl?F, although a t  higher 
temperatures polysulpl~uryl fluorides are also formed. 

Tlze S~OGF-  Iolz 
When potassiuin fluorosulpl~ate was added to a dilute solution of sulphur trioxide in 

fl~~orosulphuric acid the only marked change in the spectrum was the appearance of a 
strong line a t  1080 cm-l. The frequency ol this line is the same as that of a characteristic 
frequency of the hydrogen disulphate ion (1). This is consistent wit11 the for~natioll of 
the fluorodisulphate ion, FS?OG-, according to the equation 

No line is observed a t  1080 cm-l in the spectrum oi the tluorosulphuric acid -sulphur 
trioxide system. We conclude tha t  the ion FS?Os- is not   resent in solutions of SO3 in 
HFS03 and that therefore the acid HFS?OG is a very tvealc acid of the fluorosulphuric 
acid system. This is in agreement with cryoscopic and conductimetric measurements (2) 
which show that  SO3 is a non-electrolyte in fluorcsulphuric acid, although these measure- 
ments do not distinguish between the possibilities that  the solution contains monomeric 
SO3 or the non-ionized acid HS206F. 
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GILLESPIE AND ROBINSON: SULPHUR TRIOSIDE SOLUTIONS 

FIG. 4. Nuclear magnetic resonance spectra illustrating the formation of polysulph~rryl f l~~orides in 
the HSOJ-SO3 system a t  elevated temperatures: (1) I-IS03F - 37y0 SO, a t  room temperature (S?OsF? was 
added to provide a reference signal); (2) I-IS03F - 37% SO3 after 4 hours a t  100' (S,, denotes the p o l y s ~ ~ l p h ~ ~ r y l  
fluoride S,,03,,-1E'?). 

Coinplexes are la~own between ionic fluorides and sulphur trioxide, e.g. I<F. 2S03 (7) ; 
these coinpounds may be formulated as salts of fluorodisulphuric acid. 

T H E  CNLOROSULPEIURIC ACID -SULPHUR T R I O S I D E  SYSrEhI  

Solutions of sulphur trioside in cl~lorosulphuric acid have received soine attention 
previously due to their use in aromatic sulphonation and as smoke gases in war. The 
densities and viscosities of solutions of sulphur trioside in cl~lorosulpl~uric acid have 
been exanlined by NIcCallum and Tollefsoil (8), who also found that no solid phase 
exists in such solutions up to GOG/;, SO3 by weight a t  rooin temperature. Vapor pressure 
measurements have been reported by Balson and Adain (9), and the Raillail spectrum 
of a 1:1 nlixture of SO3 and cl~loros~~lphuric acid has been discussed by Gerding ( lo) ,  
who did not report the spectru~n but  only his conclusion that a con~plex is formed, 
which he regarded as a loosely bound addition colllpound SO3. I-IS03C1. 

The Rarnail spectra of several solutions of SO3 in chloros~~lpl~uric acid are shown in 
Table IV and Fig. 5. The analysis of these spectra follows very much the same pattern 
as that given above for solutions of sulphur trioxide in fluorosulphuric acid. 

At relatively low concentrations of sulphur trioxide in chlorosulpl~uric acid, e.g. 
12.8% SO3, many new lines appear in the spectruin which cannot be attributed to either 
component. These occur a t  148, 218, 232, 275, 289, 301, 360, 595, 720, 803, 950, 1075, 
1235, and 1452 c n r l  in the spectrum of the 12.8% SOs solution. The line a t  1075 cin-l 
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TrIBLE IV 
Raman spectra of solutions of s ~ ~ l p l l ~ ~ r  trioxide in chlorosulphuric acid (frequencies in cm-1) 

Percentage of SO3: 

is due to SO3 monomer (4) and the other lines are to be compared with lines in the 
spectruill of SaO,C12 ( 5 )  a t  147, 235, 273, 298, 370, 593, 716, 760, 1189, 1209, 1442, and 
1462 c111-~ (Table V). This comparison clearly indicates the formation of a disulphuryl 
compound in the HClS03-SO3 system. The spectra are also very similar to those of 
dilute solutioils of SO3 in sulphuric acid, where the formation of disulphuric acid (I) is 
well established. Again it  is necessary to distinguish between the possible forination of 
cl~lorodisulphuric acid (V) or disulphuryl chloride (VI). The  spectra support the forma- 

tion of the former rather than the latter since the new line a t  950 c111-~ can be assigned 
to the S-OH stretch in this species (compare 920 cm-I for the S-OH stretch in chloro- 
sulphuric acid (3), and 960 cm-I for the S-OH stretch in H2s20.1 (1)). The new lines 
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GILLESPIE AND ROBINSON: SULPHUR T R I O X I D E  SOLUTIONS 683 

FIG. 5 .  Rarnan spectra of the HSOaCI-SO3 system: (1) HSOaCI, (2) HSOICI - 12.8'j/o Son, (3) HS03CI - 
36.7% SOI, (4) HSOaCI - 70% SOs. 

a t  1235 and approximately 1450 cm-I can be assigned, respectively, as a synlmetric 
and an asymmetric stretching frequency of the SO2 group. Since the intensities of the 
lines a t  approximately 1209 and 1408 cin-I, which are the symmetric and asymmetric 
SO2 vibrations of chlorosulphuric acid, change little even in solutions of high SO3 content 
we conclude that these lines are also common to the spectrum of the new disulphuryl 
compound. Thus the new species has two symmetric stretches a t  approximately 1209 
and 1235 cm-I and two asymmetric stretches a t  approximately 1408 and 1452 cm-I. The 
coinparison of these frequencies with those of the SO2 stretches of the other disulphuryl 
compounds shown in Table I11 strongly suggests that the new species is Sz06C1(OH). 

As the concentration of SO3 in chlorosulphuric acid increases, the spectra become 
increasingly similar to the spectrum of a trisulphuryl compound. I n  particular the line 
a t  720 cm-I is replaced by two lines in the same region of the spectrum a t  approximately 
700 and 723 cm-l. This is diagnostic of the formation of a trisulphuryl compound (5), 
i.e. S308Cl(OH). As the concentration of SO3 increases the symmetric stretch originally 
a t  1235 cin-I moves to higher frequencies, e.g. in 92.8% SO3 the symmetric stretch is 
a t  1258 cm-l. There is also a line a t  approxin~ately 1480 cm-I which can be assigned 
as the corresponding SOz asymmetric stretch. This may be taken as  evidence for the 
formation of higher polysulphuric acids such as  HS4012C1. 
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TABLE V 
Comparison of the spectra of IIS03CI-SO; solutions with the spcctra of S?OsC12, SjOsC12, H2S207, and H ~ S ~ O ~ L I  

(frequetlcies in c111-') 

% SOa in HSOaC1: Assignment % SO3 in HSOsCI: 
-- -- 

SzO~CI? IIzSzOi 12 .8  19.8 Species Vibration SaOsCIz I-lzS3Ota 70.0 92.8 

1lSnO~Cl 
HSOaCl 
IIS206CI 
I-ISIO~CI 
I-IS20eCI 
MSZOGCI 
I-IS20GCI 
I-ISOICI 
- 
- 

I-IS2OOCI 
I-IS309C1? 
IISO~CI. HSzOcCl 

IISOaC1. HS~OGCI 
IISOICI. IIS~OGCI 
- 

IIS20GCI 
- 

I-ISOaCI, IIS~OGCI 
I-ISIO~CI 
I-IS20GCI 
I-ISOaCI 
IIS20GCI 
SO a 
IISOaCI, HSZOGCI 
I-ISO3CI. IISZOBCI 
I4S2OsCI 
IISOaCI, HS20sCI 
I<SzOGc1 1 

SOS belid 

SCI wag 
SCI \\$as 
Torsion 
SOS stretch 
S-01-1 wsg 
- 

- 

Torsion 
- 

SCI stretch 
- 

SO2 rock 
SO2 bend 

- 
SO2 bend 

SO2 rock 
SO? rock 
SOS stretch - 
S-OH stretch 
- 

0-II wag 
SO? stretch 

SO? stretch C
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GILLESPIE A N D  ROBINSON: SULPHUR TRIOXIDE SOLUTIONS 685 

On addition of sodium chlorosulphate to  a dilute solution of SO3 in chlorosulphuric 
acid the principal change in the spectrum is the appearance of a new line a t  1080 cm-I. 
Since this frequency is very similar to that  of one of the SO? stretches of the HSz07- 
ion we assign i t  to one of the SO2 vibrations of the ClS206- ion. As this line is not present 
in the original chlorosulphuric acid oleum solutions we coilclude that  chlorodisulphuric 
acid is very little ionized in solution in chlorosulphuric acid. 

The Raman spectra of solutions of sulphur trioxide in chlorosulphuric acid are con- 
sistent with the formation of the chloropolysulphuric acids HS2OGC1, HS309C1, and 
probably HS4012Cl and higher polyacids. As was the case for the corresponding 
fluoroacids the sharp line in the spectra a t  1075 cin-I indicates the presence of some 
free sulphur trioxide even a t  low stoichiometric concentrations of SO3 and there is prob- 
ably rapid exchange according to the equation 

H(s01)nCl + SOs = H(S03)n+lC1. 

I t  is known that  sinlple ionic chlorides such as  sodium chloride form addition com- 
pounds with sulphur trioxide, e.g. NaC1. So3 ,  NaC1. 2SO3, NaC1. 3SO3 (11). These 
compounds nlay be formulated as the salts of cl~lorosulphuric acid and the chloropoly- 
sulphuric acids, i.e. NaClS03, NaC1Sz06, and NaClS309. 

EXPERIMENTAL 
Fluorosulphuric acid and chlorosulpl~~~ric acid were purified by clistillation of the coln~nercial products 

and had boiling points of 161" and 153", respectively. Solutions were made LIP by weight by distilling s u l p h ~ ~ r  
trioxide into the acid. Sulphur trioxide was obtaincd by distillation from 65% fuming sulphuric acid or from 
commercial stabilized sulphur trioxide "S~~l fan  B". 

The Rainan spectroscopic nleasurernents were carried out as has been described previously (5) using a 
Hilger E 612 spectrometer in conjunction with a water-cooled "Toronto" mercury arc lamp. The spectra 
were recorded photographically and measured by means of a Leeds and Northrup micropl~otoi~~eter. 

The i1.m.r. measureinents were carried out ~ising a Varian Associates n.il1.r. spectrometer, operating a t  
56.4 Mclsec. The spectra were calibratcd using the side-band technique and shifts were measured with 
respect to disulphuryl fluoride as an internal reference. 

Dr. J. V. Oubridge is thanked for prelinlinary work on the n.m.r. spectra and Mr. J. 
Bacon for experi~nental assistance. The Ontario Research Foundation, the Defence 
Research Board, and the Allied Chemical Conlpany are thanked for financial support. 

REFEREiVCES 
1. R. J. GILLESPIE and E. A. Ronrsso,.i. Can. J .  Chem. 40, 658 (1962). 
2. R. J. GILLESPIE, J. B.IRR, and I t .  C. THOMPSON. U~lpublished results. 
3. R. J.  GILLESPIE and E. A. ROBIXSON. Can. J. Chem. 40, 644 (1962). 
4. R. J. GILLESPIE and E. A. ROBIXSON. Can. J.  Chem. 39, 2189 (1961). 
5. R. J. GILLESPIE and E. A. Ron~rso~ .  Can. J.  Chenl. 39, 21'79 (1961). 
6. It. J .  GILLESI~IE, J. V. OUBRIDGE, and E. A. ICOBINSON. Proc. Chem. Soc. 428 (1961). 
7. P. BAUJ.IGARTEN. Chemie, Die, 55, 117 (1942). H. A. LEHXANN and L. I < O L ~ I ~ .  Z. anorg. u. 

allgem. Chem. 272, 63 (1953). 
8. I<. J. ~ ICCALLUX and E. L. TOLLEFSON. Can. J. Researcll, F ,  26, 241 (1948). 
9. E. W. Ba~sos and N. I<. ADAM. Trans. Faraday Soc. 44, 412 (1948). 

10. H. GERDIXG. J .  chi~n. phys. 46, 118 (1949). 
11. A. W. H~sso?! and A. I-I. 'TEXXEY. Ind. Eng. Chem. 33, 1472 (19-Ll). W. TR~UBE. Ber. 46, 2522 

(1913). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE KINETICS OF THE REACTION OF ACTIVE NITROGEN 
WITH ETHYLENE' 
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Upper At~nosphere Che~nistry Rescarclt Group, Plzysical Cltemistry Laboratory, 

ilhGil1 University, iMo~ttreal, Qzre. 

Received Deceinber 1 ,  1961 

ABSTRACT 

A comparison has been made of five methods for terminat i~~g the reaction of active nitrogen 
with ethylene in the temperature range 295" to  673O I<. These were based on deactivating 
the active nitrogen by low-temperature trapping, by addition of nitric oxide, and by passing 
it over copper oxide or cobalt catalysts. With the nitric oxide and cobalt catalyst techniques, 
which appeared to  be the luosr reliable of those used, an act~vation energy of 400~ t200  
cal/mole, with a P factor of about 10P,  have been determined for the reaction. 

INTRODUCTION 

Although the reactions of active nitrogen with a large number of organic and inorganic 
coillpounds have been studied, most of the earlier investigations were of a semiquantitative 
nature, in which the extents of product forinatioil were deterinined as functioils of 
reactant flow rates, and plausible mechanisn~s suggested on the basis of this formation. 
In some cases, rate constants, of doubtful reliability, were calculated froill such data,  
while, in one study, the rate constailt of the active nitrogen - ethylene reaction was 
roughly determined by a diffusion flaine technique (1). Recently, rate constants have 
been reported for the reactioils of active nitrogen with atomic oxygen (2), ~nolecular 
oxygen (3, 4), ozone (j), nitric oxide (4, G), nitrogen dioxide (G), ethylene (7, 8,  9), and 
hydrogen bromide (8), but,  with one exception (7), reaction time has not been a con- 
trolled parameter in these investigations. 

In the present study, a conlparison has been made of several experimental techniques 
by which the reaction of active nitrogen with ethylene might be terminated, so as  to 
enable the reaction time, and hence the rate constant, to  be estimated. By coinparing the 
techniques for a range of reaction temperatures between 295" K and 673" K, it has been 
possible to  select two methods that  appear to  be reliable for terminating such reactions, 
and it is now intended to apply these to  evaluating the kinetic constants for other active 
nitrogen reactions. 

EXPERIMENTAL 
il4aterials 

"Bone-dry" nitrogen was obtained from the Linde Cotnpany, and passed over copper turnings a t  425O C, 
and through a liquid air trap to remove traces of oxygen, water, and carbon dioxide. 

U.S.P. ethylene was obtained from the Ohio Chemical Company, and was subjected to two trap-to-trap 
distillations, only the middle two-thirds of each distillate being retained. 

Nitric oxide, obtained from the Matheson Chemical Company Ltd., was purified by condensing it into 
a bulb containing Caroxite, which adsorbed the nitrogen dioxide. The nitric oxide was then allowed to 
evaporate from a dry  ice - acetone bath which retained the N?O,, and the whole procedure was repeated. 

Apparatus and Experimental ilTethods 
The apparatus differed significantly from that previously described (10) and is shown in Fig. 1. 
Nitrogen was passed through the dibutyl phthalate manostat, H, through a furnace, F ,  containing copper 

Fina~zcial assistance was received frolit National Research Cozcncil. 
?Holder of National Research Cotrncil Stzrdentskips 1959-1960 and 1960-1961. Present address: Atlantic 

Regional Laboratory, Nutioctal Research Cozrncil, Halifax. 
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LEVY AND WINKLER:  NITROGEN-ETHYLENE REACTION 

FIG. 1. Diagram of the apparatus. 

turnings, and a trap, T I ,  into the capillary flowmeter, F1, which had been previously calibrated by the 
rate of evacuation, through it ,  of the known volunle, V1. The gas then entered the discharge tube, D, the 
constr~~ction and operation of which were similar to those described previously. 

The reactant was metered by a flow system (subscripts 2) consisting of a known volume, Vp, a ballast 
volume, Bp, manometers, M ?  and M?', a fine control needle valve, NV?, and a capillary flowmeter, F?. The 
reactant entered the reaction tube, KT, through the fixed reactant jet, J. Thermocouple wells, W1, were 
placed 1 cm above and below the reactant jet. The reactions occurred in a Pyrex U-tube with an  internal 
diameter of 22 mm. From there, the gas stream passed through a large liquid air trap, T ,  in which the 
condensable gases were retained. Continuous pumping was provided by a Cenco Hypervac 23 rotary oil 
pump. 

111 several of the techniques used to ternlinate the reactions, the reaction tube was provided with a movable 
probe mechanism, P ( l l ) ,  constructed fro111 10-rnm Pyrex tubing, and sufficiently long to  explore the entire 
length of the reaction tube. I ts  upper tip carried various contrivances to terminate the reaction. I t  was 
raised or lowered, under vacuum, by rotating the ground-glass joint, W. A friction drive between the probe 
and the projection of the joint was provided by a sleeve of rubber tubing. The bottom of the probewas 
connected with rubber tubing to either a seco~ld flow system (subscripts 3), or to a pumping system (sub- 
scripts 4). Through the former arrangement, gases were introduced into the reaction tube a t  any desired 
position, whereas the latter permitted the removal of samples of the reaction mixture after various reaction 
times. 
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Briefly, the experimental procedures were as follows: 
( a )  In a low-temperature technique for terminating the reaction between active nitrogen and ethylene, 

the reaction was stopped by immersing the U-shaped reaction tube in liquid air. (No probe mechanism 
was needed in these experiments.) The recombination of the nitrogen atoms was greatly enhanced (12), and 
the ethylene was condensed, a t  the low temperature, to  deprive both reactants of their abilities to react. 

In these experiments, the inner surface of the reaction tube was coated with disodium hydrogen phosphate 
(13), to  retard the recombination of the nitrogen atoms on the walls of the reaction tube, and to stabilize 
the wall conditions. The reaction tube was heated to 400' C. 

With the reaction tube imnlersed to  the desired level in liquid air, purified nitrogen was passed through 
the apparatus, and the discharge operated until the temperature attained a constant and reproducible value, 
as a n  indication of a constant and reproducible initial active-nitrogen flow rate. Ethylene was then admitted, 
a t  a constant flow rate, to the stream of active nitrogen for a period of 100 seconds. The discharge and the 
flows of gases were stopped, the apparatus evacuated and isolated from the pump, and the condensable 
gases transferred to an  absorber a t  A containing frozen, degassed water, where the hydrogen cyanide was 
later titrated with standard silver nitrate. 

Experiinents were made with flow rates of ethylene ranging from 0.9 to 14.8 pmoles per second, a t  a 
constant initial active-nitrogen flow rate, and with liquid air levels maintained a t  distances of 18.0, 23.5, 
and 29.0 c n ~  from the fixed reactant jet, corresponding to reaction tiines of 19, 24, and 30 mseconds re- 
spectively. Experiments were also made, in which the reaction was permitted to  proceed to completion, over 
a distance of 140 cm, as  a basis for estimating the total initial active-nitrogen flow rate ( i ) ,  which proved 
to  be 14.0 pmoles per second. 

( b )  111 a second technique for terminating the reaction between active nitrogen and ethylene, unreacted 
nitrogen atoms in the reaction mixture were consumed rapidly by flooding the reaction mixture with nitric 
oxide ( i ) ,  introduced through the movable probe a t  any desired level. For this purpose, the probe was 
equipped with a 14-min hemispherical bulb containing six small holes in its periphery, in a plane perpendi- 
cular to the gas streail1 in the reaction tube. Nitric oxide, a t  a Ilow rate in excess of that required to consume 
the active ~iitrogen completely, was passed into the reaction tube through this bulb, with the conditions of 
pressure and linear velocity of the gases selected so that the nitric oxide eiuerged radially froin the bulb 
with 110 diffusion upstream, and a sharp plane of demarcatioi~ between the Lewis-Rayleigh afterglow and 
the nitric oside reaction flame was obtained. Ethylene was passed into the stream of active nitrogen through 
the fixed reactant jet for a period of 100 seconds, and the products were trapped and analyzed as before. 
The ~~itrogeil  atoiu flow rate in these experi~nents was 7.0+0.3 pmoles per second, the ethylene flow rates 
were in the range 2.8 to 4.6 pmolcs per second, the reaction tinles ranged from 2.1 to 55.8 mseconds, and 
reaction temperatures froin 295" I< to G i l a  I<. 

(c) A third method for studying the reaction of active nitrogen with ethylelle was to  remove a portion of 
the reaction mixture through the inovable probe. 'The reaction \vas stopped a t  the tip of the probe by a 
small aiuount of osidized copper turnings, an efficient catalyst for the recoinbination of nitrogel1 atoms (14). 
After a 2-ininute period, d u r i ~ ~ g  whicll the probe was flushed through the bypass, BP4, the aliquot was 
diverted to the trap, TI, for a period of 30 minutes. The hydrogen cyanide \\.as treated as  before. The extent 
of the reaction as  a function of time mas established by taking aliquots a t  various positions along the axis 
of the reaction tube. Separate experi~lleilts were iuade to deterini~le the fraction of the total gases in the 
aliquot, from whicll the total extent of reaction was readily calculated. Sitrogeil atom flow rates of 4.2 
and 8.8 pmolcs per second were used, with flow rates of ethylel~e between 1.1 and 3.0 p~noles per second, 
and reaction times that ranged from 1.6 to 40.2 msecoilds. Reaction temperatures were 297" I< a ~ l d  543' I<. 

(d) The catalytic properties of copper oxide were i~tilized in still allother way to promote the recombination 
of the nitrogen atoms, and hence to terminate the reaction of active ~~ i t rogen  with ethyleile. A fresh layer 
of copper ivas electrodeposited from a copper sulphate solution upon 45-mesh copper gauze, and a 21-inn1 
disl; of this gauze fastened with silver solder to a platillurn wire, which was sealed into the end of the probe. 
The copper was oxidized by heating it in an  oxygen-rich Ilaune. The Lewis-Rayleigh afterglow was conl- 
pletely estinguisl~ed a t  the surface of the target, which was in a plane perpe~~dicular to the flow of gases in 
the reactio~l tube. Again, the experiments were of 100 seconds' duration, and were made in the manner 
described previously. 'l'he nitrogen atom flotv rate was 6.1 pmoles per second, the ethyleue flow rate was 
3.6 pmoles per second, the reactiol? time railged from 3 to  45.5 mscconds, and the te~uperatures used were 
295" I< and 536' I<. 

( e )  Ill a variation of the target procedure of section (d), above, the probe was equipped with a circular 
piece of ~45-mesh platinurn gauze which was electroplated with a black, spongy layer of cobalt, fro111 a11 
ainmoniacal cobalt sulphate solution (15). In addition, three small holes were blown in the tube of the probe 
a t  a distance of 3 cm downstream from the cobalt target. This permitted "blanl;" experiments to be made, 
in which ethylene was passed into the gas stream after the active nitrogen had impinged on the target. 
The hydrogen cyanide from these experiments was limited entirely by the arno~unt of active nitrogen that 
failed to be deactivated by the target, and provided a convenient means for checking the efficiency of the 
catalyst for deactivating the active nitrogen. In practice, it mas found that reproducible results could be 
obtained only if the experiments were made a t  progressively shorter reaction times. Moving the cobalt 
target along the reaction tube apparently left behind traces of the catalyst on the walls. By working a t  
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LEVY AND WINKLER: NITROGEN-ETHYLENE RE.ACTION 689 

successively shorter reaction times, i.e. always moving the probe upward, the wall of the reaction tube i11 
the region where the reaction occurred did not come in contact with the catalyst prior to the reaction, and 
contamination of it was thereby avoided. 

For these experiments the ranges of conditions were: nitrogen atom flow rate, 2.9 to  9.8 p~noles per 
second; ethylene flow rate, 1.9 to 8.8 pmoles per second; reaction time, 5.2 to 47.6 mseconds; temperature, 
298" I< to 672' I<. 

RESULTS AND DISCUSSIONS 

Rate constants were calculated on the assumption that the rate-deter~nining step is a 
second-order process of the type 

N + CzHl -+ HCN + other products 

followed by fast reactions between nitrogen ato~lls and the free radicals formed in the 
initial step. The collsu~nptio~l of nitrogen atoms by the hon~ogeneous and heterogelleous 
recornbi~latio~l of nitrogen a to~ns  was neglected, since it  was expected that these reactions 
would be insignificant in conzpetition with the ethylene reaction. Rate constants for the 
disappearance of hydrocarbon may then be evaluated fro111 the usual second-order rate 
expression 

2.303 
k = 

log - b  ( a - 2 ~ )  
t(a-2b) a  ( b - x )  ' 

where x  = the concentration of ethylene consumed, which was found, for the flow rates 
used, to be approxi~nately 1/2 of the H C N  produced; 

t = the duration of the reaction; 
a  = the initial active-nitrogen concentration, determined from the maximum pro- 

duction of I-ICN in the reaction with ethylene; 
b = the initial ethylene concentration. 

The reaction times were calculated from the linear velocity of the gas, and the distance 
between the point of injection of the reactant and the plane of termination of the reaction. 
Flow rates were converted to concentrations in the customary manner. The effect of 
temperature was considered in both these calculations. 

Typical values of the second-order rate constant are shown in Table I ,  and the averages 
of a number of determinations of the rate collsta~lt at various temperatures, and by the 
various experimental methods, are listed in Table 11. 

I n  the low-temperature technique for terminating the active nitrogen - ethylene reaction, 
the main experinlelltal uncertainty lies in the effectiveness of the low temperature for 
stopping the reaction, and the time required for the transfer of heat. These would telld 
to yield a conical, rather than a planar, region of termination, with a corresponding 
uncertainty in the calculation of the reaction time, and hence in the rate constants. 

In the aliquot and copper oxide target tecl~niques, the main uncertainty was in t l ~ e  
behavior of the catalyst. At temperatures above 536" I<, the copper oxide appeared to 
undergo sollle reduction, either by thermal decomposition a t  the low pressure, or by a 
reaction with one or more co~llpo~zents of the gas streall1 that passed over the catalyst. 
As a consequence, rate constants deterlnined by this method, a t  the higher temperatures, 
are uncertain. At the lower temperatures, however, where the catalyst was stable, the 
method seemed to be satisfactory, and the rate constants should be reliable. 

The rate constants obtained by ternlination with nitric oxide and by the cobalt target 
are in close agreement. Such good agreement of the rate constants, over such a wide range 
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TABLE I 

'Typical second-order rate constants for the reaction of active nitrogen with ethylene 

Method of termination NO CLIO target Co target 
Temp. ('10 295 295 298 
N atom flow (mole/secXIOG) 6 . 8  6 .1  6 .7  
C2H4 flow (mole/sec X 106) 4 . 6  3 . 7  2.6 

- - 
t (sec) k* t (sec) k t (sec) k 
-- -- 

56 1 . 4  30 1 . 8  3 1 1 . 4  
45 1 . 5  33 1 . 8  

48 1 . 8  
Xv. 1 . 8 X  10-l1 Av. 1.6X10-'" 57 1 . 5  

-- 
Av. 1 . 7  X 10-l4 

Method of termination 
Temp. (OK) 
N atom flow (mole / sec~10~)  
C2H, flow (mole/secX loG) 

Co target 
672 
2 .9  
8 . 8  

*Units of k are cc molecule-' sec-l. 

---- 
Av. 2 .3  X 10-14 Xv. 3.0X10-14 

TABLE 11 

Average rate constants for the reaction of active nitrogen with ethylene 

Technique for Temperature Pressure Rate constant 
tertnination ("I<) (mm) (cc/molecule sec) 

Low temperature 673 1.50 1 .9X10-l4 

Nitric oxide 295 2.90 1.8XlO-" 
400 2.90 2 . 0  
528 3.17 2 . 2  
671 3.00 2 . 3  

Aliquot 

CuO target 

Co target 298 2.60 1 . 7  x 10-11 
542 2.60 2 . 8  

of temperature, seems quite improbable unless these methods not only terminate the 
active nitrogen-ethylene reaction with some precision, but  also do not interfere appre- 
ciably with the production or recovery of hydrogen cyanide from the reaction. The cobalt 
target nlethod has some advantage over the nitric oxide method, in that  a check can be 
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rnade on the efficiency of the catalyst for stoppi~lg the reaction. By introducing ethylene 
through the probe, below the target, it was shown that deactivation of the active nitrogen, 
hence the ternlination of the reaction with ethylene, was virtually complete a t  the 
surface of the cobalt target (not nlore than 0.20% of the total initial active nitrogen el-er 
survived its encounter with the target). Using this as a basis for conzparison, it might 
then be concluded that the nitric oxide method was equally effective for terminating the 
reaction. 

The rate constants for the active nitrogen-ethylene reaction, obtained with the nitric 
oxide and cobalt target techniques, are in reasonable agree~nent with those obtained by 
Greenblatt and Winlrler (I) in their application of a diffusion flanle technique, but are 
only about l/lOth as large as the value determined by 1~Iilton and Dunford (8), who also 
used a diffusion flame method. In view of the different experimental techniques employed, 
and the errors involved in each, this discrepancy is probably of the order to be expected. 
Similarly, the factor of about 5 between the present results and those obtained by Inass 
spectronletry by I-Ierron (9) is probably due mainly to experinlental errors, since, for 
the conclitions used, the N atom concentrations estimated by I-ICN production and by 
the NO titration differ by a factor of less than 2 (6). h401-e significant than the difference 
between the data from these two studies is their similarity in showi~lg practically no 
effect of temperature on the rate constant for the ethylene reaction, corresponding to a 
very low activation energy. The present value, 2.0X10-L+c cmolecule-I sec-l, a t  400" I<, 
is in good agreement with a value of 3.OX 10-'+c c~~olecule-I sec-l, a t  423" I<, obtained 
by Wright and Winkler (7) ~vi th  the nitric oxide method for terminating the reaction. 

From the data obtained with the nitric oxide and cobalt target techniques, activation 
energies of 2.50 and GOO cal/mole, respectively, may be calculated. I t  would seen1 reason- 
able, therefore, to assunle a value of 400f  200 cal/mole for the activation energy of this 
reaction. This gives a P factor of the order of 10-5 for the reaction. The low steric factor 
is probably associated with the spin-disallowecl reaction previously assulned (16) for the 
initial attack, 

Since it would appear that confidence may be placed in terminating the active nitrogen- 
ethylene reaction by the nitric oxide and the cobalt target techniques, these two techniques 
are now being used to evaluate the lrinetic constants for the reactions of active nitrogen 
with other hydrocarbons and hydrocarbon derivatives. 
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THE EFFECT OF ADDED ELECTROLYTE ON HYDROGEN-BONDING 
EQUILIBRIUM IN DILUTE SOLUTIONS OF t-BUTYL ALCOHOL 

IN CARBON TETRACHLORIDE1 

J. B. HYNE AND R. M. LEVY? 
Departmeizt of Chelaistry, University of Alberta, Calgary, Alberta 

Received December 11, 1961 

ABSTRACT 

The effect of added tetra-71-butyl alnlnoni~lln bromide on the hydrogen-bol~ding equilibrium 
of t-butyl alcohol in 0.0 to  0.08 M solution ill carbon tetrachloride has been studied by infrared 
investigation of the spectral range 2.5-3.5 p. The observations have been interpreted in terms 
of specific interaction between the alcohol and the more polar species of the salt which are 
present ill the complex electrolyte equilibria (for esalnple, ions and ion pairs). I t  is suggested 
tha t  these species function as nucleation centers for aggregates of alcohol molecules, the 
enhanced degree of hydrogen bo~ldi~lg- permitted in these aggregates being reflected in the 
infrared spectral response. 

INTRODUCTION 

I t  has been repeatedly denlonstrated that the equilibrium between ~nonomeric and 
poIynleric forn~s of alcol~ols in non-polar solvents is very sensitive to concentration. 
Systems of alcohols in benzene or carboil tetrachloride have been extensively studied in 
recent years by both infrared (1-6) and n.1n.r. techniques (7-11), all results being con- 
sistent with the predicted increase in association of the monomeric alcohol to lligher 
n-mers with increasing concentration. In the infrared spectral studies, the increasing 
association is reflected in increased absorption in the region of 2.9 to  3.0 p ,  normally 
assigned to  a hydrogen-bonded hydrox)rl, with a coi~comitant decrease in absorption a t  
lower wavelengths characteristic of unassociated hydrosyl. In such binary systems, the 
problem is now one of establishing the distribution among various associatecl species 
(dimers, trimers, tetramers, etc.) rather than establishing the existence of the association 
phenonlenon. 

Recently Bufalini and Sterii reported (12) that addition of tetra-t~-butyl an~monium 
salts to metha1101 so l~~t ions  in benzene resulted in n marked enhancement of the infrared 
absorption chai-acteristic of associated hydroxyl over that corresponding to frec hyclroxyl. 
I11 their brief report these authors suggested that  these results might bc indicative of 
specific interaction between the added electrolyte ancl the alcohol component of the 
binary solvent n~isturc. I11 con~~ection with our studies ol specific solvatioll pl~cnomena, 
we have carried out a pl-eliminary quantitative investigation of the eflcct oi added 
tetra-n-butyl ammonium bromide on the infrarccl spectral rcsponse of thc h\-clrosyl 
fui~ctioii of t-butyl alcohol in dilute solution in carbon tetrach101-icle. Our choice of this 
systci~l was basccl on the fact that  detailed stuclies have been made of associntion in 
the binary t-butyl alcohol - carbon tetracl~loricle system (7, 4, 11) ancl on thc electrical 
(13) ancl dielectric (14, 15) properties of tetra-n-but41 am~nonium bromide in 10%. di- 
electric solvents. 

EXPERIMENTAL 
111atei.ials 

Carbon tetrachloride: iVIatheson, Coleman, and Bell spectral grade ~leed without further p~~rification.  
t-Butyl alcohol: stoclc material purified as reported previously (7). Tetra-71-butyl ammonium l;romide: 
prepared by the method of Accasina, Petrucci, and Fuoss (16). 

lT~Vork was done lnrgcly at Dartl~zo~rtk Cnlle,oe, Ha~zoi-er, 1V.H. 
2P~cse?zt address: Departl~zelzt of Cheliiistry, liliivcrsity of C(zl;;fornia, Berkeley, C(~l~lfOi.t1io 

Canadian Journal of Chemistry. Volume 40 (1962) 
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HYNE AND LEVY: HYDROGEN-BONDING EQUILIBRIUM 693 

Solution 
Stock solutions of various concentrations of salt in carbon tetrachloride were prepared and t-butyl alcohol 

added volumetrically to obtain various concentrations over the range studied. Each salt solution was 
freshly prepared before each run and t-butyl alcohol dilutions made sequentially for each set of points a t  a 
given salt concentration. 

Spectra 
All spectra were run on a Perkin-Elmer Model 21 double beam spectrometer with scale expansion. 

Solvent compensation was made in matched 1-mm sodium chloride cells. 

RESULTS 

The spectra presented in Figs. l (a )  and l(b) illustrate the effect of added tetra-n-butyl 
ammonium bromide( 0.04 M) on the hydroxyl absorption region of various concentrations 

.I5 

O.D. 

I I I I 
3.0 2.5 3.0 2.5 

MICRONS 

FIG. 1. The 2.5-3.5 p region for various concentmtio~~s of t-butyl alcohol in carbon tetrachloride (a)  
without salt, (b)  with added 0.04 11d tetra-12-butyl ammoniuln bromide. 

(0.0 to 0.08 116) of t-butyl alcohol in carbon tetrachloride. In the absence of salt (Fig. 
l (a)) ,  the two priilcipal absorptions are a t  2.74 p and 2.86 p,  with an indicatioil of the 
development of a peak a t  2.96 p a t  higher alcohol concentrations. These absorptions 
have been previously assigned ( I )  to various free and hydrogen-bonded hydroxyl 0-1-1 
stretching vibrations as indicated below. 

2.74 p 2.86 p 2.96 p 2.76 p 
Free hydroxyl Terminal hydrogen Internal hydrogen Terminal free 

bonded bonded hydroxyl 

As a consequence of these assignments, the 2.74 p absorption inay be associated with 
monomer alcohol species, the 2.86 p principally with dimeric species and the 2.96 p 
absorption of the internal hydrogen-bonded hydroxyl groups with higher polymeric 
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alcohol species. The  spectra in Fig. l ( a )  indicate that the degree of polymerization to 
higher n-mers in the concentration range 0.0 to 0.08 Ad alcohol is very snlall, and it was 
with the intention of avoiding complications due to this polylner absorption that the 
alcohol concentration in this work was restricted to the range below 0.08 M. I t  is also 
noteworthy that over this same concentration range the change in n.1n.r. chemical shift 

1.0 

O.D. 

FIG. 2. Optical density a t  2.96 p versus t-butyl alcohol concentration for v a r i o ~ ~ s  fixed concentrations 
of added tetra-n-butyl ammonium bromide. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



HYNE A N D  LEVY: HYDROGEN-BONDING EQUILIBRIUM 695 

associated with the hydroxyl hydrogen has been found (7, 11) to be small, an observatioii 
in lteeping with the assumption that higher polymer fornlation is minimal in this concen- 
tration range. 

A very inarlied enhancement of the absorption a t  2.96 p is seen in Fig. 1 (b) for the same 
concentration range of alcohol but in the presence of a fixed concentration (0.04 M) of 
tetra-n-butyl ammoniun~ bromide. One of the most significant facts revealed by the 
comparison of Figs. l (a )  and l(b) is that the dependence of absorption a t  2.74 p (free 
hydroxyl) on total concentration of alcohol is not as seilsitive to the presence of salt as 
the absorption a t  2.96 p. 

The dependence of the 2.96 p absorption on alcohol concentration (0.0 to 0.08 M) has 
also been studied as a function of added salt concentration. Sets of spectra similar to that 
in Fig. l(b) were obtained for various fixed salt concentrations (0.0 to 0.35 A[). These 
data are presented in Fig. 2 as a plot of A log I o / I  (2.06 p) versus concentration of alcohol 
(total) ; A log Io/I represents the difference between absorbance a t  2.96 p a t  that particular 
alcohol concentration and the absorbance a t  2.96 p with no alcohol present. The optical 
density scale is an arbitrary one for the sake of clarity. The scale for any line can be 
reconstructed, however, by talting the intercept a t  zero alcohol concentration as the zero 
of the optical density scale. 

DISCUSSION 

Two important features are apparent in the coinparison of Figs. l (a)  and l(b).  The 
absorption a t  2.86 p, characteristic of the terminal hydrogen-bonded hydroxyl in the 
dilute alcohol solutions without salt, is completely swamped by the very intense absorp- 
tion a t  2.9G p, which characterizes the spectra with salt added. I-Iowever, the intense 
absorption a t  2.96 p does not appear to occur a t  the expense of the absorption a t  2.74 p 

since this absorption differs only slightly, as a function of total alcohol concentration, 
from that in the system without added salt. In Fig. 3, the optical density of the various 
wavelengths for both systems (with and without salt) is plotted against the total alcohol 
concentration. Within the experimental uncertainty of the points, there is only a small 
difference between the dependence of the 2.73 p absorption on total alcohol concentration 
in the two systems. This difference, however, is in the correct sense, indicating slight 
depletion of the 2.74 p absorption in the system with salt as a result of the appearance 
of high absorption a t  2.96 p. The explanation which suggests itself is that the extinction 
coefficient associated with the 2.96 p absorption is very much larger than that for the 
2.74 p absorption, the ratio indicated by the data  in Fig. 2 being of the order of 20 to 1. 

The similarity between the wavelength of the intense absorption with salt added (2.96 p) 
and that associated with the higher polymeric alcohol forms in more concentrated alcohol 
solutions (2.96 p) raises the question of whether the effect of the added salt is merely 
one of stabilizing the higher polymeric forms. That  is to say, the 2.9G p absorption with 
added salt is due to the same molecular vibration as is observed in higher concentration 
alcohol solutions without salt. Liddel and Beclter (4) have reportecl integrated inolar 
absorption coefficients per 01-1 bond for the monomer and polymer forms of t-butyl 
alcohol in carbon tetrachloride as being in the ratio of 1:lG. This ratio is sufficiently 
close to the required 1:20 ratio predicted from Fig. 2 to support an argument that the 
2.96 p absorption observed with added salt is due to a polymeric form similar to that 
found a t  higher alcohol concentrations without salt. If this argument is valid, however, 
it implies that the association equilibrium constant for monomers to polymers is very 
much higher in the presence of salt compared with the value in the absence of salt. This is 
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O.D. 

0 with salt 

without salt 

FIG. 3. Colnpariso~~ of optical density dependence or1 alcohol concentration a t  various wavelengths 
for t-butyl alcohol i r ~  carboll tetrachloride with and without added salt. 

talltamount to the statement made above that the polyllleric form is more stable in the 
presence of the salt. An approximate calculation based on the optical densities of Fig. 1 
and the 1 : I6 ratio for inolar absorption coefficients indicates that the association constant 
for lnonoIner to polynler association is a factor of 10 greater in the presence of salt 
compared with that in the absence of salt. 

I t  must be e~nphasized, however, that i t  is only on the basis of sinlilar A,,, values and 
similar absorption coefficient ratios that the conclusioll is drawn that the same type of 
polynler 01-1 vibration lllakes a major contribution to the absorption a t  2.96 in the two 
cases. 

The higher value of the association collstant in the presence of salt can be rationalized 
by a model envisa,oing specific organization of the alcohol nlolecules about polar salt 
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entities in the solution. I t  is not unreasonable to assume that salt ions or ion pairs will 
favor the Inore polar alcohol hydroxyl groups in their iinnlediate solvation shell with the 
low polarity inethyl groups turned outward toward the non-polar carboil tetrachloride 
bullc solvent. In such a structure, there will exist a very favorable opportu~lity for internal 
hydrogen bollding of the type generally assigned a A,,, = 2.96 p (1). The polar salt species 
therefore serve as a nucleation center for the aggregation of alcohol illolecules into a 
"rnicellar" structure in which hydrogen bonding will be favored. A difference of a factor 
of 10 in the monomer-polymer association constant is not unreasonable in the presence 
of such a polyn~er structure stabilizer as the salt species. I t  should also be noted, however, 
that in the proposed nlodel there exists an equally favorable situatioil for hydrogen bond- 
ing of the type R-0-I-I---Br-. I t  is not unreasonable to assume that the molar 
absorption coefficient of a hydroxyl group bonded in this manner will also be high and 
could be close to the same A,,, as that for internal hydrogen bonding (2.96 p). The total 
absorption a t  2.96 p may therefore be due to both types of hydrogen-bonded hydroxyl. 
Since both phenomena are conditional upon specific interaction between the alcohol 
hydroxyl and the polar salt entities the breakdown into one for111 of bonding or the other 
is not critical a t  this stage of the argument. 

The equilibrium proposed to account for the dramatic effect of added salt inay be 
fornlalized as : 

I 
r7 

1L 
! 
I ROI-I + (salt) FA ROH (salt) [I] 

I 

I 
where ROH (salt) represents a hydrogen-bonded alcohol ~nolecule in the aggregation 
around the salt species. Therefore 

[ROH] = [(salt)].K ' [ ~ ~ m ( s a l t ) ]  

I where the constant C contains the various constants of the Beer's law relationship. At 
a fixed concentration of salt a plot of [ROE11 versus (0.D.)2.9Gp should therefore be linear, 
as is found in the plots of experi~nental data in Fig. 2. If the effect of the added salt was 
sinlply a medium effect then the slope of the plots of equation [3] should be a linear 
function of the salt concentration as this is varied for each set of points since 

slope 131 = (0,D.)296 = C.K[(salt)j . 
[ROI-I] 

In Fig. 4, it is seen that this linear relationship does not hold, indicatiilg that the total 
salt concentration is not a direct linear measure of the effect of the salt on the hydrogen- 
bonding equilibrium. The curvature of the plot suggests that some particular species of 
the salt in solution, the concentration of which is detemlined by the total salt concen- 
tration, is primarily responsible for the observecl effect of the added salt on the hydrogen- 
bonding equilibrium. 

I t  is only to be expected that, in such low dielectric media as carbon tetrachloride, the 
salt will be present very largely as ionic aggregates. Although the bull< clielectric constant 
of the medium will change as alcohol is added, the change will be very small. The clifference 
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SALT MOLARITY 

Fig. 4. Plot of slope of equation (31 versus concentration of t e t r a -n -b~~ ty l  alnrnonium bromide. 

between the bulk dielectric constant of pure carbon tetrachloride and carbon tetra- 
chloride with 0.08 114 added t-butyl alcohol cannot be greater than 0.5 (see, for example, 
ref. 14). I t  inay therefore be assumed that there can be little if any bulk effect on the 
electrolyte equilibria as a result of varying the t-butyl alcohol concentration. The  electro- 
lyte equilibria involved may be represented as 

Kip IGP 
(nBu)rN+ + Br- ,d (nBu)rN+Br- + ( ? I B u ) ~ ~ +  Br- 

a ,  

h r - k + ( n ~ u ) ~  

Ions Ion pairs Ion quadrupoles anti higher 
aggregates 

As the total salt concentration is increased, the coupled equilibria shown above will lead 
to a limiting value for the fraction of salt present as ions or ion pairs. Accordingly the 
concentration of these species in solution will not be a linear function of the total salt 
concentration. If the observed effect of added salt 011 the hydrogen-bonding equilibriunl 
is due in large part to the nucleating action of the ions and ion pairs, this would account 
for the curvature in the plot of Fig. 4. I t  is furthermore reasonable to assuille that the 
ions and ion pairs will have the greatest effect in terms of specifically solvating them- 
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selves with alcohol molec~~les. In the higher electrolyte aggregates, the bulky n-butyl 
groups provide the hydrocarbon shell between the charged ilitrogen and bronline atoms 
and the carboil tetrachloride solvent. Indeed, it might be said that the forination of these 
electrolyte aggregates is itself a manifestation of specific solvatioil, one ion pair being 
specifically solvated by another. In the case of ion pairs, the broinide end of the ion pair 
is not well shielded by the four n-butyl groups of the ammonium ion and hence will tend 
to orient around itself t-butyl alcohol molecules with the polar hydroxyl group in the 
immediate vicinity of the charged center. In the case of the very few free ions present in 
such low dielectric solvents, the broinide ion would exert a highly specific ordering effect 
on the alcohol and would be expected to surround itself with a screen of alcohol molecules 
oriented with the polar hydroxyl groups pointing inward toward the broinide ion. The 
ainillonium ion carries its own hydrocarbon low polarity screen and would probably be 
less effective as a nucleating center for specific alcohol aggregations. I t  is of interest to 
note that Bufalini and Stern (12, 17) reported coilsiderable dependeilce of the hydrogen- 
bonding equilibrium response in the infrared on the nature of the salt anion. 

A detailed quantitative analysis of the forin of the plot shown in Fig. 4 does not appear 
to be possible a t  this time. Although Sadek and Fuoss (13) have reported the dissociation 
constants for tetra-n-butyl aininoniuin broinide in alcohol - carbon tetrachloride solvent 
mixtures, the limitations of the conductance inethod they used dictated a ininimuin 
dielectric constant for the solvent of 15. This is far above the bulk dielectric constant of 
the carboil tetrachloride - alcohol inixtures used in this work. However, using Sadek 
and Fuoss's results we can extrapolate to lower dielectric constant to obtain an approxi- 
inate value for K(dissoc.) = 10-j in carbon tetrachloride. I t  should be noted that this 
value is for the dissociation of ion pairs to free ions and does not take into account the 
equilibrium between ion pairs and higher aggregates. Furthermore, the value 10-5 
would appear to be the upper liinit for the dissociation constant in view of the con- 
siderably lower values of K found by Fuoss and Kraus (18) for alkylammoiliuin nitrates 
in dioxane-water inixtures of low dielectric constant. A dissociation constant of this 
order of inagnitude or less predicts a levelling off in the fractional dissociation to ions a t  
conceiltrations below 0.2 M. This is qualitatively in keeping with the observed form of 
the plot in Fig. 4. Even if an accurate value for the ion-pair dissociatioil constant were 
available, however, the problenl is conlplicated by the sensitivity of the ion quadrupole - 
ion pair equilibrium to alcohol concentration. Richardson and Stern (14, 15) have recently 
reported the results of dielectric studies on tetra-n-butyl aminoniun~ bromide in benzene- 
methanol mixtures. These authors interpret their results as indicative of the great 
sensitivity of the quadrupole-pair equilibriuin to added small amounts of the more polar 
alcohol. Although the bulk dielectric constant of the solvent changes by only 0.04 011 

adding 0.01 mole fraction of inethanol to benzene, the quadrupole-pair equilibrium 
constant changes by a factor of 200 in favor of the ion pairs. Clearly the role of the 
alcohol inolecules is highly specific and this inay indeed be further evidence of the specific 
solvatioil role of the polar alcohol molecules in stabilizing the ion pairs. Since the experi- 
inental data presented in Fig. 2 are for fixed salt concentrations but over a range of 0.0 
to 0.08 M t-butyl alcohol, the observed linear increase in optical density with alcohol 
coilcentration may be due to both increasing alcohol concentration and changes in the 
relative distribution of the total salt in the form of ions, ion pairs, and quadrupoles. 

In the very recent paper of Bufalini and Stern (17), siillilar findings with a series of 
tetra-n-butyl an~monium salts in several alcohol-benzene systems are reported. Although 
these results differ in detail from those reported here, there is little question that both sets 
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of evidence support the concept of selective solvation of the electrolyte species by the 
inore polar alcohol component of the binary solvent mixture. Comparison of Bufalini 
and Stern's data in benzene with those reported here in carbon tetrachloride indicates 
some significant differences in the stability of monomeric alcohol species relative to 
associated forms and also in the relative values of apparent extinction coefficients. 
Although it is somewhat premature to attempt a detailed explailatioil of the effect of 
changing the "inert" low dielectric component of the solvent, it is not surprising that 
replacing benzene with carbon tetrachloride should bring about significant changes in 
the quantitative aspects of the phenomenon. Davis, Pitzer, and Rao have reported (11) 
an n.1n.r. study of hydrogen bonding of ethanol in both carbon tetrachloride and benzene 
a t  22" C. The dependence of the hydroxyl proton shift on alcohol concentration is quite 
different in these two sj7stems. These authors also point out that the presence of a 
minimum in the molar polarization curve for ethanol in carbon tetrachloride and the 
absence of such a minimum in the ethanol-benzene system may be interpreted as a 
reflection of significantly different distributions ainoilg possible associated structures in 
the two "inert" solvents. Bufalini and Stern's data on several electrolytes with varying 
cation provide some evidence in favor of the alcohol-to-cation hydrogen bond rather 
than the alcohol-to-alcohol hydrogen bonding in the alcohol aggregates around the 
electrolyte. As suggested previously in this paper, the precise molecular nature of the 
vibration responsible for the enhancement of absorption in the 3 p region is not critical 
to the specific solvation argument and further work will be needed to elucidate this point. 
I t  is worth noting, however, that in benzene, Bufalini and Stern report the absorption 
inaxiinuin a t  3.03 p while, in carbon tetrachloride, the value observed was 2.96 p. This 
difference may be significant in terms of structural changes between the two systems. 
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ABSTRACT 

The effect of six deuterated phenols on the rate and degree of poly~nerization of styrene 
has been stlldied. The rate and degree of polymerization are decreased by deuterated phenols 
to a much less estent than by the corresponding phenols. Hpprosimate transfer constants 
are estimated, and it is found that the transfer constant for hydrogen abstraction from the 
deuterated phenol is less than 0 . 2  of the transfer cor~stant for the norrnal phenol. The rates 
of reaction of 2,2-diphenyl-1-picrylhydrazyl with three deuterated phenols have been deter- 
mined. The rate constants for deuterated 2,6-di-t-butylphenol and 4-bro~nophenol are less 
than 0 .15  of those for the correspondi~~g phenols, but the isotope effect appears to  be small 
with 4-nitrophenol. 

I n  a recent study (1) it was shown that  phenols lower both the rate and degree of 
polynlerization of styrene and tha t  the magnitude of the decrease depends oil the i l a t ~ ~ r e  
and position of substituents in the phenol. Tlle results are interpreted in terms of an 
attaclc by polystyryl radicals on the O H  group of the phenol. Support for this suggestion 
comes from the observation tha t  certain 0-methg.1 phenols do not significantly alter 
the rate and degree of polymerization of styrene. In all a t tempt  to obtain more positive 
evidence, the effect of six deuterated phenols on the polymerization of styrene has been 
determined, and the derivecl transfer constants compared with those estimated for the 
normal phenols. 

In  a separate study (2) the rates of reaction of 5,2-diphenyl-1-picrylhydrazyl ( D P P H )  
with a wide range of substituted phenols were obtained. T h e  rate-determining step was 
considered to be the abstraction by DPPI-I of a hydrogen atom from the 01-1 group of 
the phenol since 0-methyl phenols are relatively weal; hg7drogen clonors, and deuteration 
of 2,6-di-t-butyl-4-methylphenol decreases the rate constant for hydrogen abstraction 
a t  20" by a factor of 1.95 (3). Strong supporting evidence has now been obtainecl using 
deuterated 2,6-di-t-butgllphe1101 and 4-brol~~ophenol as  donors. A surprisingly small 
isotope effect was observed with 4-nitrophenol. 

Styrene, a gift of Dow Chemical of Canada, Ltd., was distilled a t  reduced pressure and then degassed 
and subjected to  two distillations on the vacuum line. I t  was stored a t  -78.5'. The phe!~ols were ~ ~ o r m a l l y  
recrystallized twice and dried in a vacuum dcsiccator. Dcuteration was effected by adding about 4 g of 
heavy water or deuterated metha1101 to 1.5 g of the pher~ol and leaving overnight a t  60' or reflusing for 2 
hours. The water and ~nethanol were removed on the vacuum line and the procedure \\.as twice repeated. 
The estent of deuteration was estimated by talcing infrared spectra of the deuterated phenols in chloroforln 
solution. The purified chloroform was dried over calcium chloride ancl the sodium chloride cells were filled 
in a dry bos. The general experimental procedure for studying the efiect of phc~lols on the polymerization 
of styrene a t  60' has been described elsewhere (1). 

For the DPPI-I reactions the normal procedure mas follo\\~ed (2) except for the making up of the reaction 
mixtures. Benzene was stirred with c a l c i ~ ~ m  chloride oil the vacuum line and distilled into a reaction tube 
containing weighed amounts of DPPI l  and the phenol. The tube was sealed and the rate of disappearance 
of DPPH determined a t  30'. Concentrations of phenols were in the range 0.04-0.08 ilc 
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RESULTS A N D  DISCUSSION 

Infrared analysis of the deuterated phenols showed that  deuterium was substituted 
only a t  the 01-1 group, and the extent of deuteration varied from 85% to 93%. These 
are probably minimum values since exchange may occur during the preparation of the 
chlorofor~n solutions and in the filling of the sodiurn chloride cells. No attempt has been 
made to correct for undeuterated material in the salnples used in this work. Table I 

TABLE I 

Extent of retardation and transfer constants a t  60' 

Retardation kt&, 
-- 

Phenol Phenol Deuterated phenol Phenol* Deuterated phenol 

1-Naphthol 
4-Benzyloxyphe~~ol 
2,3,4,6-'retra111ethyIphenol 
Catechol 
4-t-Butylcatecho! 
Pvrorrallol 

3% (0 .2  Ail) 
2% (0.2  111) 
2% (0 .2  11i) 
5% ( 0 . 2  nil) 

26% (0 .2  Ai) 
9% (0.006 1l.I) 

"rMean values. The limits shown are the standartl deviations of six estin~ated values. 

shows the effect of ordinary and deuterated phenols on the rate of polymerization of 
styrene a t  GO0. The results are given as  the decrease in rate of polynlerization for a 0.2 M 
solution of the phenol in styrene except for ordinary 4-t-butyl catechol where a 0.02 M 
solution was used and for ordinary and deuterated pyrogallol where 0.006 M solutions 
were used. I t  is seen that a t  equivalent co~lcentratio~ls the deuterated phenols all lower 
the rate of polymerization to a far less extent than the corresponding phenols. A sinlilar 
conclusion applies to the effect of deuterated phenols on the degree of polymerization 
of the polystyrene. These qualitative conclusions call be explained if the phenols react 
with polystyryl radicals in the transfer step of reaction [I]. 

The  phenoxy radical may cause retardation of polymerization by reacting with a poly- 
styryl radical or with another phenoxy radical, and if the rate of formation of phenoxy 
radicals by reaction [I] is lower with the deuterated phenols, the extent of retardation 
will be smaller. Similarly the effect of the deuterated phenol on the degree of polymeriza- 
tion is smaller than with the normal phenol if reaction [I] proceeds a t  a relatively low 
rate. 

Quantitative allalysis of both the rate and degree of polymerization data leads to 
estimates of the transfer constant ktr/k,, where k t ,  is the rate constant of reaction [ l ]  
and k, is the rate constant for propagation of the polymerization of styrene. Since k, is 
probably independent of the added phenol, the transfer constants are proportional to 
the rate constants for hydrogen abstraction, kt,. Transfer constants for retarders may 
be estimated fro111 rate data by the method of Jenkins (4). Three values of the transfer 
constant were obtained for each phenol assuming ( a )  that all phenoxy radicals disappear 
by cross ternlination with polystyryl radicals, or (b) that all phenoxy radicals disappear 
by mutual termination with other phenoxy radicals, or (c) that the rate constant for 
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cross termination is the geometric mean of rate consta~lts for mutual termination of 
polystyryl and phenoxy radicals. Transfer constants were also estimated from the degree 
of polymerization data. For the retarders, three values of the transfer constant were 
obtained using (a)  the sinlple chain transfer equation developed for non-retarders, (b) an 
equation developed on the assumption that  the geonletric mean assunlptioll applies to  
the termination reactions of phenoxy and polystyryl radicals, and (c) an equation devel- 
oped on the assumption that  nlutual termination of phenoxy radicals can be neglected 
(1). In the absence of reliable information collcerning the exact fate of the phenoxy 
radicals, mean values of the six estimates for each retarding phenol were determined. 
These lneall values for the retarders are given in Table I. The individual values vary 
by an average of about 40% from the mean. For those deuterated phenols which show 
no significant retardation, the transfer constants were obtained using the simple chain 
transfer equation. The transfer constants for deuterated 4-benzyloxyphenol and 2,3,4,6- 
tetralnethylphenol nlay be low because the method of analysis tends to give low results 
for weakly retarding phenols (1). The values for the catechols and pyrogallol are calculated 
from the total effects which they and their reaction products exert on the rate and degree 
of polymerization. 

The transfer constants given in Table I show that  the rate constant for abstraction 
of deuterium from a deuterated phenol is probably less than 0 . 2  of the rate constant for 
abstraction of hydrogen from the corresponding phenol. The ratio of rate constants 
calculated on the assunlption of a simple zero-point energy effect (5) with VO-H = 3620 
cm-l and vo-,, = 2660 cm-' is 0.126 a t  a temperature of GO0. 

The rate-determining step in the reaction of DPPI-I with phenols is assumed to  
involve the abstraction of a hydrogen atom from the phenol (2): 

CeHj \ /CeHI(NO?), C6H6 

N-S . 4- XCoH,OH 4 

\ 
N-N 4- XC6H40. r2 I 

CcHj 
/ 

C G H ~  \H 

Rate constants k 2  for reaction [2] are obtained from the rate of loss of DPPI-I and the 
stoichiometr~7 of the overall reaction. The rate constants a t  30' for normal and deuterated 
di-t-butylphenol, 4-bromophenol, and 4-nitrophenol are given in Table 11. In the first 

TABLE I1  
Rate constants k? for reaction [2] a t  30° 

Phenol Phenol Deuterated phenol 

two cases, the ratios of rate constants for deuterated and normal phenols are 0.123 and 
0.143. These results compare with a value of 0.102 calculated for a temperature of 30" 
on the assumption of a simple zero-point energy effect. The experimental ratio for 
4-nitrophenol is 0.66 but it is not certain whether the snlall isotope effect is real or is 
due to difficulties in working with this particular phenol. Fairly high concentrations of 
the three relatively unreactive phenols were used in these studies so that  any exchange 
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which occurred between the deuterated phenols and reactive impurities, such as water, 
would have a small effect. However, a t  these relatively high concentrations, some phenols 
do not show a simple kinetic behavior; there is frequently a rapid initial drop in optical 
density of the solution and the overall rate of reaction is not proportional to the concen- 
tration of phenol. 4-Nitrophenol behaves in this manner and the so-called second-order 
rate constant is dependent on the concentration of the nitrophenol. I t  is possible that 
the smaller isotope effect observed with 4-nitrophenol is connected with this complex 
behavior. 

The observed ratios of rate constailts for deuterated and norlnal phenols are presumably 
nlaxin~um values, because any normal phenol present in the deuterated phenol would 
increase the observed rate constant. The isotope effects strongly support the suggestion 
that  hydrogen is abstracted from the 0-H group of the phenol in the rate-determining 
step of the reaction with DPPH. McGowan, Powell, and Raw (6) suggest that DPPH 
abstracts a hydride ion rather than a hydrogen atoll1 as in reaction [2], but a radical 
mechanism is probably to be preferred. Boozer, Harnmond, Hamilton, and Sen (7) have 
concluded that the reaction of alkyl-peroxy radicals with phenols proceeds through an 
intermediate con~plex between radical and phenol and that an isotope effect should not 
necessarily be observed. Caldwell and Ihrig (8) have interpreted the kinetics of poly- 
merization of methyl methacrylate in the presence of phenols in terms of a conlplex 
between a polymethyl inethacrylate radical and a phenol nlolecule. Intermediate com- 
plexes may possibly be formed in the reactions of DPPI-I with phenols, or less likely of 
polystyryl radicals with phenols, but, if so, they do not prevent the observation of large 
kinetic isotope effects in most of the reactions studied. 
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THE CRYSTAL STRUCTURE OF Ag~Ca6~ 

R. P. RAND AND L. D. CALVERT 
Division of Applied Chemistry, National Research Coztncil, Ottawa, Canada 

Received November 30, 1961 

A B S T R A C T  

Ag3Ca5 is tetragonal, a = 8.03941 5 A, c = 15.011f 15 A, c/a = 1.87, space group I4/mctn. 
T h e  structure is o f  t he  D81 t ype  wi th  4 A ~ I  i n  4 ( a ) ;  8 Agrr in 8 ( k ) ,  r = 0.378f 5 ;  4 Ca1 in 
4 ( c ) ;  and 16 C ~ I I  in 16(1), r = 0.164f 5 and z = 0.150f 5. T h e  structure is characterized b y  
sheets o f  closely linked Ag and Ca atoms parallel t o  (001).  An indexed powder pattern is 
given. NH~pbzBrs ,  RbPb~Br5 ,  and ICPbzBrs also have the same structure and should be 
included together with B3Cr5, Ge3Ta6,  Si3Ta5, and S i3Nb5 in the 081 group. 

INTRODUCTION 

Little is l in0~11 about the binary coinpounds of the relatively inert metals of Group 
IB with the strongly electropositive elements of Group IIA but they are of interest 
because of the possibility of forming strongly directed boilding systems or showing 
charge transfer effects. The Ag-Ca phase diagram has been studied by Baar (1) using 
thermal techniques exclusively. He reported a coillpound tentatively given the formula 
AgCaz in the region 86-71 at.yo Ca. Subsequently Degard (2) examined alloys of the 
compositions of all the compounds and eutectics reported by Baar. He reported only 
mixtures of AgCa and Ca in the region 50-100 at.yo Ca. 

EXPERIIVIENTAL 

Ag3Cac has been obtained as small fragments chipped from ingots prepared b y  Dr. W .  A .  Alexander 
for use in a cooling curve apparatus. T h e  metals were o f  high purity. Spectrographic analysis o f  t he  silver 
showed the  following impurities ( in  p.p.m.): Pb 10, Fe 4 ,  Si 5 ,  Cd 20, Ca < 1, Mg  < 1;  C u ,  S n ,  Na not 
visible. T h e  calcium was six times distilled before use and analysis gave Mg 2,  Fe 2.5, M n  1, Si 2, Ba 2.5, 
Sr 2.5 p.p.m.; C u ,  Pb,  Zn, C d ,  Xi ,  Sb ,  Li ,  Cr,  Al,  Ag all not \isible. Typical analyses for nitrogen in t he  
calcium ranged from 140 t o  260 p.p.m. T o  avoid air contamination o f  the  alloys the  calciun~ was distilled 
from a side arm o f  the mild steel cooling curve apparatus directly onto the  silver at 950-960' C .  T h e  X-ray 
samples were taken after the  cooling curves had been observed. Tes ts  o f  impurity picliup in t he  alloys 
after t he  cooling curves had been observed showed Fe 110-200 p.p.m., and N 2  in t he  range 100-110 p.p.m. 
for an alloy that  had been melted six times. I t  is believed that  the  iron is largely mechanically included 
in the  ingots and that  this accounts for t he  variation in t he  analyses. T h e  three ingots from which AgjCas  
was obtained ranged in t~ominal composition from 62 t o  70 at.% Ca. 'The best chemical analysis for Ag3Ca5 
was made on a 0.5-mg sample (D,,, = 3.641 1 g/~111~) used for recording a major portion o f  the X-ray data. 
This  sample had only a few weal; powder lines corresponding t o  some surface decomposition. T h e  analysis 
gave 59.0 wt.70 Ag,  37.3 wt.% Ca,  which on correcting t o  loo%, assuming the  difierence t o  t e  O? or H20, 
gives Ag G1.3 mt.% and Ca 38.7 wt .yo;  calculated for AgsCas: 38.2nt.70 Ca. T h e  elnpilical formula was 
established froin t he  structure analysis before t h e  chemical analysis was available. 

Ag3Cas is a silver-white, brittle compound, stable in an inert atnlosphere. It decomposes moderately 
quiclcly in dry air and rapidly in moist air. Since the  formula o f  t he  compound was unlmown, samples 
were taken from all ingots as t h e y  became available. Lilcely lool<ing fragments (1-50 m g )  were selected 
and their densities were determined on a microbalance. Whi le  most o f  t he  density values lay randomly 
between the  possible limits, a few clustered near certain modal values. S - R a y  photographs o f  these were 
then talcen in a powder camera. Eight samples mTere found t o  be single crystals and were examined using 
a precession camera; four were examined in some detail. T h e  samples were handled under liquids dried 
over sodium and protected during exposure b y  a coating o f  an  acetone-soluble vinylidene chloride copolymer 
(Saran Resin F220, Dow Chemical Co., Sarnia, Ontario) or b y  sealing into glass capillaries. T h e  reflections 
hkO, h k l ,  hk2, hk3, hhl, h01, and those in t he  [310] zone were recorded using M o  radiation. 

'Issued as N.R. C. No. 6716. 

Canadian Journal of Chemistry. Volume 40 (1962) 

705 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



706 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

CRYSTALLOGRAPHIC DATA 

The crystals were tetragonal with good to excellent cleavage parallel to (OOl), cliHrac- 
tion s~,mbol 4/mmm. I-c-, a = 8.039&5 A, c = 15 .Ol l f  15 ,i, c/a = 1.87, D,,, = 3.6 
f 1 g/cin3, D, = 3.59 g/cm3, 11 = 970.1 A3, F.W. = 524.04, Z = 4, Fooo = 964, p 1  for 
MO I<, = 00.7 cnz-I, B = 1.23 k2. Within the limits of the precession method there were 
no variations in the axial lengths of the samples examined. The complete X-ray powder 
pattern is given in Table I. The indexing is listed only to a! = 1.6 A since beponcl this 

TABLE I 

Powder cliffraction pattern of AgrCaj 
(I-llwtcm, n = 8.039+5 a, c = 15.011+15 A, Ni-filtered Cu radiation, Xar = 1.54050 .A, temp. 22" C, 

camera diam. 11.46 cm, cutoff 14 A,  intensities by comparison with a logarithmic scale, b = broad) 

Ioix hkl do~x d u ~ c  Iote  d01,s Io~x d,,~,, 

there are too illany ambiguities. I t  should be noted that powder patterns of this material 
may show strong absorption effects with the larger d-values, in  error by 1-2y0 if  the 
samples are unduly large. This pattern was obtained froin samples having iio~ninal 
compositions close to Ag3Cas, whereas saillples on either side of this composition showed 
mixed patterns. 

STRUCTURE DETERMINATION 

The original attempts to solve this structure were based on partial data obtained froin 
two crystals extracted from a diffusion couple. One crystal, on chemical analysis, gave 
the forillula Ag,Ca,,,,; the other decomposed before being analyzed. No satisfactory 
solution for the structure was achieved by simple trial and error nlethods so fresh sanlples 
were obtained from the cooling curve ingots which had just become available. Care was 
taken to exainine a number of samples in order to avoid possible difficulties due to 
twinning or other sample variations. The intensities for the reflections hkO and hhl were 
obtained from timed precession photographs and corrected for Lorentz-polarizationu-izatioi~ 
effects. The appropriate temperature factor and absolute scaling factor were obtained 
by Wilson's method (3). The possible space groups are I4cm (c::), I3c2 (D::), and 
I4/mcm (D:;). A coinparison of the average intensities of the axial rows with those of 
the axial zones and the general zones (4) indicated the space group I4/mcm as the most 
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R.4ND A N D  CALVERT: CRYSTAL STRUCTURE OF ApaCai 707 

probable. The fact that all zones were centric was taken to confirm this hypothesis. A 
consicleration of atomic volunles together with the possible space group positions gave 
Ag,Ca5 as a liltely forrnula and a trial structure of the D81-type was readily established. 
The optimum values for the i~ldividual paranleters were obtained by varying each 
parameter syste~llatically and calculating I2 = C I FobSI - F,,,,(/C IFobSI for selected 
groups of planes particular11 sensitive to the parameter in question. Shifts of 0.005 from 
the optimum positions gave marl;edly worse values of R. The reflections 001, 331, and 
441 were ~ ~ s e d  for the CaII z parameter; 111, 531, and a group of eight kkO reflections 
were ~ised to derive the Ag,, x parameter. The final structure has 4 AgI in 4(a), 0,0,$; 
8 Xg,, in 8(h), .v,$+x,O with x = O.378f 5 ;  -1 Ca, in 4(c) 0,0,0; and 16 Ca,, in 16(1), 
x,$+x,z with x = 0.164f 5 ancl z = O.15Of 5. This s t r~~c tu re  gave R = 0.07 [or all 
observed hkO and R = 0.20 for '111 observed hhl planes. As a final checl: calculations of a 
few hkl reflections fro111 the [3TO] zone gave R = 0.09. Subject to the limitations involved 
a rough estimate of the accuracl of the coordinates may be obtainecl from Luzzati's 
for~uula (12). This gives = 0.03 A,  corresponding to 0.003 for z ant1 0.006 for x. The 
agreement is generally good except for 004 where F, = 326. Extinction may perhaps 
account for this disagreement. The crystals ~ ~ s e d  were mostly multiple, with the various 
portions having the c-axis parallel. For the hkO reflections the ~llultiple spots were spread 
out but in the hhl reflections they are overlapped to an unl<nown clegree and it is assumed 
that this accounts for the larger R value for these reflections (Table 11). 

'I-ABLE I I  
Observed and calculated structure factors 

-- 

I~k0 F,, F, hhl F,, Fc hkl Fo Fc 

020 94 +lo1 004 2'20 +32G 550 0 + 3 
Y20 2G5 + 263 114 12!) +I14 552 163 - ll!) 
130 390 +44G 220 241 +a61 448 315 +275 
040 187 - 175 222 128 - 103 554 33 + 4 
330 1G5 - 135 OOG 274 +347 00,14 230 + 1 <I!) 
24-10 21G + 2 ~ 2  224 171 + 14!) 33,12 0 + 32 
150 219 +2l!) 11G 1 $10 - 257 11,l-l 1GG - 140 
440 364 + :3 '7'2 226 37 - 48 550 101 - 130 
350 101 +lo0 008 -122 +507 44,lO 76 + GG 
O(i0 253 +252 330 181 - 134 22,14 0 - 22 
2G0 63 + 58 332 1G8 -151 558 0 + 13 
170 25 0 118 0 + 15) 660 171 +I74 
370 221 +223 :',34 239 +201 G62 77 - G2 
080 "2 + 183 228 171 + 1G7 44,12 18G +20G 
280 110 +I12 :33G 315 - 238 33,14 154 - 189 
660 177 +I74 00,10 0 - 2 55,lO 77 - 82 
570 128 + 124 440 388 +37G 44,14 76 + 9G 
k80 0 - 21 11,10 114 - 133 GG8 13 1 +I14 
100 79 + ti0 442 160 +I22 770 0 - 3 --., 390 64 + 54 22,lO 86 - 88 , ,- 104 - 81 
770 0 - 2 444 355 +272 G G , l O  130 - 100 

2,10,0 85 + 83 338 58 - 60 55,14 7 1 - !):3 --.  500 135 + 147 00,12 247 +287 , , G  95 - 87 
4,10,0 79 + 80 11,12 0 + 32 213 329 -377 
~ ,11 ,o  $10 + UI 44, G 179 + 139 413 129 + 12-1 
:3,11,0 38 + 40 83,10 0 - 20 G13 128 + 130 

112 ZGG - 245 23,12 122 
-- 

+ 107 

DISCUSSION 

The 0 8 ,  structure was reported by Bertaut and Blunl in 1953 for B3Cr5 (5). I t  has 
since been observecl for GeSTa5 (G), SiyTa5, and SiSNb5 (7). Not previously noted is the 
fact that the sallle structure was reported for the ionic compounds NH4Pb2Br5, libPb2Brj, 
and KPb2Br5 by Powell in 1937 (8). (The origin used by Powell is removed $,$,O fro111 
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that  used in this paper.) All these compouncls, although isostructural, are not isomorphous 
in the sense that their powder patterns are directly comparable since the wide variations 
in atomic sizes and scattering power obscure the fu~ldalnental similarity. 

This structure can be most co~lve~lie~l t ly  cliscussed in terlns of slabs of atoms parallel 
to (001). Fig. l (a ) ,  which is a full cell projection ollto (OlO), shows the atoms arranged 
in layers a t  z = 0 (A), 0.15 (B), 0.25 (C), 0.35 (B), 0.50 (A), and so on. The interatomic 
distances correspondi~lg to contacts are listed in Table I I I ,  and representative pairs of 

T A B L E  I11 
Calculated interatomic distances (.&) for XgoCaj 

.- 

atonls corresponding to these distances are indicated by dotted lines in Fig. I .  The 
atonls lying in layers BCB are shown projected onto (001) in Fig. l(b).  This arrangement 
is the Al2Cu structure (C16 type). The Agr atoll1 lies in the center of eight CaII atoms 
arranged a t  the vertices of a square antiprism, 3.36 A away from the Ag. For a coordi- 
nation of eight the Ag-Ca distance is calculated to be 3.37 A on the basis of the radii 
observed in the ~netals  corrected for eight coordination. 

The short Car,-CaII distance of 3.58 A deserves attention. A calculation of the 
interatomic distance between the same pair of atoms in the 20 or so ltnown ClG-type 
structures shows that  some apparent contraction occurs frequently but  that  it is most 
marked when the large atom is relatively "open", i.e. with a snlall ion core in respect 
to its ~netallic radius. For example, in NazAu the ratio rAu/rNa is 0.73 and the observed 
Na-Na distance is 3.30 A as compared to 3.80 A in the metal; in the present case 
rAg/rCa is 0.75 and the observed Ca-Ca distance is 3.58 as compared to 3.96 A for 
the metal. The position rnarlted H in Fig. l(b) is a t  the center of a tetrahedral hole 
of radius 2.39 A, about the size of a carbon or nitrogen atom. 

The atonls in the layers BAB are projected onto (001) in Fig. l(c). This layer, which 
forms the   no st strilting feature of the structure, is identical with the structures of Th3A12 
(9) and U3Si2 (10). The Car atoms are linlted to four AgII atoms (3.19 A) a t  the corners 
of a square while each AgII atoll1 is linlted to two Car and one AgIr (2.77 A), the whole 
array forming a sheet of closely linlted atoms parallel to (001). The  relatively tight 
linltage in this layer probably accounts for the observed cleavage on (001). In addition 
to the contacts within the layer each Car is connected to eight Car ,  (3.76 A) a t  the 
corners of a square prism while each AgII is connected to six Car ,  a t  the vertices of a 
right triangular prism (four a t  3.24 A plus two a t  3.32 A). The  Car-AgrI distance 
of 3.19 A within the layer corresponds to a value somewllat larger than that  calculated 
for 4-fold coordination but  on the other hand the Car-Car, distance of 3.76 A is some- 
what less than that calculated for CN = 8 (3.92 A) or CN = 12 (3.96 A), so that  the 
coordi~lation around Car is internlediate in character between 4- and 12-fold. Sinlilarly 
the short AgrI-Ag,, distance (2.77 A) and Agrr-Car distance (3.19 A) are actually 
rather longer than that  estimated for 3-fold coordi~latio~l (-2.5 '4, -3.0 A), whereas 
the average Ag-Ca distance (3.25 A) is solnewhat shorter than that calculated for total 
8-fold coordi~lation (3.37 A), leading to the c o ~ ~ c l ~ ~ s i o n  that the bonding shows sollle 
evidence of an "electrochemical" effect, i.e. sollle degree of ionic character. 
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RAND AND CALVERT: CRYSTAL STRUCTURE OF AgaCas 709 

FIG. 1. Projections of the Ag,Cas structure. ( a )  Full cell projection onto (010); ( b )  layers BCB projected 
onto (001); (c) layers BAB projected onto (001). 

The coordination of the CaII atom is complex and not easily pictured. The inter- 
atomic distances corresponding to contacts are indicated in Fig. l ( a )  by dotted lines. 
The average of the nine distances is 3.48 A whereas a weighted average of Ag-Ca 
(CN = 8) is -3.6 A. 

This structure may be considered as being primarily determined by the relative sizes 
of the atoms concerned and not by their normal group valencies, metallic nature, or 
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electron/atom ratio, as Inay be seen by studying the formulae and radius ratios of the 
isostructural compou~~ds  listecl in Table IV, in which metallic radii for CN = 12 have 

TABLE IV 

Compounds crystallizing with the D8r s t r u c t ~ ~ r e  

Compound Radius ratio I Compound Radiils ratio 

been co~llpared except for iYH4Pb2Br5, ICPbrBr5, ant1 RbPb2Br5, where the appropriate 
ionic radii have been used. A similar conclusion with respect to the AlrCu (ClG) structure 
which comprises lajvers BCB (Fig. l(b)) of the present structure has been proposed by 
Raynor (11). Secondly, the average interatomic distances are somewhat shorter and 
the average coordi~latio~l numbers are somewhat smaller than might be expected on a 
purely nletallic basis. This suggests that the bonding, altho~tgh primarily nletallic, is 
modified by a noticeable "electrochemical" effect. X lllore detailed discussioll of the 
bonding is reserved until the results from other Xg-Ca compounds are available. 
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STEREOCHEMICAL STUDIES 
IV. ACID-CATALYZED EQUILIBRATION OF a- AND @-FORMS OF 

3-ALKOXY-4-OXA-5a-CHOLESTANES. THE ANOMERIC EFFECT 

J. T .  EDWARD AND I. PUSKAS' 
Depnrtv~eltt  of Chentistry, 11fcGill Uttiversity, Mo'olttrenl, Qlre. 

Received Novernber 28, 1961 

ABSTRACT 
, . I he a -  and p-anomcrs of 3-methosy-, 3-isopropoxy-, 5-cyclohesylosy-, and 3-phenoxy-4- 

oxa-50-cholestane were separated by chromatography on alumina. The config~irations of the 
;molners were assigned Iron1 a consideration of their optical rotations. Acid-catalyzed 
equilibration of the 3-nllcoxy anolners favored forn~ation of the axial isomer, the proportions 
of a -  to p-fornls being about ' i : 3 .  "a-Phenosy-4-oxa-5a-cholestane in acid solution was in 
equilibri~um with phenol slid 4-osa-5a-cholest-2-c1~e. 

The reaction of benzyl :~lcoIiol with :<a-chloro-4-oxa-5a-cliolestane in tlie presence 
of base, or witli 4-oxa-5a-cIiolesta1~-:3a-o1 i l l  the presence of acid, has been sliow~l to 
yield a ~iiixture fro111 which :<a- and :3~-benzyloxy-4-oxa-5a-cholestane could be separated 
by chro~iiatograph~~ 011 alumina. On the other ]land, the correspo~lding reactions of 
methanol yielded ~uixtures from which only 3a-metlioxy-4-oxa-5a-cliolestane could be 
isolatetl in a pure state (1). 

We lia\.e now found that by using a larger chromatographic column it is possible to 
separate 30-methoxy-4-oxa-.ja-cliolestane from these mixtures. This cliro~iiatograpliic 
method was also used to separate tlie isomeric 3-isopropoxy-, 3-cyclohexyloxy-, and 
:3-phenoxy-4-osn-5cY-cholestanes, produced by reaction of ~<a-chloro-4-0xa-5a-cholestane 
witli the appropriate alcohol or phenol. 

For each pair of isomers, the configuration a t  the :<-position was determined by a conl- 
~~a r i son  of molecular rotations. -kcording to Hudson's rules of isorotation ( 2 ) ,  for 
aldopyranosides the nlolecular rotation of an a-D-glycoside shoultl be about 350-400" 
more positive than tliat of the 0-D-anoiiier. This rule has been rationalized by Whiffen 
(:3) and Brewster (4) in their more general treatments of the effect of structure upon 
optical rotation. Since :<-substit~itecl 4-oxa-5a-cholestanes have the C-1 conformation 
of the majority of 11-pyranosides (5), a b o ~ ~ t  the same difference between the molecular 
rotations of a-  aiicl 0-anonlers should be observed. Tlie results in Table I show this 
expectation to be co~lfirmed. As anticipated, the molecular rotation cliffere~lce is signifi- 
cantl!, greater for a -  and 0-forms of 3-plienoxy-4-oxa-5a-cholestane (+67g0); phenyl 
a-D-glycop~~ranosides generall3- differ fro111 phellyl 0-~-gl]rcopj.ranosides in molecular 
rotation by a b o ~ ~ t  +GOO0 (6, 7). 

According to these configurational assig~uiients, the isomer more strongly adsorbed 
011 alumina is in every case tliat having an equatorial allcoxy group. This is in line with 
the effect on adsorl~tion of the configuratio~~ of the liydrox~.l groups of steroidal alcohols 
(8). The differences in melting points of the pairs of isomers (Table 11) are also those 
expected from their configurations. While the melti~lg points of methyl a- and 0-D- 
glycopyrrunosides var3. in all i r reg~~lar  fashion, the melting points of phenyl (7) and higher 
alkyl (8) 0-D-glycop~.ra~losides are generally above those of the a-anomers, probably 
because of the better pacliing in the crystal possible for lnolecules with the bullcy ano~lleric 
group equatorial. 

'Holder of N.R.C. Stlidentship, 1959-1961. 

Canadian Jouri~al of Cl~ernistry. Volame 40 (lgG'3) 
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TABLE I 
Nfolecular rotation [I!& values (in deg) of 3-substituted 4-osa-5a-cholestanes 

[ll!f]D of 

3-Substit~~ent Solvent" a-Form &Form Aill1J-U~ 

Methosy CHCla 
Methoxy THF-MeOH, 1: 1 
Isopropoxy CHC13 
Isopropoxy PriOH 
Cyclohexyloxy CBCI, 
Cyclohexyloxy THF-Cyc, 2:3 
Phenoxy CHCI, 
Phenoxy THF-PhOH 
- 

*THF = tetrahydrofuran; Cyc = cyclohesanol: ratios of solvent n ~ i s t ~ ~ r e s  in v/v. 
+Not rigorously purified because of lack of material. 

TABLE I1 
Melting points of 3-substituted 4-om-5a-cholesta~~es 

Methoxv 98-99.5 (1) 78 . -.. -.~- 

Isopropoxy S y r ~ ~ p  
Cyclohexylosy Syru 
Benzylosy 42-51 (?)* 
Phenoxv 112-117* 

*Melting points of slightly impure compounds. 

Both a- and p-forms of the 3-alkoxy-4-oxa-;3a-cl~olestanes underwent illutarotation in 
acid solution, the same equilibriu~ll value of the optical rotation being obtained starting 
with either isomer. Some typical results are shown in Fig. 1. Previously this type of 
change had been observed with 3a- and 3p-benzyloxy-4-oxa-5cr-cl~olestane, and shown 
to  be due to the formation of an equilibriu~m mixture of the a- and p-isomer (1). The same 
is true for the changes now under consideration. In  the case of the 3-methoxy derivatives, 

TIME (MINUTES) 

FIG. 1. NIutarotatio~l of 3-allcoxy-4-oxa-5a-cholestanes; experimental values shown as points, and 
theoretical values for first-order reactions (having rate constant k) as curves. (A) 3a- ( 0 )  and 38- ( 9 )  
methoxy compounds in absolute methanol - tetrahydrofuran, 1:1 (v/v), 0.013 iVwith respect to hydrogen 
chloride, a t  2if  1.5' C; k = 0.027 min-1 (natural logs). (B) 301- ( 0 )  and 3P- ( 9 )  isopropoxy compounds in 
absolute isopropanol, 0.084 N with respect to hydrogen chloride, a t  22f 0.5" C; k = 0.0115 min-'. 
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EDWARD AND PUSKAS: STEREOCHElMICAL STUDIES 713 

the equilibrium inixture was recovered froin solution and separated by chromatography 
into the 3a- and 3p-isomers; in the case of the 3-isopropoxy and 3-cyclohexyloxy deriva- 
tives, the equilibrium mixture was shown by qualitative infrared spectroscopy to be made 
up practically completely of 3a- and 3p-isomers. The equilibriuin distributions of the 
isomers obtained froin polarimetric nleasureinents a t  25&4O, assuming the equilibriuin 
inixture to be made up solely of the 3a- and 3p-isomers, are shown in Table 111. 

TABLE I11 

Anomeric equilibrium of 3-substituted 4-oxa-5a-cholestanes 

By polarimetry By chromatography 

3-Substituent Solvent yo a-form Solvent % a-for111 

Methoxy MeOH 7 3 f  2 MeOI-I 67 
Isopropoxy PriOH 7 1 f  2 PriOH 75 
Cyclohcxyloxy Cyc-THF, 3:2 6 9 f  2 CYC 66 
Benzyloxy ( I )  PhCI-1201-I-TI-IF, 3:2 7 3 f  3  PhCH?OH 85 

These distributions are in rough agreement with those obtained by actual cllromato- 
graphic separation of equilibriuin mixtures (Table 111). (The values for the isopropoxy 
and cyclohexyloxy derivatives in this table are derived from the experiments i l l  which 
3a-chloro-4-oxa-5,_cholestane was solvolyzed in the appropriate alcohol to give the 
alkoxy derivative and hydrogen chloride.) Better agreeinent could not be expected, 
because of the possibility of changes in coinposition during the removal of the solvent 
from the mixtures a t  reduced pressures and slightly elevated temperatures prior to 
chromatography; this (in part) inay account for the presence of sinall amounts of 
4-oxa-5a-cholest-2-ene and of other unidentified products in the cl~romatograpl~ic 
fractions. 

The equilibrium distributioil of isomeric 3-all;oxy-4-oxa-5a-cl~olestanes are about the 
same, regardless of the nature of the alkyl group, the axial (a) isomer being favored 
(Table 111). Evideiltly the "anomeric effect" (1, 10, 11) outweighs the effect of steric 
interactions between an axial oxygen atom and the axial hydrogen atoms a t  the 1- and 
5-positions; the latter effect is apparently approxiinately independent of the size of the 
alkyl group, as \vould be expected if the al1;osyl group has the conformation showil in 
forinula I. The equilibrium constants I< (= concentration of a-isomer/concentration of 

p-isomer) of 2 .  4&0.  2 for the four isomerization reactions correspoild to free energy 
differences (AF) of 5 2 0 ~ t 5 0  cal/mole between the a- and p-isomers. This compares with a 
AF of 715 cal/mole between the corresponding a-  and p-anomers of methyl D-glucoside 
(77% a-anoiner a t  equilibrium in acidic inethanol (12)). For all of these coinpounds 
AF may be coilsidered as made up of the difference between the ailoineric effect and the 
interaction energy for an axial oxygen and two axial hydrogen atoms. The greater A F  

I for the sugar may be due in part to a greater value of the anomeric effect in this compound 

I because of the inductive effects of the illany hydroxyl groups (1, 11). However, i t  may 
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also be due in part to differing values of interaction energies of axial groups in glucosides 
and in 4-oxa-5a-cholestanes because of a stiffening of ring A in the latter through fusion 
with ring B (13). Thus AF between axial and equatorial hydroxyl groups of 4-t-butyl- 
cyclohexanol in isopropanol a t  90' is 0.96 kcal/mole (14), and of cholestan-3-01 in boiling 
propanol is 2 . 0  kcal/mole (13)." Consequently, any attempt to estimate the separate 
contributions to AF made by the anomeric effect and by 11011-boitded repulsio~~s in these 
compounds must be regarded as highly speculative until independent estimates of the 
interaction energies are available. 

I11 a11~7 one equilibratioi~ experiment the changes in rotation followed tlie expected 
first-order ltinetics with reasonable accuracy, as shown by the examples in Fig. 1. However, 
while the equilibrium constants obtained in clifferent experiments were reasonably 
relxoclucible, the rate constants differed sometimes by factors of 2-3. Similar difficulties 
in reproducing rate constants for tlie acid-catalyzed mutarotation of glj~cosiclcs have 
been reported, and attributed to the effect of traces of water in the alcohol (11). 

In acidic solutioi~ in tlie presence of a large molar excess of phenol, 3a-phcnosy-4- 
oxa-5a-cholestane eliminated phenol bl- a first-order reaction (Fig. 2 )  to give an equili- 

TIME (MINUTES) 

FIG. 2. Change in rotation, oil standing, of a solution of :<a-phenoxy-4-osa-ja-rholestane in aciclic 
phenol-tetrahydrof~ira~i, 1 :4  (v/v)  a t  28 5+0 5' C. Circles: esperimcntal values; r u n e :  theoretical for 
a lirst-order reaction having rate constant = 0.054 win-'. 

brium mixture made up of about 2 n~oles of the plienoxy compouncl per mole of 4-oxa-5,- 
cholest-2-ene. This indicates a much smaller thermody~~aii~ic  stability for the 3-phenoxy 
as compared with 3-alltoxy compounds: the latter ma>. also be in equ i l i b r i~~n~  with 4-oxa- 
5a-cholest-2-ene in acidic alcohol (see above), but the quantity of the latter a t  equilibrium 
must be very much smaller, and not enough to affect appreciably the calculated equili- 
brium distributions shown il l  Table 111. The lesser thern~oclynamic stability of the 
Sa-plienoxy compound was shown more directly in an equilibration experiment stai-ting 
with Sa-metlioxy-4-oxa-5a-cl~olestane and a large excess of phenol in acidic tetrahydro- 
furan. The products (Sa-methoxy-, 3a-phenoxy-, :3~-plie~1ox~~-4-oxa-ja-cIiolestane, etc.) 
were isolated by chromatography on alumina. Bearing in mind the limitations of such 
a method, discussed above, the constants calculated from these results can be considered 
only very approximate. However, for the reaction 

3a-n1ethosy--l-osa-5a-cholestane + phenol 2 3a-phenosy-4-oxa-5n-rholejtane + methanol 

an equilibrium constant =0.05 may be calculated, and for the equilibrium between 
3a- and 3P-pheiioxy-4-osa-5cY-cl~olestaiie, I< > 6. 

* W e  are gratefzrl to a refereefor bringing t1t:i.v point to oz~r  attention. 
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(a)  25 rnl ligroin: nothing; 
( b )  15 1111 Iigroin: crystals of 4-oxa-5m-cholest-2-ene (7 mg), identified by 1n.p. and infrared spectrum; 
(c) 40 ml ligroin: syrup (123 rng), shown below to be 3a-cyclohexyloxy-4-oxa-5m-cholestane; 
(d) 30 1111 ligroin-benzene, 9:1, v/v: syrup (13 mg) having characteristic absorption peaks in CCla a t  

1103, 1089, 1062, 1049, and 1024 cm-I which are absent in the spectrum of both 3m- and 38-cyclohexyloxy 
isomers (see below); the fraction  nus st be a mixture of a t  least two compounds, since in another run the 
corresponding fraction showed the 1103 and 1089 peaks only; 

(e) 45 1111 ligroin-benzene, 3:2, v/v: crystals (62 mg) shown below to  be impure 38-cyclohexyloxy-4-oxa- 
5m-cholestane. 

Fraction c mas dissolved in 20 ml hot methanol, treated with charcoal, and filtered, but all attempts 
to obtain crystals from the filtrate failed. Removal of the solvent left a syrup which appeared to  be SLY- 
cyclokexyloxy-4-oxa-5~-cholestane; [ol]~" +103O (c, 1.23 in chloroform); [ a ] ~ ? ~  $108" (c, 1.78 in cyclo- 
hexallol-tetrahydrofuran, 3:2, v /v) ;  v::) in cm-I: 2920 (780), 2845 (400), 1468 (166), 1450 (186), 1374- 
1379 (110), 1368 (114), 1233 (52), 1120 (202), 1098 (loo),  1057 (182), 1035 (410), 931 (102), 910 (66), 
888 (50). Calc. for C32H5602: C, 81.20; H, 11.9470. Found: C, 81.34; H, 11.94y0. 

Fraction e was dissolved in ligroin and decolorized with charcoal. The crystals left by evaporation of 
the solvent dissolved partially in hot methanol -ethyl acetate (9:1, v/v),  leaving behind some undissolved 
syrup. On cooling, the solution gave colorless prisms of S~-cyclolzexyloxy-~-oxa-5a-c1~olestane (22 mg), 
micro n1.p. 108-110' C, unchanged by  further recrystallization from methanol; [ a ] ~ ~ ~  $8.5' (6, 1.34 in 
chloroform); [aln25 $8.1' (6, 1.15 in cyclohexanol-tetrahydrofuran, 3:2, v /v) ;  v::: in cm-1: 2920 (685), 
2810 (397), 1468 (164), 1454 (186), 1385 (120), 1368 (136), 1343 (82), 1166 (211), 1137 (175), 1120 (172), 
1092 (l59),  1068 (365), 1044 (330), 932 (100). Calc. for C32Hjt02: C, 81.29; H. 11.9470. Found: C, 81.08; 
H ,  ll.84a/0. 

Sa- and S~-Phenoxy-4-oxa-5m-c1tolestane 
( a )  From Sa-Clzloro-4-oxa-5m-cholestane 
A solution of 3a-chloro-4-oxa-5~-cholestane (120 mg) and freshly distilled phenol (94 mg) in absolute 

tetrahydrofuran (4  ml) was refluxed gently overnight. The solvent was removed under reduced pressure 
and the residual syrup stirred with distilled water. The  water was decanted and the syrup dried in a vacuum 
desiccator and chromatographed on alumina (20 g, basic, grade 111) to give the following fractions: 

(a)  20 ml ligroin: 4-oxa-5m-cholest-2-ene (2 I I I ~ ) ;  
(b) 25 n ~ l  ligroin: crystals (25 mg); 
(c) 25 ml ligroin: unidentifiable syrup (11 mg); 
(d) 20 ml ligroin; sticky crystals (19 mg); 
(e) Inore ligroin, followed by more polar solvents: differing syrupy, foamy, and glassy fractions (60 mg). 
Fraction b, twice recrystallized from ethyl acetate-ethanol (1:1, v/v),  gave shining needles of Ya-plzenoxy- 

4-oxa-5a-ckolestane (17 mg), 1n.p. 141' C ;  [m]o?j $162' (6, 1 38 in chlorofornl); AX,,,, 264, 270, 276 mp; 
E E ~ ~ ~  1120, 1590, 1360 (in cyclohexane); v:::' in cm-': 3053 (24), 3025 (29), 2926 (565), 2850 (304), 1597 
(130), 1405 (255), 1469 (159), 1462 (125), 1448 (128), 1383 (124), 1367 (117), 1290 (49), 1226 (278), 1175 
(76), 1160 (172), 1112 (202), 1102 (139), 1078 (82), 1038 (360), 963 (156), 948 (308), 935 (174), 921 (220), 
890 (54), 690 (96). Calc. for Cs?H600z: C, 82.35; H, 10.8070. Found: C, 82.28; H, 10.61%. 

Fraction d, recrystallized fro111 ethyl acetate -ethanol a t  0' C, gave colorless needles on the side of the 
flasl; and a syrup on the bottom. The  crystals (2.8 mg) were separated, washed with n~ethanol,  and dried, 
ant1 appeared to be slightly impure S~-plzenoxy-~-oxa-5m-cltolestane; micro n1.p. 112-117' C ;  [a]n25 $8.2' 
(c, 0.766 in chloroform); AX,,, 263, 269, 276 mp; 830, 1140, 975 (in cyclohexane; values of extinction 
coefficients uncertain because of weighing errors with small sample used); vz:: in cm-I: 3050 (w, sh),  3030 
(m, sh), 2925 (vs), 2845 (s), 1600 ( m ) ,  1582 (m),  1407 (s), 1468 (m), 1455 (m), 1416 (sh), 1393 (m), 1384 (m), 
1367 (w),  1244 (s), 1227 (m),  1205 (w), 1179 (w), 1162 (w), 1139 (w),  1104 (w),  1070 (vs), 1051 (m) ,  1028 
(w),  1001 (w), 904 (w), 960 (w), 939 (m), 010 (w), 904 (m), 885 (m),  832 (m) ,  819 ( ~ n ) ,  755 (vs), 600 (s). 

(b) Fronz Sm-Afethoxy-4-0xa-5m-c1zolestane 
3m-i\iIethoxy-4-oxa-5a-cholestane (140 mg) and freshly distilled phenol (2 g )  were dissolved in absolute 

tetrahydrofuran (15 ml), and some dry hydrogen chloride was blown into the solution. The flask was 
stoppered and left to stand a t  room temperature for 2 hours. The  acid was then neutralized by the addition 
of freshly silver carbonate. The insoluble inorganic salts were removed by filtration and washed 
with ether. The combined filtrate and washings mere concentrated in oaczlo, and the residual syrup was 
dissolved in ether. The ether solution was washed with 5% sodium hydroxide solution and with water, 
and partially dried by washing with saturated sodium chloride solution. The  ether was removed under 
vacuum and the residual syrup (163 mg) chromatographed on alumina (30 g, basic, grade 111) to  give 
the following fractions, identified by infrared spectroscopy: 

( a )  40 ml ligroin: crystals of 4-oxa-5a-cholest-3-ene (10 mg); 
(b) 35 ml ligroin: crystals of 3~-phenox~~-4-oxa-5m-cholestane (92 mg); 
(c) 35 ml ligroin: crystals of 3~-methoxy-4-oxa-5m-cholestane (21 mg); 
(d)  25 ml ligroin-benzene, 4:1, v/v: differing syrupy fractions, containing aromatic groups as revealed 

by their spectra (14 mg); 
(e) 25 ml ligroin-benzene, 4:1, v/v: impure crystals of 3~-methoxy-4-oxa-5cu-cholestane (14 mg). 
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Fraction b was purified by recrystallization from ethyl acetate -ethanol (1:1, v /v)  to give pure needles 
of 3a-phenoxy-4-oxa-5a-cholestane, 1n.p. 141°, mixed m.p. 141". 

In fraction d there was infrared evidence for the presence of 3P-phenoxy-4-oxa-5a-cholestane accompanied 
by much impurity. 

Acid-catalyzed Eqz~i l ibrat ion of 3a- and  SP-Alkory-4-oxa-5a-cholestanes 
A solution of hydrogen chloride in the requisite alcohol was prepared by addition of a small amount 

of acetyl chloride, and the acid concentration determined by titration. An aliquot (0.02-0.06 ml) of this 
solution was added (at zero time) to a solution of 3-alkoxy-4-oxa-5a-cholestane (14-18 mg) in about 
0.9 ml of the alcohol or alcohol-tetrahydrofuran mixture (Table 111) contained in a 1.00-ml volumetric 
flask. The solution was made up to 1.00 1111 and mixed, and polarimetric measurements were made as 
quickly as possible. 

Acid-catalyzed Elinzination of PAeltol f ~ o m  Sa-Phenoxy-4-oxa-5a-cholestane 
An aliquot (0.02 ml) of 0.0186 N hydrogen chloride in tetrahydrofuran was added to 3a-phenoxy-4-oxa- 

5a-cholestane (15.55 mg) in about 0.9 ml of phenol-tetrahydrofuran (20'3c, v/v). The solution was made 
up to 100 ml with the same solvent and mixed, and polarimetric measurements were taken (Fig. 2). After 
reaction the solution was treated with anhydrous sodium carbonate and the solvent removed under reduced 
pressure. The residue in ether was extracted with water, 5% aqueous sodium carbonate, and water, and 
dried. The solid, after removal of the ether, was analyzed by infrared spectroscopy and found to  contain 
3a-phenoxy-4-oxa-5a-cholestane and 4-osa-5a-cholest-2-ene in approximately 2:l ratio. The ratio from 
polari~netric measurements (Fig. 2) a t  equilibrium was 1.87:1, assumingonly 3a-phenoxy-4-oxa-5a-cholestane 
and 4-oxa-5a-cholest-2-ene (and no 3P-phenoxy-4-osa-5a-cholestane) to be present, and the specific rotation 
of 4-oxa-5a-cholest-2-ene to be the same in the present solvent as in chloroform (1): both assumptions 
are only approxinlately true (cf. Table I). 
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DETERMINATION OF THE ACTIVITIES OF MAGNESIUM IN LIQUID 
MAGNESIUM-TIN ALLOYS BY VAPOR PRESSURE NIEASUREMENTS' 

S. ASHTXI~AL=\? AND L. hlI. PIDGEON~ 
D e p a r l ~ ~ z e ~ ~ l  of ~ l f e t a l l ~ ~ r g i c a l  Engilzeeii)zg, U?zinersity of Tor011t0, Toro~110, Ollfario 

I<cceived December 4, 1961 

The vapor pressure of liqi~id magnesium-tin alloys has been ~neasurecl bet\veell iSOO C 
ancl 1010" C ~lsing the isopiestic method. 

Activities of magnesium were obtained a t  800' C, ! ) IOU C, ancl 1140" C. Activities of tin 
sho\vecl a negative departure from ideality, and those of mag~~esiilrn, both negative and a slight 
positive departure. 

Partial heats and entropies of mixing mere calculatecl, and values are negative for most 
of the composition range. Partial free energies of mixing for the entire composition range 
sho\ved negative values. Integral heats, entropies, and free energies \\>ere c:~lculated from 
the partial quantities. These values were negative, i t~dicatir~g a n  ordcretl liqi~id alloy. 

The measurement of vapor pressures in reactive metal sj.stems presents special 
difficulties owing to the reactivity of the volatile metal, and many established techniques 
are unsuitable. Static isopiestic metl~ods offer advantages wliicl~ more than offset tlie 
objection that the results must be based on the worl; of others. The method is particularlj. 
applicable to systems consisting of but one volatile component. This paper describes 
measurement of tlie vapor pressure of magnesium over liquid ~~lagnesiurn-tin alloys using 
an elaboration of the method of Herasymenl;~ (7). The changes adapted tlie technique 
to the treatment of liquid alloys, and a t  the same time achieved a more reliable system 
for the measurement of alloy temperature. 

DESCRIPTION OF METI-IOD 

Metallic magnesium was heated a t  a constant temperature 1'1 a t  one end of a long 
tube. The magnesium vapor was allowed to come to equilibrium with the samples of 
tin kept a t  different temperatures, along the length of the tube, the temperature of the 
alloys being higher than that of magnesium. The compositioi~ of tlie alloys reached a t  
equilibrium is established by quenching and subsequent analysis. Iinowing the vapor 
pressure of magnesium from published data ( I ) ,  and the temperature of the alloy, the 
activity of magnesium could be calculated from the formula 

where Po is the vapor pressure of pure magnesium a t  the temperature of tlie magnesium 
chamber, and PI0  is the vapor pressure of pure magnesium a t  tlie temperature of tlie 
alloy. 

The basic limitation of this method is that the vapor pressures of the volatile component 
should be lano\\ln accurately, and its accuracy is dependent on the accuracy of the work 
of others. On the other hand, tlie values obtained can easily be recalculated, if different 
values are subsequently accepted for the vapor pressure data of the volatile component. 

lCons/rz~cled f r o n ~  n thesis presented b y  S .  A s l ~ t a k a l a  i n  parliczl fr~lfillnzent of the reqz~irelllenls for lke degree 
of Doctor of Phi losophy i n  l l ~ e  Departnzeltt of i l l e ta l l z~~g ica l  E ~ ~ ~ i t ~ c o i l l . q ,  Ultioersity of Torolllo. 

?Present address: c / o  B .  Silaratr~crinl~ Adnocale N o .  11,  Uttaradi A l z~ t t  Road ,  Baltgalore-4, Mysore  Stale,  
I n d i a .  

31'rofessor altd Head of llze Dcpartnzent of dletallzrrgical Engineerixg,  L7?tiaersity of Toronto. 
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ASI-ITAKALA AND PIDGEON: ACTIVITIES OF Mg 

E S P E R I ~ I E N T A L  PROCEDURE 

( 1 )  Asseiilbly of tlzc Rractio?t T i h e  
'The rcaction tube consisted of t\vo parts-the magnesium chamber and the alloy chamber, connected 

by a small diameter tube, as shown in Fig. 1. 'I'he reaction tube was made of mild steel. 
The n~agnesium chamber contained about 55 g of pure n~agnesiu~n.  The alloy chamber contained 10 

thermocouple \\;ells a t  equal clista~~ces. 111sicIe the alloy chamber, the ther~nocouplc \vells were fitted with 
high-temperature porcelain tubes. 
, . I in samples were placed in graphite boats which were placed on the thermocouple wells. The boats were 

prevented from touching the steel tube by porcelain insulators. After positioning the tin boats, the assembly 
was connected to the vacuum system by a small tubeand pumped down to about 0.001 mm I-Ig. The \lacuuln 
olftal;e \\;as then "hot pressure \veldecl" and sealed. 

The f ~ ~ r n a c e  was provided with silicon carbide resistors controlled in two sections so that a suitable 
t empera t~~rc  gradient could be produced. It contained a n  inl~cr "Inconel" tube, as sho\vn in Fig. 2, in ~vhich 
the reaction tube \v;~s placed. The thermocouple wires \\.ere passed through the water-cooled copper encl 
p,late to the outside of the furnace, sealed by means of Pliocene cenlent. The encl plate was madc vacuum- 
t ~ g h t  by means of a n  O-ring. 

The nlaterials used in the cxperilnents consisted of zone-refined tin of 99.99!)'/;, S n  and silico-thermic 
magncsiun~ of 0'3.96C/;, Pig (courtesy of Dominion i\'Iag~~esiurn Limited). 

Thc "Inconel" tube was placed under slight \.acuun~ in orcler to minimize the pressure dilferential insidc 
ancl outside the r eac t io~~  tuhe. The two scctions of the furnace were heated ancl controllccl separately, ancl 
power input was so manipulatccl that the temperatures of the alloys \\,ere always higher than that of 
magnesium. 

At the end of the run, argon was introduced into the "Inconel" tube, the encl plate was rcrnovcd, and the 
r eac t io~~  tube pulled out on rails ancl q~~cnchecl by meals of water sprayed on all the sides of the tube. The 
whole operation tool; about a minute. 

(2) I'iecision i l c c t ~ r a c y  of Ext)el.ii1ie?7ts 
( a )  Tei i lpciat t~re  ilJmst~reri~e?zt 
The temperature of the chamber conta ini~~g the ~nagnesium "boiler" was constant to &0.5', and an  

exploratory thermocouple in the boiler itself iudicatecl barely detectable changes. 
In  the part of the systenl containing the deliberate temperature gradient, it is of ~ ~ t m o s t  inlportance 

that temperature of the alloy chambers be constant longitudinally and radially, ancl that the temperature 
as read by the thermocouple be that of the liquid alloy. 

At the beginning of the experiments, the temperatures of the n~agnesiun~ and alloy chambers, as read by  
thermoco~rples inside thc thermocouple wells, were compared with a seco~td set of ther~nocouples inserted 
into the melt directly. 

As a result of these experiments, the shape and size of the graphite boats for the alloys and that of the 
~nagnesium chamber were established. It \\,as also observed that,  as long as the temperature difference 
bet\veel~ the hot and cold ends of the alloy chantber was less than 120' C and above a minimum of 750" C, 
the temperature as recorded by thermocouples in the \\fells agreed with the tenlperature insicle the melt 
within &O.5' C. 

( 6 )  Al loy  A ~ z a l y s i s  
Alloy analysis indicated an accuracy of &0.5% by weight of magr~es i~~m.  This resulted in an  error of 

& I  1no le7~  'ju1g in the lo\vest magnesium concentrations and &0.2 mole%, Mg in the highest magnesium 
concentrations. 

In most cases, each magnesiun~ chamber was ~~sec l  for one experiment and occasionally for two experinlents. 
At the end of the run, magnesium in the chamber was analyzed for ti11 content, which was found to be 
negligible. 

( c )  Qt~e?zclzing 
Care is take11 to ql~enc-I1 the magnesium chaml:er faster than the rest of the tube. If the magnesium 

pressure is high during quenching, magnesium ~ \ ~ o u l d  condense on the relatively colder reaction tube than 
in the alloy. If the alloy pressure is high, magnesium wonld also condense on the tube. At no time was a 
condensate in evidence. I t  is consiclcrecl that this effect, if any, \\.as of a negligible proportion. 

( d )  Eqt~ilibriz~i11 
I t  would be expected that the time talcen to reach cq~~ilibrium would be longest for arl alloy of high mag- 

nesium content a t  the lo\vest rnagnesiunl pressure. Once the time required for such a n  alloy to come to 
equilibrium is established, all other alloys can safely be assumed to reach equilibriu~ll in this time. 

Experiments were conducted a t  low pressures for dilferent periocls of time, betweell 48 and 7 2  hours, 
and they sho\vecl similar results within the experimental error. In one experiment, instead of using pure 
tin in the alloy chambers, alternate samples were mixed with magnesium such that the equilibriun~ was 
approxhed fro111 opposite sicles in alternate cases, and results were within the accepted error. The various 
esper~mental points plotted on the log P 1;s. l!T curves were obtained from different experiments, and all 
fell on a straight line within the experimental error, indicating that the equilibriu111 had been established. 
All experinients were conductecl for 2 days or more. 
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ASHTAKALA AND PIDGEON: ACTIVITIES OF Mg 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



-. . 122 C.-\NADIXN JOURNX13 OF CHEMISTRY. VOL. 40. 1962 

ESPERIi\lIENTr\I, RESULTS AND DISCUSSIOX 

For the calculation of the vapor pressure of liquid magnesium, the data of I<ubaschewski 
(1) were employed; the vapor pressures are given by the formula 

I1 1 log P,,, (mm Hg) = -7SSO/T- 1.41 log T+12.79. 
r .  I he magnesium content of the tin-magnesium alloys was measured as a function ol 

temperature a t  various pressures of magnesiu~li. The esperimental res~ilts are  show^^ 
in Table I .  

At the pressures used, it nus only possible to obtain a variation in coniposition ranging 
lrom about 0.9 N,,, to 0.3 N,,,. I n  order to measure the activities a t  010" C below this 
limit, the temperature gmdient between the hot and the cold ends oi the reaction tube 
would have to be about 300" C, well above the 120" C limit of the apparatus. Hence, 
activities below 0.3 NbI, were not obtainecl. 

( I )  ,llagnesil~rn Pressure Over the All loys 
From the results obtained, log P vs. 1/1' curves were plotted for different compositions 

oi Sn-Mg alloys, as shown in Fig. 3. 
The magnesium pressures of these alloys are expressecl in the form 

where the pressures are espressed in atmospheres aiid the temperature in degrees absolute. 
The vapor pressures of magnesiuni given in equation [I] are also expressed in this form 
for the same temperature range. The values obtainecl for the co~istants . I  and B are showli 
in Table 11. 

( 2 )  ,-1 ctivities o j  JJagnesilirn 
The activities of magnesium a t  three temperatures, i.e., 880" C ,  910" C ,  and 940" C, 

were calculatecl from the experimental clata and shown i l l  Fig. 4. The curve is extra- 
polated below 0 . 3  N,,,. The a function of nlagnesium is expressecl b!- the following 
formula : 

where y ,  is the activity coefficient of component i and N ,  is the mole fraction of the 
same component. The a function of magnesi~lm is plotted against Ns,,, aitd the linear 
segment thus obtained from 0.7 Nsn to 0.3 Nsn is extrapolated to higher concentratiolts 
of tin. The calculated activities of magnesium from the a function gave aclcled confidence 
to the extrapolation of the activity curve. 

P,, values a t  low concentrations of magnesium were calculatecl froin the activities 
thus obtained a t  the three temperatures. From plots of P,, vs. 1/1' the values of the 
constants A and B in e q u a t i o ~ ~  [2] were calculatecl and are shown in Table 11. 

(3) Activities of Tin 
The activities of tin a t  the three temperatures 880" C, 910" C, and 940" C are calculated 

by the graphical integration of Gibbs-Duhe~n equation, 

In ~ s n  = S"" ~ ~ ~ = l  ". ATsn a ln YM,. 
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TABLE I 

Composition of the Sn-&Ig alloy a t  \.nrious temperatures and vapor pressures of Mg 
- - - 

Magnesiunl pressure in m m  of Hg: 
. - - .. . -- . - - - . . .- 

111.1 71). 25 66.05 3). ti 26.31 25.58 16.05 
- - -- .- - - -- - - - - - - - - -- - - -- 

I ,  OC A I,  OC Njjl: I ,  OC I V M ~  I, "C N g l c  I, 'C N > l c  
. -- 

I ,  "C NII, 1, "C lVxK 

$112 0.890 880 0.845 875 0.793 8 0. 787 820-30 770 0.763 5 
014 0.840 903 0.720 887 0.711 848 0.730 840 0. 630 824 0.68 781 0.717 -I 
4 0.768 918 0.641 913 0.595 8G8 0.71 863 0.550 837 0.611 7 0.GGO 
938 0. 741 036 0.55 931 0.4!)!) 888 0.560 881 0.485 853 0.561 811 0.595 $ 
1)50 0.587 !)55 0.475 950 0.4'20 !)08 0.480 0 0.410 874 0.488 834 0.511 :, 
!)68 0.540 980 0.42 Ni(i 0.375 2 0.441 890 0.445 852 0.476 . 
084 0. 50 1 1,001 0 . 3 1  8 0.33 009 0.375 861) 0.421 Z 
1,015 0.101 1,000 0.31 928 0.329 888 0.370 

0 
Magnesium pressures (in iltmosphcres) esprcsscd by log I-'.,I, = -il/T+B of \.arious alloy compositions, nntl partial heats ;uncl entropies of solution % 

per gnu11 atom of Mg > 
n 
a 

, . I emp. range, 
"C 

~RAI,, 
cal 

0.0 Liq. 
0.8 Liq. 
0.7 Liq. 
0.6 Liq. 
0.5 1,iq. 
0.4 Liq. 
0.3 Liq. 
0.2 Liq. 
0.1 Liq. 
Pure Mg. Liq. 

b.. 

~ F j t , ; "  a F a r a t  -C 
at 910" C, at 910" C, 

b.. 

a S w , ,  4 
ca 1 c.a l cal n b.. 

I\ 'o~o: The  A B values are obtained from equations i \Hjfc  = 4.57fi (Ao-A) and A&, = 4.57fi (Bo-R),  here i1° ant1 Bo corrcsr~o~ld to  pure ~nagnesitlni. 
- - 

*AF~I, = AnlR1:- l ' A . ' ~ r ~ .  
t-\Parc = RT In a,,,. 
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724 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

FIG. 3. Log P & f g  VS. l /T  magnesium-ti11 alloys. 

The results obtained are shown in Fig. 4. 
I t  can be seen fro111 Fig. 4 that,  for the most part, the activity curve of lllagnesiuln 

has a negative deviation froin ideality, as can be expected in a system exhibiting inter- 
metallic compounds. (The n~agnesiunl-tin system has an interilletallic compound, 
Mg2Sn.) A negative departure is associated with a tendency for one atoll1 to group with 
the other type, and a positive departure indicates a tendency for each type of atom to 
group with similar atoms. If this reasoning is pursued in the present case, it must be 
concluded that such tendencies change with the composition, since a positive departure 
exists above 0.7 N M g .  
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ASHTAKALA AND PIDGEON: ACTIVITIES O F  ME 

Mole Fraction of Maqnesium 

FIG. 4. Activity vs. mole fraction of magnesium: 0, experimental data ;  0, interpolated from Fig. 3 ;  
A, extrapolated from plot of cr function; 8,  calculated from tables. 

I t  is of interest to  note tha t  the composition a t  which the deviation changes from posi- . 
tive to  negative occurs a t  about the coinposition of the interinetallic compound MgnSn. 

Unlike magnesium, the activities of tin are negative throughout the compositioil 
range. The activity ineasure~lleilts of the magnesium-tin system were carried out b y  
Schneider and Esch ( 2 )  using boiling point methods. In the range 93.9-66.7 mole% of 
magnesium a t  1100° C, i t  was found to behave ideally. As can be seen from the present 
work, the activities of illagnesium are approaching ideality in this range of composition. 
I t  can also be seen that  the curves approach ideality a t  the higher temperatures. The  
maximum deviation from ideality in this range, even a t  910' C, is of the order of 0.2 N,,. 
These observations of Schneider and Esch corroborate the present worlr. 

(4)  Partial Mob1 Properties 
From the values of the constants A and B shown in Table 11, i t  can be shown that  

where A" and BO refer to  pure magnesiulll and A and B refer to  different alloys. 
The partial free energies are calculated from the activities of inagnesiulll from the formula 

The values of the three partial molal quantities thus obtained a t  910' C are shown in 
Table 11. 

(5)  Integral Qz~antities 
The integral quantities call be calculated froin the partial quantities by the graphical 
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ASI-ITAKALX AND PIDGEOS: ,\CTIVITIES OF Mg 727 

integration of the Duhem-Margules equation. For a two component system, the integral 
quantities can be expressecl as 

where A X M  may be the heat, entropy, or free energy of formation. 
Each of the three integral quantities are obtained by graphical integration of the 

above equation. 
The integral values thus obtained are shown in Table 111, along with the ideal entropies 

and free energies of mixing. 
The icleal entropies and free energies are expressed by the equation 

The values of excess entropies are also tabulated in Table 111, obtained from tlie equation 

From tlie results obtainecl, it can be seen that  the magnesium-tin system cloes not behave 
as a regular solution. I t  may be said that the magnitude of tlie integral quantities thus 
obtainecl indicates that  the liquicl niagnesium-tin alloy forms lion-icleal solutions and 
that some degree of orcler is present. 

I t  is of interest to note here tha t  Boltalts (3) concluded from electrical and magnetic 
studies of Mg2Sn that  the bonding must be a mixture of metallic ancl polar types. 

( 6 )  Conzparison of Heats of I;orrnation with Literature Valz~es  
Heats of formation of liquid Mg-Sn  stem a t  800" C were obtainecl by Iiawaliami (4) 

by direct combination of the constituent metals a t  various compositions in a calorimeter. 
His results are shown in Table 111. I t  call be seen that his results are less negative than 
those obtained in the present worli. The heat of formation of solicl Mg2Sn is given by 
Kubaschewslti (5) as -(i100f 400 cal/g-atom a t  20" C. Biltz and Holverscliiet (6) also 
measured the heat of formation of solid Mg,Sn a t  20" C calorimetrically from the heats 
of solution in HCI FeC13/aq., and reported a value of -20,000 cal/g-atom. I<awaliami's 
results give a value of -3 .3  lical for the formation of liquid NIg2Sn a t  800" C. From tlie 
values of I<ubaschewslii for tlie heat of formation of solid Mg2Sn ancl that  of Kawal<ami 
for liquid R/Ig2Sn, the value of heat of transformation of solicl Mg2Sn to liquid Mg:Sn a t  
800" C can be calculated to be +2 6 kcal. 

Using Biltz's results, a heat of formation of liquid R'Ig2Sn of - 1'7.4 kcal is found. The 
present work shows a value of -7.5 lical for the heat of formation of liquid Mg2Sii a t  
910" C. Thus, the present value lies between that of Kawakami ancl Biltz. 

I t  is estimated that the AF,, values are correct to about f l O O  cal a t  low concentra- 
tions of magnesi~uii to f 50 cal a t  high concentrations. AH,, values are correct to f GOO 
cal a t  low concentrations of magnesium to f 100 calories a t  high concentrations. The 
error in ASblg values is of the order of f 0.5 to  A0.05 cal/deg mole. 
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M. IV. LISTER 
Ileparliizent of Cltewtist~y, Universily of Toronto, Toronto, O~tlario 

AND 

R. C. PETTERSON' 
Researclz Deparlnzent, Purex Corporalion Ltd., Sozllh Gale, Calif., U.S.A. 

Received September 31, 1061 

ABSTRACT 

The rates of oxygen evolution from carefully purified solutions of sodium hypochlorite 
have been measured. Methods of purification are described, and it is found that substantially 
the same rate is observed regardless of the method of purification. The rate of oxygen evolution 
is proportional to the square of the concentration of hypochlorite ions. The effect of tempera- 
ture and ionic strength are examined. The rate constant is 7.5X1OP6 (g-rn~l/l.)-~(min)-I a t  
60" C and an ionic strength of 3.5; the activation energy is 26.6 kcal/g-mol. These results 
are compared with the corresponding quantities for the reaction of hypochlorite ions to  form 
chlorite and chloride ions, and some tentative explanations are offered. 

In an earlier paper ( I ) ,  one of the present authors exa~nined the decomposition of 
aqueous sodium hypochlorite solutions, particularly the rate of deconlpositioil to sodiuin 
chlorate and chloride. The accompanying reaction giving sodiuin chloride and oxygen 
was exanlined more superficially. Rates of oxygen evolution were observed on a nu~nber 
of solutions a t  that time, but  it was never proved that  the oxygen evolutio~l could not 
be ascribed to the presence of traces of catalyst. The reasons for this uilcertainty were 
as follows. Firstly, measurements on the catalyzed reaction (2) showed that  the observed 
rates could be accounted for by the presence ol copper in co~lce~ltrations of the order 
of a pg/l. Secondly, the rates were somewhat variable. Thirdly, it was fouild that the 
observed rates were r o u g h l ~ ~  proportional to the co~lcentratio~l of hypochlorite, and i t  is 
difficult to suggest a simple first-order ~nechailis~n for the u~lcatalyzed reaction. However, 
relatively low orders of dependence on l~ypocl~lorite concentration are observed for the 
catalyzed reaction, which suggests that  these earlier solutioils contained traces of catalyst. 
Finally, and perhaps the most convincing reason for believing some catalyst to be present, 
i t  was found that  the apparent activation energy for oxygen evolution was 21 l;cal/g-11101, 
less than the 24.8 l;cal/g-mol found for the reaction giving chlorate and chloride; yet 
the latter is the predominant reaction. 

Other worlters have also examined this deconiposition, though they usually did not 
separate the rates of the two reactions. Giordani (3) found a second-order gas evolution; 
but  his conclusio~~s about the reaction to chlorate had not been confirmed, so it seemed 
worth while to investigate the reaction in inore detail. 

EXPERIMENTAL PART 

The main proble~n was to obtain sodiuin hypochlorite free from traces of catalyst. At present- only cobalt, 
niclcel, and copper are known to  catalyze this deco~~~posi t ion,  so that  the methods of purification were 
directed towards the removal or coinplexing of these metals. I t  seemed much more promising to purify 
the sodium hypochlorite solution as opposed to  the chlorine and sodium hydroxide solution from which 
it was made. The following general methods of purification, or a t  least of removal of catalyst, were em- 
ployed: 

(1) precipitation of a compound in the solution in the hope that  any  catalyst would coprecipitate with i t ;  

lPresent address: Deparlntenl of Clzemisl~y, Massachuselts Instilute of Teclz?tology, Cambridge, Mass., U.S. A .  
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(2) deactivation of the catalyst by means of a complesing agent; 
(3) a combination of these methods, by precipitation of sodium periodate. 
The details of the methods \\.ere as follows: 
(1) Coprecipitetion.-It was already known that precipitation of calciu~n carbonate in a sodium hypo- 

chlorite solution \\~ould carry down a considerable fraction of any copper, nickel, or cobalt present. In a 
typical run, 10 ml of 1.0 ill sodium carbonate solution was added to about 1 liter of sodiutn hypochlorite 
solution, and an equivalent amount of calcium chloride solution was then added slowly with vigorous 
stirring. After standing of the solution for a short time, the precipitate was filtered oTi on a sintered-glass 
filter. In many runs this procedure was repeated, usually live times in all. Other precipitates were examined: 
magnesium hydroxide, lanthanum hydroxide, calcium fluoride, and barium sulphate. In each case the 
metal ion (i.e. barium, etc.) was added last. The amounts ~lsed were much the same as described abovc 
for calcium carbonate; i.e. 10 ml of 1.0 14 solutiort of the metal being precipitated was added to 1 liter 
of sodium hypochlorite. iblagnesium and lanthanum hydroxides \\!ere chosen because they might be similar 
to the chemical form of thc catalytic metals; calcium fluoride and barium sulphate because they are very 
insoluble salts of fairly simple structure. Irt fact, magnesium hydroxide and l a n t h a ~ ~ r ~ m  hydroxide \\.ere 
fairly efficient, but none of them was superior to ca lc i~t~n carbonate. 

(2) Co~izplesing agents.-A nuntber of organic complesing agents wcre examined, the substances chosen 
all having the stability coltstant for the copper (11) colnplex greater than lo4, and having chcmical structures 
which would not be too easily attacked by hypochlorite ions. 'The complesing agents \\ere tested by adding 
about 4 g to 1 liter of sodium hypochlorite. As it tclrned out, few resisted attack by the sodium hypochlorite 
for long, particularly if the solution was not very allcaline. Most of these contpounds generate acid OII  

oxidation, and as the pH fell the rate of gas evolution rose. Sulphosalicyclic acid acted as a moderatcly 
efficient complesingagel~t as long as the solutiort was alkalirte. 0-Phenanthroline behaved similarly. Salicyclic 
acid, ethylenecliaminetetraacetic acid, acetylacetone, and 8-hydroxyquinoline \ \we tested, but found to be 
~lseless. Consequently none of these provide a satisfactory method of purifying the solution. 

(3 )  Precipitatio77 of sodiz~nt periodale.-Since periodate ions form stable complex salts with copper, 
niclcel, and cobalt, and since sodium periodate is relatively insoluble, the following method of purificatiol~ 
was tried. Sodium iodate solution (contairiing some sodium hydroxide) was added to the sodi~un hypo- 
chlorite solution. This was then rapidly warmed to 80" C, when sodium periodate precipitated. The solution 
was cooled and filtered. This procedure could be repeated for more efficient purification. I t  was found that  
the solutions so treated gave relatively low rates of gas evolution, showing that this was an  effective 
method. I n  a typical run 10 rnl of 0.25 114 sodium iodate \vas added to about 1 liter of approximately 1.5 M 
sodiun~ hypochlorite, to which had been added enough sodium hydroxide to replace that used up in the 
precipitation of sodium periodate, NazIlaIOo. The solution was heated, cooled, and filtered, as described 
above. 'This was done five tintes in all; however, the sodiunt hyclroxide was only added once, but in sufficient 
quantity to lreep the solution alkaline throughout. 

.\I~usl~rel,zent of Oxygen Evolution 
The rates of evolution of gas were measured simply by lreeping a \veighed nmoctrrt (about 900 ml) of 

the solution a t  constant temperature, and measuring the rate of evolution of gas in a gas burette. 'This 
held up to 50 ml, and could be read to  0.05 rnl. In calculating the rate of oxygen evolution, it was assumecl 
that the gas was always saturated with water vapor a t  the temperature of the water jacket of the gas 
burette. 'I'he cortcentration of sodium hypochlorite was found a t  intervals by analysis of sarnplcs, and 
the initial solutions were contpletely a ~ ~ a l y z e d  so that the ionic strength could be computed. The methods 
of analysis were the same as those give11 in an  earlier paper (4). The solutio~i mas stirred throughout the 
run, a ~ ~ d  no readings of gas volume were used in the calculations until the gas had been found to be coming 
off a t  a constant rate. The solutions had been largely freed of dissolved gas during the filtrations, and 
oxygen must build up to a certain degree of supersaturation before a steady rate is reached. This tool< a 
surprisingly loug time, usually several hours, or even a day a t  lower temperatures. This i ~ ~ i t i a l  retenti011 
of oxygen in the solution can lead to results which make the oxygen evolution appear to be first order, a t  
least approximately, since the gas rate is lower than it should be in the carly part of a run when the con- 
centration of hypochlorite ions is high. 

The results are given in Tables I and 11. 'The results are presented in the form of the calculated ralc 
constants. The second-order rate constant is obtait~ed from the equation 

and the first-order constant fro111 

d[O?l/dt = 1/2Ku*[OCl-1. 

The factor of one half arises, as two hypochlorite ions produce one oxygen molecule. I t  is evident from 
a n  examination of Table 1 that the second-order rate constant stays constant, while the first-order does 
not. The rate c o n s t a ~ ~ t s  quoted in Tables 1 and 11 are slightly approximate since it is impossible to obtain, 
in practice, an ins ta~~taneous  value of the rate of gas evolutio~t. The oxygen must be collected over a periocl 
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LISTER AhTD PETTERSON: OXYGEN EVOLUTIOK 

TABLE I 

Runs a t  GOo C and ionic strength about 3.5 
-- 

K O  X 106 Ko"' X 10' 
Mean [CIO-1, [NaOM], (2nd order), (1st order), 

Iiun g-mol/l. g-mol/l. Purified by (g-mol/l.)-'min-1 tiiin-1 

TABLE I1 
(All solutions purilied by calcium carbollate treatment) 

-- 

K O : ~  XIOG 
Temp., Ionic Meall [CIO-1, (211d order), 

R u n  "C strength g-mol/l. (g-mol/l.)-lmin-1 
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TABLE I1 (Concluded) 

KO' X 10" 
Temp., Ionic Mean [CIO-1, (2nd order), 

Iiun "C strength g-mol/l. (g-mol/l. )-lmin-l 

of time so that an average rate is obtained. The concentration of hypochlorite used in the calculation 
was obtained by plotting [C1O-]-l against time, which gives a linear plot, and by using the  value of 
[CIO-I-' a t  the midpoint of the period of gas collection. I t  follows from the  rate equations that  the approxi- 
mate v a l ~ ~ e  of K O  (2nd order) is related to the true v a l ~ ~ e  by the equation 

where t is the time interval during which gas mas collected, K l  is the rate constant of the reaction giving 
sodium chlorate, ancl X O  is the initial concentration of hypochlorite ions. In no run did this approximation 
cause an  error of more than 0.0770. 

DISCUSSION O F  RESULTS 

The first point to note fro111 Table I ,  as mentioned above, is that gas evolution from 
carefully purified sodium hypochlorite is in fact second order in hypochlorite ions. The 
method of purification is indicated in Table I ,  and purification by calciu~n carbonate or 
by sodium periodate precipitatioil gave the same result. The average value of ICo a t  60' C 
and 3.5 ionic strength is 7.5 X (g-m~l/l.)-~inin-~. The coilcentratioils of sodiuill 
hydroxide are given in Table I. These varied from about 0.1 114 to 0.01 M ,  and within 
these limits there is no drift of rate with hydroxide ion concentration. This indicates 
that the reaction is one of hypochlorite ions, and not hypochlorous acid. 

Measurements were made a t  other ionic strengths and other temperatures and these 
are given in Table 11. The effect of ionic strength is as would be expected: it  causes little 
change in ICo a t  low ionic strengths, but a rise a t  high ionic strengths. A plot of log KO 
against 1 /T  is reasonably linear, and gives an activation energy of 26.6 kcal/g-mol a t  
an ionic strength of 3.5. A slightly higher value is obtained a t  lower ionic strengths. 
This value (26.6 kcal) is larger than the activation energy of 24.8 kcal/g-mol found for 
the reaction 

2C10- --, C102- + C1-. 
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If IC1 is the rate constant of this reaction, then 

K1 = 1.76 X 1 012e-24.800/RT 
9 

K O  = 2.10 X 1012e-2"6°0/RT, time in minutes. 

This is equivalent to saying that the entropy of activation of the two reactions is much 
the same (for KO, AS* = - 12.5 cal/deg, and for K1, AS* = - 12.8 cal/deg). This presum- 
ably indicates that the activated complex for the two reactions is somewhat the sanie sort 
of species in both cases: one might speculate that it consists of two ions close together 
but differently oriented; i.e. 

[I]  reaction to chlorite: 0--CI-0--CI 

[a] reaction to oxygen: C1-0--0--C1. 

If the negative charge on the hypochlorite ion resides chiefly on the oxygen atom, this 
would inalre the second species less stable, as is required by experiment; in fact a simple 
model like this could account for a much larger difference in activation energy than is 
observed. 

Ailother possibility is that the activated complex might have a cyclic structure and 

this in fact could be the intermediate for either reaction. This would iinply that  the 
very small difference in tlie entropies of activation was due to experi~nental error. How- 
ever, a compact structure like this seems less probable than one in which the atoms 
have not had to come so close together. 

Some tentative calculations were also made on the relative energies of 0C10C1-2 and 
C100C1-2 as intermediates. If i t  is assumed that the four electrons that previously 
formed the bonds in the two ions have become delocalized in u-bonds extending over all 
four atoms, then application of Hiickel's n~olecular orbital method ( 5 )  ma1;es 0C10C1-2 
more stable than C100C1-2: the difference, using plausible values for the electronegativi- 
ties of the atoms, is 0.350. This difference will be offset to some extent by the greater 
proximity of the larger effective nuclear charges on the clilorines in OCIOCI-?. This con- 
clusion is not dependent on tlie exact choice of values for the electronegativities, and 
hence for the Coulomb integrals lor these atoms; provided chlorine and oxygen are differ- 
ent in this respect, 0C10C1-2 will be more stable. Co~isequently, if this picture of the 
activated intermediate state is correct, it explains the preferential forn~ation of chlorite 
and chloride ions, as opposed to chloride ions and oxygen. 
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HEATS OF DILUTION OF POLYISOBUTYLENE SOLUTIONS 

M. SENEZ' A N D  H .  DAOUST 
Department of Chenzistry, Uniuersity of i l lontreal,  ?IIontreal, Qz~e .  

Received December 18, l O G l  

ABSTRACT 

The measurements of heats of dilution of polyisobutylene solutions in benzene, toluene, 
and chlorobenzene have been carried out with a Tian-Calvet microcalorimeter a t  25' C. 
The dil~ition technique previously described has been improved and the extrapolated enthalpy 
paranleter KI* for each system has been corrected for the excluded volume effect using the 
Iirigba~~m-Carpenter-Ihelio-Roig formulation for the second virial coefficie~~t A?. No 
detectable variation in K ~ *  was found for high ~i~olecular weights (>43,000); but a definite 
increase in KI* was f o ~ ~ n d  for very low ~nolecular weights. 

INTRODUCTION 

In a preceding paper ( I ) ,  a comparative study was made of the different treatments 
dealing with the effect of polymer-solve11 t interaction 011 viscosity. I11 this paper, statistical 
thermodynamic theory will be applied to calorimetric data of heats of dilution of the 
same systems. 

I t  is now well linown that lattice theories of polymer solutions fail to represent the 
behavior of thermodynamic funct io~~s,  particularly for dilute solutions, where, contrary 
to experiment, they predict the chemical potential of the solvent to be practically inde- 
pendent of molecular weight; the necessarjT microscopic discontinuity of polymer con- 
centration a t  high dilution is, of course, primarily responsible for this. The agreement 
is also not perfect in the case of concentrated solutioils due to the inadequacy of a rigid 
lattice as a inodel for polymer solution theory. 

Flory (2) was the first to propose a statistical mechanical calculation for the variatioil 
of the second virial coefficient -A2 with molecular weight, while Zimm (3),  using the 
molecular distribution fuilctioil formalism and Gaussian statistics for the configuration 
of a single chain, was able to calculate the molecular weight dependent double contact 
term in the expansioil of the integral for A?. Calculatioils of the higher-order contact 
terms of the series, talting into accouilt the departure fro111 purely Gaussian statistics, 
have been attempted (4, 5), and the results show that the series is slowly converging. 
Thus, several authors (6, 7) have tried to iinprove the original inodel of a uniform density 
equivalent sphere first used by Flory to represent the interacting molecules. Recently, a 
rather simple but  iilge~lious theory was given by I<rigbaum et ad. (8) and was show11 to 
predict very well the variation of A2 with molecular weight. 

Unfortunately, the calculation of the higher virial coefficieilts is not feasible. Fixman, 
in his recent theory (9), inaltes the parameters ill the Gaussian potential of Flory and 
Krigbaunl agree with the exact coefficieilt of the double contact term of A2 and uses it 
to calculate the variation of osinotic pressure with concentration. This theory is certaiilly 
an improvement,.but it is not in very good agreement with experime~tts (lo), except 
with very good solvents. At present, i t  is rather difficult to predict the values of the 
thermodynamic fuilctioils except in infinitely dilute solutions. Also, it must not be for- 
gotten that the theory is applicable only to high-polyiner and not to short-chain solutions, 
although an important increase of the heat of dilution is observed in going from a high 
polymer to the d iner  (see below). 

'Present  address: Departrtzent of Chenzistry, University of Mancltester, ilfanchester, England.  
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SENEZ AND DAOUST: HEATS OF DILUTION 735 

In this paper, we shall present our calorinletric data and show that  the application of 
the new Icrigbaum dilute solution theory gives results which are in good agreement with 
those of the intrillsic viscosity theory of Kurata and Yaillakawa (5). 

EXPERIMENTAL 

The Tian-Calvet microcalori~neter and the dilution cell used have been previously described in the 
literature (11, 12). Originally, the partition cell was designed to have no vapor space and has been used 
accordingly as such a t  first. However, in this way the solution in the cell is stirred only in the bottom 
compartment and an important part of the heat of dilution is lost due to an  incomplete dilution. T o  improve 
the mixing process, it is preferable to fill only half of the solution and solvent compartments. Since the  
variation of solvent activity is not rapid for polymer concentrations below 50%, the effect of vapor space 
is far less important than that  of an incomplete dilution. The vapor pressure of the solvent above a high- 
polymer solution can be approximately calculated with the seniiempirical Flory-Huggins equation 

where pl and $1'' are the vapor pressures of the solvent above the solution and the pure solvent respectively, 
$1 and $2 are the volume fractio~is of solve~lt  and polymer, and xl,  an  interaction parameter. The li~ilits 
of the vapor phase correction, AH', are given by 

f([(alt - 1)  VU + ( a~ ' - - a .~ )  VL]  < AH' < K ( l  -al)  VL,  

where K = Lvop~"/RT, LVo being the molar heat of vaporization of the pure solvent, Vu and V L  are the 
vapor phase volumes above the solvent and the solution respectively, and a l  and a]', the solvent activities 
before and after dilution. Since 1'17 = V I .  and (al'-1) " -(al'-a]), we have si~nply 

For example, in diluting a benzene solution from $ 9  = 0.4 to 0.2, with Ii = 0.042 cal cm-3, Vr, = 2 cm3, 
and xl = 0.5, we find nlf' < 0.0006 cal, whereas the heat of dilution is about 0.5 cal. Thus the vapor 
phase correction is not only small (for $2 below 0.5, of course) but also insensitive to the exact value of 
x l ,  so that it is necessary to have only a rough idea of the values of the solvent activities. That  correction 
is evidently still smaller for less volatile solvents. 

The heat of stirring is the most important correction, being of the order of 507; of the measured heat 
effect, but can be determined \vith surprising precision. Measurements \\.ere also performed using a stai~lless 
steel mesh cage, by a method previously described (13). 

Materials 
The polymer fractions used were obtained by a double fractional precipitation using the benzene-acetone 

pair a t  25' C and originated from samples of "Vistanex" supplied by Enjay Co. Inc. Molecular weights 
were determined from viscosity measurements of their cyclohexane solutions. 

The solvents used were reagent grade, which were distilled in a 30-theoretical-plate column and kept 
over "Drierite". 

RESULTS AND DISCUSSIOS 

I f  one assumes that the heat of dilutioil can be expressed as a power series of the 
voluine fraction 

A H ,  = R T K ~ * + ~ " R T K ~ * ~ ~ ~ + .  . . , La] 

where the K*'S are the uncorrected eilthalpy paraineters for the chosen temperature (and 
~nolecular weight), then the integral heat of dilution is given by 

where rnz is the Illass of polymer, i7z its specific volume, and V1 the molar volunle of the 
solvent. I t  is custoinary (12) to rewrite equation [3] and plot the results in terins of an 
apparent enthalpy paranleter K,* as a function of the average concentration &: 

The third and higher coefficients of the power series in 62 are slightly higher than those 
defined in equation [2], the difference being greater the greater is (42-42'). 
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According to the dilute solution theory of Krigbaum et al. (8), the second virial coeffi- 
cient can be given by the following equation: 

where and $lO/T are entropy and enthalpy parailleters respectively. The factor 
F(Xlp) is related to the excluded volume effect, p3 being the ratio of the nuillber of long- 
range contacts to  the total number of intramolecular contacts. I t  can be shown from 
equation [5] that  KI*, as actually extrapolated from heats of dilution measurements carried 
out a t  definite concentrations, is related to the real enthalpy parameter K ~ ,  by 

I t  call be seen from the results shown in Fig. 1 that,  in concentrated solutions, K ~ : +  is 
practically independent of n~olecular weight (if i t  is suficiently large) in accordailce 
with calorimetric measurelllents of heats of inixing on the same systems (14) and also 

FIG. 1. The variation of the apparent heat parameter with the average volullle fraction of polyiso- 
butylene a t  25' C. (Molecular weights: 0 8,000; 8 43,000; A 157,000; A 270,000; 440,000; H 780,000.) 
The broken part of the curve for benzene has been draw11 through the data obtained by the cage method; 
the data were talcen from ref. 12. 
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with the predictions of the lattice theory. However, lattice theories cannot account 
quantitatively for the observed variation of thermodynamic functions. For illstance, if 
one loolts a t  the results covering the whole concentratio11 range, the ratio ( ~ 8 ~  - R + ~ / x ) / + ~ ?  
for polyisobutylene-benzene system obtained from the combined osmotic pressure data  
of Flory and Daoust (15) and vapor pressure data of Bawn and Pate1 (IG), one sees 
that i t  is impossible to fit the results, because for small $2,  the coordination number 
is smaller than G and for (62 larger than 0.5, it goes up to infinity. This is no d o ~ l b t  due 
to some kind of "melting" process in either component, and this has bee11 observed before 
(17). Similarly, the enthalpy function callnot be fitted with a constant value for the co- 
ordination number. In dilute solution, a value of A 8 1  or A R ~  corresponding to a co- 
ordination number smaller than G has been ascribed to back-coiling of the chain (18), 
but,  since the theory ignores the important feature of discontinuity in polymer concentra- 
tion in dilute solution (where it  claims to apply), i t  cannot explain satisfactorily the 
thermodynamic functions. Fixman's theory predicts a variation of K,": with concentration, 
bu t  with a curvature in opposite sign to the observed one. 

Turning now to the dilute solution theory, we observe first tha t  the experimental 
value of K ~ *  for polyisobutylene-benzene a t  25" C is around 0.28 and that  i t  is equal 
to K~ or since the 0-temperature is 24.5" C and F(X,p) = 1 a t  0. There is certainly a 
significant difference between the value 0.21 found previously (12) with no vapor space 
but  insufficient stirring and the value 0.28 actually reported. This revised value 0.28 
for #l agrees better than the value of 0.34 from osn~otic measurements of Flory and 
Krigbaum (1.9) near the &temperature and also with that  estimated from the Kurata- 
Yamaliawa theory of viscosity (I).  The value of ~1 a t  the 0-temperature for polyiso- 
butylene-benzene system can also be evaluated from the osnlotic data of Flory and Daoust 
(15) a t  25" C and 50" C. The calculated value a t  37.5" C is 0.19 and i t  can be shown 
(20) that  d ~ l * / d T  for tha t  systelri near the 0-temperature is given by 

d ~ l * / d T  = -2 x I O - ~ M ~ .  [71 

With M = 84,000, rE~l*/dT = 0.006; then K ~ *  = 0.26 a t  25" C, a value in agreement 
with those given above. 

The General Case: Polyisobz~tylene in  Chlorobenzene and in  Toluene at 85" C 
I t  has been shown in the preceding paper (I)  that  for these two systems 0 and are 

almost the same. Since a t  25" C, these systems are 37O C above 0, ~1 should be estimated 
through the use of equation [6]. For weak interactions, i.e. for temperature ranging 
from 0 to 0+16", F(X,p) can be replaced by the F(z) factor given by the Kurata- 
Yanlakawa theory where z = X C Y ~ / ~ ~ / ~ ,  bu t  in the present case, i t  is better to use the 
tabulated values of F(X,p) of Krigbaum et al. with p = 0.3 and X being computed 
according to a semiempirical method described previously (1). The estimated calorimetric 
values for K~ are 0.29 and 0.31 for PIB-chlorobenzene and PIB-toluene respectively. 

Variation of ~ 1 " :  with Molecz~lar Weight 
Since F(X,p) is n~olecular weight dependent, ~ 1 " :  should decrease with increasing 

molecular weight. However, i t  is difficult to detect this variation experimentally because 
of the difficulty of using molecular weights higher than about 2x105 in the calorimetric 
method due to  the rapid increase in the viscosity of the solutions. For instance, the 
theoretically predicted decrease in K ~ *  for molecular weights between 43,000 and 157,000 
is 0.02 and that  variation is comparable with the experimental error in KI*. However, 
Fig. 1 and Table I show tha t  KI* really increases when one goes to very low molecular 
weights and to the dimer. 
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TABLE I 

Heat of dilution parameters K I *  for polyisobutylene solutions a t  25" C 

Molecular wt. Benzene Toluene Chlorobenzene 

*Values determined a t  only one concentration (62 = 0.3). 
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DERIVATIVES OF MONOGERMANE 
PART 11. PREPARATION AND PROPERTIES OF GERMYL PSEUDOHALIDES 
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ABSTRACT 

Germyl isocyanate, isothiocyanate, and acetate have been prepared in almost quantitative 
yield by the interaction of gerlnyl bromide with silver cyanate, thiocyanate, and acetate, 
respectively. Some of the physical properties of these new germyl derivatives are reported, 
and their thermal decompositions a t  moderate temperatures are described. The reaction of 
germyl bromide with silver oxide or carbonate prodtlces germanium(I1) hydride and water 
instead of digermoxane. Germyl bromide reacts with silver nitrite, forming germane, nitrous 
oxide, and nitric oxide a s  the only volatile products. 

INTRODUCTION 

Only 24 volatile compounds containing the germyl group (GeH3-) have been reported 
up to the present time. These are of three main types: (i) binary hydrides, GenH2,L+2, 
with n = 1 up to 5 (1-5), (ii) monohalides GeH3X, with X = F, C1, Br, I (G-9), and 
(iii) n~onoalkylgern~anes (10-12). Vinylgermane (13), germyl cyanide (14), and digerm- 
thian (8) have also been prepared. By contrast, about 50 silyl (SiH3-) con~pounds 
were known up to 195G when MacDiarmid (15) reviewed their chemistry. Several of these 
were first obtained by the action of silyl halides on silver salts. In this paper we describe 
the reactions of germyl chloride and bromide with some silver salts. Our object has been 
the preparation of new compounds containing the germyl group and to compare their 
properties with analogous silyl derivatives. 

RESULTS A N D  DISCUSSION 

Preparat,ion of Germyl Derivatives 
In our attempts to prepare new germyl compounds we followed the pattern suggested 

by the following silver salt conversion series for silyl compounds, as proposed by 
MacDiarinid (15) : 

By reaction with the appropriate silver salt, any compound in this series can be converted 
into any other following it but not into one preceding it. This conversion series is similar 
to those described earlier for trialkylsilyl (IG) and trialkylgermyl (17) compounds. 

Contrary to the above series, we found that neither germyl chloride nor germyl bromide 
reacted with silver carbonate or oxide to yield digernloxnne, (GeH3)20. However, this 

1Financial assistance for tltis work was received front the ilTational Reseaicl~ Cozrncil. P a ~ t s  of tltis work were 
described at flte 42nd Annrial Co?zfere?zce of the Clzeiirical Institzile of Canada, PIcllifns, N.S., il4!ay 25-27, l!):il), 
and at the Annz~al  ilTeefi?tg of llze Royal Society of Canada, ilIontrea1, J z ~ n e  3-7, 1861. 
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3fIo/der of a n  1w.c. Postdocloiafe Resenrclz Fellowsl~ip nl illcGill Unioersily, 10511-61; on leave fro111 hlae 

Depa~tntent of Chentisfry, U?t.ioersily of Lzacknow, Lzacknozo, India. 
"Holder of N.R.C. Sl~ldcntslaips, 1056-58. Present address: Bell Telephone Laboratories, I~rcorporclfrd, 

ilI~array Hil l ,  New Jersey, U.S.A . 
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compound might have been an unstable internlediate in the followi~lg observed renctions: 

2GeH3Br + AgzC03 -+ [(GeH3)?0] + 3.1gBr + C 0 2  

1 
2GeHZ + H?O 

T 
2GeH3Br + A 0 0  -+ [(GeH3)?0] + 2AgBr. 

Sujishi (8) reported that gerinyl iodide reacts with silver oxide or mercuric oxide to pro- 
duce digermoxane, but it  decomposes during purification into germane and water as 
the 0111~ volatile products. More recently, Sujishi and Goldfarb (18) claimed the detection 
of digermoxane by infrared spectral measurements on the hydrolysis products of germyl 
cyanide, but  they could not isolate pure digermoxane. The apparent instability of ger~nyl 
ethers containing Ge-H bonds is further evident fro111 the recent observations tha t  (i) 
hydrolysis of n-butylbro~~~ogermaile does not yield the expected l,lf-di-n-butyldiger- 
moxane (19) and (ii) interaction of methylbrolnogerlnane with silver carbonate does 
not give 1,11-din~etl~ylcliger~~~oxane (20). By contrast, stable silyl ethers with Si-H 
bonds are easily obtained by the reaction of silyl halides with either water or silver 
carbonate (15, 21, 22). 

In agreement with the silyl conversion series, we found that  germyl bromide reacted 
with silver cyanide to  produce gerlnyl cyanide, GeH3CN. However, we could not isolate 
a pure sanlple due to its deconlposition a t  2.5" in the presence of an unidentified impurity. 
Sujishi and Keith (14) obtained pure germyl cyanide from the reaction of germyl bromide 
with silver cyanide. The  infrared spectrum of pure germyl cyanide reveals that,  like 
silyl cyanide (23), i t  exists mainly in the normal form a t  room temperature (24, 25). 

The fact that  germyl bromide is Inore reactive than the chloride toward silver salts 
is evident froin our observation tha t  gerlnyl broinide but  not gerinyl chloride reacted 
with silver cyanate to produce ger~llyl isocyanate, GeH3NC0. The iso structure, coilfirmed 
by its infrared spectrum (24), is not surprising because cyanic acid and its esters have 
the iso structure. Covalent nor~llal cyanates have not yet been detected, presumably 
because they are thermodynamically unstable with respect to  their iso forms. Interestingly, 
silyl isocyanate, SiH3NC0, has not yet been isolated, though MacDiarlnid tried to pre- 
pare i t  by the reaction of silyl iodide with silver cyanate; he obtained silicon tetraiso- 
cyanate instead (2G). 

As expected, germyl bromide reacted with silver thiocyanate to form gerinyl isothio- 
cyanate, GeH3NCS, in high yield. This is siinilar to the preparatioil of silyl isothiocyanate 
from silyl iodide and silver thiocyanate. Infrared spectra of germyl and silyl isothio- 
cyanates coilfir~ll their iso structures (24, 27). 

We found tha t  other silver salts, such as silver acetate and nitrite, reacted with germyl 
broinide. Thus, gerinyl acetate was obtained conveniei~tly by  the reaction of germyl 
broinide with silver acetate. Gerinyl nitrite was probably an unstable intermediate in 
the reaction between germyl bronlide and silver nitrite which produced germane, nitrous 
oxide, and nitric oxide as the only volatile products. 

Tlzerrnal Decomposition of Gerrnyl Deriaatiaes 
Germyl isocyanate, isothiocyanate, and acetate were stable a t  ainbient temperatures, 

bu t  they decomposed a t  higher temperatures (50-200") into polynleric germanium(I1) 
hydride and the corresponding hydroacid, as represented by the equation 
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where X = NCO, NCS, or OCOCHS. Germanium(I1) hydride decomposes in a conlplex 
manner, yielding hydrogen, germane, germanium, and (GeH),, in amounts which depend 
on the temperature and duration of heating (28, 29). Germyl fluoride, like silyl halides 
(15), disproportionates a t  25', yielding germane and difluorogermane in equimolar 
quantities (6) : 

2GeH3F = GeH4 + GeHgFz. 

Germyl chloride, however, decolnposes a t  room temperature as follows (7): 

2GeH3C1 = GeH4 + 2IIC1+ Ge. 

As yet there is no quantitative data for the thermal decomposition of germyl bromide 
and iodide. 

The fact that germyl halides and pseudohalides are less stable than the corresponding 
silyl compounds might be attributed to a difference in the polarities of the Ge-H and 
Si-H bonds in these compounds. Gernlanium and silicon have almost identical electro- 
negativities, 1.90 and 2.00 respectively (30, 31), and their tetracovalent radii are not 
appreciably different, 1.17 and 1.22 A,  respectively (32). In spite of these similarities, 
the dipole inoinents of germyl chloride (2.12 D) and silyl chloride (1.30 D)  differ 
significantly (33). These values suggest that the Ge-Cl bond is more polar than the 
Si-Cl bond. This might be due, in part, to the lesser tendency of germanium to use its 
vacant 4d-orbitals in d,-p, partial double bonding with the chlorine atom. If this is 
true, the electron-withdrawing effect of the chlorine atom might lnalte the hydrogen 
atoms, also bonded to germanium, electropositive with respect to germanium and hence 
inore susceptible to nucleophilic attack than the hydrogen atoms bonded to silicon, 
which are electroilegative with respect to silicon. \Ve believe that this protonic (or acidic) 
nature of the hydrogen atonzs in gerillyl halides and pseudohalides accoullts for their 
lesser thermal stability coinpared with their silicon analogues. Replacement of all hydro- 
gen atonls in germyl halides aitd pseudohalides with electron-releasing methyl groups 
gives trimethylgermyl halides and pseudohalides which are lillown to be more stable 
thermally than the corresponding gernlyl derivatives (34, 21). 

EXPERIMENTAL 
Apparatus and il6etltods 

The apparatus, techniques, and ~lleasurenlents of vapor pressure, 111olecular weight (M), and melting 
point have been described in a previous paper (20). 111 each reaction of gerlnyl chloride or bromide with 
a silver salt, the vapor of the halide \\,as passed slowly through a column loosely paclced with a mixture of 
thc dry  salt and po\vdered glass wool. 

Ataterials 
Germane was prepared by the reduction of a n  aqueous acidic solution of germanium dioxide with sodium 

borohydride. Piper and Wilson (35), who first described this method, reported yields of germane in the 
range 60-75%. We obtained yields of 90-95% by allowing the reduction to  occur a t  35' instead of a t  0'. 

Germyl chloride was obtained by the reaction of germane with hydrogen chloride in the presence of 
aluminum(III) chloride as  catalyst (7). I t  was separated from the n~ixture  of products by several dis- 
tillations a t  -96' (20% yield). (Found: M ,  110.5; v.p. 69.7 mm a t  -23.6'; lit. (7) v.p. 70.2 mnl a t  -23.6'. 
Calc. for GeHZCl: M,  111.1.) 

Germyl bromide can be prepared by the reaction of germane with hydrogen bromide using a lu~ninum(III )  
bromide as  cataIyst (7), but the yield is usually less than 10%. Yields of 60-F)070 'owre obtained by the 
reaction of germane with bromine, using a method similar t o  tha t  described by Sujishi and Witz (36) for 
the preparation of sillll bromide. In one of our typical preparations bromine (7.9 inmole) was condensed 
in successive small portions onto germane (8.1 mmole) cooled to  - 196'. After each addition of bromine 
the mixture was warmed slowly until the color of bromine just disappeared, then the ~nixture was frozen 
again before the nest addition of bromine. Gerinyl bromide was recovered from th'e product mixture by  
several distillations a t  -78' (91Y0 yield). (Found: M,  156.0; v.p. 25.7 mm a t  -23'; lit. (7) v.p. 25.0 mm 
a t  -23'. Calc. for GeH,Br: WI, 155.5.) 
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The silver salts AgZO, AgX03,  AgOCN, and AgSCN were prepared by treating aqucous solutions of 
silver nitrate with equivalent amounts of aqueous NaOH, Sa?C03,  IiOCX, and NH,SCN, respectively. 
Con~mercial samples of AgCN, AgCaHaOn, and AgNO? \\.ere used. A11 silver salts were dried in a high 
vacuum for several days before they were used. 

Reactions of G e r ~ ~ l y l  Chloride 
( a )  W i t h  Silver Cyanide 
Upon reaction with germyl chloride (1.50 mmole) a t  25", silver cyanide changed fro111 whitc to brown, 

and a volatile material, which sublimed without melting, resulted. This volatile product was separated 
by distillation a t  -80' into: (i) a distillate (0.78 nimole) (found: NI, 49.2) which was mainly hydrogen 
cyanide (calc. Nl, 27.0), as evident from its infrared spectrum and (ii) a residue which \\,as crude germyl 
cyanide (0.62 rnmole) (found: M,  100.1; calc. for GeH3CN: NI, 101.6). The molecular \veight of the crude 
gernlyl cyanide decreased fro111 100.1 to 48.4 after it had been kept a t  25' for 16 hours, and its vapor 
pressure became 89.1 mrn a t  -22.g0, slightly higher than that  of pure hydrogen cyanide (lit. (37) V.P. 
85.2 mnl a t  -22.9'). A non-volatile, yellow amorphous powder, ~~ndoub tcd ly  gernianiurn(I1) hydride, 
remained on the walls of the storage bulb after the hydrogen cyanide had been removed. Evidently the 
crude germyl cyanide contained impurities, probably germyl chloride and hydrogen cyanide, which catalyzed 
its decomposition a t  25' into hydrogen cyanide and germaniu~i~(II )  hydride, as represented by 

xGeH3CY -+ (GeH2)& + xHCN. 
(b)  W i t h  Silver Cavbonale 
Silver carbonate changed gradually from greenish-yellow to black when it reacted with germyl chloride 

(1.91 mmole). The condensable products consisted of carbon dioxide (0.28 mmole) (found: NI, 44.3; talc. 
for C o p :  M,  44.0) and unchanged germyl chloride (1.43 mmole) (found: M ,  106.9; calc. for GeH3Cl: M, 
111.1). Digermoxane (GeH3)?0, the expected product, was not obtained. The ratio of consu~i~ed germyl 
&loride to carbon dioxide produced was 1.72:1, rather than 2:1, as would be expected if the reaction 

2GeH3C1 + Ag2C03 -+ GeHz + HJO + Ag,O + C 0 2  

had occurred exclusively. Additional carbon dioxide probably resulted from thermal decomposition of 
some silver carbonate. 

(c)  lYi lh Silver Oxide 
There was no noticeable change when gerrnyl chloride (2.18 mmole) was passed 12 times through a 

column of dry silver oxide. Hydrogen was not produced and the recovery of germyl chloride (2.07 mmole) 
was almost quantitative. Therefore, no reaction occurred between gerrnyl chloride and sill-er oxide. 

Reactions of Germyl Browzide 
( a )  W i t h  Silver Cyanate 
An exothermic reaction between gerniyl bromide (2.63 rnmole) and dry silver cyanate produced germy] 

isocyanate in a ln~ost  q~~an t i t a t ive  yield (2.43 rnmole, 93% yield). (Found: M,  116.7; v.p. 27.7 mm a t  
0". Calc. for GeH3NCO: NI, 117.6.) This new compound melts a t  -44.04~ 0.5' and its vapor pressures 
in the range -23" to 23' are given by logto P u n  = 8.369- (189l/T), which gives an extrapolated boiling 
point of 71.5", a latent heat of vaporization of 8651 cal mole-', and a Trouton constant of 25.1. 

Ger~nyl  isocyanate (2.24 mmole) did not decolnpose when heated for 40 hours a t  110°, but after 12 
hours a t  200-22O0, a lustrous silvery ~iiirror of metallic gcrrnai~iurn appeared uniformly on the walls of 
the flask. The volatile products were: (i) hydrogen (0.20 mmole), (ii) cyanic acid (0.21 mmole) (found: 
M,  44.1; v.p. 18.7 mm a t  -45'; lit. (38) v.p. 18.4 lllm a t  -45'; calc. for HNCO: NI, 43.0), and (iii) un- 
changed ger~nyl isocyanate (1.99 mniole). Only 10% of the original gerrn)ll isocyanate decomposed and 
the ratio of hydrogen to cyanic acid was approximately 1 : l ;  the ratio of deco~uposed germyl isoc)ra~iate 
to either hydrogen or cyanic acid was also about 1:l. These facts indicate that  decomposition of germyl 
isocyanate occurred according to the equation 

GeH3XCO -+ Ge + 132 + HKCO. 

( b )  Wi th  Silver Thiocya~catc 
Ger~nyl  broliiide (2.08 mmole) and dry silver thiocyanate gave an exothermic reaction which yielded 

gerrnyl isothiocyanate almost quantitatively (2.01 mmole, 97% yield). (Found: NCS, 43.6%. Calc. for 
GeH3NCS: S C S ,  43.3375.) This new germyl derivative has a rnelting point of 18.641 0.3" and its vapor 
pressures in the range 19 to  50' arc give11 by loglo Pmm = 8.268- (2280/T), which indicates a latent heat 
of vaporization of 10.4 lccal mole-l, an  extrapolated boiling point of 150°, and a Trouton consta~it  of 24.6. 
After gerinyl isothiocyanate (3.13 miiiole) was heated for 20 hours at- 5 j0 ,  it decoriiposed completely into 
germane (1.07 rn~nole) (found: M,  77.2; calc. for GeH4: M,  76.6) a l ~ d  a yellow, non-volatile residue. This 
residue did not dissolve in carbon disulphide, indicating that i t  did 110t contain free sulphur. The residue 
was non-honiogeneous and could not be analyzed. I t  probably consistetl of polyiiieric thiocyanic acid and 
solid germanium hydridcs. 
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COMPLEXES BETWEEN LAMELLAR STRUCTURES 
AND BROMINE, IODINE CHLORIDE, AND CHROMYL CHLORIDE' 

J. G. HOOLEY 
Depa~tnzent of Clze~nistry, University of Bri t ish Colunzbia, 'I'n?lcoziver., Britislz Colzilltbia 

Received May 12, 1961 

ABSTRACT 

Isothern~s of Brf 011 four sizes of natural graphite crystals were measured with a recording 
vacuum balance. For 0.02- to 2-m111 crystals, capillary condensation near saturation was slnall 
but significant, surface adsorption was negligible, and the con~position CIGBrZ was independent 
of pressure from 0.9 to 0.5. For the 0.002- to 0.01-mm crystals capillary condensation near 
saturation and surface adsorption were much greater, there was less intercalation than in the 
larger crystals, and there were no pressure-independent compositions. These effects of crystal 
size on the isotherm are believed to account for many of the variations in the reported com- 
positions of lamellates in general and show that the complete isotherm on natural crystals 
a t  least 0.02 mrn across should be determined. When this was done, there were pressure- 
independent compositions of CIGB:~, CleICl, CsICI, and about C~OC~O?CI?.  I n  the latter case 
the longer the intercalated mater~al rema~ned In the structure the less of it diffused out on 
reducing the pressure to zero, until finally, none left. For these three adducts therewere threshold 
partial pressures below which no intercalation occurred of 0.05 for Br2, 0.03 for ICI, and 0.25 
for CrOzCIZ a t  20" C. The adsorption curves above these pressures gave isosteric heats of 
11, 12, and 13 kcal mole-'. For a mixture of 0.02- to 2-111m crystals the rate of absorption of 
Br? or ICI a t  saturation was inversely proportional to composition for the lirst third of the 
reaction and was reproduced in subsequent runs on the same sample. The diffusion coefficient 
for this initial portion for ICI was three times the value for Br?. 

Isotherms of the three adducts on BN and MoSz showed no conclusive evidence for inter- 
calation. 

INTRODUCTION 

Various worlters have reported the intercalation of graphite by these three materials. 
The evidence for separation of the carbon layers has been X-ray data  and exfoliatioil on 
rapid heating of the "compound" or lamellate. Coinpositions are usually reported as  
atomic ratios and these will be used in the following discussion although it is realized 
that  proof of coillpound formatioil is often laclting. The reported coinposition in the 
saturated vapor varies. Thus, in Br2 the usual value is CsBr ( I )  but Herold (2) reports 
CloBr with an Acheson artificial graphite and Reyerson (3) reports 33y0 bromine (same 
as in C13Br) with a purified natural graphite. Intercalation by ICl was first reported by 
Hennig (4), who found a 73y0 weight increase in Acheson pitch bonded artificial graphite 
suspended in vapor over the liquid a t  room temperature. He did not report it as an atomic 
ratio because the IC1 was probably not stoichiometric. Rudorff (5) reported CS.dIC1 in 
graphite powder in saturated vapor a t  30' C. Intercalation by Cr02C12 was first reported 
by Croft (6, 7) ,  who heated the liquid with 65-100 mesh natural graphite for 4 hours a t  
100' C and obtained CliCr02C12, which exfoliated on heating. This was confirmed by 
Rudorff ( 5 ) ,  who found a maximum composition of C12Cr02C1?. if liquid were used but 
only C130Cr02C12 for the vapor. 

The purpose of the present ~vorlt was to study the complete isotherms of these three 
adducts on graphite crystals of various sizes in the hope that  variations of the above 
sort could be explained. These results were then to be applied to  the interpretation of 
the isotherms on two other lamellar structures-BN and MoS2. Thus, Croft (7) reported 
intercalatioil of BN by FeC13 and certain other compounds but not by Br? a t  75' C. 
Rudorff (8) was unable to verify any of these intercalations and confirmed the non- 

' F i ~ a n c i a l  assistance from the Natiofzal Research Council of Canada was received for. tlzis work. 
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intercalations by Br2. Riidorff (9) has reported intercalation of MoSz by alkali metals. 
Finally, rate ineasurenlents of some of the above processes were planned to help 

interpret the mechanism of intercalation. 

MATERIALS 

Natlirczl grap1iite.-'rhe four sizes will be designated. 
Gr I-flakes of 1-2 111111 fro111 a deposit near Willsboro, N.Y., U.S.A.; 
Gr 11-spectroscopic carbon SP-1 froill the National Carbon Co., Clevelancl, Ohio. 

These are purified natural flakes 0.02-0.10 mm across; 
Gr 111-Gr I1 ball milled 37 hours i l l  air to flalies of 0.01 111111; 

Gr IV-Gr I1 ball milled 112 hours in air to flalies of 0.002 111111. 
The porcelaiil mill containecl a single flint pebble rolling in a groove of the same size. The 
flake sizes are those of the specks in a slurry with ethanol between two slide covers 
viewed through a microscope with a 0.01-111111 scale. 

Carbon blacks.-These were from G. Cabot Inc., Cambridge, Mass., U.S.A. Spheroil 6 
2'700"-80-A crystals in 300-A blocks. Sterling RIT 3100"- >200-A crystals in 5000-A 
bloclis. The crystal sizes were estimated from X-ray line broaclening and the sizes of the 
bloclis of crystals froill electron microscopy by the supplier (10). 

Borolz nitride.-A white powder supplied by the Norton Co. of Niagara Falls, Canada, 
with the following data (11) was used: a bull; density of 0 . 1  g 1111-1 with particles 0.001 
111111 in average diameter plus some thin plates up to 0.0% ~mm across and rods 0.0003 111111 

in diameterX0.020 111111 long. I t  had been fired a t  2000" C and was 08% BK by their 
N analysis. 

Molybdenum disulp1zide.-A powder, designated Moll.-Paul No. 3,  was supplied by 
I<. S. Paul Ltd. of Lonclon, England, with the following analysis: NIo 59.0y0, S 39.3y0, 
plus less than 0.1% of each ol Fe, Cu, and SiO?. The particle size was determined in 
ethai1ol suspensioi1 to be 0.002 111111. Also, :3-cm chunks from Climax Molybclei~ui~~ Co., 
New Yorli, U.S.A., were usecl. 

Bromine.-Reagent grade bromine was used and the miclclle fraction from a distillation 
was redistilled under vacuum into the balance reservoir. 

Iodine chloride.-Commercial niaterial was distillecl ancl the middle 50U/o, which came 
over a t  101" C a t  760 111111, was reclistillecl under vacuum into the balance reservoir. 

Clzromyl chloride.-Chroi1iyl chloricle was suppliecl by the Alliecl Chemical and Dye 
Corp. of New Yorli. I t  was distilled, the midclle Soy0 being collected a t  l l ( io  C and 760 111111 

and reclistilled under vacuum into the balance reservoir. Its measured vapor pressure a t  
20" C was 1 . 7  c111 ancl a t  - I .2" C,  0 .13  c111. The reported 111.p. is - 96 5" C. 

The recording vacuum thermobalance and spoon gauge developecl ill this laboratory 
(12, 13) were used to cletermine the isotherms and rates of absorption. The seilsitivities 
used were 1 to 5 mv mg-l for weight and 50 mv ~ 1 1 1 - ~  for pressure. The saiuple weight 
was chosen so that the expected change would be within the 300 111v linear output range 
of the balance and was therefore usually about 0 . 2  g for graphite. The weighed saiuple 
was sealed i l l  the balance, the system was evacuated with a mercury diffusiol~ pump, 
and liquid Nz was placed around the trap next to the pump. After several hours or when 
the weight was steady the tap between the balance and the trap was closed and aclcluct 
was admitted to the desired pressure from the reservoir. Pressure was reduced a t  an>- 
stage by opei1ing the tap to the trap. At the end of a run this trap, which was coiu~ected 
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by a tapered joint, was removed and cleaned. All taps in contact with adduct were greased 
with Ice1 F and held a vacuum of 10-5 cm for a t  least a week. 

For temperatures above 20" C the reactor tube was immersed ill an oil bath ther- 
mostated to 0 .  1" C. For teniperatures from 20 to -27" C a special reactor tube was usecl 
with a jacliet througll which ethylene glycol was pu~nped from an A~lli~lco low-temperature 
thermostated bath, again 0.1" C. An improved methocl of quicltly damping spring 
oscillations was developed. I t  consisted of an arc-shaped glass fiber attached to a small 
glass tube resting in a side arm. A11 iron core was sealed in this glass tube so that an 
external magnet would move the fiber horizon tall>^ to or fro111 the vertical suspensioii 
fiber to the saniple b~~cl ie t .  

Because CrOrC1.3 is said to be light sensitive the whole apparatus was shielded with 
black cloth when used with that substance. After 2 months of use no decoinposition 
products could be seen inside the system. 

The graphite chromyl chloride lamellates were analyzed for C1 by first oxicliziiig the 
sample with pure Or in a 500-1111 Schoniger flasl; (14) using 10 1111 HrO, 1 1111 2 N NaOH, 
and 3 drops 30% H 2 0 2  as an adsorbent. Combustion was coillplete for samples less than 
20 nzg. The solutioil was boiled, acidified to Methyl Red with HNOa, and boiled with 
0 .2  g CaC03. The cold solution plus 1 . 5  1111 1 :If I<2CrOI was titrated with 0.01 N &NO3. 
The observation of the red end point in the yellow solution was found to be much easier 
if a pair of glassblower's goggles was worn during the titration. The didymium glass 
absorbs the yellow only. All runs were in triplicate. 

I RESULTS AND DISCUSSION 

I. BROMINE 
1. Graphite and Carbon Black 

a. High Relative Pressure 
Previous workers refer to coinpositions in a vapor close to or a t  saturation without 

specifying all the experimental conditions. Accordingly, the following studies were nzade 
to evaluate the various factors that determine partial pressures near unity. Reproducible 
high partial pressures that could be roughly estimated were obtained by suspencling the 
sample 1 cill fronz the bottoizz of a 2-cm diameter reaction tube which was tlzermostated 
over the bottoni 12 cm a t  some temperature between 20" C ancl -27" C in a rooin a t  
22 to 24" C. The systenz was evacuated to 10-5 cnz a ~ i d  broiuine was admitted until a 
layer of liquid was present. NOW although liquid is present only 1 cnz below the sample, 
the partial pressure of vapor in the saiizple is not necessarily unity. The followiiig data 
are presented to show the extent to which it approaches this value when the teinperature 
differential between the room aizcl the jacket is decreasecl or when the length of the jacketed 
portion is illcreased or when visible radiation is excluded. These are all variations that 
decrease the heat transfer to the bromine or to the sample and which therefore increase 
the partial pressure in the sample. 

Ternperatz~re differential.-For the usual 12 c11i of jacket length and with the reactor 
tube in darliness, the bromine uptalte is plotted in Fig. 1 against jacltet temperature for 
two carboil b1acl;s and graphite Gr I. The measured bromine pressure is also marked 
along the abscissa. The degree of saturation a t  the lower temperatures call be estimated 
by reference to the actual isotherms of the two carbon blacks a t  20" C, assuming that 
a t  a given partial pressure the uptake is the same a t  20" as a t ,  say, -10" C. These 
approximate values are mar1;ed on the abscissa. Although they are not known precisely, 
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FIG. 1. Absorption o f  Brz near saturation. 

they can be exactly reproduced by co~ltrolling the three conditions listed above. In prac- 
tice, room temperature reinains close to 22' C, so that the differential is controlled by 
the jacket temperature. If that is 20" C the vapor is as close to saturation as is feasible. 
Above that, condensatioil inay occur in the balance system when bromine is admitted 
from the reservoir. 

The conlpositions in Fig. 1 are believed to be equilibrium values. They were reached 
in 24 hours or less and many were shown to re~nain constant for an adclitiollal 48 hours. 
The hysteresis loops for the two carbon blacks were reproducible and show mucll lnore 
hysteresis than in the pressure range 0 to 0.0 of previous work (15). The sillall hysteresis 
a t  those lower pressures, which does not show up on the scale of Fig. 1, was believed to 
be the result of intercalation in some of the snlall graphite crystals of the carbon blacli 
(15). The large hysteresis a t  high pressure is believed to be the result of capillary con- 
densation of bromine in the interparticle voids for the following reasons. First, it  is 
known (10) that the carbon blacli particles are approxirnately spheres of nonu~liforin 
size, and de Boer (16) has shown that the voids in such a systenl will condense vapor 
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HOOLEY: LAMELLAR STRUCTURES 749 

below saturation and give rise to hysteresis of the ltind observed. Furthermore, the small 
voids in the fine Spheron G should and do condense a greater proportion of liquid a t  a 
low partial pressure than do the larger voids in the coarser Sterling M T  3100'. Finally, 
the range of particle sizes is known to be less for Spheron G (10) and so it should and does 
condense its bromine over a shorter pressure range than does Sterling M T  3100". 

The case of graphite Gr I is of special interest because it is a natural graphite of the 
sort used in laillellar studies. In Fig. 1 the loss of 0.005 Br/C units in going fro111 a partial 
pressure of 1 to 0 .9  is believed to be loss of bromine condensed between the crystals. 
The amount is considerably less than from the carbon blaclts because of the very different 
shape and size distribution of the particles. For the smaller crystals of Gr 11-also a 
natural graphite-the loss is 0.020 in the same pressure range (Fig. 2). For these two 

0 I I I I I 
0 0.20 0.40 0.60 0.80 1-00 

o o r t i o l  pressure o f  bromine 

FIG. 3. Isotherms of Brz for two particle sizes of graphite. 

graphites then, the composition near saturation is governed partly by the size distribution 
of the interparticle voids. This could be the cause of some of the variations in reported 

, cornpositioils of lamellates in general and shows that only from the conlplete isotherm 
can the existence of stoichionletric compounds be postulated. 
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Length 01 thermostated jacket.-This was held constant a t  12 cnl in the above experi- 
ments. In one run, however, when 35 cm was thermostated the amount absorbed by 
Sterling M T  3100" was the same as in Fig. 1 a t  20" C but  was 100 a t  0" C. This increase 
by a factor of four in the amount condensed a t  0' C when the jacliet length was increased 
is caused by a higher partial pressure in the sample. This in turn is caused by a decreased 
heat leak to the sample along the suspension fiber and through the vapor. If the heat 
leak was reduced still further by using a longer tube the pressure would become still 
closer to unity and the amount conclensed would approach tha t  a t  20' C. The fact that 
the change in jaclcet length did not change the absorption a t  20" C shows that  within 
experimental error the heat leak was zero a t  20" C and that  the partial pressure was unity 
for both lengths of jacltet a t  that  temperature. 

Visible radiatzon.-This was held constant a t  zero in the above experin~ents by wrapping 
the reactor tube and section above it in opaque cloth. The following observations were 
made of the effect of visible radiation on the amount absorbed. A 60-watt bulb 22 cm 
fro111 the jaclietecl tube lowered the value for Spheron 6 2700" a t  20' C froin 400 clown to 
100. Da>ligl~t or even the rather weal; ceiling lights also deci-eased the value bclow that 
for a dar1;ened tube. The effect is believed to be a decrease in partial pressure caused 
by the rise in temperature of the bromine vapor as  it absorbs visible light. I t  could be 
the cause of some of the variations in reported compositions a t  high partial pressure. 

b. Isotherms for Varioz~s Sizes of Graphite Crystals 
For the 0.02- to 0.10-mm crystals of graphite Gr I1 surface adsorption is negligible 

with the techniques used, and capillary condensation occurs only above a partial pressure 
of 0 .0 .  Hence below that  pressure oilly lamellar absorptioil is being measured in the 20" C 
isotherm for Gr I1 in Fig. 2. This isotherm is reproducible and starts with the so-called 
residue compound (17) which remains after the first run to saturation and back to zero 
pressure. The initial adsorption curve from zero composition lies below the one shown 
and reaches the same composition a t  saturation. Both it  and the one in Fig. 2 show the 
threshold pressure for intercalation of 0.05 (1 cm a t  20" C), which has been observed 
in previous work (15). The desorption branch shows a lamellar composition of 0.120 or 
C6Br persisting from a pressure of 0 . 9  to 0 .5 .  This refutes the s tatemei~t  one soinetimes 
sees that this compound or lamellate is stable only in saturated vapor. 

The 1- to 2 -mn~  crystals of Gr I show the szune general shape of isotherm as do the 
smaller crystals of Gr 11, although the residue coinposition is twice as great and capillary 
condensation a t  saturation is less. The critical pressure for intercalation and the maximum 
lainellar coinposition were, however, the same. 

The 0.002-min crystals of Gr IV made by grinding Gr I1 show a very different iso- 
therin. In Fig. 2 adsorption begins a t  the lowest pressure used and continues until a 
n~onolayer is forined with a composition about 0.010 above that of the residue. The area 
calculatecl from this is 26 111"-I (15). Then the isotherm levels off somewhat until the 
tl~resl~old pressure is reached, and although the exact value cannot be read off as pre- 
cisely as for Gr 11, i t  is close to the Gr I1 value. At  high pressure there is much more 
capillary condensation and on the desorption branch there is no indication of any 
lainellate, even a t  CsBr. The steepness of the final desorption to zero pressure is curious 
and no explanatio11 is offered. 

The 0.01-inm flalies of Gr I11 show the same i s o t l ~ e r ~ ~ ~  as for Gr IV except that the 
residue composition is half as great and the saturation value is 6% less. 

I t  thus appears that  variations in the size of the graphite crystals used by different 
worliers could explain some of the discrepancies in cornpositio~l and in the reported 
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HOOLEY: L:\Ivlt3LLi\II STRUCTURES 75 1 

existence of lanlellates i l l  general. The above results show that crsstals larger than 
0.02 mm give a ~~n i fo rm composition with Br2. 

c. Rates of dbsorptio~z 
These were measured in saturated vapor a t  20' C by admitting bromine to the darlcenecl, 

evacuated, and tl~ermostatecl system until liquid condensed in the reactor. The resultant 
spring oscillations were then stopped as clescribecl under iLIet11ocl. The whole procedure 
required about 1 minute, after which a smootl~ record of weight versus time was available. 
I t  was found that for the first 25 to of the absorption the composition was propor- 
tional to the square root of time. Hence, in that region tlle rate is inverselj- proportioilal 
to the composition and the rate or diffusion constants in Table I were calculated froill the 

'TABLE I 
Bromine dil?~~sion coefficient D, (Br2/C)5iiin-lX 10J 

.- 
, . Sample 1 emp., OC Pressure, cm D 

Gr  I graphite 20 17.6 0 062, 0.062 
Gr I l  5faphite 20 17.6 0.65, 0.65, 0 60 

9.4 10.0 0 .60 

- - 
-12.0 3.5 0.40, 0.40 

Gr IV graphite 20 17.6 0.7'2 
Sterline NIT 3100' 20 17.6 0.025 then 0.045 
sphere> 6 2700" 20 17.6 0.55 then 0.90 

0 5 . 9 0.0'30 then 0.21 

initial slopes of plots such as Figs. :3 and 4. Tllese coefficients are really the averages for 
a variety of crystal sizes and hence they cannot be interpreted in ternls of a reaction 
n~echanism. In the following two sections, however, certain conclusions are drawn froin 
other aspects of the data. 

Particle type and reprodi~czbi1ity.-Two kinds of behavior were observed and fouild 
to depend on the type of particle in the powder. In the first lcind, the diffusion coefficient 
D decreases after the initial linear portion and finally becomes zero, as in Fig. 3. This 
occurs for those powders i l l  which the individual particle is a graphite crystal. Gr I is in 
this category and sllows an initial D of 0.062 both for the origiilal sainple and for sub- 
sequent runs on the residue compouild forilled from it. This reproducibility shows that  
the residual broilliile does not interfere with diffusioil illto the crystal and is therefore 
probably trapped toward the center of the crystal. I t  also shows that the forillatioil and 
decomposition of the lamellate C8Br does not change the lattice or edges in ally way that  
would affect diffusion into the structure. Similar results were obtained with the smaller 
crystals of Gr 11, the D being about 10 times as large and reproducible with the same or 
different samples. For the even smaller Gr IV the initial D was 0.7"iabout the sanle 
as for the coarser Gr 11. However, in Gr IV considerable condensation occurs along with 
the intercalatioil and it was not possible to separate the two processes. 

In the second lcincl of behavior, D increases after the initial linear portioil ancl later 
falls to zero, as in Fig. 4. This occurs for carbon blaclcs in which the particles are aggre- 
gates of graphite crj  stals and for \t-l~icl~ nearly all of the absorption is by capillary 
conclensation. The increase in D 111ay marlc the establisl~ment of a continuous liquid 
layer after wl~ich spreading and therefore condensation call occur more rapidly. Whereas 
the D for a graphite was reproducible and independent of sample weight over a factor 
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0 
,O. G I I  Graphite Run 3 

I 0 G I Graphi te  Run l 

5 6 0 t  7; 0 0 

0 L I I I I I I I 
0 4 8 12 16 2 0 24 

v t i m e  i n  m inu tes  

FIG. 3. Rate of absorption of Brz in graphite. 

of a t  least three, that  for a carbon black was not. This could be the result of variations 
in packing. 

Rate as  a fz~nction of temperatc~re.-The above rates were all ineasured a t  20" C and the 
final colllposition was that  for the saturated vapor. At  lower temperatures, however, the 
partial pressure is less than 1 even though liquid is present in the reactor. The effect on 
the final coinpositioil call be seen in Fig. 1. I t  is negligible for Gr I and Gr I1 but  not for 
a carbon black. I t  will be noticed, however, that  for Spheron G 2700" a t  0" C the final 
coillposition is only about 20% less than a t  20" C. The rate for this black a t  0" C was 
therefore determined along with rates a t  even lower temperatures for Gr 11. The general 
behavior was the same as a t  20" C. The lower values of D are listed in Table I and give 
for Gr I1 an energy of activatioil of 2 .4  ltcal mole-1. For the carbon blacks, D was nluch 
inore temperature dependent than for graphite and even less reproducible than a t  20" C. 

2. Boron Nitride 
This powder resembles graphite Gr IV in particle size but  its isotherm in Fig. 5 is very 

different. The only evidence for intercalation is the hysteresis to low pressure. However, 
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Spheron 6 2 7 0 0 ~  
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o o O  
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+ 
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m 0 

0 o0 

.@OOO 
0 

Oo 
I I I I I I 

4 8 12 16 2 0 2 4 

Y t i m e  in  m i n u t e s  

FIG. 4. Rate of absorption of Br? in carbon black. 

the amount of hysteresis and of absorption a t ,  say, a pressure of 0 . 5  is only about 5% 
as much as for Gr IV and there is no bronliile residue a t  zero pressure. The isotherin could 
be accounted for by capillar)~ condensation between platelets of BN. 

3. l lhlybdenurn Disulphide 
The isotherm 011 Nloly Paul No. 3 powder is shown in Fig. G and a run was also nlade 

on 1-mm flakes of R40S2 shaved from a chunk. The latter absorbed no Br2 a t  20' C until 
the pressure reached saturation, a t  which point 0.020 ml g-I condensed and, on slight 
reduction of pressure, evaporated, leaving no residue a t  zero pressure. There was appa- 
rently only capillary condensation between the flakes. The MoSz powder for Fig. G 
resembled graphite Gr IV in particle size and the isotherins of the two in Figs. G and 2 
have certain features in common. Thus, there is hysteresis, a steep desorption curve a t  
low pressure, a residue a t  zero pressure, and the amounts absorbed a t  an intermediate 
pressure, say 0.4,  differ only by a factor of two when expressed in atomic ratio units. 
These features of Fig. G are, however, not necessarily caused by intercalation. Thus, the 
hysteresis and absorption a t  low pressure could be the result of condensation between 
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B o r o n  N i t r i d e  

20 °c  R u n  2  

0.2 0.4 0.6 1.0 
p a r t i a l  p r e s s u r e  of bromine 

FIG. 5 .  Isother~ll of Brz on BN powder. 

MoSz platelets. The ar-nount involved a t  a pressure of 0 . 4  is only 0.006 1111 g-I. This is 
the saine as for the BN powder in which intercalation is very unlilcely. The residue at 
zero pressure could be the result of edge atoll1 reaction with bromine. In view of the non- 
intercalation of large MoS2 crystals this latter interpretation of Fig. (5 is preferred. 

11. IODINE CHLORIDE 

I .  Graphite Gr 11 
In the 20" C isotherin of Fig. 7 those points above a partial pressure of 0.65 scattered 

badly in spite of several attempts to obtain a reproducible curve. At saturation, four 
values varied froill 0.150 to 0.195. Below that pressure, however, the values were repro- 
duced in subsequent runs 011 the same or different samples. Conlpositioils that were 
nearly independent of pressure occurred a t  ClJCl for both adsorption and desorption 
and a t  CsICl for desorption. The only iildication of Riidorff's laillellate (5) is a t  saturation. 
Thus, if the masinium value of 0.195 is reduced by the aillount condensed between the 
particles, one obtains 0.184 or Cs.41C1-exactly his composition. The amount condensed 
is assunled to be 0.045 1111 g-'-the salne as for Brz. 
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No 3 powder I I 

0 1 I I I I I I 
0 0.2 0.4 0.6 0.8 1.0 

p a r t i a l  p ressure  of b romine  

FIG. 6. Isotherm of Br? on 3IoS2 powdcr. 

[ s o t h e r ~ ~ ~ s  , ~ t  :i5 and 30° C: were also cleterminecl, although the maximum partial pres- 
sures attai~iable were 0 . 5  ar~cl 0 . 3  respectively. The aclsorptio~i curves approached 
CI6IC1 as a t  20' and on clesorption there was hysteresis. From the adsorption curves a t  
the three te~liperatures Arrhenius plots a t  compositions 0.03, 0.04, and 0 .03  were made. 
1,inearity was excellent and the three slopes gave an isosteric heat of 11. Gf 0 . 5  lical 
~iiole-I. 

For the isot11e1-ms , ~ t  :35O and 50°, a tl~resholcl pressure of about 0 .03  was noted beloby 
which no absorption occurred. If there was a similar critical pressure a t  20' it was missecl 
and would be below the 0 .15  cm of the first point in Fig. 7. 

The kinetic behavior in saturated vapor resembled that in bromine. Thus, in the plot 
of ICl/C against the square root of time a t  20° C the initial linear portion extended to 
0.030 and fro111 its slope a diffusion coefficient D of 1 . 8  X (ICl/C)? min-I was calcu- 
lated. This is about three times the value for bromine in the same graphite a t  the same 
temperature. 

Finally, there was a residue "compound" whose compositio~~ reached a stead)- 0 010 
after several c1al.s in saturated vapor. This is about the same as for bromine. 
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I I I I I I 
0.2 0.4 0.6 0.8 1.0 

p a r t  l a 1  p r e s s u r e  O f  i o d i n e  c h l o r i d e  

FIG. 7. Isotherm of IC1 on graphite. 

2. Carbon Black-Splzeron G 2700" 
The 20" isotherm in Fig. 8 reseillbles that for Br?, although the anlount of hysteresis 

is about 15 tiines as great. Now i t  has been shown for Br? that hysteresis increases with 
the size of the graphite crystal in the black (15). If IC1 behaves similarly, its isotherills 
woulcl be more useful than those of Brn in estinlati~lg crystal size. 

3. Boron  Nitr ide 
For the isotherin a t  20" in Fig. '3 adsorptioii always occurred along path I. Desorption 

followed path I1 if there hat1 been no previous desorption and path I if there had been. 
Furthermore, the effect of a previous desorption could be wiped out if the reactor tube 
was opened and the powder stirred and shaken down with a few sharp taps to the 
holder. Then path I1 would be followed cluriilg the next desorption. The desorption of 
IC1 therefore affects the packing of this particular powder in such a way as to eliminate 
hysteresis. There is apparently no intercalation of IC1. 

4. lVolybdenz~m D i s ~ l l p h i d e  
The 20" isotherm on Moly Paul No. 3 powder in Fig. 10 was reproducible although 

the values are somewhat scattered. As in the case of the Br2 isotherm on this powder 
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p a r t i a l  p r e s s u r e  of i o d i n e  c h l o r i d e  

FIG. 8. Isotherm of ICI on a carbon black. 

there are certain features compatible with intercalation. Thus the atoinic ratio a t  an 
intermediate pressure-say 0.4-is con~parable with that  for Brz in graphite Gr IV and 
there is hysteresis to a low pressure and a residue. The first two features, however, can 
be explained by capillary condensation and the third by edge atoll1 reaction, as in the case 
of B r 2  The amount of condensation a t  pressure 0 . 4  is 0.022 1111 g-'-the same as for 
IC1 in the initial desorption from BN powder. In this latter case there was only condensa- 
tion and the data proves no more than this for ICI on MoS2 powder. 

111. CHROMPL CHLORIDE 
1. Graphite 

The 20" isotherm for the 0.02- to 0 . 1 0 - n ~ n ~  crystals of Gr I1 is shown in Fig. 11. The 
threshold pressure below which no absorption occurs is 0 . 4  cm or a partial pressure of 
0.25, whereas for Br2 and ICI the values were 0.05 and 0.03 respectively. Above that 
pressure the adsorption branch resembles that for Brp but levels off a t  C37CrOzClz as 
compared with C16Br2. The steep rise just below saturation was also noted in the Brz 
isotherm and is interparticle condensation. On lowering the pressure to 0.9 this condensed 
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B o r o n  N i t r i d e  

2 0 ° c  

70-=0.14rn1 I C I  g m - l ~ ~  o 

60 - 

Ln 
w 2 50- 
w - 
0 

E 

2 40- 

0 
0 
0 - 

30 - 
L 

w 
a 

p o r t i o l  p r e s s u r e  of i o d i n e  c h l o r i d e  

FIG. 9. Isothernl of ICI on BN powder. 

~ i~a ter ia l  was lost and froill there to zero pressure there was no further tveiglzt change. 
.A repeat run to saturation and back duplicated the horizontal line and steep rise above 
pressure 0.9.  The 1- to 2-lnm crystals of Gr  I graphite behaved similarly, altllougll 
there was less condensation a t  sat~~rat ioi l  and tlze final Cr02C12 content was somewhat 
less. That  the weight increase on forming these residues 111ay be represented as  Cr02C12 
was shown bl- tlle fact that the C1 content calculated on this assumption is nearly the 
same as the runalytical value. Thus for three samples the C1 percentages calculated from 
the weight increases were 10.7, 10.9, and 7 .  '3 and from anall-sis 10.5&0.  G ,  10.1  =to.'-,, 
and '7.1 & 0 .  2 respectively. 

After one of tlze runs on Gr 11 in which 0.261 g of graphite formed 0.353 g of residue, 
the latter was heated in a vacuunz with a liquid Nz trap in the line. The weight first 
changed a t  300' C and after 1 hour a t  330' had dropped to a steady 0.327 g and reinailled 
constant even after 2 hours a t  500° C. This final product contained 5.7&0.2% C1, 
whereas the value would be '3 .27,  if pure CrO?C12 had been lost during heating. If, 
however, only C1 was lost and the amount was 1 atom per molec~~le of Cr02C12, the C1 
content would have dropped to 6.37,. Loss of so~newhat more chlorine per illolecule 
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M o  S 2  powder  

2 0 ' ~  R u n  2  

p a r t i a l  p r e s s u r e  of i o d i n e  chlor ide  

FIG. 10. Isotherm of ICl on MoSz powder. 

has been reported when Cr02C12 is heatecl in a sealed tube (18). The reaction claimed is 

If this were the amount lost in the above case, the final CI content would have been 
4.5%. I t  therefore appears that graphite retains the intercalated inaterial as CrO2CI2 
uilless heated above 300" C ,  in which case about half the chlorilie is lost to give a product 
that  is not volatile a t  500" C. 

The small crystals of Gr IV, which are Gr I1 grouild to 0.002 mni, gave an entirely 
tliffereilt isotherm. The one shown in Fig. 11 is for the seconcl run on a given sample. 
111 the first run the desorption rose froill 0 to 0.002 a t  a pressure of 0 . 2  and then gradually 
approached the curve shown, reaching it near saturatioil. The features to be explaiiled 
are the small residue, the hysteresis, a i d  the large absorptioi~ near saturation. Now in 
the case of Bre on Gr IV (Fig. 2) there was much less intercalation thail in the large 
Gr I1 crystals. In the present case of Cr02C12 this is apparent1)- also true. F~irthermore, 
if  the smaller amount iiltercalated behaves as it did in Gr I1 it will not be lost a t  zero 
pressure and will therefore account for the s~llaller residue of 0.001. The isotherm on 
this residue exhibits hysteresis which must be associated with the capillary coildensatioii 
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G  II G r a p h i t e  
e-e- 

= CqO Cr02C12 + 

0 2 0  G I  G r a p h i t e  
0 

0 
/' 

,0/1--0-+ I I  I 
0 0.2 0.4 0.6 0.8 1.0 

o a r  t i a l  o r e s s u r e  o f  c h r o m y l  c h l o r i d e  

FIG. 11. Isotherms of C r 0 z C l ~  on graphite. 

between crystals. 111 the case of the coarser Gr I1 there was less condensation a t  saturation 
and any hysteresis associated with it  was too s~nall to be observed. 

There is an interesting time and temperature effect for Gr I1 that does not show up 
in Fig. 11 but which is illustrated in Fig. 12. I t  is that the residue conlpositioil increases 
with the time spent in CrO2CI2 vapor and finally reaches the composition observed in 
the vapor a t  a pressure of about 0.9.  The increase with time is much slower a t  the 
- 1.2" C of Fig. 12 than a t  20" and so the residue coinpositioil is still below the high- 
pressure value after three runs-a total of 3 days in saturated vapor. The reason for the 
slight decrease in the high-pressure value after the first run is unknown. Again, a t  higher 
tenlperature the rate of fixing of Cr02C12 is higher, as shown by the three runs in Fig. 13. 
For the initial one a t  44" C the desorption is horizontal after old57 1 hour a t  1.7 cm-a 
partial pressure of 0.45. For the next run, which uses this residue but  a t  30' C, the desorp- 
tion is horizontal after 12 hours or less a t  1 . 7  cm. An additional run a t  the same tem- 
peratures duplicated the horizontal desorption line. I11 the third run a t  20°C the 
desorption branch did fall off toward zero pressure because only 4 hours was spent a t  
saturation. The above behavior could be explained b17 the production of a noilvolatile 
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G  II G r a p h i t e  

- 1.2 °c 
0 Run 1 21 h o u r s  

40 + x 2 21 

p a r t i a l  p r e s s u r e  of c h r o m y l  c h l o r i d e  

FIG. 12. Isotherm showing increased retention of CrOrClp with time. 

product either by a slow reaction of CrOeCl? with the carbon layers or by a slow poly- 
merization of the intercalated Cr02C12. 

Froill the three initial adsorption curves on Gr I1 a t  - 1.2 ,  8.6, and 20" C Arrhenius 
plots a t  six coi~~positions from 0.005 to 0.030 were made. Linearity was excellent and 
from the slope an isosteric heat of intercalation of 13h0 .9  kcal mole-' was calculated. 

2. Carbon Black 
The 20" C isother111 for Spheroii 6 2'700" rese~iibled that for graphite Gr IV in Fig. 11. 

I t  showed the sauiie amount of hysteresis and the same residue composition. The saturatioil 
coillposition was 0.81 1111 g-'-about the same as for Br?. 

3. Boron Nitride 
The 20" C isotherm showed negligible adsorptioil and no hysteresis below a pressure 

of 0 .  G and capillary condensation with some hysteresis a t  high pressure. The saturation 
absorption of 0.34 1111 g-I equals the value for Br2. There was no residue and no evidence 
for intercalation. 
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G 11 G r a p h i t e  

R u n  l 4 4  'C 

2 3 0  

3 2 0  

FIG. 13. sotherms showing effect of temperature on retention of CrO2CI2. 

L 

U 

4. , l /olybden~im Dis~ibphide 
The 20" C isotherm of the Moly Paul powder resembled that for graphite Gr IV in 

Fig. 11. There was even less hysteresis, a residue of 0.008, and a saturation absorption 
of 0.07 1111 g-I. There is therefore no definite evidence for intercalation. 

,' 
4bte-'-.=-t.-+ 

The worl; with Br2 on the four sizes of natural graphite crystals sliows that measure- 
ment of the composition while in tlie vapor above liquid Br2 is insufficient for reporting 
the stoicl~ioi~ietric ratios of lamellar compounds. x o t  only must tlie complete isotherm 
be determined with special attention to experimental conditioils a t  saturation but also 
the effect of particle size on tlie isotherm must be studied. Thus, surface adsorption is 
negligible only for crystals over about 0.05 mm across. Capillary condensation is also 
less for larger crystals but even for the 0.1- to 2-mm range is not negligible at saturatioil 
and for 0.002-111111 crystals it is greater than the a~nount intercalated. Indeed, for these 
small crystals tlie amount intercalated is, for some unknown reason, coilsiderably less 

- - . - 7 4  4  "C O @ - ~  0 c "  I  I  I  > 

0 0.2 0.4 0.6 0,8 1.0 
p a r t i a l  p r e s s u r e  of c h r o m y l  c h l o r ~ d e  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HOOLEY: LAMELLAR STRUCTURES 763 

than for the 0.02- to 2-mm range. Hence, in studying iiltercalatioil it is necessary to 
determine the complete isotherm for natural crystals over about 0.02 111111 across. 

When this is done, it is evident that there is a threshold partial pressure for iiltercalatioil 
a t  20" C in graphite which is 0 .05  for Br2, about 0.03 for IC1, and 0 .25  for Cr02C12. 
When more of these are kilowi~ their sigilificance may become apparent. 

The 20" isotherms of Br? and IC1 show the following compositions to be independent 
of partial pressure over the ranges indicated : C16Br2 (1.00 to 0 .5 ) ,  C16IC1 (0.3 to 0 .  I ) ,  
and C8ICl (0.7 to 0.5) .  The isotherm of CrO2C12 was different in that the desorptioil 
curve was time clependent. That  is, the ainouilt leaving on pressure reduction decreased 
for longer times spent in the saturated vapor until, finally, none left even a t  zero pressure. 
This coulcl be the result of a slow polymerization of intercalated CrO?Cl? to produce a 
nonvolatile product. The limiting compositioil was about C4,,CrO?C1?, which is about 
three times as much as  Riidorff ( 5 )  found in the vapor and one third as  much as  he 
fouild in the liquid. 

The rate of intercalation in the saturated vapor of Br2 or IC1 was inversely proportional 
to composition for about the first third of the process and had an energy of activatioil 
of about 2 ltcal mole-1. The significance of this relationship is lost, however, because 
the graphite used was a mixture of crystal sizes. The fact that the rate was, however, 
reproduced in subsequent runs on a sample is interesting because it shows that neither 
the process of intercalation and its reverse nor the existence of residual Br? or ICl in 
the graphite aHects the initial rate. The residual inaterial is therefore probably stored 
near the center of the crystal. The initial diffusioil rate for IC1 was three times as great 
as for Br2. The lower threshold pressure and the existence of the more concentrated 
C8ICl also show that this adduct enters graphite more readily than does Br?. 

If one considers hysteresis to be one of the characteristics of intercalation then the 
isotherins on BN and MoS? powders can, with one exception, be explained either by a 
small amount of intercalation or by a combination of surface adsorption and capillary 
condensation. The exception is IC1 on BN for which only the initial cycle shows hysteresis. 
Subsequent cycles show negligible absorptioil below saturation and no hysteresis. This 
and the fact that hysteresis could be restored by stirring the powder show that  it must 
have been associated with the paclting of the powder and not with intercalation. Although 
this curious effect was not observed for the other isotherms 011 BN and MoS?, it does 
show that  the hysteresis to  low pressures in those cases could be the result of capillary 
condensation and is not proof of intercalation. Another characteristic of intercalation, 
in graphite a t  least, is a residue a t  zero pressure. Now BN powder does not show this 
characteristic but  MoS2 powder does for all three adducts. Neither result is conclusive 
of course but they do suggest that BN powder is not intercalated and that  MoS2 powder 
either is intercalated or reacts a t  its edges with adduct to  give a noilvolatile product. 
The latter conclusion is in agreement with the behavior of massive MoS2. These large 
crystals absorb adduct only a t  saturatioil and leave no residue. This definitely shows 
capillary condensation and no intercalation. The residue formed by reaction of adduct 
with the relatively smaller nunlber of edge atoms in this case was apparently too small 
to be detected. The conclusion, then, is that  BN and MoS? are not intercalated by these 
three adducts. 
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Received October 16, 1961 

ABSTRACT 

The electronic structure of the hydrogen peroxide lnolecule i11 three di f fere~~t  configurations, 
namely the cis, the trans, and the non-planar or skew forms, were calculated according to  
the LCAO-MO-SCF approxin~ation. All the  electrons were considered except those of the 
K-shell of the osygerl atoms. The orbitals of these atonls are essentially of the sp3 hybrid 
type. It  was shown that the skew form of the molecule with an azimuthal angle % of about 
120" is the most stable, due mainly to conjugation of the a5 and 0 6  orbitals of the  oxygen 
atoms with the other n~olecular orbitals. On the contrary, in the cis and trans forms these 
two orbitals are non-bonding. Because of the approximate nature of the treatment, especially 
as regards the screening effect of the I<-electrons, the calculated orbital energies are definitely 
too large. However, the heights foulld for the cis and the trans barriers are in a reasonable 
mutual ratio. N~rrnerical values were also obtained for the ionization potentials and the 
dipole moment of the skew model; the latter result, 2.05 D, agrees well with the experimental 
data. 

INTRODUCTION 

The first computation of the electronic structure of the H20z molecule was done in 
1934 by Penney and Sutherland (1, 2) using the electroil pair method and taking into 
accouilt only the 2p electrons of the oxygen atoms. This first approximation was sufficient 
to prove that,  somewhat contrary to expectation, a skew configuration of the molecule 
(Fig. lc) with an azimuthal (or dihedral) angle @ of the order of 100" should be more 
stable than either the trans or the cis configurations. Because of interaction of the 
unshared electron pairs on the oxygen atoms, free rotation of the OH groups about 
the 0-0 bond is opposed presumably by a high cis and a low trails energy barrier 
(Fig. 2). The same conclusion was reached later by Lassettre and Dean (3) from calcu- 
lation of the electrostatic forces between various electron co~lfiguratioils of the molecule. 
Depending on the assumed values for the quadrupole moments, they arrived a t  azimuthal 
angles @ ranging from 94" to 113", but their barrier heights were appreciably different 
from those of Peniley and Sutherland. I11 fact a wide variety of estimates have been 
made so far for these energy barriers, based either on calculations or on experimeiltal 
data (Table I).  I t  was thought that a treatment of this molecule after the molecular 

TABLE I 

Previous estimates of energy barriers to  internal rotation in H?Ou 

Trans Cis Method Reference 

-6 kcal -10 kcal Calculation (electron pairs) 
-0.5 ev -1 ev 

2.3-10 Iccal 12-20 lccal " quadrupole moments 
1 . S kcal 6 . 9  kcal " (Fourier coefficients) 

*6 lccal Infrared spectra 
"4.7 kcal 
"3 .5  kcal Low-temperature calorirnetry 

113 cm-I Microwave spectra 
590 cal 1290 cal Calculat iori 
300 cm-I 1300 crn-I Infrared spectra (rotational) 

*Average value for a symmetrical twofold barrier. 1 ev = 23.06 kcal; 1 cm-1 = 2.8 cal. 

lPostdoctorate Fellow of the National Research Cotrncil for 1960-1961. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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FIG. 1. Possible configurations for the H2O2 molecule: (A) cis, (13) trans, (C) sl~ew, (D)  projection of 
the latter along the 0-0 asls showing the lone pair orbitals of the ospgen atoms. 

0" 9 0" 180" 270" 

Azimuthal angle 

FIG. 2. Potential barriers hindering internal rotation in the Hz02 molecule. 
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orbital approximation-more precisely, the one known as "linear combinatioil of atomic 
orbitals, nlolecular orbitals, self-consistent field1'-would add to our knowledge, parti- 
cularly on the type of hybridization of the oxygen atom orbitals and the true configura- 
tion of the ground state. Because of limited time and computation facilities, numerous 
approximations had to be made, the nlost serious of which was the neglect of the K-shell 
electrons of the oxygen atoms. Largely because of that, the calculated orbital energies 
turned out to be too large. Nevertheless, it is of interest that the MO method places 
the three possible forms of the 1-1202 ~llolecule not only in the correct order of stability, 
ilanlely skew > trans > cis, but also on a plausible relative scale. 

DETAILS OF T H E  CALCULATIONS 

The method: followed here was first outlined by Roothan (11). Throughout the calcu- 
lations Slater'siatomic wave functions were used: 

x1,2 = I/ r l ,?  sin 81.2 cos 41,2 exp(-ZslS2), 

Yl .2  = dZ" T I , ?  sin 813 sin e x p ( - ~ ~ ~ ~ , ~ ) ,  

2 1 . 2  = rl,? cos O1,? exp(-Zzrl.?), 

I 
I 

where hl, lz2 indicate the Is atomic orbitals of the two hydrogen atoms, s1,2, xlV2, ylV2, 
and z , , ~ ,  the 2s, 2p,, 2p,,, and 2P2 atomic orbitals of the oxygen atoms. 2 1 . 2  correspo~lds 

I to the Slater effective nuclear charge, namely Z1 = 1 and Z2 = 2.257. 
The three structural parameters, = 1.49 A, TO-H = 0.97 A, and OOOR = 100' 

(Fig. l ) ,  selected for these calculations mere talten from a critical conlpilation (12) of 
all the experimental data available a t  the time. The latest investigations (10, 13) seem 
to indicate a trend towards slightly smaller values for both bond lengths as well as for 
the angle 8. Since the same parameters were used for the three configurations, it follows 
that the results for the cis and trans forms are less correct than those for the skew 
for~n. As for the azi~lluthal angle %, its value had to be assu~ned a priori because it 
mas not feasible to repeat the calculations for more than one sltew model. The original 
estimate of Penney and Sutherlarld, na~llely 90' from interaction of the lone pair electrons 
plus some 5' or 10' due to repulsion of the hydrogen atoms, was based on the premise 
of pure p orbitals for the oxygen atoms. I-Iowever, by analogy lvith the case of I-120, it 
is more likely that the orbitals of the oxygen atonls in 1-1202 are of the sp3 hybrid type. 
Therefore, the nlajor interaction betlveen the two 01-1 groups in that molecule should 
have near-threefold symmetry and, accordingly, the azimuthal angle was taken as 120'. 

For si~nplicity the y axis was chosen as coincident with the 0-0 bond and one of 
the OH groups was considered as fixecl in space. (Cf. Fig. 3 for the coordinate system.) 
Then the atomic wave functions for the slcelv and the trans forms were written down 
as follows, for example, 

[lI (22) skew = -COS(B- a )  . ( z z ) ~ I ~ + s ~ I ~  (B- a )  . ( X Z ) ~ ~ ~ ,  

PI (22)trnns = - (~dcis, 

so that the integrals for these two forms could be derived from those for the cis form. 
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FIG. 3. System of coordinates used for the calculations. 

Symmetry Orbitals 
I t  was conveilient to  transforln each atomic wave function into sylninetry orbitals 

according to the point-group symmetry of the three forms of the lnolecule coilsidered 
here, these being CzU for the cis, Cq for the skew, and Czh for the trails forins. These 
sylnmetry orbitals can be classified as follows: 

I. Cis form (C2J 

11. Skew form (Cz) 
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111. Trans forin (C2h) 

AIL: us; 

Bo: us; 

B,: u7, us, u9, 610. 

'These synlnletry orbitals made it possible to reduce the lOX 10 determinant into 
smaller ones, namely, two 4 x 4  and two 1 X 1  ior each of the cis and the trans forms, 
and two 5 x 5  for the skew form of the molecule. The general procedure followed was 
the same as used by Mulligan (14) for his study of the COz molecule. In the present 
case the bare iluclear field potentials are written thus: 

the iluclear charge 011 the oxygen atoms being arbitrarily taken as G because of exclusio~l 
of the K-shell electrons. Therefore, the energy values calculated refer to that hypothetical 
state. 

DISCUSSION 

Molecular Orbitals and Energies 
The various orbital energies found for each form of the inolecule are shown schenlatic- 

ally in Fig. 4 and are listed below along with the corresponding wave functions. Each MO 
is denoted by the syn~bol of irreducible representation to which it  belongs preceded by 
a running number which identifies the orbitals of the same symmetry. The a, terins are 
the symmetry orbitals defined above. 

One obvious conclusion froin these results is the fact that the s orbitals of the oxygen 
atoins share in the bonding in each and every i\iIO. Therefore, the valeilce state of oxygen 
in I-1202 must be nearer to the sp3 hybrid than to the pure p state, as we assumed originally 
by analogy with the case of HzO, and the electron distribution must be approximately 
tetrahedral. Another significant conclusioil relates to the behavior of the us and a6 
orbitals, which are non-bonding in the cis and trails forms, but take part in conjug a t ' ion 
with the other MO in the skew form. The increased stability of the latter stems inainly 
from this unique property. Recently, Pauling (15) has assuined sp hybridization for 
the oxygen atoms in I-Iz02 which, as in the treatment of Penney and Sutherland, leads 
to a n  azimuthal angle close to 90". 

Tlze Azimuthal Angle 
Since in the 1 4 0  approxiination the interaction of the non-bonding orbitals of oxygen 

with the hydrogen orbitals is the major factor in stabilizing the skew form of H202 ,  it  
follows that maximuin overlap between them will occur for an azinluthal angle of about 
120" as shown in Fig. I d .  A number of values have been found or proposed for this 
parameter following the original estimate of Penney and Sutherland (Table 11). The 
first pertinent spectroscopic evidence (16) showed that the Hz02 molecule is in fact a 
slightly asyinmetric top; from this it  was predicted that could not be in the range 
85"-95". Because it is unlikely a priori that be much smaller than a right angle, a 
larger value seemed favored. In a recent neutron diffraction study of the HzOz single 
crystal (13) where the hydrogen atoms could be located, was found nearly equal to 
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Energy ( e v )  Wave  f~unction 

Cis form 

fi ( 1  e l )  = 0.0644 u1 - 0.9642 up + 0.0169 u3 - 0.1104 ur 
fi ( 1  br) = 0.0722 u7 - 1.1154 us + 0.0062 us - 0.0081 ulo 
fi ( 2  b?) = 0.6499 u7 - 0.2937 us - 0.2119 us + 0.6938 ulo 
fi ( 2  e l )  = 0.2045 u1 + 0.0316 u. - 0.8916 a3 - 0.1029 ur 
$ ( 3  e l )  = 0.5469 u1 - 0.36'28 us + 0.0874 u3 + 0.6423 ur 
$ (bl )  = 0.9670 U G  

$ ( 3  b?) = 0.4298 u7 - 0.3883 us - 0.9644 us - 0.5432 ulo 
$ (ar)  = 1.0366 u5 
$ ( 4  e l )  = 0.9804 ul - 0.4870 us + 0.2092 u3 - 0.8246 ur 
fi ( 4  br) = 1.2185 07 - 0.3535 us + 0.6307 us - 0.7019 u1o 

Skew f ornl 

fi ( l a )  = 0.1128 ul + 0.8508 u? + 0.0478 u3 + 0.0546 ur + 0.0526 us 
$ ( l b )  = 0.1697 u7 + 0.9846 us - 0.0496 uo + 0.0244 @lo+ 0.0681 UP, 

$ (2a)  = 0.5158 u1 - 0.2941 uz - 0.3335 u3 + 0.6023 U, - 0.3641 us 
$ (2b) = 0.6033 U I  - 0.3762 us + 0.1121 us + 0.6424 ulo- 0.0564 UP, 

$ (3a)  = 0.1399 ul + 0.0572 us - 0.7260 u3 - 0.3133 ur + 0.5306 u j  
$ (3b)  = 0.1788 u7 - 0.0282 us - 0.0339 us - 0.2613 ulo- 0.9920 us 
$ (4a)  = 0.1510 u1 - 0.2537 us + 0.3646 U? + 0.4075 a,  + 0.7435 US 

fi (4b) = 0.2678 u7 - 0.4526 us - 1.0909 uo - 0.1540 ulo+ 0.0873 us 
@ (5a)  = 1.0882 U L  - 0.6953 u:! + 0.2716 u,t - 0.7517 u1 - 0.0444 US 

$ (56) = 1.1106 0 7  - 0.4782 us + 0.3781 us - 0.8261 u10+ 0.2042 UP, 

Trans form 

$ ( la , )  = 0.1015 u1 + 0.8691 u2 - 0.0054 u3 + 0.0633 u4 
fi ( 1  b,,) = 0.1131 u7 + 1.0:372 us + 0.0249 uo + 0.0052 ulo 
fi ( 2  b,) = 0.6962 u7 - 0.4219 us - 0.110!) u9 + 0.5412 ulo 
$ ( 2  a,) = 0.5477 u1 - 0.3512 uz - 0.3463 u3 + 0.6508 ur 
$ (b,) = 1.0366 U G  

$ (a,,) = 0.9670 0 5  

$ ( 3  a,) = 0.0:345 u1 + 0.1411 - 0.8075 u3 - 0.4977 u., 
$ ( 3  b,,) = 0.3780 u7 - 0.3841 u8 - 0.9941 us - 0.4837 uto 
$ ( 4  a,) = 0.0818 u1 + 0.0644 U? - 0.8671 ~3 - 0.3411 u., 
$ ( 4  b,,) = 1.0333 0 7  - 0.3742 us + 0.6062 uo - 0.8025 ulo 

a right angle. fIowever, this result in 110 way confl~cts with the present conclusion since 
the two correspo~ld in fact to different physical states of the molecule. In  the crystal, 
paclcing conditio~ls and intermolecular forces are sufficient to distort the azinluthal angle 
appreciably fro111 its value in the free molecule, because the restoring force i~lvolved 
is certainly s~llall (low barriers to internal rotation). This is borne out by the rather 
wide range of values reported for Q? (from 90' to 130') in various crystals (Table 11). A 
high-dispersion study of the rotatio~lal structure of several infrared bands of fIZO2 has 
bee11 carried out latelj. (10) fro111 whicll i t  mas possible to get very accurate rotational 
co~lstailts of the nlolecule. I t  is gratifying that  thc azimuthal angle thus found agrees 
exactly with our conclusion. 

Ionization Potentials 
The above results for the ionizatioll potentials refer to an hypothetical energy state 

since the I<-shell electrons were not i~lcluded in the calculations. In order to translate 
these data into the actual state of the molecule, we assume that the energy of the highest 
filled orbital is equal to  the one experimentally lr~lowil ioilizatioll potential, 11.26 ev (20). 
Addition of this ad hoc constant, 4.83 (= 11.26-6.43), yields the values shown in Fig. 4. 
Experimental data with which to conlpare the above are lacking unfortunately. Never- 
theless, it is of interest that they agree nicely with the theoretical estimates of Mulliken 
(21) for levels 3 and 2 (Fig. 4, last column). 
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FIG. 4. Schenlatic energy levels for the three configurations of the Hz03 molecule. Experimental data: 
( a )  Lindelnan and Guffy (20), ( b )  Mullilten's estimates (21). 

TABLE I1 
Previous estimates of the azillluthal angle in H.02 

Method @ Reference 

Calculation (valence bond approximation) -100" 1 
felectrostatic forces) 94"-113" 3 ~, 

Infrared spectra (rotational) > 95O 16 
X-ray cliliraction of crystalline CO(NH?)~ .HZO? 106" 17 

" Ij?Og C33.5" 18 
" H20s.'7H.0 130" 19 

x e ~ ~ t r o ~ i  diffraction of crvstalline H?O. 90. So 13 . . 

Infrared spectra (rotational) 119.8" 10 

Dipole Moment 
Using the well-kno~~~n equation 

the dipole moment of the skew form of Hz02 with = 120' was calculated to be 2.05 D. 
The necessary integrals, listed below in Table 111, refer to the Cz axis of the nlolecule. 
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TABLE I11 
llipole moment integrals 

Experime~ltal values of 2.13 D for dilute solutions in diosane and, rnore recently, of 
2.26 D froin the Stark effect in the microwave spectrunz of the vapor, have been reported 
in the literature (12). 

Total Energy 
The total electronic cilergy is given by the ecluation 

OCCUII  occup 

En = C a 2 H i + C  C ( 2 J i i - ~ i j )  
i ,  j=l 

and the orbital energy, by 

O C C U I I  

[GI r i  = Hi+ C (2J i j -K i j ) .  
j= 1 

Then the total energy is espressed as 

and 

The calculated values of Eli are listed in Table IV froin which the relative stability 
of the three forills of the 1 - 1 2 0 2  nlolecule appear in the expected order, namely, slcew > 
trans > cis. The differeilces between them are in the ratio 3 to I, which seems quite 

TABLE IV 
Total energy of the Il?Or molecule" 

Cis S Ice w 'Tra 11s 

2 e i  - 13.7828 - 14.9$23 
Total electro~lic energy -118.0401 - 119.2830 
Nuclear repulsion energy 
, . 45.9336 45.7813 
l otal molecular energy - 72.1065 - 73.5017 

*In atomic units. Cor l t r ibu t io~~ of the K-sllell electrons not included. 
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plausible, although the actual figures are certainly too large for the correspoildiilg 
barrier heights. As pointed out above these exceedingly large orbital energies are due 
mainly to the exclusion froin our calculation of the IC-electrons of the oxygen atoms, 
and the uncertainty as to their screening effect on the outer electrons. Indeed, for lack 
of a more reliable estimate a screening factor of one was assumed. This, and a number 
of other approximations, had to be resorted to in evaluating the many integrals involved, 
nearly one thousand in all. 
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On prksente les rksultats de calculs par la mCthode LCAO-MO-SCF de la structure 
klectronique de la molkcule Hz02 dans trois configurations possibles, soit cis, trans et  
oblique. On prouve que cette d e r n i h ,  dam laquelle l'angle di6dre est d'environ 120°, 
est plus stable que les deux autres B cause de la conjugaison des orbitales as et a6 des 
atomes d'oxygcne avec les autres orbitales molkculaires. Au contraire, dails les formes 
cis et trans ces deux orbitales denleurent non-liantes. On montre que les orbitales de 
l'oxyg6ne sont dans 1'Ctat hybride sp3 et  on calcule les potentiels d'ionisation et le 
moment dipolaire de la molkcule. Les rksultats sont en bon accord avec les donnkes de 
la littkrature. Par contre les diffCreilces entre l'knergie totale calculke pour les trois 
formes conduisent 5 des valeurs trop fortes pour les barri6res de potentiel qui g&nent 
la rotation libre dans la lllolCcule 1-1202. 
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APPENDIX 

The calculatioils for the cis and the trans forills were made manually but for the 
skew model an IBM 605 computer was used. For the program of the latter, the secular 
determinant is xvritten as follows 
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where the terms containing the energy parameters appear in the non-diagonal eleinents. 
These terms are usuallj~ missing in the eigenvalue problems for which programs are 
available a t  present. Therefore a special program had to be set up, which required 
finding out the inverse inatrix S-I  

[ 91 S-1s = 6. 

Through iilultiplication of the above secular determinant by the inverse matrix 

[ 101 IS-'(E-l+G) -661 = 0 

we revert to the usual eigei~value problem. 
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MANGANESE (I11 ) COMPLEXES WITH 
ETHYLENEDIAMINETETRAACETIC ACID1 

lr. lrostrrxv, A. OUCHI, Y. TSUNODA, AND M. KOJILIA" 
Departmen1 cf C ~ L C I ~ I I I ~ I . ~ ,  T11c Colle~e of General Education, University of Tokyo,  ~lfeegzrro-kzr, Tokyo,  Japajt 

Received December 28, 19G1 

ABSTRACT 

&Ianganese(llI) ethylcnediamir~etetraacetic acid co~nples has bee11 prepared by various 
methods. The solid having a co~nposition of ICMnY.2.514?0 is obtained as deep red crystals 
when the rnallgallese dioxide suspel~sion reacts with free ethylenediaminetetraacetic acid 
(HAY). The manganese \\,as sho\vn to be trivalent from its redos equivalent in its reaction 
with acidified iodide so lu t io~~ ,  ancl its ~nagnetic mornelit, which was 4.89 Bohr magnetons, 
corresponding to four ~~npa i red  electroll spins. The complex ion has an  absorptio~l maximum 
a t  500 mp (log e = 2.67) in a slightly acidic medium. 'The variation of the visible spectra 
with pH has been studied by the spectrophotornetric method, the value pIC -- 5.3 being 
obtained between the red and the yellow species. Observatio~~s have been made on  the type 
of bond between the ~neta l  and carbosylate groups by the ir~frared spectral method. From 
its ion-exchange ancl pH titratio11 I~chavior a f o r ~ ~ ~ u l a ,  I<[>~II(OHI)EDTA].I.~H~O, was 
suggested. 

[ STRODUCTIOS 

The for~natio~l of rllangai~ese(II1)-EDTA complex in solution was utilized blr I'iibil 
et al. for the photometr~. and redox titration of mang:unese ( 1 ,  2, 3). They oxidized 
divalent manganese to the trivalent state by means of lead dioxide, sodium bismuthate, 
etc. in the presence of excess EDTA. However, since the manganese(II1)-EDTA coinplex 
solution thus obtained contains reaction products of the oxidizing agents, their methods 
for the formation of the mai~ganese(II1)-EDTA complex was found to be unsuitable 
for studying the nature of the complex. 111 the course of study on the stabilization of 
less familiar oxidation states of metals by coordination (1, 5), the present authors have 
t'o~iind that the manganese(1 I I)-EDTA complexes could be forined by the reaction of 
EDTA with manganese compounds of higher oxidation states, such as manganese 
dioxide or potassiuill permanganate. The critical examination of stoichiometry of the 
complex formation reaction revealed that the manganese dioxide or permanganate ion 
was reduced by EDTA itself, giving a reddish-purple solutioil of the manganese(II1)- 
EDTA complex. After a i~umber of attempts, we have been able to prepare a crystalliile 
solid. The present paper describes the preparation and properties of the complex of this 
sort. 

ESI'ERIhIENTAL 
ilfatcrials 

Inorga~~ic  salts, acids, and bases were all the JIS3 special-class grade. Free acid (HqY) and disodium 
salt (Na?H?Y.2H20)  of ethylenediami~tetetraacetic acid were also the J IS  special-class grade. Fe(II1)- 
EDTA chelate, NaFe(CloHlrN?08).2H@, p~~rchased  from Daiichi Pure Chemicals Co., \\,as of reagent 
grade. Co(II1)-EDTA chelate, ICCo(CloH12hT?Oe) 2H?O, was prepared according to the method of Dwyer 
et al. (6). Organic solvents of the J IS  first-class grade were used after distillation. 

As ion-exchange resins, strongly acidic cation-exchange resin Diaiolt SIC-1 of 100-200 mesh (sulphonated 
polystyrene-divinyl-be~i~e~~e copolymer, purchased from Mitsubishi ICasei Co., Tokyo) and s t r o ~ ~ g l y  basic 
anion-exchange resin, Dowex 1-X8, 100-200 mesh, were employed in a colu~nn nlethod. 

'Presented in part at the 14th ilnnrlal Conference of the Che7nical Society of J a p a n  in Tokyo in Apr i l ,  1961. 
Preliminary paper was plrblished in tlte Bzrll. Cltem. Soc. Japan ,  34, 1194 (1961). 

2Present address: Government Chevlical Industrial Research Institzlte, Tokyo. 
3Japanese Indfrstrial Standard. 

Canadian Journal of Cliemistry. Volume 40 (1962) 
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Inst~rl~lzents 
Magnetic ~neas~~renlents  were made on the solid comples using a Goiiy apparatus of conventional type. 

A11 X-ray dilfractometer, "Geigerflex" of Rigaku Denlii Co., was used for examining powder diffraction 
patterns of the chelate using Cu I(,, ray. For thermal analysis, the "Tolcoshi type" thermobalance was 
used. The infrared spectra were recordcd with a recording spectrophotometer of Nihon Bu11lio Co., type 
DS-301, equipped with a sodium chloride prism. As the sample, which was handled a s  a potassium bromide 
pellet, decolnposed gradually, a Nujol mull technique was employed. Visible and ultraviolet spectra were 
measured with the EPS I1 recording spectrophotometer and the E P U  I1 spectrophotometer, both from 
Hitachi Co. The pH of the solution was measured by a glass electrode pH-meter of Iio Denki Co., model 43. 

PREPARATION O F  COMPLEXES 

( i )  Formation of ilhnganese(III)-EDTA Complex in Sol~ition 
In prelirniilary attempts, various methods for the preparation of the manganese(III)- 

EDTA complex in solution were tried. 
(a )  Freshly prepared manganese dioxide suspended in water was lnixed with solid 

EDTA (H4Y) under vigorous stirring. The resultant reddish purple coinplex in the 
filtrate was determined b57 both spectropl~otometry and iodoinetric titration. The relation 
between the inole ratio EDTA to Mi102 and that of produced Mn(II1)-EDTA coillplex 
was shown in Fig. 1. During the reaction the evolution of carbon dioxide was observed 

FIG. 1. Relation between the mole ratio of EDTA to manganese dioxide and the mole ratio of produced 
~\IIII(III)Y to manganese dioside (i\iIr~Op: 2.69X10-3 mole). 

and a little of EDTA was lost; this 111a57 be due to the oxidation of EDTA by manganese 
dioxide. However, the mole ratio of Mn(II1) to EDTA in the complex was found to 
be close to 1:l. 

(b) In the above-mentioned case, H4Y could be replaced by a mixed solution of 
NazHzY and acetic acid (pH 2.5-3) .  In this case, however, the yield, i.e., the ratio 
of NIn(II1)-EDTA to RlnOn, showed a ~naximum a t  EDTA/MnOn z 1, and then 
gradually decreased as the ratio EDTA/Mn02 was increased. This is presuinably ascribed 
to the partial deco~nposition of NIn(II1)-EDTA by the excess of EDTA in the solution. 

(c) I t  was also found that potassiuin permanganate could be used in place of man- 
ganese dioxide. The inaxiinunl yield was obtained a t  the point where the mole ratio 
EDTA/Mn04- was a little larger than 1, although the reaction sometimes did not 
proceed smoothly, depending upon the conditions employed, and the yield and the 
purity of the products were not always high. 

(d) The nlanganese(II1)-EDTA co~nplex was also forlned by oxidizing manganese(I1)- 
EDTA coinplex with ilianganese dioxide. The relation between the obtained Mn(II1)- 
EDTA and the used Mn(I1)-EDTA is illustrated in Fig. 2. For a fixed amount of Mn02, 
the amount of Mn(II1)-EDTA increased until Mn(I1)-EDTA/MnO? reached ca. 1.7, 
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YOSHISO 1.3T AL.: MANGANESE(II1) COMPLEXES 

FIG. 2. Relati011 between the mole ratio of Mn(II )Y to manganese dioxide and the n~o le  ratio of produced 
i\/In(I I I)Y to manganese dioxide (IvlnO?: 2.69X mole). 

and then the yield reinailled nearly coilstant (MI~(III)-EDTA/~M~IO~ 1: 1.5). I t  seeins 
that the EDTA chelated to bIn(I1) is easily decoinposed by oxidation, but, in the 
above case, the main reaction may be 

(ii) Preparation of Solid Complex 
After a n~lrnber of atteinpts, it  was found that an extension of the method clcscribecl 

above in (a) was inost suitable for preparing a solid complex. One of the typical niethocls 
of preparation of potassiuin salt is as follows: 

Six grams of finely powdered potassiuin perinanganate were added to a inixed solution 
of 40 ml of water and 10 in1 of ethanol. The mixture was shaken and then carefully 
warmed. After the vigorous reaction had ended, the mixture was warmed repeatedly 
in order to expel1 the excess ethanol and aldehyde. To the mixture of inanganese dioxide 
and potassium hydroxide so obtained, 10 g of EDTA (H4Y) was added. With vigorous 
stirring, a reaction took place, evolving carbon dioxide, and a deep cherry-red solutioil . 

was obtained. After the excess manganese dioxide was filtered off with a glass filter, an 
equal volume of cold ethanol was added to the filtrate. The mixture was allowed to stand 
for 3-4 hours in a cold, dark place. The precipitated crystals were then filtered off with 
a glass filter and washed with goy0, then absolute ethanol and ether. Finally they 
were dried in the air in a cold, dark place. The yield based on the used EDTA (H4Y) 
was 45-60%. 

When more diluted solution of inanganese(II1)-EDTA was mised with an equal 
volume of ethanol, large, needle-like crystals were obtained after standing of the solutioil 
for 1 or 2 days in a refrigerator. 

(iii) -4 nalysis 
The manganese was separated as hydroxides by the addition of sodiuin hydroxide 

and hydrogen peroxide to the coinplex solutioil. After the hydroxides were dissolved 
in dilute sulph~~ric acid with the aid of sodiunl sulphite, the nlanganese was weighed 
as manganese sulphate, or back-titrated with EDTA and zinc chloride solutions a t  
pH 10 using Eriochrome Blacli T as indicator. A checli on the manganese content was 
niade by iodoinetric titration: the sample was added to acidified potassium iodide 
solution, and then liberated iodine was titrated with thiosulphate solution. The results 
of these separate determinations were in good agreement, and this ineans that the 
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manganese in the complex is in a trivalent state. To  determine potassium, the solid 
sainple was ignited a t  red heat and the residue was dissolved in h~~drochloric acid. From 
the solution so obtainecl, potassium was determined gravimetrically by its weight as 
potassium sulphate after separation from other constituents. Carbon and 111-drogen 
were tletermined through microchemical analysis, with special care being taken for the 
presence of potassium by the additioil of tungsten trioxicle to the sanlple. The nitrogen 
analysis was made by micro-Duinas nlethod. 

'The results of a typical analysis follow: Found: K, 9.41%; Mn, 12.7070; C ,  28.73y0; 
H ,  3.83y0; N, 6.6'i70. Calculated for I<Mn(III)(CloHlZOyN.) .2 .5H20:  K, 9.14y0; Mn,  
12.S8%; C, 28.139;; H ,  3.0170; N,  6.56y0. 

That  the solid has a 1 : 1 illole ratio of manganese to EDTX was checlied b!. the EDTA 
titration method after rcducing the complex with ascorbic acid. 

Thc potassium salt of the manganese(II1)-EDTA complex is a deep red crl-stal. I ts  
X-ray cliffraction pattern is shown in Fig. 3. I t  is very soluble in water, slightly soluble 

ANGLE ( " )  

1 3 .  S-I<ay powder dilflactiotl pattern of potassiu~u salt of NII(III)-EDT.-1 coruples (Cu Ka,, X = 
1 51050 .A). 

in glacial acetic acid, but insoluble i l l  most organic solvents, such as absolute ethanol, 
ethyl ether, or acetone. At 0" C, in dark and dry air, the complex call be preserved even 
after a month, but  a t  room temperature and especially in the daylight, it decomposes 
rapidly, leaving a colorless mass (probably Mn(I1)-EDTA). Such characteristics are 
quite similar to those of oxalate complexes of trivalent manganese (7). 

(i) Jfagnetic ~lfeasurement 
As is to be expected the complex is paramagnetic, and the observed susceptibility 

was 9996 X a t  21" C. After allowing for the diamagnetic susceptibility of the various 
atoms the magnetic moment was calculated as  4.89 Bohr magnetons. The calculated 
value for "spin only" atom with four unpaired electron spins is 4.90. Hence these results 
support a formula with i\/In(III). 

( i i )  Tlzeumal Analysis 
The thermal decomposition behavior of the solid complex was examined from 20" C 

to 300" C by using a thermobalance. The result is illustrated in Fig. 4. At about 80" C, 
the weight loss equivalent to ca. 0.5 mole of water per mole of the complex was observed 
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YOSI-IINO ET .AL.: MANG.ANESE(II1) COMPLEXES 

1 4. Thc ther~nal  anallsis of potassiun~ salt of hln(1II)-ED'I'X complex 

but the oxidation power of the products remained almost unchanged in this range. Hence 
the decrease of weight a t  this stage may correspond to the water of crystallization or 
some form ol loosely bound water. At 100-200" C,  12-13yo of the weight loss took 
place. The products a t  this state were still soluble in water, but the mole ratio of man- 
ganese to EDTA was greater than 1. Therefore, the decrease ill weight a t  100-200" C 
may correspond to the suill of the weight of the coordinated water and that of decom- 
posed EDTA. The reinaining EDTA was completely decoillposed a t  260-300' C ;  the 
residue, ca. 38% of the original sample, is probably a nlixture of potassium carbonate 
and a compound similar to  manganese oxycarbonate(Mn0. NInCO:,). 

(iii) Infrared Spectra 
A typical spectruill of the solid complex was shown in Fig. 5. As is seen in many 

trivalent transition metal - EDTA chelates (8), a characteristic strong absorptioil of 

1800 1600 1400 1200 11 00 1000 900 800 
WAVE NUMBER ( cm- l )  

FIG. 5. Infrared spectra of potassi11111 salt of Mn(1II)-EDTA complex by Nujol method (*: absorp~ion 
of Nujol). 

the carboxylate group was observed il l  the 1600-1700 cm-I region, but its fine structure 
was rather coinplicated; the complex exhibited three peaks due to antisynlinetric vibration 
of carboxylate group a t  1660, lG40, and 1600 cm-l. Assignmeilts for these frequencies 
would not be easy, but according to the extensive studies by Sawyer et al. (8), one 
possible interpretation would be that a t  least one of the COO- groups is not bonded 
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to the manganese ion. Another factor which should be taken into consideration is a 
stereochemical one. I t  has been linown that the distortion of octahedron of Mn3+ ion 
gives four short bonds and two long ones (9). In view of this, four carboxylate groups 
may be bonded to the metal in two ways. 

(iv) Visible and Ultraviolet Spectra 
Visible absorption spectra of the conlplex in acetic acid -sodium acetate buffer 

so l~~t ions  of various pH were measured, and the results are shown in Fig. 6. Between 

3.6 

W 
CJ Z 

2 0.4 
0 cn m 
u 

0.2 

0 
400 500 600 'I00 

WAVELENGTH (mp 

FIG. 6. The absorption spectra of Mn(II1)-EDTA cor~lplexes in acetic acid -sodium acetate buffer 
solutio~ls (p = 0.1, NIn(II1)Y: 9.34X101' mole/l.). The pH values of the solutions are: (1) 2.70, (2) 4.53, 
(3) 5.00, (4) 5.50, (5) 6.07, (6) 6.57, (7) 9.71. 

pH 2.5-4.0 the maximum absorptions were observed a t  500 mp (log E = 2.67), while 
in the higher pH region the color turned yellow and the maximum shifted to 450 mp 

(log E = 2.41). The spectra of the red species are very similar to those of manganese- 
(111)-trioxalato conlplex (A,,, a t  500 mp, log 6 = 2.41) (7). As has been interpreted by 
some authors (10, l l ) ,  the absorption a t  500 nip may be due to t z ,  -+ e, transition for 
one 3d electron of the Mn3+ ion. In the series of these spectra isosbestic points were 
observed a t  about 390 mp and 450 mp. 

Figure 7 illustrates the relation between the extinction a t  500 mp and the pH of the 
solutions. Frorn this, the p R  value betwecn red and yellow species was evaluated as 5.3. 

0- I I I 
1 2 3 4 5 6 7 8 9 1 0  

pH OF THE SOLUTION 

FIG. 7. The absorbance of Mn(II1)-EDTA colnplexes a t  500 mp in acetic acid -sodium acetate buffer 
solutions (p = 0.1, Mn(II1)Y: 5.90X10-4 mole/l.) (0 :  absorbance of MnO? colloidal solution). 
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YOSHINO ET AL.: MANGANESE(II1) COMPLEXES 781 

The yellow species was more unstable and readily decoinposed in aqueous solution, 
giving manganese dioxide precipitation. However, when its solution was acidified imine- 
diately after its formation, the spectra and oxidation equivalent of the reproduced red 
species was nearly the same as those of the original red species. Yet, the attempts to 
produce the yellow species directly from manganese dioxide and alkaline EDTA solution 
or to obtain the solid yellow species have not beell successful. 

In the ultraviolet region, no reinarkable absorption inaxiinum was recognized but the 
absorption increased rapidly as the wavelength decreased. 

(v) Acid-Base Titrations and Ion-e.~.clzange Behavior 
Although the Mn(II1)-EDTA complex is not stable enough in alkaline solution, it 

was found possible to follow its general behavior in acid-base titrations. Curve (A) in 
Fig. 8 was obtained when an aqueous solution of the solid co~nplex was titrated with 

NaOH/Mn ( U l - Y  COMPLEX 

FIG. 8. Titration curves of MI~(III ) -EDTA complexes with 0.1 N sodium hydroxide a t  4f lo C. 
(A) 1 .0C3X10-3 mole of KMn(II1)Y; (B) 4.02X10-3 mole of HMn(1II)Y. 

standard sodium hydroxide solutioil. The curve has a single inflection point a t  a neutrali- 
zation point (pH = 8.0) with approximately 1 inole of sodium hydroxide per inole of 
the complex. The pH of the half-neutralized solutioil is 5.5, which agrees fairly well 
with the pI< value obtained fro111 the spectral measurement. 

In another run, a solution of the free co~nplex acid was prepared by passing the 
potassium salt through the hydrogen form of a cation-exchange resin. 011 titratio11 of 
the free acid with sodium hydroxide the curve (B) in Fig. 8 was obtained. This has 
inflection a t  1 mole and ca. 1.9 mole of sodium hydroxide added per mole of the com- 
ples. The deviation of the second inflection point from 2 moles of NaOH may be due 
to the partial decon~position of the co~nplex throughout the process. 

For the purpose of comparison, siinilar acid-base titratioils were carried out using 
Fe(II1)-EDTA (Na salt) and Co(II1)-EDTA (I< salt). These results are plotted in 
Figs. 9 and 10. In the case of Co(II1)-EDTA chelate in which EDTA is covale~ltly 
bonded to the metal as a sexadentate ligand (12, 13), the pH of the solution of the 
potassiuin salt rises rapidly, showing no inflection point, while the free complex acid 
acts as a fairly strong monobasic acid. On the other hand, Fe(II1)-EDTA complex 
behaves just in the same way as i\lIn(III)-EDTA complex, giving a single inflection 
point for sodium salt and two inflection points for its free acid. As was pointed out 
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1 2  1 2  

1 0  1 0  

I 8 8 
a 

6 6 

4 4 

2 2 
0 0.5 1.0 1.5 2.0 2.5 3.0 0 0.5 1.0 1.5 2.0 2.5 

~ a o H / F e  ( 1 ) - Y  COMPLEX INaOH/Co(N 1-Y COMPLEX 
FIG. 9. 'I'itration curves of Fe(II1)-ED'I'A complexes wiih 0.1 iV sodium hydroside a t  25f lo C. 

(A) -4.00 X lo-' mole of Na[Fe(OH?)Y]; (B) -4.00 X 10-I mole of I I[F~(OI-IL)Y]. 
FIG. 10. 'Titration curves of Co(II1)-ED'I'A comples with 0.1 N sodium hydroxide a t  25&1° C. 

(A) 5.10X10-' mole of I<[Co(III)Y]; (B) 5.lOX10-"11ole of H[Co([II)Y]. 

by Schwarzenbach (14), the Fe(II1)-EDTA colnplex hyclrol~~zes strongly in higher pH 
region, forming a hydroxo complex, thus 

[Fe(OI-12)EDTA]- F? [Fe(OH)EDTAI2- + H+. (i) 

Analogously, the pH behavior of the free acid of Mn(II1)-EDTA complex may be 
convenie~ltly expressed in the following way: 

H[Mn(OH?)EDTA] H+ + [Mn(OH?)EDrI'A]-, pK1 = 2.7 (ii) 

[Mn(OH?)EDTA]- H+ + [i\/In(OH)EDTt-I]?-, pK2 2: 5.5. (iii) 

That the NIn(II1)-EDTA colnplex resembles the Fe(II1)-EDTA rather than the 
Co(II1)-EDTA complex could be checked by an anion-exchange experiment. When a 
solution of potassium salt of Co(II1)-EDTA co~nplex was passed into a column of 
Dowex 1-X8 in its chloride form, the complex anion displaces the chloride ion into the 
effluent. By the use of 4.08X lop4 lnole of the complex it was found that 4.25 X mole 
of chloride was displaced by the complex (Cl-/complex = 1.04). However, similar 
experiments gave a displacement ratio C1-/complex of 1.4 for the Fe(II1)-EDTA and 
1.3 for the NIn(II1)-EDTA complex. Moreover, by further washing of the columns 
with water the chloride ions continued to appear in the effluents and the flow rate 
became extremely slow. Such behavior for Fe(II1)-EDTA and Mn(II1)-EDTA corn- 
plexes may be interpreted by assuming that the Fe(II1)-EDTA and Mn(II1)-EDTA 
complexes hydrolyze partially in the resin phase, as represented by equations (i) and 
(iii), and this hydrolysis is followed by a subsequent increase in the negative charges 
of conlplex anions. 

(vi) General Remarks 
From the results described above, there can be little doubt that the solid is a 1:l 

chelate of the trivalent manganese with EDTA, but it is not yet possible to write a 
detailed formula for the potassium salt of the manganese(II1) complex. At the present 
state, the following two formulae would fit the experimental facts: 

(A) I<[Mn(III)(Cl~H1~O~N~)(H20)~.l.5H~0 
(B) I<[Mn(III)(Cl~H1?08N?)(H20)2].0.5H?0. 
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YOSHINO ET AL.: MANGANESE(III) COMPLEXES 783 

The result of the thermal analysis, which suggests the presence of O.5H?O1 supports 
the formula (B). Recently Hoard et al. (15) reported on the X-ray evidence for the 
seven coordination for [Fe(III)(OH2)Y]- and [R/III(II)(OH~)Y]~-. In  view of the close 
resemblance between the Fe(II1) and Mn(II1) ions there might also be a possibility of 
seven coordination for the Mn(II1)-EDTA complex, but a t  present we do not have 
any direct evidence for it. 

ACKNOWLEDGMENTS 

The authors would like to  express their thanks to their colleagues, to Dr. I<. Imahori 
for infrared measurements, to Dr. Y. Takano for X-ray measurements, to  Mr. M. I<ino- 
shita for magnetic measurements, to Mr. S. Masuda for elementary analyses, and to 
Professor D. McCoy of the Sophia University for helping with the manuscript. 

REFERENCES 

1. R.  P ~ B I L  and J .  HORACEI<. Collection Czecl~oslov. Chem. C o m m ~ ~ n .  14, 626 (1!)49). 
2. R. I'EIBIL and V. SULION. Collection Czechoslov. Chem. Commun. 14, 454 (1949). 
3. R. PE~BIL and E. I - l o a ~ ~ c ~ r o v ~ .  Chern. listy, 40, 101 (1950). 
4. M. \V. LISTER and Y. YOSH~XO. Can. J .  Chem. 38, 1291 (1960). 
5. A. OUCIII, H. h11.4'TS~hfO~O, and Y .  YOSHIXO. xippon I<agak~~  Zasshi. In press. 
6. F. P. DWYEIL, E. C. G ~ a u ~ a s ,  and E. C. MELLOR. J. Phys. Chem. 59, 296 (1955). 
7. G. H. CAIITLEDGB and 11'. P. Blcrcrcs. J .  Am. Chem. Soc. 58, 2061, 2065 (1936). 
8. D. T. SAWYER and J.  M. ~ ~ I C I ~ I X X I E .  J .  Am. Chem. Soc. 82,, 4191 (1960). 
9. L. E. OIIGEL. An irltroductiorl to transition-metal chemistry. Methuen & Co. Ltd., London. 1960. p. 60. 

10. C. FUKLANI and A. CIANA. Ann.  chim. (Rome), 48, 286 (1058). 
11. C. I<. J ~ ~ R G E N S E N .  Energy levels of complexes ancl gaseous ions. Jul. Gjelleraps Forlag-, Copenhagen. 

1057. p. 34. 
12. D. H. BUSCH and J. C. BAILAR, JR .  J .  Am. Chem. Soc. 75, 4574 (1953). 
13. H. A. \I\~EAKLII:M and J .  I>. HOAIID. J .  Am. Chem. Soc. 81, 549 (1959). 
14. G. SCHWAILZENBACH and \&I. BIEDEILMAXN. Helv. Chim. Acta, 31, 459 (1!)48). 
15. J. L. HOARD, ht1. LIND, and J. V. SILVERTON. J. Am. Chem. Soc. 83, 2770, 3533 (1961). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE RAMAN SPECTRUM OF THE SULPHURIC ACIDIUM ION: THE 
CONSTITUTION OF CONCENTRATED SOLUTIONS OF 

TETRA(HYDROGENSULPHAT0)BORIC ACID IN SULPHURIC ACID 

R. J.  GILLESPIE 4 N D  E. A. ROBIN SON^ 
Department of Chenzistry, h1cMaster UwiDe~.sity, Hamilton, Ontario 

Received December 15, 1961 

ABSTRACT 

The Ra~nan spectra of sulphuric acid solutions of tetra(hydrogensulphato)boric acid and 
its sodiunl and hydroniurn salts have been examined. Frequencies are assigned to some of 
the vibrations of the sulphuric acidiu~n ion, H3SOlf, and are compared with the frequencies 
of the analogous vibrations of H&04 and HS04-. Evidence is presented that elimination of 
disulphuric acid occurs between molecules of HB(HS04)4 to give polyrners containing 
B-0-B linkages. 

No frequencies have been observed in either the infrared or Rainan spectra of sulphuric 
acid oleums that can be attributed to the H,S04+ ion (1, 2 ) ,  presumably because di- 
sulphuric acid and the higher polysulphuric acids are not strong enough acids to give a 
coilceiltration of the H3S04+ ion that is sufficieiltly large to be detected by these methods 
(3). I t  was decided, therefore, to exailline the Ranlan spectra of solutions of the relatively 
strong tetra(hydrogensulp1~ato)boric acid, HB(HS04)4, in the hope of obtaining fre- 
quencies for sonle of the vibrations of the H3S04+ ion. 

When boric acid is dissolved in dilute sulphuric acid oleum, tetra(11ydrogensulphato)- 
boric acid, HB(HS04) 4 ,  is formed : 

H3B03 + 3HzS201 = HB(HS04)i + 2H2SOt. [I] 

The conductivities of this acid in sulphuric acid show that it is a relatively strong acid 
of the sulphuric acid solveilt syste~ll (I<, = 0.2 inole kg-' (3)) .  Cryoscopic illeasurenlents 
on solutioils of the acid (-I), conductimetric titrations with various bases ( 5 ) ,  and measure- 
ments of the Hamniett acidity function, Ho ( C i ) ,  all confirin the extensive ionizatioil of 
tetra(l~ydrogei~sulp1~ato)boric acid in sulphuric acid: 

HB(HS04)4 + H?SOa = H3SOif + B(MSOA)i-. [a] 
111 order to interpret the Raman spectra it was necessary to also have information on 

the spectra of solutions of the salts NaB(HS04) .I and H30. B (HSO4) ; these were obtained 
by neutralizing the acid with an equivalent amount of the base NaHSOa, and by dis- 
solving boric acid in sulphuric acid: 

H3B03 + GHzSO4 = 3F130f + B(IISO,,),- + 2HSOdP. 13 1 

The Raman spectra are given in Table I.  In the spectrunl of a 0.35 niolal solution of 
HB(HSOJ1 in sulphuric acid most of the observed frequencies are due to the solvent 
sulphuric acid but, in addition, new lines were observed a t  730, 985, 1100, 12G0, and 
1480 cm-l. 

In the spectrum of a 0.4 illolal solutioil of HBBO3 i n  sulphuric acid all the observed 
frequencies can be assigned to sulphuric acicl except for a strong line a t  1040 cm-l and 
a line a t  588 cm-l, both of which are uildoubtedly due to the hydrogen sulphate ion 

'Present address: Departtnent of Clzenzistry, University of Toronto, Toronto 6 ,  Ontario. 
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GILLESPIE AND ROBINSON: SULPI-IURIC ACIDIUM ION 

TABLE I 
Raman spectra of solutions of 133B03, HB(HSOa),, and NaB(HS04)( 

in HrSO, (frequencies in cm-') 

( a )  ( b )  (c)  

NOTE: (a) 0.4 rnolnl IIaBOa in HI SO^; ( b )  0.35 ~nolal I-IB(1-ISOI)I in I-I?SOI; (6) 0.36 lnolal NaB(HS0,)r in IlaS01. 

(8), and a relatively weak line a t  1100 cm-I, which also occurs in solutions of the acid. 
This latter line is assigned to the synlnletric stretch of the SO? group in the B(O. SOz. OH)4- 
ion. The correspoilding asyillilletric stretch, according to the linear relationship between 
SOL synznzetric and asyin~netric stretches (9), should occur a t  -1260 cm-I. A very weak 
line of this frequency appears to be present in the spectrum. The frequency of 1100 cm-1 
for the SOz symmetric stretch in the B(HS04).,- ion seems reasonable in view of the 
frequency of -1200 cm-I for this vibration in the acids X .  SO?.. OH and of -1050 cm-1 
in their anions X . SO2 . O- (8). 

Although the SOz asyillinetric stretch of the B(HS04)4- ion probably contributes to 
the line a t  1260 cm-I in the spectrum of the 0.35 ~llolal solutioil of HB(IHS04)4, the 
intensity of this line is rnuch greater than in the spectruin of the 0.4 molal solution 
of H3B03 in s~~lplluric acid. Thus we assign the frequency 1260 cm-I also to the SO? 
symmetric stretch of the sulphuric acidiunl cation. The very weal; line a t  1480 cm-I in 
the spectrum of the acid can then be assigned to the asymmetric SOz stretch of the 
H3SO4+ ion: the pair of frequeilcics 1260 and 1480 cm-I fit the straight-line relationship 
reasonably well. The new line a t  985 cm-I can be very reasonably assigned to the S-OH 
symmetric stretch of the H3S04+ ion, by comparison with the frequencies of this vibration 
in HzS04 and HS04- (Table 11), and the 730 cm-I line assigned to the B(HS04).,- ion, 
probably to an SOz rocking mode. 

In the molecules SSOzOH the frequencies of the SO2 and S (0H)  stretching vibrations 
have beell found to increase with increasing electronegativity of the group X (8). The 

TABLE I1  
Comparison of the SO2 and S-OH stretching frequencies of HSO,-, HISO,, 

and H3SOlf (frequencies in cm-') 

Species SO? (sy111.) SO? (asym.) S-OH 

HSOJ- 1040 1195 895 
H?SO( 1195 1368 910 
H3SO4' 1260 1480 985 
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frequencies which we have assigned to  the stretching vibrations of the H3S04+ ion are 
conlpared in Table I1 with the frequencies of these vibrations in and HS04- (8). 
I t  may be seen that  the frequencies increase in the order > V H ~ . ~ ~ ~ . ~ ~  > 

which is quite coilsisteilt with the increasing electronegativity of the groups 
-0-, -OH, and -OHz+. 

When a 0.35 molal solution of HB(HS0.J4 was neutralized with an equivalent amount 
of NaHSO,,, 

the lines a t  985 and 1480 cnz-I disappeared from the spectrum but  the lines a t  730, 1100, 
and 1260 c ~ I I - ~ ,  which are assigned to the B(HS04)4- ion, remained. Additional weak 
lines were also observed a t  590, 625, 700, and 1040 cm-l. The lines a t  500 and 1040 cm-I 
are due to  the HSO4- ion (8), and the lines a t  625 and 700 c111-~ may be due to  vibrations 
of the B(HS04)4- ion. Lines a t  these frequencies are also found in the more concentrated 
solutions of HB(HS04)d. 

The spectra of the concentrated solutions of HB(HS04)4  in sulphuric acid are rather 
colllplex (Table 111). Apart from the frequencies that  can be reasonably assigned to 

'TABLE 111 
Raman spectra of concentrated sol~itions of HB(HS04)I  in  H?SO., 

(frequencies in cm-') 

( a )  ( b )  Assignment* 

NOTE: (a) 1.4 molal MB(HSO4)r in  HzS0.t; ( b )  5 molal HB(1-ISO.i).$ in H~SOI.  
*Many of the lines assigned to I-I?S~OI are probably common also t o  H ~ S S O ~ O  (1). 

H2S04 and B(HS04)4- there are many other lines. some of which are obviously due to 
H2S207 and HzS3010 ( I ) .  Tentative assignn~ents are given in Table 111. In a 5 molal 
solutioil of HB(HS04)4 the intensities of the H2S04 lines, in particular the 010 cm-I 
line, relative to  the lines of HzS207, in particular the 327 ~111-I line, are approximately 
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GILLESPIE AND ROBINSON: SULPI-ICRIC :\CIDIUM I O S  78'7 

the same as in a 20y0 oleuill (1) in which the mole ratio HzS?07/H2S04 = 0.3. Although 
some HzS20j is formed by the reactio~l 

this occurs only to the extent of a few percent in a 5 nlolal solution (7 ) .  Evide11tl~- the 
concentration of HrS20j is much greater than can be accounted for in illis way. 

The most reasonable explanation for the occurrence of relatively large concentrations 
of disulphuric acicl in concentrated solutions ol HB(HS04)a is that it is eliminated in a 
condensation process between B(HSOJ)4- ions giving polyn~eric anions containing 
B-0--B linkages. Evidence is presentecl in a followi~~g paper that  these B-0-B 
lin1;ages are generall~r contained i l l  a six-memberecl ring which also coi1taii1s n sulphate 
group, e.g. 

Quantitative eliniination of H2S20i according to t l ~ e  above equation would in the 
case of a 5 ~nolal solution of HB(HSO4)d give a solutioi~ in which the inole ratio of 
HrS?Oj to H?SO1 is equal to 0.3. ?'his agrees with the estimate give11 above froin the 
comparison of the spectrum with that of a 20y0 oleum. Eviclent1~- this polymerization 
reaction is eutensive i f  not con~plete. 

The 1iama11 spertl-a \yere obtained as prcx-iously clescribed (10). 'I'hc preparatiol~ of solutions of tetra- 
(h?;clrogensulphato)l~orir arid has been clescribecl i l l  a previous publication (4). 

Financial s ~ ~ p p o r t  Iron1 the Kational Research Council and the Ontario Research 
Foundation is gratefully acknowledged. 
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I. THE CONSTITUTION AND STEREOCHEMISTRY OF CEANOTHIC ACID' 

P. DE MAYO AND A. N. STARI~XTT 
Ilepartntent of Chentistry, University of Western Ontario, Londoiz, Ontario 

Received November 27, 1961 

ABSTRACT 

Ceanothic acid, a substance previously isolated by Julian, Pilcl, and Damson (J. Am. Chern. 
Soc. 60, 77 (1938)), has been shown to be a triterpenoid related to the lupeol-betulin group, 
but in  which ringA is five-membered. I t  has been degraded to the keto ester A norbetulonic 
acid methyl ester, a substance of defined constitutior~ and stereochemistry. The hydrosyl and 
carbosyl groups attached to ring X have been sho\vn by spectroscopic studies to be trans, the 
stereochemistry of ceanothic acid being that represented by (S I I ) .  

By the extraction of the root barlt of Ceanothz~s american~~.~ (Jersey Tea) Julian, Piltl, 
and Dawsoil (2) isolated a crystalline acid which was termed ceanothic acid. This sub- 
stance, which had not been reported by other investigators of the root barlt (3),  was 
characterized by the American worlters as a hydroxy dicarboxylic acid and attributed 
the forinula C29H4406. I t  was characterized by the preparation of a diinethyl ester and 
of a dimethyl ester acetate. 

They reported, further, that on heating to the melting point 1 mole each of water and 
carbon dioxide were evolved. The inajor fragment they concluded, for unspecified reasons, 
but probably on the basis of alkaline non-solubility, was a lactone, and hence proposed 
that ceanothic acid was a y-hydroxy acid. 

Attempted repetition of the method of isolation used by Julian, Pilcl, and Dawson 
did not lead, in our hands, to the isolation of any ceanothic acid. These authors remark 
on the variability of the plant, and subsequent workers (4) have also made similar 
observations. A modified procedure was evolved and is described in the experimental 
section of this paper. The acid so isolated had the properties ascribed to it b37 the early 
worlters, but, as will be seen in the sequel, the empirical formula requires modification to 
C30H4605, a point difficult of determination froin analyses alone. 

The infrared spectra of ceanothic acid and of its dimethyl ester showed bands a t  833 
(nujol mull) and 889 cm-I, respectively, indicative of the presence of an exo inethylene 
group. This interpretation was supported by the disappearance of this band on catalytic 
hydrogenation both of the acid and of the ester to their respective saturated dihydro 
compounds. The 1l.m.r. spectrum of the ester showed a doublet a t  T 5.37 (J - 7 .7  c.p.s.) 
(2 hydrogens) attributed to the nlethylene group and a singlet (3 hydrogens) a t  T 8.36 
attributed to a vinylic methyl group (5, p. 61). These observations, in the absence of ally 
other double bond, indicated the presence of an isopropeilyl group. 

The n.1n.r. spectrum, further, showed singlets (1 hydrogen) a t  T 5.95 and T 7.31. I t  
thus seemed probable that both the hydroxyl group and one of the carbosyl groups 
were attached to carbon atoms bearing one hydrogen atoin: these bailds are in appropriate 
places for the respective methine hydrogens ( 5 ,  pp. 55, 57). 

Evidence for the proximity of the hydroxyl group and the secondary carbosyl group 
was obtained by an examination of the "lactone" obtained by Julian, Pikl, and Dawson 
(2). This substance was, in fact, an unsaturated acid, as evinced by its conversion, with 

'Par t  of the wzaterial reported herein forijzed Ihe sirbstance of a prelinzinary comm2~nication (1). 
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DE MAYO AND STARRATT: TERPENOIDS 789 

diazomethane, to the corresponding ester. In addition to the bands a t  T 5.40 'and T 8.46 
in the n.il1.r. spectrum, indicative of the continuing presence of the isopropenyl group, 
two hydrogens producing an i lB pattern (doublets a t  T 4.16 and T 4.66; JAB -- 5.4 
c.p.s.) were present. The forillation of this pattern is evidence for the transfornlatioil 
indicated in the conversion of (I) to (11), that is, the dehydration-decarboxylation of a 
0-hydroxy acid. 

This was confirmed, as follows. Diinethyl ceanothate was converted into the benzoate 
(isolated only as an oil) and the latter pyrolyzed a t  330' to eliminate benzoic acid. The 
isolated anhydroacid showed the expected ultraviolet end absorption for an isolated 
isopropenyl group and an a,Bunsaturated ester. Furthermore, a band (singlet, 1 hydrogen) 
at  T 3.9 in the n.1n.r. spectrum indicated the presence of the expected vinyl hydrogen in 
addition to those of the isopropenyl group (5, p. 61). 
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Since dih~.droceanothic acid and its diinethyl ester showed no absorption in the ultra- 
violet spectrum in the 200-210 mp region, they were, presumably, saturated. I t  followed 
that ceanothic acicl was, therefore, pentacarbocyclic. Some relationship to the lupeol- 
betulin - betulinic acid (111, R = H, OH) series seemed probable in view of the presence 
of the isopropenyl group and this view was strengthened by the presence of betulinic 
acicl itself amongst the root constituents. 

One of the characteristic transformations of the lupeol-betuliil group of substances is 
the ready acicl-catalyzed expansion of the terminal, E, ring to give derivatives of the 
0-amyrin series (6). In those substances having a carboxyl function a t  C17 concomitant 
lactonization occurs: betulinic acicl (111, R = H, OH), for instance, is converted into 
(IV). When subjectecl to suitable conditions-refluxiilg formic acid for 3 hours-ceanothic 
acid was convertecl into a y lactone (bands a t  LG96 (carboxyl) and 1762 cm-I (y lactone)) 
with the simultaneous clisappearance of the isopropenyl group. The resulting 1110110- 
carboxylic acid lactone was further characterized as the acetate, indicating the non- 

of the hydrox~~l  group in the lactonization process, and as the inethyl ester. 
Some modification of the betulinic acid skeleton in ceanothic acid was, however, 

ilecessary since the functions iildicated in (I) cannot otherwise be accommodated. The 
grouping in (I) nras suggestive of the occurrence of a 'biogenetic' piilacolic rearrangement 
a t  some stage in the genesis of ceanothic acicl, such as may take place in the format io~~ 
of gibberellic acid (7) and of the aldehyde in magnamycin (8). 

Oxidation of methyl dihydroceanothate with sodiuill dichromate gave the corresponding 
ketone. Al1;aline hydrolysis resulted in the loss of carbon dioxide expected of a p-lceto 
ester and the formation of a Icetonic monoester. This substance showed ail unresolved 
band in the infrared spectrum (at 1738 c111-~) for the cyclopentanone and ester, while 
its precursor showed bands (CCI4) a t  1750 (cyclopentanone) and 1727 cm-I (ester). 

Two possible structures, (V) and (VI), were possible for this ketone, but its properties 
suggested that it was (VI), a substance previously prepared by Ruzicka et al. (9, 15) 
from betulonic acid by hydrogenation, nitric acid oxidation to (VII), followed by pyrolysis 
and esterification. Direct preparation of this substance fro111 methyl dihydrobetulonate 
and compariso~~ of it, the derived 2:4-dinitrophenylhydrazone, and anhydride (VIII) 
(obtained by selenium dioxide oxidation) showed them to be identical in every respect. 
Four possible structures, (IX) , (X) , (XI), and (XII) , followed for ceauothic acid. 
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DE MAY0 AND STARRATT: TERPENOIDS 791 

I t  has already been noted that,  in dimethyl ceanothate, the methine hydrogens adjacent 
to the carbon~ethoxyl and hydroxyl groups were singlets; that is, although the hydrogens 
were on contiguous carbon atoms, the coupling constant was close to zero. In contrast, 
the ketone (XIII) ,  derived froin inethyl ceanothate lactone, on reduction with sodium 
borohydride gave an epimeric alcoholic lactone, methyl isoceanothate lactone. This 
substance showed, in its n.1n.r. spectrum, a doublet a t  T 7.0, the methine hydrogens being 
coupled, and a quartet a t  T 5.9 (5, pp. 55,57), the hydrogen on the carbon bearing oxygen 
being split by the adjacent methine hydrogen and by the hydroxyl hydrogen. This would 
suggest that in dimethyl ceanothate the hydrogen atoins are a t  an angle of about 90' 
(10, 11) and, therefore, in the trails relationship. 

Further evidence supporting this view was obtained from a study of infrared spectra. 
Treatment of methyl dehydroceanothate lactone, (XIII) ,  with sodium methoxide resulted 
in a rapid epimerization of the carbomethoxyl group-which must, therefore, be in the 
unstable configuration-and the forination of the isomeric methyl dehydroepiceanothate 
lactone. Reduction of this with sodium borohydride then gave methyl epiceanothate 
lactone. Three of the four epimeric hydroxy esters were now in hand. The infrared 
spectra of these substances in solution were determined in the carbonyl and hydrox~ l  
regions. The results are recorded in Table I. Meth1.1 dihydroceanothate shows a normal 

TABLE I 

Co~npound vester (CIII-~) * vilydroxyl Co~~ceiltration (%)t 
Dimethyl dihydroceanothate 1733 3634 (sharp), 2 . 5  

-3510 (broad) 
3634 (sharp) 1 . 2  
3640 (sharp) 0 . 2  

Methyl isoceanothate lactoile 1718 3582 (sharp) 0 .7  
3580 (sharp) 0 . 1  

Methyl epiceanothate lactone 1717 3632 (sharp), 1 . 9  (CIICl3)j 
3508 (broad) 

3634 (sharp), 0 . 3  
3508 (broad) 

*Spectra taken in  CCli (Fisher Spectranalyzed) urlless specified otherwise 
tMaximum concentratiorl limited by compound solubility. 
$Chloroiorm washed and dried to remove alcollol. 

unbonded ester and, in agreement, the hydroxyl group shows bonding (interinolecular) 
only in the most concentrated solution. In contrast, the epimeric methyl isoceanothate 
lactone shows a bonded ester group and a bonded hydroxyl band even in dilute solution. 
These results support the trans and cis configurations, respectivel\., allocated. I t  seeins 
probable that methyl epiceanothate lactoile is, also, cis. 

Structures (IX) and (XII) rennin for ceanothic acid, aitd inspection of models suggests 
that the 0-carbomethoxyl group is under more severe non-bonded interaction than the 
a epimer. In view of the ready epimerization of methyl dehydroceanothate lactone, 
stereostructure (XII)  is preferred for ceanothic acid." 

A11 attempt was inade to confirm this from optical rotatory dispersion measurements. 
A11 amplitude of 200, 203, and 228 for methyl clehydroepiceanothate lactone, methyl 
dehydroceanothate lactone, and (VI) respectively was recorded. The differences are too 
small to be interpretable, particularly since slight changes in the conformation of the cyclo- 

' W e  understand that Dr. J .  J.  H. Sinies (University of New Soulh Wales)  has itzdcpetzdettlly arriz'ed at the 
sanze slereoche~nical conclz~siof~s with regards to ceanolhic acid. W e  wish to thank Dr. Sz7?1es f ~ r  this informalion. 
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pentanone ring are likely to be of considerable significance (12). I t  is interesting, however, 
that the proposed stereochemistry of the lteto esters is that  predicted by Bose's empirical 
rule (13). 

The substance emnzolic acid, recently isolated by Boyer, Eade, Locltsley, and Si~nes 
(14) from Ewzrne~zospermzim alp3~i to~zioides  F. Muell. has constants coillparable with those 
of ceanothic acid, and, where the saille derivatives have been prepared, there is good 
agreement. We have been informed3 that these substailces are identical: the ilaine used 
by Julian, Piltl, and Dawson (2) should therefore be that retained. 

After the preparation of this illanuscript a recent publicatioll (IG) by ~Mechoulam 
became available. This author concurs in the allocation of the P coilfiguratioil to  the 
carboxj~l group of ceanothic acid, but  concludes that  the hydroxyl group is cis. The reasons 
advanced are that ,  first, lithium aluminum hydride reduction of the ltetoile derived 
from dilnethyl ceanothate and of dilnethyl ceanothate itself gives the same triol. I t  is 
proposed that the hydroxyl produced by ketonic reduction is tha t  which is illore hin- 
dered, i.e. P ,  and that this configuration is, therefore, that  present in ceanothic acid 
itself. Secondly, it is reported that  in dilute (unspecified) solution in carbon tetrachloride 
the triol exhibits hydrogen bonding of the hydroxyl group, again apparently supporting 
the cis allocatioil of configuration. 

'CVe do not find these results persuasive. The prediction of the coilfiguration of the 
hydroxyl produced by ltetonic reduction is quite uncertain in the presence of a nearby 
function with which the lithiuin aluininuin hydride can chelate and direct the stereo- 
chemical course of reduction. I t  cannot thence be concluded that the alcol~ol produced 
is the more hindered. The assignment of the config~iration rests solely, therefore (assuming 
no epiinerization of the carbomethoxyl group during the reduction), on a single observa- 
tion with regard to hydrogen bonding. 'CVe believe that such observations are only 
relevant if the appropriate epimer is available for comparison. Since, in the triol, the 
situation is coiuplicated by a third (primary) hydroxyl group, the coi~cl~isioi~ is rendered 
yet lzlore dubious. 

EXPERIMENTAL 

Infrared spectra and rotations were determined in chloroform solution and ultraviolet spectra in ethanol 
~l~l less  otherwise stated. Melting points were uncorrected and determined on the Icofler hot stage. Kuclear 
magnetic resonance spectra lvere cletermined a t  60 Mc/s on the Varian V-4304 spectrometer in carbon 
tetrachloride solution with 1% tetramethylsilane a s  an  internal reference. Alumina mas Woelm neutral, 
standardizecl according to  Broclcmann. Light petroleum refers to  the fraction of b.p. 60-80". 

Erlractiotz of Ceanothz~s avlericanus 
Extraction and isolation in the manner described by Julian, Pikl, and Dawson (2) was not successful 

in our hands. By dirferer~t procedures, different proportions of the various acid constituents were obtained. 
Tha t  leading to  ceanothic acid is described below; other procedures will be described in a forthcoming 
publication. 

The ground root bark (2 kg, supplied by S. B. Peniclc and Co.) was extracted continuously with ether 
in a Soxhlet apparatus for 33 hours. The residue (35 g) was extracted with light petroleun~ under reflux 
for 3 hours, the light petroleum then being replaced, and the process repeated four times. The  residue, in 
ethereal so l~~ t ion ,  was extracted exhaustively with potassium hydroside solution @yo). A solid (A), which 
separated a t  the interface, was removed by filtration. Acidification of the allraline solution and isolation 
with ether gave the crude acid misture (11 g),  which was further defatted by extraction with light 
petroleum. 

The acid mixture (10.4 g) was added, in bellzeile solution, t o  a colum~i of silica (B.D.H.; 300 g). Elution 
with benzene-ether (20:l) gave a n  acid (538 mg), which, after recrystallization from ether-methanol, had 
melting point 350-354' (decamp.), [a111 4-39' (c ,  1.23; pyridine). Found: C,  76.45; 11, 9.23; 0, 14.43%.4 

3We wish to thank Dr. T. G. Halsall (0x ford) for  this infornzatiorz. 
4F~~rtlzer  work ow this sz~bstance, ceanothenic acid, and better inethods of isolation will be reported i n  due 

course. 
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Further elution with the same solvent mixture then gave betuli~lic acid (232 mg), m.p. 270-285", identified 
as described belo\\,. Elution with benzene-ether (10:l) then gave material which after two crystallizations 
from ether-benzene gave ceanothic acid (350 mg), m.p. 330-340" (with evolution of gas). Further recrystal- 
lization from ether-methanol gave pure ceanothic acid, m.p. 356-357" (gas evolution), +3S0: (c, 1.20; 
ethanol). Julian, Pikl, and Dawson (2) report m.p. 354". The substance showed v,,,, a t  3480, 1720, 1641, 
and 883 cm-I (nujol mull). 

Identij'icatio~z of Betl~linic Acid 
The salt (A) was acidified and the acid isolated with ether. I t  was identical \vith the crude betulinic 

acid isolated during chromatography. I t  was reduced in ethereal solution with excess lithium aluminum 
hydride, the crude diol acetylated, and the diacetate, 111.p. 215-21G0, +14' (c, 0.90) was identical in 
infrared spectrum and gave no 11lelting point depression on adnlixture with an  authentic specimen of 
betulin diacetate. 

Diwzetlzyl Ceanotlzate 
Methylation with diazomethane gave the dimethpl ester, m.p. 221-223" (Julian, Pikl, and Dawson (2) 

report 22d0), [ a ] ~  +41° (c, 1.00). Acetylatioll gave the acetate, 111.p. 157-160" (Julian, Pilcl, and Dawson 
(2) report 157"), [a]D +29" (c, 1.07). 

Dimetlzyl Dilzydroceanotlznte 
Dimethyl ceanothate (53 ~ n g )  in ethanolic solutioll was hydrogenated over pallatlized charcoal (35 n ~ g ,  

5%). After chromatography on alumina the material eluted with benzene-ether (20:l) \\.as crystallized 
fro111 ether-methanol, when the dilnethyl dihydroceanothate obtained had m.p. 262-263", +21° 
(c, 1.36). Calc. for C3?HjgOj.0.5MeOH: C, 73.31; H, 10.15%. Found: C,  73.06; H ,  9.91%. 

The same substance was obtained by hydrogenation ill glacial acetic acid solution over plati l~um oxide 
catalyst; 1.0 mole hydrogen mas absorbed. 

L)ihYdrocea~zothic Acid 
Ceanothic acid (199 ~ n g )  was hydrogenated in acetic acid solution over platinum oxide. Crystallized 

from ether-methanol, the acid had melting point above 350°, [a]" +llo (c, 0.97; ethanol). Calc. for 
C30H180j: C,  73.73; H ,  9.90%. Found: C, 73.94; H, 10.04%. 

Pyrolysis of Diiizethyl Ceanotlzate Benzoate 
Dimethyl ceanothate (89 n ~ g )  was con\.erted into the benzoate (benzoyl chloride - pyridine). After 

extensive chromatography it was obtained only a s  an  oil (77 mg). This oil (69 111g) \%IS heated a t  330° 
under a slow stream of nitrogen. The crude product \\.as refluxed for 1 hour with methanolic potassium 
I~ydroxide (5%) and the neutral material was isolated with ether and chromatographed 0x1 alumina (Grade 
1 ;  2 g). Elution with light pe t ro l e~u~ l -  benzene (1:l) and crystallizatioll fro111 ether-methanol gave dimethyl 
anhydroceanothate (19 mg), m.p. 166-168", [ a ] ~  -16" (c, 1.51), Xi.r 215 mp (E 7500). Calc. for CJ2HJBOi: 
C, 77.37; H, 9.74; OWIe, 12.5%. Found: C, 77.65; I-I, 9.tid; OWIe, 12.30%. 

011 catalytic hydrogenation in acetic acid solution over platin~um oxide 3 moles of hydrogen were 
absorbed. 

Ceanotl~ic Acid Lactone 
Ceanothic acid (GO mg) was refluxed ill formic acid (98%) for 3 hours, the for~ilic acid removed in  uacuo, 

and the residue refluxed with methanolic potassium hydroxide (5%) for 30 1lli11utes. Isolation with ether 
and crystallization fro111 ether - light petroleuln gave the lactone, m.p. 190-205" and 303-305", +90° 
(6, 0.91), vmx 1760, 1695 cm-l. Calc. for C ~ D H J G O ~ . O . ~ H ? O :  C,  72.72; H, 0.40%. Found: C, 72.24; H ,  9.55%. 

The acid lactone, on methylation with ethereal diazonletha~le, gave the nlethyl ester, n1.p. 256-25i0, 
[a],, +90° (6, 0.98). Calc. for C31Hi~Oj: C, 74.36; H ,  9.66%. ITound: C,  74.08; H ,  9.6670. The lactone, 
prepared from cennothic acid (296 mg), was acetylated (acetic anhydride - pyridine) and the crude acetate 
chromatographed on silica gel (15 g).  Elution with benzene-ether (20:l) afforded, after crystallization 
fro111 ether-methanol, the acetatc, m.p. 309-311" (dcconlp.), [cull, +7O0 (c, 1.10). Calc. for C3?H4sOG: C ,  
72.69; H ,  9.l5y0. Found: C,  72.64; 11, 9.1670. 

,tJetlzyl Del~ydrocennotlzate Lacto7ze 
Methyl ceanothate lactone (70 nlg) in acetic acid (ti ~ n l )  co~ltaining sodium dichronlate (44 ~ n g )  was 

to stand overnight a t  room temperature. Isolation in the usual uray gave, after crystallization 
from chloroforln-methallol, the Icetone, 1n.p. 220-225" and 31:)-324", [a],, +178" (c, 0.63). Calc. for 
C31H,,GOj: C,  74.66; H ,  9.20%. Found: C, 74.76; 1-1, 11.25%. 

Decarborya~z1zydroceanotl~ic Acid 
Ceanothic acid (47 ~ n g )  mas heated in a \\'ood's metal bath ~ l ~ l d e r  nitrogen until the temperature rose 

to  350'. The product nras taken up in ether, washed \vith dilute potassium hydroxide solution, and, after 
evaporation of the cther, was crystallized fro111 ether - light petroleuln, when i t  has 111.p. 238-244O (Julian, 
Pilcl, and Dawson (2) record 234"), [ a ] ~  +2 i0  (c, 0.79), v,,,:,, 1697, 1643, 881 cm-' (Ccli) .  Calc. for C?eHA40?: 
C,  83.02; H, 10.44Y0. Found: C, 81.97; H ,  10.62%. 
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il[etlzyl Delzydrodihydroceanotlzate 
WIethyl dihydroceanothate (45 nlg) in acetic acid (5 ml) containing sodil~nl dichromate (18 mg) was 

allowed to stand overnight a t  room teinperature. Isolatiorl and crystallization from ether-metha~lol gave 
the keto ester, 1n.p. 183-18-4", [ a ] D  +94' (c, 1.25), v,,, 1750 cnl-I. Calc. for C32H:,oOi.0.5i?IeOH: C, 73.59; 
H, 9.81%. Found: C, 73.77; H, 9.45y0. 

Methyl Decarborydeli.ydrodilzyd~oceanotltate 
Methyl dehydrodihydroceanothate (59 mg) was refluxed 2 hours in ~nethanolic potassium hydroxide 

(10 1111; 10%). Isolation and crystallization from ether-methanol afforded the decarboxy ester, m.p. 
180.5-181.5", [ a ] D  +72O (c, 1.11). Caic. for C30H4803: C, 78.89; H, 10.59%. Found: C, 78.32; H, 10.67%. 
The melting point was ~~ndepressed on admixture with A-nor-dihydrobetulo~~ic acid methyl ester of the 
same melting point prepared as described by Ruzicka and Isler (15). Ruzicka, Brenner, and Rey (9) record 
[ a ] ~  t84.6". It was also prepared as described below. The infrared spectra were superposable. The 2:4- 
dinitrophenylhydrazone, crystallized from chloroform-methanol, had melting point 261-263" and gave 
no depression in melting point on admixture. Calc. for C~~HS?I \T .~O~:  C, 67.89; I-I, 8.23; N, 8.80%. Found: 
C, 67.94; H, 8.19; N, 9.03%. 

The ceanothic keto ester (28 mg) was heated in a sealed tube with selenium dioxide (120 111g) and dioxan 
(4 ml) a t  200" for 114 hours. The anhydride, isolated as described by Ruziclia and Isler (15), had m.p. 
271-272", [ a ] D  +40° (c, 1.32), v,,, 1800, 1755, 1720 cm-I. These authors report n1.p. 269-270' (cot.), 
[ a ] ~  +42.5". 

The Oridation of ~Metlzyl Dihydrobetrrlonate 
The lieto ester (255 ~ n g )  was added to a precooled mixture of fuming nitric acid (11 n11; 90y0) and glacial 

acetic acid (10 ml), and stirred for 4 hour a t  0°, when the ester had dissolved, and allowed to stand for a 
further 4 hour. After dilution with water the collected material was chromatographed on silica gel (11 g). 
Elution with benzene afforded some starting material after which elution with benzene-ether (20:l) gave 
A-secodihydrobetulinic acid tricarboxylic acid monomethyl ester, m.p. 160-163", [ a l l ,  +go (c, 1.08). Calc. 
for C31H5006.0.5H20: C, 70.59; H, 9.67%. Found: C, 70.72; H, 9.46%. Methylation (diazomethane) 
gave the known trimethyl ester, m.p. 147-149", [ a ] ~  -1" (c, 1.2). Ruzicka and Isler report 145' (15). 

Pyrolysis of the diacid ester a t  260' (12 mm Hg) gave a mixture of anhydride and cyclopentanone. 
Hydrolysis with alcoholic potassium hydroxide (5%) and isolatio~l of the neutral material gave the A-nor 
ketone identical in melting point and mixed melting point with the material described above. 

Epinzerieation of Metlzyl Dehydroceanothate Lactone 
The lactone (13.6 mg) in methanol (5 ml) had [ a ] D  + 153". NIethanolic sodium nlethoxide (5y0; 0.5 ml) 

was added and the rotation redetermined immediately and found to be [ a ] D  +113". It was not changed 
on further sta~lding. Repetition of the above experiment OII a larger scale (101 nlg) on isolatioil of the 
product gave, after crystallization from chloroform-metha~~ol, methyl dehydroepiceanothate lactone, 
m.p. 328-330' (decomp.), [ a ] ~  +117O (c, 0.71). Calc. for C31H,60j: C, 74.66; H ,  9.30%. Found: C, 74.83; 
H, 9.33%. 

Jlethyl Epiceanothate Lactone 
To  methyl dehydroepiceanothate lactoile (40 111g) in dioxan (5 1111), ~llethallol (5 I I I~) ,  and water (1 1111) 

was added sodium borohydride (40 mg). After 45 minutes the product was isolated with ether and, after 
evaporation of the solvent, chromatographed 011 alumina (Grade 3 ;  2 g). Elution with benzene- light 
petroleum (1:l) followed by crystallization of the product fro111 chloroforill-nlethanol gave the alcohol, 
1n.p. 301-303", [ a ] ~  +31° (c, 1.19). Calc. for C~IH~BO: :  C, 74.36; H,  9.66%. Found: C, 74.44; H, 9.4770. 

il[ethyl Isoceanotlzate Lactone 
Methyl dehydroceanothate lactone (129 n ~ g )  in dioxall (13 ml), illethanol (15 ml), and water (4 ml) 

was treated with sodium borohydride (50 mg). After 35 mi~lutes the product was isolated and chrolnato- 
graphed on alumina (Grade 3; 12 g). Elution with benzene - light petroleum (1:l) gave, after crystal- 
lization from ch1orofor111-methanol, the alcohol, 111.p. 239-240°, [ a ] ~  +85O (c, 0.84). Calc. for C31H4~0:: 
C, 74.36; H ,  9.66%. Found: C, 74.17; H,  9.52%. 
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CHARACTERISTIC OF ALLYL POLYMERIZATION 

A. C. R. BROWN AND D. G. L. J A M E S  

Departnzent of Clzemistry, Utjiversity of British Colzrnzbia, Vancouver, British Colz~tnbia 
Received September 25, 1061 

ABSTRACT 

The rate constants of the rcactions 

have been measured in the gas phase between 50' and 142" C: 

k7/kzr12 = (5.5f2.7) X10-8 exp ( -7750f  350)/RT cm3I2 m o l e ~ u l e - ~ / ~  sec-l'?, 

k~/k?"? = (2 .5 f  1.0) X10-8 exp ( -7600f  300)/RT cm3I2 ~nolecule-~/~ scc-l'?, 

where k? is the (known) rate constant for the reaction 

2CHXCHz --t CdHIo. 

The significance of these values is discussed in relation to the propagation and chain 
transfer processes in the polymerization of allyl alcohol. A consideratio11 of the rates of 
addition of free radicals to a series of monomers of diverse reactivity reveals that  a correlation 
exists between the rate constants for the addition of the ethyl radical in the gas phase and of 
certain polymer radicals in the liquid phase. 

An application of the general equation proposed by Bamford, Jenkins, and Johnston for 
radical reactivity leads to the conclusion that k, = 2k7 and that k,/kr = k7/ke = 1.8 for allyl 
alcohol a t  GOo C. Predictions based upon these relationships are colnpared with experimental 
data for the propagation and degree of hotnopoly~nerizatio~i of allyl alcohol and for inhibitioli 
and propagation in copolymerizatior~; reasonable agreement is fo~und in all cases. 

INTRODUCTION 

The polyinerization of allyl alcohol appears to offer the clearest example of allylic 
kinetics ( I ) ;  but  the liinetic study is rendered difficult by the low reactivity of the 
inonomer (2). In this paper we offer a new approach to problems of this liind, and suggest 
that our method inay be of general use in the study of the energetics of the elementary 
reactions of polyineriz a t '  ion. 

Ally1 polyinerization owes its distinctive character to a delicate balance between the 
rates of two competing reactions: addition and metathesis. Each of these alternatives 
involves the same reactants: a growing polymer radical, vinylic in nature, and an allylic 
monomer molecule : 

M,. + CHFCII-CHzS --t MI-CIIZ-CH-CH?X (addition), 

M j .  + CHz=CH-CH2S -, MjI-I + CHz=CH-CIIX (metathesis). 

Addition forms another vinylic polymer radical, equal in reactivity to its parent, and is 
thereby a step in the propagation of polymerization. NIetathesis produces a new class of 
radical, the allylic radical CH2=CH-CHX*. The allylic radical is stabilized by reso- 
nance (3) and has a reactivity decisively lower than the vinylic radical (4);  indeed, the 
allylic radical is characteristically too unreactive to add to the monomer molecule, and 
so cannot propagate the chain (5). Instead, i t  may terminate the chain by coinbining with 
a growing polymer radical, or it may be reinoved by dimerization. In either case, meta- 
thesis results in both structural and kinetic chain termination, whereas addition is the 
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BROWN A N D  JAMES: ALLYL POLYMERIZATION 797 

essential reaction of propagation in both allyl and vinyl polymerization. The experimental 
evidence for these views has been derived largely froin 1;inetic studies of the polymeriza- 
tion of allyl acetate (5-8), and a comprehensive kinetic scheme has been proposed by 
Litt and Eirich (7). 

The ideal allyl monomer for this study is one which reveals most clearly the competition 
between metathesis and addition. Certain allyl monomers are unsuitable because they 
display either vinylic reactivity (allyl chloride (9)), effective chain transfer (allyl acetate 
(10, l l ) ) ,  or radical displaceinent reactions (allyl trimethyl acetate (10)). Ally1 alcohol 
was chosen for this study because the OH group is neither reactive in itself nor does i t  
confer abnormal reactivity upon the double bond (12). Thus, allyl alcohol can be poly- 
merized very slowly by peroxidic catalysts, but  only an oil with a degree of polymerization 
of five is obtained, and fresh catalyst must be added frequently to the system (13, 14). 

Our aim is the coinparison of the rates of the metathetical and addition reactions of 
allyl alcohol, chosen as  a typical allylic monomer. T o  eliminate inessentials, we have 
chosen the simplest vinj~lic radical, CHBCH2. , to attack the monomer, ancl have studied 
the reaction in the gas phase. In this way we avoid the variable influences of chain length 
and configuration of the vinj~lic polymer radical, and other problems arising from 
interactions in the liquid phase. 

EXPERIMENTAL METIHODS 
The apparatus and method have been described in two earlier papers (15, 16). Certain improvements 

in the techniques of purification of reactants and analysis of products have been adopted in this investi- 
gation. The diethyl 1;etone and the ally1 alcohol, both White Label grade materials of the Eastman I<odak 
Con~pany, were purified by gas chromatography, using the 6-ft "Ucon polar" column of the Beclcmann 
R'Iegachrom instrument a t  110" C. The  2,3-dimethyl butadiene-1,3, the cyclohexadiene-1,3 and the 2,5- 
dimethyl hesadiene-2,4 were purified in the same way. 

The analysis followed the original pattern of fractionation into CO, CZ, and C4 samples, supplemented 
by analysis by gas chromatography. The CO fraction was found to  be pure and free from traces of hydrogen 
and methar~e. The C? fraction was analyzed in a stream of helium a t  80" C on a 2-m silica gel column, 
and consisted entirely of C?IH4 and C2I-IG. Mixtures of C2H4 and C?I-IG of Icnown composition were used 
to  calibrate the apparatus for the analysis of the C?  fractions. The C?H.t,/C?Ila ratio could then be measured 
by a comparison of peal; areas, if the area of the C?H4 peal; was multiplied by 1.08. For reaction tempera- 
tures below 145" C it was found that the  C4 fraction son~etimes contained a trace of 1-pentene, but this 
did not exceed 0.5% of the butane, and was ~ ~ s u a l l y  much less than this. The proportion of 1-pentene 
formed was greater for reactions above 146" C and consequently this temperature was not exceeded in 
quantitative studies. 

T H E  ICINETICS OF TI-IE REACTIONS O F  T H E  ETHYL RADICAL 

The photolysis of pure diethyl lietone conforms to the established mechanism (17-20): 

At higher light intensities and below 250" C the pentanonyl radical is removed by the 
reaction 

One molecule of carbon monoxide is equivalent to two ethyl radicals and hence to one 
n~olecule of either ethane or butane. The material balance may be defined by the ratio 
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where the symbol X, represents the rate of formation of the product Z in nlolecule sec-1 
CIII-~ of illunlinated volume. The quantity :lf was found to have the value 0.997 f 0.03 over 
a wide range of temperature and light intensity, showing that reactions [l] to [5] account 
for all the products (15). 

If a gaseous mixture of allyl alcohol and diethyl ketone is illuminated, the metathetical 
and addition reactions of the ethyl radical with allyl alcohol will take place. At higher 
light intensities the nletathetical reaction will take the course 

The rate of reaction [GI is given by the following equation, which remains valid even 
if [Gal does not represent the exclusive fate of the allylic radical: 

where [Dl and [B] represent the concentration of diethyl ketone and allyl alcohol, 
respectively, in illolecule c111-~. 

The addition of the ethyl radical to allyl alcohol will form a vinylic radical: 

The adduct will react with a second ethyl radical, either directly, 

or through seine iilter~iiediate process (such as metathesis with diethyl ketone followed 
by reaction [5]). 

I11 all such cases ethyl radicals disappear from the system without the formation of 
CzHa or C4Hlo, and so the value of 114 falls below unity. Since two ethyl radicals are 
equivalent to one allyl alcohol nlolecule in the addition reaction, the rate equatioil is 
given by 

The rate equation for addition is not rigorous if ethane or ethylene is formed by reactions 
of the type 

These reactio~is would lead to an increase in ibf and erroneously sillall values of k7. 
We have shown elsewhere 011 the basis of experimental evidence that  such reactioils will 
have no more than a negligible effect upon the validity of the rate equation (16). 

RESULTS 

The results obtained from the photolysis of diethyl ltetoile in the presence of allyl 
alcohol are presented in Fig. 1. 

Statistical analysis of the data give us the results of Table I ; values for 1-heptene (16) 
and for vinyl acetate (22) have been added for comparison. Ally1 alcohol is significantly 
more reactive than 1-heptene a t  100' C with respect to both addition and metathesis. 
The greater reactivity of allyl alcohol nlay be attributed to the greater electrophilic 
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I21c,. 1. .4dditio11 and metathetical reactions of the ethyl radical \vith ;~11y1 alcohol: a, aclclition, 
Ei-kE? = '7.8 kcal mole-'; 0, mctathcsis, Es-iE? = ' i . 6  kcal mole-'. 

character of the OH group-consiclerably mitigated by its distance from the clottble 
bond. 

The 1-pentene found in the butane fraction for reactions above 145" C may arise froin 
a radical displace!llent reaction : 

This is equivalent to stating that  the product of addition is unstable, and may decompose 
in the period normally elapsing between its formation and its combination with an ethyl 
radical. B?, the nature of the rate equations we would expect k7 to be affected a t  a lower 
temperature than k6, ant1 in Fig. 1 the point corresponding to k7 a t  the highest temperature 
employed shows a negative deviation from the straight line. 

The values of ka/k21'' calculated froill preliminary photolyses with pure diethyl ltetoile 
were in full agreement with the earlier values (15). The ratio of the disproportionation 
and coinbiilatioil constants of the ethyl radical, k:Jkz, was found to be 0.134f 0.01 in 
this study, indistinguishable from the value of 0.13(if0.02 reported previously (15), 
and of 0.135 in the most recent work (20). This concorclance establishes a basis for 
comparing the results of this study with the earlier data. 

DISCUSSIOS 

Y'he Xeleva7zce of k6 a n d  k7 to  Polymerizat ion Icinetics 
Ally1 polymerization owes its distinctive quality to the restriction of the values of 

k,/kf to a narrow range of about 2 to 20. We have found that k7/kc = 1.8 for allyl alcohol 
a t  60" C, but this ratio is relevant to the polymerization of allyl alcohol only if k,/kf = 
k7/k6. I-Iere we shall present the evidence for this equation, and we begin by showing 
that k, and k7 are of the same order of magnitude, and, indeed, that k, = 2k7 for allyl 
alcohol a t  60" C. 

The value of the addition constant k7 may be calculated using the value of kz  measured 
by Shepp and Kutschlte (21): kz = 5.06 X 10-lo exp (-2000f 1000)/RT cin3 molecule-I 
sec-l. Values of k7 are compared with k, for vinyl acetate a t  GO0 C, and for this monomer 
k, = 1.8 k7: 

ally1 alcohol: k7 = 2.2 X 10-Is cm3 molecule-I sec-I; 
vinyl acetate (22) : k7 = 3.5 X 10-ls cm3 molecule-l sec-I, 
vinyl acetate (23): k, = G.3 X 10-Is cm3 molecule-I sec-l. 
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Reactions of the ethyl radical with ~~t lsa tun>ted nlolccules 
... . 

Nat t~ re  of Sumber  E,-$E, 13+log (k,/k21/2) 
Substrate react1011 C B 13 +log (A ./A ,li2) (Iccal mole-') of runs 

. - 
(at  100" C)  
-- 0 > 

Ally1 alcohol .Addition 18 5.739 1.695 5 . 7 f 0 . 2  7 . 7 5 f 0 . 3 5  1 .%I z 
:\ddition 34 5.156 1 .530 1 . O G  

5 
I-Ileptene (16) 5 . 2 f  0 . 1  7 . 0 f O . 2  d 

\Jinyl acetate (22) Xcldition 22 5.300 1 ,485 5 . 3 f  0 . 3  0 . 8 f 0 . 4  1 .32 4 
... 

Ally1 alcohol Alletathesis 17 5.385 1.665 5 . 4 f 0 . 2  7 . G f 0 . 3  0 .92  Z 
1-Ileptene (16) Metathesis 22 5 .  605 1 .825 5 . 6 f O . S  8 . 3 f  0 . 5  0 .71  4 o 

C 
NOTE: The constants B and C are the coefficients of the straight lines 13+log (k,/kz112) = C-103B/T fitted to the experimental results. The symbol k, represents either kl; or /c7, F 

expressed in units of em3 molecule-' sec-'. The limits of error are calculated at the 5% probability level. Z > 
r 

Correlation of the rate constanLs Tor Lhe addition of the ethyl radical to certain substrates in the gas ph;~se 
u~i th  monomer rc;lrti\~ity ratios of copolymerization (rl), each a t  60' C 

2 
B 

.. - ." 
log (I/,.,) log (1/,.1) 'J2 10IO€~ 

13+log (k7/k?'12) (ilJ~:CH?=Cl-lOr\c) (IMI:CI-I~=CHCS) (kcal mole-') (e.s.u.) 

1-I-ieptyne (16) 
1-Heptene (16) 
Allyl alcohol (25) 
Allyl alcohol (25) 
\Tiny1 butyl ether (26) 
Vinyl acetate (22) 
2,4,4-Trimethyl 1-pentene (16) 
Styrene (22) 
2,s-Dimethyl butadiene-l,:3 (25) 
Xcrylo~~itri le (26) 

I -I-lesyne 3 
1-I-Iexene r 
.\llyl alcohol ,I- o 
\Ilyl acetate ... 
\'inyl isobutyl ether $ 
\'inyl acetate 10 

Isobutene 
Styrene 
1311 tadiene 
.4crylo11itrile 
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BROWN AND JAMES: ALLYL POLYMERIZATION 801 

Vinyl acetate has been introduced because it  resembles allyl alcohol both in its reactivity 
towards the ethyl radical, and also in degree of resonance stabilization and electron-donor 
power in polyn~erization. In Fig. 2 we demonstrate the correlation between the rate 

FIGS. 3 and 3. Correlation of rate constants for addition: of the ethyl radical in the gas phase and (2) 
the polyvinyl acetate radical, or (3) the polyacrylo~litrile radical, in solution. The open circle represents 
allyl alcohol. 

constants for the addition of the ethyl and polyvinyl acetate radicals respectively to a 
series of monomers. The diversity of these monomers is evident from the range of the 
values (24) of q and E given in Table 11. A reference line of unit slope has been drawn; 
the small degree of scatter about this line supports the validity of the correlation. The 
values of the reactivity ratios r, were calculated from the revised equation of Schwan 
and Price (24) : 

R T  In ( l / r l )  = (ql-q2)+7.23X1020c1(~1- €2); 

unfortunately their data do not include allyl alcohol, bu t  the point for the closely related 
nlonomer allyl acetate is show11 by the open circle. Figure 3 is the corresponding correla- 
tion diagram for the ethyl and polyacrylonitrile radicals; here allyl alcohol is inarked by 
an open circle. This is a far more severe test of correlation, as the polyacrylonitrile radical 
differs marlcedly from the ethyl radical in its resonance stabilization and its electrophilic 
nature (27); yet the scatter of points about the line of unit gradient is small, the only 
significant deviation being for acrylonitrile monomer. As the ethyl and polyvinyl acetate 
radicals are 111uch Inore nearly matched in reactivity, i t  seems reasonable to assume that  
the poirlt lor allyl alcohol would lie close to  the straight line of Fig. 2. On this basis we 
nlay estimate that  k, = 2k7 for allyl alcohol, giving k, = 4x10-l8 cm3 molecule-1 sec-I 
a t  GO0 C, similar to  the value of k, for vinyl acetate. 

In support of the proposition that  k,/kl = k7/kG for allyl alcohol we shall apply the 
general equation proposed by Bamford, Jenkins, and Johnston for radical reactivity (28) : 

The rate constants ks and kT refer respectively to the reaction of a given radical 
R.CH2CHXW with a substrate S and to  metathesis of the sanle radical with toluene; 
u is the Hammett constant for the group X ,  and oc and are constants for the s ~ ~ b s t r a t e  S. 
The parameter a is zero for the ethyl radical and very sinall for the polyallyl alcohol 
radical; i t  therefore follows that  
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where the subscripts A, M, and X refer to addition, metathesis, and the polymer radical 
respectively. Since a gives a measure of the intrinsic polarity of the reaction, which is 
small in each case, it  follows that the difference (aq-ah[) is very small, ant1 the product 
( Q ~ - ( Y ~ ) ( T ~  is negligible. We may therefore write k,/kf =: ki/k~,  and expect the latter 
ratio to predict the behavior of allyl alcohol in polymerizing systems. In the next section 
we shall show that this expectation is fulfilled. 

The Application of kc and k7 to the Polymevization of Allyl Alcohol 
High polymer is readily formed from both vinyl acetate and methyl acrylate by the 

action of a trace of free radical catalyst; whereas allyl alcohol is so unreactive that 
Staudinger originally believed that no polytner could be obtained froin this monomer (29). 
This reluctance to polyinerize is not clue to the low reactivity of the double bond of allyl 
alcohol. I t  is clear from the following rate constants, from Table I,  and froin the relation- 
ship k ,  =: 2k7, that the double bond of viilyl acetate is only slightly more reactive: 

all171 alcohol : k7 = 12.4 X 10-l3 exp ( - 8800/I<T) cm3 molecule-I sec-I, 
vinyl acetate (23) : k, = 4.0 X 10-l3 exp ( - 7300/I<T) cm3 molecule-I sec-l, 
methyl acrylate (30): k, = 1.7X10-l3 exp (-7100/I<T) cm3 molecule-I sec-l. 

The essential difference is the presence of a site for rapid inetathesis in allyl alcohol, 
which causes degradative chain transfer to doininate the polyinerization. No such site 
exists in vinyl acetate (22) and its polymerization proceeds uncheclted by significant 
chain transfer. 

The number-average inolecular weight of polyallyl alcohol may be estimated froin 
our results. This quantity is given by k,/kr, the ratio of the propagation and transfer 
constants (31), and therefore approxiinately by k7/kG1 which has the value of 1.9 a t  
100" C. This is considerably lower than the value of 5 reported for a mixture of 155 parts 
of allyl alcohol and 2 parts of hydrogen peroxide, held a t  100" C for 116 hours with 
frequent replenishment of the hydrogen peroxide (13). However, in such a system we 
may expect extensive reactivation of the "clead" polymer by inetathesis with the hydroxyl 
radicals present. By this means new reactive polymer radicals would be formed, and, in 
principle, the degree of polyinerization could be increased indef nitely. 

The approximate equality of ks and k7 for allyl alcohol explains the powerful inhibiting 
action of this substance upon the polyinerization of certain other monomers. Allyl 
alcohol inhibits the polyinerization of butadiene so effectively that the corresponding 
copolynler must be prepared indirectly (1). Reactivity in this system rapidly becomes 
transferred to the CH~=CH-~HOH radical, which is too unreactive to add to allyl 
alcohol or to the stabilized butadiene (q  = -3.6 ltcal mole-l) (24). 

In contrast, allyl alcohol does form high copolyiner with acrylonitrile (14) ; clearly it 
must be possible for the CH~=CH-~HOH radical to add to the double bond of acrylo- 
nitrile. This difference in behavior may be explained in terms of the lowering of the 
energy of activation for the addition by contribution of ionic forms to the stability of 
the activated complex (27). The C H ~ = C H - ~ H O H  radical will behave as a weak 
electron donor. Acrylonitrile ( E  = +0.34X10-lo e.s.u. (24)) is strongly electrophilic; it 
is reduced a t  the dropping lnercury electrode a t  the low half-wave potential of -1.94 
volt (S.C.E.) (32), and is very readily polyinerized by an anionic chain mechanism by 
such catalysts as butyl lithium (33) and a solution of sodium and naphthalene in tetra- 
hydrofuran (34). The polar effect should therefore be pronounced for acrylonitrile and 
very weak for butadiene (6 = -0.24X10-lo e.s.u. (24)). This situation closely resenlbles 
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BROWS A N D  JAMES: .1LLYL POLYMERIZ.4TIOS SO3 

t h a t  of Fig.  3 ,  w h e r e  t h e  a p p a r e n t l y  a n o m a l o u s  b e h a v i o r  of ac ry lon i t r i l e  i s  a l s o  d u e  to 
i t s  e lectrophi l ic  n a t u r e .  

CONCLUSIONS 

We h a v e  t e s t e d  t h e  re levance  of v a l u e s  of k g  a n d  k7 to t h e  s t u d y  of t h e  po lymer iza t ion  
of ally1 a lcohol  in s u c h  v a r i e d  a s p e c t s  as t h e  m a g n i t u d e  of t h e  p r o p a g a t i o n  c o n s t a n t ,  t h e  
c o m p e t i t i o n  b e t w e e n  p r o p a g a t i o n  a n d  c h a i n  t r ans fe r ,  t h e  degree  of po lymer iza t ion ,  a n d  
p r o p a g a t i o n  a n d  inh ib i t ion  i n  copo lymer iza t ion .  I n  e a c h  c a s e  t h e  obse rved  b e h a v i o r  of 
t h e  p r o p a g a t i n g  s y s t e m  i s  cons i s t en t  w i t h  p red ic t ions  based u p o n  the v a l u e s  of k6 a n d  hi .  
T h e  m e a s u r e  of success  r e n d e r s  i t  p r o b a b l e  t h a t  t h e  po lymer iza t ion  of o t h e r  m o n o m e r s  
m a y  be i n t e r p r e t e d  i n  t e r m s  of the reac t ions  of t h e  m o n o m e r  w i t h  t h e  e t h y l  r ad ica l  in  

t h e  g a s  p h a s e  (22). 

We w i s h  t o  than l r  the N a t i o n a l  R e s e a r c h  Counc i l  of C a n a d a  for  t h e  f inancial  s u p p o r t  
of t h i s  w o r k ,  a n d  also for  a s t u d e n t s h i p  to o n e  of u s  (A. C. R. B.). 
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ORGANIC PEROXIDES 
IV. CATALYSIS OF AROYL PEROXIDE REACTIONS BY ALUMINUM CHLORIDE: THE 

DIRECT INTRODUCTION OF 0-AROYL GROUPS INTO AROMATIC NUCLEI 

J. T. EDWARD, H. S. CHANG, AND S. A. SAMAD' 
Department of Chenzistry, AilcGill University, Montreal, Qzre. 

Received December 13, 1961 

ABSTRACT 

In inert solvents in the presence of aluminum chloride, aroyl peroxides decompose to  
esters and carbon dioxide. I n  highly nucleophilic solvents such as  anisole or mesitylene, 
p,p'-dinitrobenzoyl peroxide effects a FriedelLCrafts type of substitution of the solvent 
molecule. Both decomposition and substitution reactions probably depend on a heterolytic fis- 
sion of the peroxide linkage catalyzed by aluminum chloride. 

Reynhart (1) claimed that in the presence of alurninulll chloride benzoyl peroxide 
reacted with benzene a t  O0 C to give a 90% yield of phenyl benzoate and 92% yield 
of benzoic acid: 

ArFI + (ArCO?)? + ArCOsAr + ArCOxH. [I]  

At higher te~nperatures the yield of ester was said to drop, and the amounts of diphenyl 
formed to increase (1, 2). 

In a reinvestigation of this reaction we obtained much lower yields of phenyl benzoate, 
which did not seem to be much affected by temperature. Furthermore, the compound 
was obtained when solvents other than benzene were used, seemingly from the overall 
reaction 

(ArCO?)? + ArCO?Ar + Cog, P 1 

as shown by the concomitant for~nation of carbon dioxide (Table I).  This mode of 
decomposition had already been observed by Reynhart (I) when benzoyl peroxide in 

TABLE I 

XlC1,-catalyzed decomposition of benzoyl peroxide in dilferent solvents 
-- - 

Yields (%) 
-- 

Carbon Phenyl Benzoic 
Solvent 'I'emp. ("C) dioxide benzoate acid* 

Methylene chloride 8-10 - t 26 27 
Benzene 0-5 29 29 30 
Benzene 50 74 28 12 
Nitrobenzene 0-5 46 40 16 
Nitrobenzene 50 31 23 18 
Toluene 50 44 41 25: 
l,3-Dirnethoxy benzene 0-5 - t 0 668 
Mesitylene 0-5 - t 0 29 
Nitrobenzene-tol~~ene, 1 : l  (v/v) 0-5 - i. 21 -12 
Nitrobenzene-anisolc, 1 : l  (v/v) 0-5 -t 0 76-79 11 

t ~ n t  investieated.' 
i ~ ~ a c e  of pl&~ol also formed. 
§2,4-Di1nethoxypllenyl benzoate (3% yield) also formed. 
4.4'-Dirnetl~oxy d ip l~eny l  (22-23% yield) also formed. 

'Holder of Colombo Plan Fellowship, 1957-1960. 
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petroleum ether was treated with antimony pentachloride. However, the peroxide may 
be diverted from this mode of decomposition by suitable solvents. Thus from a reaction 
in a mixture of nitrobenzene and anisole, 4,41-diinetl~oxydiphenyl was isolated in 22-23y0 
yield; other bianisyls were also probably forined, but not obtained crystalline. From a 
reaction in 1,3-dimethoxybenzene a very small amount of 2,4-dimethoxyphenyl benzoate 
was isolated. was the only crystalline product resulting from a Friedel-Crafts attack 
on solvent following equation [I] ;  it is possible that mesitylene also reacted partially 
in this fashion, but no crystalline benzoate could be isolated. 

With boron trifluoride etherate in place of aluminum chloride, no decomposition of 
the peroxide in benzene took place. 

I t  seems likely that aluminum chloride, like Br@nsted acids (:3), proinotes the ionic 
fission of the peroxide linkage of aroyl peroxides. The electron deficiency of the developing 
oxygen cation may then be relieved either by synchronous migration of an aryl group 
(4) (route a ,  Sche~ne I) to give the aryloxyforinyl cation (111), or by syncl~ronous elec- 
tron donation from an external aromatic nucleus (11) (route b) ,  after the fashion of 
many Friedel-Crafts acylations ( 5 ) .  Evideiltly the latter route is possible 0111~7 with 
highly reactive aromatic nuclei such as 1,3-dimethoxybenzene. The ions I11 and IV 

Xr, Ar Ar Ar  

formed b ~ -  route n can recombine to form the carbosylic-carbonic anh~~clricle (V): 1,cSfler 
(3) has alreac1~- obtained ail anh~,dricle of this type by rearrangement of p-1uethox~--pl- 
nitrobenzo~ 1 peroxide in thionyl cl~loricle. Benzoic-pl~en~~lcarbonic anhydride (V; 
.Ar = Ph) was reported by Windholz (6) to decoinpose to give a 10yo yield of phenyl 
benzoate (equation [3]) and yields of benzoic anhydride and diphenyl carbonate 
(equation [1]) : 

PhCO 0 CO.OPh --t PhCOOPh f CO? [:3 I 
2PhCO 0.CO.OPh --t (PhC0)10 f CO(0Ph)i f Cod. [-& 1 

However, it seems liliely that in the presence of alumii~um chloride, decomposition 
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would talte place nlainly according to equation [3]. Thus benzoic-ethylcarbonic anhy- 
dride, which is stable a t  room telnperature, decomposes a t  175-185' to give .%yo of 
ethyl benzoate and 5070 of benzoic anhydride; however, in the presence of boron tri- 
fluoride etherate, decolnposition taltes place a t  room temperature to give ethyl benzoate 
alnlost exclusively (6). Similarly we have found benzoic-ethylcarbonic anhydride in 
benzene deconlposes a t  rooln temperature in the presence of alulninun~ chloride to give 
a 48% yield of ethyl benzoate and 14% yield of benzoic acid (presumably from benzoic 
anhydride). The mechanism for the catalyzed decomposition of benzoic-phenylcarbonic 
anhydride (V; Ar = Ph) shown in Scheme I is suggested by the fact that  the uncatalyzecl 
decomposition is greatly facilitated by electron-withdrawi~lg groups in the acyl portion 
of the anhydride (6-9). 

An alternative mechanism was considered in which the pl~enoxyformyl cation (111; 
Ar = Ph) lost carbon dioxide to form the phenyl cation (a reaction for which analogies 
exist (9-11)), followed by union of the latter with benzoate ion (IV; Ar = Ph) to give 
phenyl benzoate. However, the reaction of the phenyl cation with PhCOL- . . . . AIC1, 
would be expected to give also sonle chlorobenzene; none of this compound could be 
detected by gas chromatography in the products of the aluminunz-chloride-catalyzed 
decomposition of benzoyl peroxide in toluene. 

The heterolysis of the peroxide linltage leading to phenyl benzoate (route a )  probably 
receives anchimeric assistance from the migrating phenyl group. I t  was expected that 
p,p'-dinitrobenzoyl peroxide would rearrange by this route less readily than benzoj.1 
peroxide because of the lesser nligratory aptitude of the p-nitrophenyl group (12), so 
that  in this case route b might conlpete successfully with route a. This expectation was 
realized when sufficiently reactive aromatic con~pounds were used as solvents in the 
reaction, direct substitution of p-nitrobenzoyloxy groups into solvent molecules taking 
place. The results are listed in Table 11. I t  is obvious from the 54-77y0 yields of p-nitro- 

T:\BLE I1  
Products of X!CI,-c;~tal~~ctl  ~cactions of p,p'-dinitrobenzoyl peroxide in aromatic s o l v e ~ ~ t s  

p - S i t r o b c n ~ o ~ ~ t c  p-Xitrolxn~oic acid 

Solvent Aryl group Yield (%) Yield (%)* 

1t~-X ylene 2,4-Dirnetl~ylphen~l 5 72 
Mesitylcnc Mesityl 34 6s  

Anisole I a-Methoxyphenyl 
p-ivIethoxyp!~enyl 

7 \ 57 

Phenetolc a-Ethosyphc~~yl  
p-Ethoxyphcnyl 

;; 1 54 

Veratrole ~3,4-Di1ncthox>~pI1enyl? tracc 77 
1,3-Dimethosybenzene 2,4-Di~ncthoxyphenyl '30 5 $1 

benzoic acid that  co~npeting reactions are talting place, since the maximum yield of 
this acid can be only joy0 if the reaction path is defined by equation [I]. Oxidation of 
solvent molecules to biaryls could give p-nitrobenzoic acid in a maximum yield of 100%; 
however, in no case were biaryls isolated. 

Except for o- and p-metl~ox~~phenyl  $'-nitrobenzoates, the esters of Table I1 are new 
compounds. The identities of the co~npounds obtained from w-xylene, anisole, and phene- 
tole were established by comparison with authentic speci~llens prepared from the appro- 
priate phenols. The ester obtained from 1,3-dimethoxybenzene was shown to be 2,4- 
dimetl~oxypl~enyl p'-nitrobenzoate because i t  differed from the other two possible isomers, 
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3,5-dimethoxyphenyl and 2,6-dimethoxyphe1~yl 9'-nitrobenzoates, both of which were 
synthesized. The orientation of the substitutioil reaction revealed by the products in 
Table I1 is in accord with an electrophilic attaclc on the aromatic nucleus, as postulated 
in Scheme I. 

Without fairly strongly electron-releasing substituents, the benzene ring is insuficieritly 
reactive to effect this type of Friedel-Crafts reaction. A suspension of $,fit-dinitrobenzoyl 
peroxide in beilzeile in the presence of alu~niilu~ll chloride reacted only very slowly a t  
roo111 temperature, 21% of p-nitrobenzoic acid and 70% of recovered peroxide being 
obtained after 48 hours. The neutral residue after removal of beilzeile showed wealc 
absorption a t  1748 cm-l indicative of a p-nitrobenzoyl group, but no crystalline product 
could be isolated. On the other hand, in methylene dicllloride a 65% yield of the rearrange- 
nleilt product, p-ilitrophenyl $'-nitrobenzoate, was obtained after reaction overnight a t  
0". The more rapid reaction in this solvent inay be due to the greater solubility of 
aluminum chloride and the peroxide in it. 

A serious li~nitation on the usefulness of this Friedel-Crafts method for iiltroduciilg 
the p-nitrobenzoyloxy group directly into aromatic nuclei lies in the fact that  no suitable 
solvent for the reaction has been found. Attenlpts to bring about the reaction of naph- 
thalene with p,p'-dinitrobenzoyl peroxide in ilitrobenzene or nitrometl~ane solve~lts gave 
only gummy and intractable products. Even 1,3-dimethoxybenzeile gave an intractable 
product when the reaction was carried out in methylene chloride solution. I t  is to be 
expected that  the bimolecular reaction of peroxide with an aromatic co~npound (route b),  
a s  coillpared with uniinolecular decomposition of the peroxide (route a),  will be dis- 
favored by dilution with an inert solvent. However, i t  was not possible to  isolate any 
p-nitrophenyl 9'-nitrobenzoate (from route a)  from the reaction with 1,3-dinlethoxy- 
benzene in methylene chloride, so that  the course of the reaction in this solvent mixture 
remains unltnown. 

Finally, the aluminum-chloride-catalyzed decomposition of the u~lsyin~netrical p-nitro- 
benzoyl peroxide was studied. This reaction was of interest because the nature of the 
product sl~ould be determined bj, the rates of two coillpeting reactio~ls a and b (Scheme 
11). Reaction a should be favored by the greater basicity of the benzoyl carbonyl group, 

\;I I  V I I I  

and hence by a greater concentration of the conlplex VII than of VIII ;  on the other 
hand, the heterolysis of the latter should take place more readily because the anchimeric 
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assistance of a phenyl group is superior to that  of a p-nitrophenyl group. I n  the event, 
the latter effect is predominant, as evidenced by the isolation in 81% yield of phenyl 
p-nitrobe~lzoate (X), but of no p-nitrophenyl benzoate (IX), when the reaction was 
carried out in metllylene chloride. The aluminum-chloride-cata1~7zecl deco~nposition thus 
follows the rearrangement pattern found by Leffler (3, 7) for the uncatalyzed decompo- 
sition of unsymmetrical peroxides. A small yield (12%) of p-nitrobenzoic acid probably 
came from the anhydride, produced by a reaction sinlilar to that  of equation [4]. 111 
benzene and in nitrobenzene the catalyzed decomposition of this peroxide followed a less 
clear-cut path. The yield of p-nitrobenzoic acid was considerably larger, and of neutral 
material considerably smaller. From the latter a gummy illaterial was obtained which 
appeared from its infrared spectrum to contain phenyl p-nitrobenzoate, but which could 
not be purified further. 

E S P E R I  MENTXI, 

;lTalerials 
Commercial benzoyl peroxide \\;as crystallized by addition of me t l i a~~o l  to a concentrated solution of the 

peroside in chloroform, and dried by several days standing a t  room temperature in an evacuated desic- 
cator. p,pl-Dinitrobenzoyl peroxide was prepared from p-nitrobenzoyl chloride and sodium peroxide b>- 
the method of Price and Icrebs (13). p-Nitrobenzoyl peroxide was prepared according to  Wieland and 
Rasu\vajew (14), and crystallized from ethanol, m.p. 113" (decamp.). 

Reactions of Betzzoyl Peroxide 
Benzoyl peroxide dissolved in about four times its weight of organic solvent was added under nitrogen 

slowly with stirring to an  equinlolar quantity of aluminum chloride suspended in about the same volume 
of the sanle solve~lt. The nitrogen passing slowly over the r eac t io~~  nlist~lre mas led through a known volu~lle 
of standard alkali, which was subsequer~tly titrated for carbon dioxide (15). Reaction was allowed to 
proceed for 7 hours or more, except for the reaction in nitrobenze~~e (4 hours a t  0°, 5 hours a t  50': Table I). 
The reaction n~ixture was then treated with dilute aclueous hydrochloric acid a ~ ~ d  filtered fro111 a solid 
residue. 'The solid residue and the organic layer in the filtrate were both extracted with aqueous sodiu~n 
bicarbonate to  remove benzoic acid. 'The neutral organic solution \\.as then \\,ashed with water, dried, 
and distilled: phenyl benzoate canle over a t  162' a t  13 mm and solidified, n1.p. and ~llixed 111.p. 69'. A con- 
siderable amount of intractable resinous solid was left behincl in the distillation Hasl; (about 30% of weight 
of peroxide; b.p. > 230" a t  0.5 111111). 

For the reactions in nitrobenzene-toluene and ~litrober~ze~~e-anisole, benzoyl peroxide (24.2 g ;  0.1 mole) 
dissolved ill toluene or anisole (125 ml) was added to a l u ~ l ~ i n ~ ~ r n  chloride (13.5 g ;  0.1 mole) dissolved ill 
nitrobenzene (125 1111). From the latter experiment 4,4'-din~ethosydiphe~lyl (5.0 g;  2:3rj;,) was isolated by  
distillation of the organic layer obtained as  described above, b.p. 154" a t  0.5 mm. Crystallizecl from ethanol, 
it had m.p. 169", undepressed by adnlixture with an authentic speci~nen. 

From the reaction in 1,s-dimethoxybenzer~e, the neutral fraction on distillation gave no phenyl benzoate 
but a gum (2.1 g),  b.p. 195" a t  1 mni, having strong absorption a t  1743 cnl-l. 'l'he gun1 was chromatographed 
on alumina, using petroleum ether as  eluent, to  give all oily solid which crystallized fro111 petroleun~ ether 
in colorless rods (0.24 g), m.p. 89" (reportecl 111.p. 2,4-di111ethoxyphenyl benzoate 90" (16)); v:F$ i l l  cm-I: 
3030 (ni) ,  2960 (m) ,  2840 (m), 1740 (s), 1600 (s), 1470 (s), 1443 (s),  1318 (s),  1270-1245 (s, broad), 1180 
(s), 1162 (s), 1125 (s), 1080 (s),  1062 (s), 1030 (s), 925 ( m ) .  Calc. for Clil-II.IO.I: C,  69.76; H ,  5.12y0. Found: 
C, 69.95; H, 5.50%. 

From the reaction of be~lzoyl peroxide (4.82 g )  in rnesit).le~le, the ncutr,~l fr,lctioll ga\.e ;L liquid (2.5 g),  
b.p. 156-166" a t  1 nlm, having strong absorption a t  1740 cm-I. 

Reactions of p ,pl-Di~zi lrobe~~zoyl  Peroxide 
Because of its very small solubility in most organic solvents, this peroside \\.as slo\vl>, added as a solid 

to  a suspension of aluminun~ chloride in an  organic solvent a t  room te~nperature.  The reaction nlisture 
was kept overnight a t  0' C u111css otherwise noted, and then worl;ed up ill the general fashion described 
above for benzoyl peroxide reactions. Results with the different solvents are given in Table 11 and below. 

( a )  il~ellrylene Dichloride 
Evaporation of the neutral fractio~l gave a solid which crystallized from ethanol as  colorless neeclles, 

n1.p. 159", identilied as  p-nitrophenyl pl-nitrobenzoate by mixed nlelting point (recorded m.p. 159" (17)). 
( b )  Benzene 
T o  a stirred suspension of alurni~lum chloride (1.35 g ;  0.01 mole) in benzene (75 ml) was added the 

peroxide (3.32 g; 0.01 illole) a t  22'. T h e  mixt~rre was left a t  roo111 ten~perature for 48 hours and then worl;ecl 
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up in the usual way to  give 0.69 g (219L) of p-nitrobenzoic acid. The  residue of insoluble material was 
unreacted peroxide; further crops were obtained from the neutral benzene solution on concentration, giving 
a total recovery of 2.30 g (70%). Complete evaporation of the benzene gave a tar (0.57g), which was 
chro~natographed on alumina using light petroleum (b.p. 66-75') and benzene as eluents. No crystalline 
product was obtained, but se\.eral fractions showed a weal; infrared peak a t  1748 cm-1. 

(c) m-Xylene 
Removal of xylene from the neutral fraction left a gum, which was chronlatographed 011 alumina using 

petroleu~n ether (b.p. 66-75") and benzene as  cluents. A few semisolid fractions were obtained which were 
triturated with ethanol and thert recrystallized from this solvent (charcoal) a s  colorless needles of 2,4-di- 
methylphenyl p-nitrobenzoate, m.p. 112'. 'The same co~npound (n1.p. and mixed m.p.) was obtained from 
2,4-dimethylphe~tol and p-nitrobenzoyl chloride in pyridine. Calc. for Ct!,H13N0.,: C, 66.42; H, 4.79; N, 
5.167;. Found: C, 66.21; H, 4.92; N, 5.11%. 

(d) iVIes.itylenc 
'The gummy residue from the neutral fraction was chromatographed as  above t o  give a few solid fractions, 

obtained on crystallization frorn ethanol as  slightly brownish plates, m.p. 122", of nlesityl p-nitrobenzoate. 
Calc. for CIGHl~NOd: C, 67.37; H, 5.26; N, 4.91%. Found: C, 67.30; H, 5.33; N, 5.00%. Infrared spectrum: 
v::$ in CI~I-': 3030 ( m ,  sh), 2940 (s), 2870 (m),  1743 (s), 1610 (s), 1525 ( ~ n ) ,  1487 (s), 1350 (s), 1322 (In), 
1275-1240 (s), 1105 (m),  1140 (s), 1080 (s), 1010 (w), 870 (ni), 695 (w, sh). 

(e) Anisole 
A stirred suspension of altrmi~lum chloride (1.35 g)  and peroxide (3.32 g)  in anisole (35 ml) was allowed 

LO react a t  2'2' for 7 hours. From the neutral fraction anisole was ren~oved by distillation a t  15 nlm. The 
gu~llmy residue (0.87 g )  n7as chromatographed on alumina  sing, successively, petroleuni ether (b.p. 66- 
75"), benzene, and ether as eluents. The first few fractions gave pale yellowish needles of o-methosyphenyl 
p'-nitrobenzoate (0.19 g; 7%), m.p. 102" alone or admixed with an authentic specimen (recordecl 1n.p. 
102" (18)). Later fractions gave almost colorless needles of p-~~lethoxyphenyl p'-nitrobenzoate (0.57 g ;  
21y0), 111.p. 112" alone or admixed with a n  authentic specimen (recorded n1.p. 113-115" (18)). 
(f) Pl~enelole 
This reaction was carried out under the same conditions as described above for allisole. R e ~ n o \ ~ a l  of 

phenetole froni the neutral fraction a t  44' a t  1 Iiim left a residue (1.15 g), which was chromatographed 
on alumi~la. 'The solid from the first few fractio~is, after crystallization from ethanol, was obtained as  
yellowish plates (0.31 g ;  lo'%), n1.p. l l4" ,  artd was identified as o-ethosyphenyl pf-nitrobe~izoate by com- 
parison (m.p. and mixed m.p.) with the  compor~nd prepared by reaction of o-ethoxyphenol with p-nitro- 
benzoyl chloride in pyridine. Calc. for CljH130:,N: C,  62.72; H, 4.53; N, 4.88%. Found: C, 62.90; H, 4.66;. 
N, 4.82%. Infrared spectrum: vif? in cnl-I: :3040 (w), 2980 ( ~ n ) ,  2925 ( m ) ,  2872 (w),  1740 (s), 1700 (w), 
1600 (s), 1490 (s), 1470 (s), 1450 ( n ~ ) ,  1405 (m), 1340 (s), 1275-1225 (s), 1175 (s), 1110 ( I~ I ) ,  1060 (s), 
1035 (nl), 920 (w), 835 (111). 

'The next few fractions ( 0 3 1  g)  had unsharp melting points (ca. 92-99') and were evidently mixtures. 
However, later fractions could be crystallized from ethatiol to  give plates (0.37 g ;  12y0) melting sharply 
a t  118". This compou~~cl was identified as  p-etltoryphcnyl p-nilrobenzonle by comparison (111.p. and mixed 
m.p.) with the compound prepared from p-ethoxyphenol and p-nitrobenzoyl chloride in pyridine. Found: 
C ,  62.63; H ,  4.56; N, 4.98%. Irtfrared spectrum: v::$ in cnl-I: 3055 (w),  2985 ( m ) ,  2940 (w),  1740 (s), 
1478 (m),  1345 (s), 1275-1225 (s), 1185 (III), 1105 (w), 1070 ( m ) ,  1042 (nl). 

(g) Vcralrole 
I;ronl a reaction using 3.32 g of peroxide, the neutral fraction OII  distillation gave a very snlall quantity 

of solid product, b.p. 150" a t  1 m m ,  which crystallized from ethanol in colorless rods, m.p. 135". Infrared 
spectrum: v;:: in cnir': 3030 (\Y), 2960 (m) ,  2840 (m) ,  1742 (s), 1605 (m),  1405 (s), 1475 ( m ) ,  134'7 (s), 
1275-1225 (s), 1165 (m) ,  1090 (s), 1000 (w),  870 (m),  690 (w). 

(11) 1,3-Dimelhosybenzene 
The neutral fraction on clistillation gave a solid, b.p. 235" a t  1 m m ,  which crystallized from etha1101 

as colorless rods of 2,4-dii?icll~o.vypI~e?~yl p'-nilrobenzonle, m.p. 128". Calc. for CljHlrNOs: C, 50.41; H,  
4.29; N, 4.63%. 1;ound: C, 59.65; H,  4.39; N, 4.65%. The  melting point was depressed by admixture of 
the compound with 3,5-climethoxyphe~iyl pr-nitrobenzoate and with 2,6-climetl~oxyphe~lyl p'-nitrobenzoate 
(see below). Infrared spectrum: v,";fF13 ill cm-I: 3030 (w),  2940 (III), 2840 (nl), 1740 (s), 1609 (s), 1405 (w), 
1460 (m) ,  1350 (s), 1320 (m),  1157 (m),  1120 (m) ,  1070 (s), 1015 (w), 865 (w).  

2,G-Dimethoxyphenyl p'-nitrobenzoate, prepared from 2,6-dimethoxyphe~lol, crystallized from ethanol 
as pale yellowish ~leedles, m.p. 164". Found: C,  59.57; H, 4.33; N, 4.55%. 3,5-Di111ethox)~phe11yl pr-nitro- 
benzoate, prepared from 3,s-dimethoxyphe~~ol, crystallized from ethanol as pale yellowish needles, m.p. 
141". F o ~ ~ n d :  C, 59.51; H ,  4.26; X, 4.59%. 

(i) l,.S-Di?i7ell~orybe?~zene i n  11Ietl~ylene Clrloridc 
From a mixture of a lumin i~~u  chloricle (1.35 g ;  0.01 illole), p,pl-dinitrobenzoyl peroxide (3.32g; 0.01 

mole), and 1,3-dimethoxybenzene (4 1111; 0.03 mole) in methylene chloride (50 inl), mixed a t  20' and left 
overnight a t  0°, p-nitrobcnzoic acid (1.04 g ;  31%) was obtained by the usual work-up. The methylcne 
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chloride solution was washed and dried. On slow concentration of the solution p-nitrobenzoic anhydride 
separated and was recrystallized from benzene as colorless flakes (0.5 g ;  l6%), n1.p. and mixed n1.p. 191' 
(recorded m.p. 189-190' (19)). The mother liquor on further concei~tration afforded a gum which did 
not distill a t  temperatures up to 270' a t  1 mrn, and which did not givc any crystalline fraction on chroma- 
tography on alumina. 

Reactions of p-Nitrobe,zzoyl Peroxide i n  D ~ y e r e n t  Solnrents 
( a )  Methylene Chloride 
T o  a stirred suspension of aluminum chloride (1.35 g)  in methylene chloride (50 ml), the peroxide (2.87 g) 

was added a t  8-10'. The  mixture was stirred a further 2 hours, left overnight a t  0°, and then urorked up 
as  usual. After removal of p-nitrobenzoic acid (0.35 g; 12%), 111.p. 236-23T0, the methylene chloride soltition 
was washed with water, dried, and evaporated. The residue on crystallization from petroleun~ ether (b.p. 
55-75") gave colorless flakes of phenyl p-nitrobenzoate (1.97 g ;  81 %), m.p. and mixed n1.p. 129-1:W. 

( b )  Benzene 
'This experiment was carried out as  in the previous one, except that benzene (60 ml) was used ill place 

of methylene chloride. Extraction with bicarbonate, in the usual worlc-up, removed a mixture (0.S3 g)  of 
p-nitrobenzoic and benzoic acids, m.p. 227-232". T h e  residue from the neutral fraction, after removal 
of solvent, was chro~natographed on alumina. Elution with petroleurn ether (b.p. 05-75") and benzene 
gave a series of fractions of inlpure solid (0.41 g),  which crystallizetl from ethanol as colorless flakcs melting 
over the range 100-115'. The range was not diminished by further crystallization. 

( c )  1Vitrobenzene 
X similar experiment using nitrobenzene (50 ml) as  solvent gave a mixture (0.82 g )  of p-nitrobciizoic 

and benzoic acids, m.p. 230-234O, and a neutral product (0.36 g),  n1.p. 100-12O0, similar to the neutral 
~ r o d u c t  of thc previous experiment. 

Deco?~tposition of Belzzoic-Etltylcarbonic Anltydride by Alt~?rzinunz Clt lo~ide i n  Benzene 
T o  aluminu~n chloride (4.05 g ;  0.03 mole), suspentled in dry benzei~e (50 ml) under a nitrogen atmosphere, 

was added with constant stirring a t  room temperature benzoic-ethylcarbonic anhydride (5.82 g ;  0.03 molc) 
prepared according to  Tarbell and Leister (20). The mixture was left overnight, and then tvorlred up in 
the usual way to yield benzoic acid (0.51 g; 147"). The neutral solution was washed, dried, a i d  distilled. A 
liquid (2.26 g ;  48%), b.p. 78-80" a t  1 mm, was collectecl and identified as ethyl benzoate by coinparison 
of its refractive indes (mZ3 1.5046) and infrared spectrum with those from an authentic specimen. 
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NOTES 

SOME PROPERTIES OF BETA-NITROPROPIONIC ACID 

Beta-nitropropionic acid is one of the three naturally occurring organic nitro com- 
pounds. In a recent review, Pailer (1) has presented a thorough discussion of the chemistry 
of chloramphenicol (chloromycetin) and aristolochic acid I and 11, and of the occurrence 
of beta-nitropropionic acid, either as the free acicl or in the form of a glycoside, in a 
number of plants and fungae. The significance of the occurrence of this nitro acid in 
plants is not understood and up to this time, very little has been reported regarding its 
chemical properties. In a recent comnlunication, Birch et (11. (2) have presented evidence 
that beta-nitropropionic acid may be formed from aspartic acid in a Pen.icilliz~rn species. 

Beta-nitropropionic acid may be prepared by the reaction of nitrite with beta-iodo- 
propionic acid and beta-iodopropio~~itrile or in a 30-40Yo yield by treating beta-propio- 
lactone with sodium nitrite (3). Treatment of the nitro acicl with aqueous allrali (saturated 
sodium borate or s o d i ~ ~ ~ n  bicarbonate) in an autoclave a t  15-lb pressure yields relatively 
small quantities of nitrite ion which, however, can be cluantitatively determined (4). A 
possible mechanism for the for~nation of relatively small quantities of nitrite ion rests in 
the observation that ho~nologous nitroparaffins yield triallrylisoxazoles upon reaction 
with alkali ( 5 ) .  Lippiilcott (6) has proposed that the nitro group in an intermediate 
shown below is lost to yield a clioxime which was isolated when an organic base was used. 

h7OH 

I II 
RC-C-CR 

I 

--f 
I I 

RCM 0 
\ / 

CI-I R 

I-Iydrolysis of the dioxinle gave the final cyclic compound. 111 the above sequence, one 
nitro group per 3 moles of original nitroparaffin is lost as nitrite ion. 

The observatio~l was made that the alkali-catalyzecl condensation of formaldehyde ('7) 
with beta-~iitropropionic acid resulted, upon allraline hyclrolysis, in a 3- to &fold increase 
in nitrite ion formation. Vanderbilt ancl I-lass (8) have sho\v11 that a variety of bases 
may be used to catalyze this aldol-type conde~isation involving primary nitroparaffins. 
The condensation of beta-nitropropionic acid with 2 moles of fol-maldehyde apparently 

C.lt~arlirun Journal of Cllemiitry. Volume -10 (1 962) 
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812 CANhDI.AN JOURNAL OF CI-IEMISTRY. VOL. 40, 1962 

results in the formation of :3-nitro-3,3-dihydrox~~11ietI~~~l propionic, acicl \vhich cannot 
react with base as illustrated for tlie unsubstitutecl nitro conipound. I t  is postulated that 
the nitro group may be lost by a beta elimination, as illustrated. 

CHsOII 
2CI-InO I 

O?N-CI-I,-CHs-COOM 0,Y-C-CH,-COOSa 
OH- I 

/ 
/ 

/ 
/OH- / heat 

- i n  alternative rnechanis~ll whereby the nitro group Inaj- be eliminated fro111 the sub- 
stituted nitro acid finds its analogy in the reactior~ of haloliydrins witli alkali to yield 
eposides. 

CII 201-1 -0-CHs 
OH- I 

0 . , X - L - C H s - ~ 0 ~ ~  , o?.,-C-CH,-COONa 
heat 

I 
I-IOCI-I 2 

When the reaction sequence was applied to nitropropane, approximatelj~ three to four 
times as much nitrite ion was detected in the reaction ~iiixture coniparecl to the case in 
which no formaldehj-de was added. I n  this case, a beta elimination of the tj.pe suggested 
for tlie fully substituted beta-nitropropionic acid is not possible aricl the elimination of 
the 11itro group is believed to proceed bj. the formation of epoxides. 

I n  both instances when beta-nitropropionic acid and nitropropane \\ere subjectetl to 
the reaction series, a very marked dependence was observed with respect to nitrite io~i  
formation on tlie strength of the alkali used. Mass and Riley (3) have stressed that the 
addition of aldeliycles to nitroparaffins 111ust compete witli a t  least t\vo otller reactions, 
namely ( a )  aldol concle~~sation of tlie alclehgde witli itself and (6) tlie conversion of tlie 
nitroparaffin to the isoxazole. Since low >.ields of nitrite ion were observed when strong 
(8-25%) solutio~ls of NaOE-I were used, one or both of the above react io~~s was dominant. 
The greatest removal of the nitro group from beta-nitropropionic acid was observed 
when sodiu~ll bicarbonate or socliun~ borate buffers were used. Organic bases have not 
bee11 tried. 

Since primary aliphatic nitro compounds are known to give hydrox).lamine in high 
yield when boiled with 88% sulphuric acid or concentrated hydrocliloric acid (9), an 
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SOTES 813 

attempt was made to utilize this reaction as an analytical method for the determination 
of beta-nitropropionic acid. The reaction was entirely ~unsuccessf~~l regardless of how 
vigorously the nitro acid was treatecl. I t  is believed that  the reaction proceeds normall!- 
to give, in this case, the carboxyhydrosa~nic acid but that the latter probably forms an 
anhydride, as represented in reaction B. 

HlSOJ 
0.N-CH2-CII?-COOH -- HO-C-CHs-COOH 

heat 1 1  
/ N-OH \\ 

Whereas the usual red solutions of the corresponding nitrolates were obtained ~vhen 
nitropropane and nitroethane were treatecl with nitrous acid ancl alkali in that order, 
beta-nitropropionic acid gave instead a pale yellow color. Using the procedure described 
by Altschuler and Cohen (10) which involves the above reaction sequence, a prominent 
absorption maximuiin was observed a t  333 to 335 111p. Preliminary trials indicated that 
in the absence of interfering substances microamounts of the nitro acid may be detected 
in this manner. 

EXPERIMENTAL 

Reagents 
( I )  Sulphanilic acid: to  a 1 :  2 (v/v) mixture of water and concentrated hydrochloric acid was addccl 0.5 g 

sulphanilic acid; 
(2) naphthylamine: naphthylamine hydrochloride (0.5 g )  was dissol\.cd in ethanol (20 ml), and water 

(75 ml) and concentrated hydrochloric acid (5  ml) \\.ere added; 
(3) formaldehyde: 8-9y6 aqueous solution; 
(4) sodium acetate buffer: 2 ilJ; 
(5) buffers for alkaline hydrolysis: ( A )  sodium borate, 0.2 ilI, ( R )  sodium bicarbonate, 2 ill, (C)  sodium 

hydroxide, 2, 5, and 10yo solutio~ls; 
(6) standard solutions: (A) beta-~~itropropionic acid, 0.05 mg pcr ml (aqucous ~olution),  (B)  l-nitro- 

propane, 0.5 nlg per ml (aqueous solution); 
(7) sulphuric acid: 88%; 
(8) sodium nitrite solution, approximately 7%. 

Alkalitte IIydrolysis of iVitro Conrpozlnds 
Into bealters or Erlenmeyer flasks (150 ml) were transferred standard solutions of nitro compound(1 ml) 

and sodium borate buffer (5 ml). The mixture was autoclaved a t  15 p.s.i. pressure for 1 hour. After the 
solutions were cooled in an ice bath, water (10 ml) and sulphanilic acid (3 1111) were added. After about 4 
minutes, naphthylamine reagent (3 ml) and 95Tc ethanol (10 ml) were added ancl the p H  of the solution 
adjusted to  about 2.5 with sodium acetate buffer. The solutions were made to  volume (50 1111) and the  
absorbance determined in a colorimeter a t  520 mp. 

In a similar manner, alkaline hydrolyses of the two nitro compounds were performed using alltaline buffers 
B and C. Alternative procedure: Into matched borosilicate glass colorimeter tubes \\.ere transferred (1 ml) 
standard solutions of nitrocompounds ant1 all<aline buffers A, B, or C (5 ml). The tubes were capped with 
aluminum foil and placecl in a boiling-water bath for 1.5 hours. After the tubes \Yere cooled in an  ice bath, 
sulphanilic acid (3 ml) was added and the contents mixed. After the mixture had stood forabout 4 minutes, 
naphthyla~nine (3  ml) and 95% ethanol (10 1111) \irere added, the contents mixed, and \vithout adjusting 
the pH,  the absorbance of the solutions measured a t  520 mp. 

Additio~z of forv7aldehyde:-To a mixture of a1l;aline buffer and nitro compound as  described above \\.as 
added (1 n ~ l )  8-9% aqueous formaldehyde, and the solutions \\.ere treated as above. 
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Acid H~ldrolysis nf Con~pounds 
Into a 50-1111 round-bottomed flask fitted with a condenser was transferred an aliquot (1 ml) of standard 

solution of nitro compound and 88% ssulphuric acid (10 mi). The solution was refluxed for 3.5-4 hours, 
after ~vhich time the extent of formation of hydroxylamine uras determined colorimetrically by a standard 
procedure (4). 

Co~znosion of iVi1;ili.o C o n ~ p o ~ ~ n d s  to iVilrolalcs 
To an aliquot (2 ml) of the nitro compound was addcd (3 ml) sodiur~l nitrite solution and concentrated 

hydrochloric acid (2 ml) in that order. The solutio~ls were made all~aline with 10% sodium hydroxide 
solution and the color formation observed. Nitropropane gave the expected red-colored solution while beta- 
nitropropionic acid gave a pale yellow solution with an absorption maximum a t  334-340 mp. 

I-Ielpful discussions with Dr. H. Larson, University of I-Iawaii, are gratefully acknow- 
ledged. 
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TRANSITION METAL ARSENIDES 

V. A NOTE ON THE RHODIUM/ARSENIC SYSTEM AND THE 
MONOCLINIC DIARSENIDES OF THE COBALT FAMILY" 

J. CLAIRE QUESNEI, AND R. D. HEYDING 

Identification of the compounds RhsAs, RhAs, RhAs?, and RhAsa in the rhodium/ 
arsenic system was reported in an earlier note (1). Using sealed quartz tube techniques 
to prepare the specimens, phase relations in this system have been examined in the tem- 
perature region 300" to 1000° C. Powdered specimens were allowed to approach 
equilibrium for 3 lnonths a t  300" C, and progressively shorter times a t  higher temperatures, 
to 24 hours a t  1000" C. The samples were quenched in ice water and exanlined by 
Debye-Scherrer patterns obtained in 11.46-cm cameras with Cu I<= radiation. 

Two additional co~npounds have been recognized, the first a t  Rhl.7As, and the second 
i n  a homogeneous field from Rhl .eA~ to Rhl.3As. The homogeneity limits of the latter 
phase are only slightly temperature dependent. The patterns of both of these colnpounds 
are colnparatively complex, and as yet no sylnmetry elements have been recognized. 
Apparently neither is isostructural with known transition metal pnictides. 

No liquid phases were observed in the system to  1000" C in the metal-rich region, or 
t o  900" C in the arsenic-rich region. From 300" to  1000" C the phase diagram is featureless 
except for a polymorphic transition in RhzAs. The  low-temperature modification de- 
scribed earlier (a-RhzAs) with the cubic C1 (Ir2P, Rh2P) structure transforms a t  650-700" 

*Issued as N.R.C. No.  67'02. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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J. CLAIRE QUESNEI, AND R. D. HEYDING 

Identification of the compounds RhsAs, RhAs, RhAs?, and RhAsa in the rhodium/ 
arsenic system was reported in an earlier note (1). Using sealed quartz tube techniques 
to prepare the specimens, phase relations in this system have been examined in the tem- 
perature region 300" to 1000° C. Powdered specimens were allowed to approach 
equilibrium for 3 lnonths a t  300" C, and progressively shorter times a t  higher temperatures, 
to 24 hours a t  1000" C. The samples were quenched in ice water and exanlined by 
Debye-Scherrer patterns obtained in 11.46-cm cameras with Cu I<= radiation. 

Two additional co~npounds have been recognized, the first a t  Rhl.7As, and the second 
i n  a homogeneous field from Rhl .eA~ to Rhl.3As. The homogeneity limits of the latter 
phase are only slightly temperature dependent. The patterns of both of these colnpounds 
are colnparatively complex, and as yet no sylnmetry elements have been recognized. 
Apparently neither is isostructural with known transition metal pnictides. 

No liquid phases were observed in the system to  1000" C in the metal-rich region, or 
t o  900" C in the arsenic-rich region. From 300" to  1000" C the phase diagram is featureless 
except for a polymorphic transition in RhzAs. The  low-temperature modification de- 
scribed earlier (a-RhzAs) with the cubic C1 (Ir2P, Rh2P) structure transforms a t  650-700" 

*Issued as N.R.C. No.  67'02. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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XOTES 815 

C to a n  orthorhombic C23 (CoZP, Re2P) high-temperature inodification (p-RhzAs). The 
po~vcler diffraction patterns of these two structures are given in Tables I and 11. 

TABLE I 

Powder diflractioll pattern of a-Iih?i\s (stable below 650" C)  
(Cubic C1 (O;, F~n3n1) alltifluorite; a = 5 . 6 7 8 f  0 002 A;  

11.46-cm Debye-Schcrrer camera, Cu I<, radiation) 

I  do^,, d c t ~ c  I ~ k l  I I d o ~ s  dc11c IL kL 

TABLE 11 

Powder diffraction pattern of p-Iih?As (stable abo1.e 700" C)  
(Orthorhombic C23 (D::, P?anza) PbCl?; a = 5 . 8 9 f  0.01, b = 3 . 8 9 f  0.01, c = 7.32f 0.01 A;  

11.46-cm Debye-Scherrer camera, CII I(, radiation) 
-- 

I do~,, dc:t~a AkL 1 I d o ~ , ,  d c n l e  Rkl 

With the structure deternlinations of RhP2 and IrPz by Rundqvist (2), and of CoSbz, 
RhSb2, and IrSb2 by Zhuravlev et al. (3), the existence of a new class of monoclinic MX2 
pnictides has been established. Obviously the diarsenides of cobalt, rhodium, and iridiuin 
would be expected to be isostructural with the diphosphides and diantimonides. We 
have conlpared the powder diffraction patterns of the arsenides with those of RhP2 and 
RhSbz. Rundqvist recorded the pattern of the phosphide, but none has been published 
for the antimonide. Accordingly RhSbz was synthesized and its powder diffraction 
pattern indexed using, initially, the unit cell dimensions given by Zhuravlev. 

Diffraction patterns for RhAsz, IrAsz, and RhSbz were obtained in a Guinier - de 
Wolff focusing camera with Cu K, radiation using As203 as an internal standard. The 
pattern of CoAsz was obtained with a 19-crn Debye-Scherrer camera with Co K, radiation, 
again using As203 as an internal standard. 

The patterns were indexed by direct comparison of the five or six most intense reflec- 
tions with those of the phosphide and antimonide. Refinement gave the monoclinic unit 
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cell dimensions recorded in Table 111. The diffraction patterns of the arseilides and of 
RhSbz are given in Tables IV-VII. 

TABLE I11 

Unit cell dimensions of the cobalt family tlipnictides 
(Monoclinic C&, P2,ic) 
- 

Compoilnd a (a) b (A) c (A) B lief. 

Powdcr diffraction pattern of CoAs? 
(Monocli~lic RhP?; a = 5.805, b = 5.885, c = 5.853 A, = 114"111; 

10-cm Debye-Scherrer camera, f\spOa standard, Co I<, radiation) 
- ---- 

I dabs deal< I1,kl I /  I dabs ~ C : ~ I C  I1,kl 

TABLE V 
Po\\.der diffraction pattern of RIiXs? 

(Monoclinic RhP?; (L = 6.041, b = 6.082, c = 6.126 -4, = 111"Z)'; 
Guinier - de LYolff focusing camera, Asgo:, stantlard, Cu ICcu radiation) 

-- 
PP 

I &I,, dco 10 hkl 1 I d,,~,, d,., I, 
p.p--p-pp 

IlkL 

64 3 . 034 3.031 11 i 13 1 . ~ 7 : ;  1.876 a13 
4 1 3.031) 3.030 020 4 .4  1.778 1.770 013 
64 2.  791 2.789 002 3 . 5  1 .755 ( ;:Ti; 3 10 64 3.753 2.753 200 1 22 
5 .5  2.7:31 2.733 112 64 1.724 1.726 131 
2 . 8  2.67 2.66 12Q 11 1.603 (i::;: 123 100 2.612 2.G17 121 132 
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SOTES 817 

TABLE V ( Co?tclr~ded) 

'TABLE VI 

Powder diffraction pattern of I r k s  
(Monoclinic RhP?; a = 6.060, b = 6.071, c = 6.158 -9, /3 = 113'lB1; 

Guinier - de \\'olff foc~lsing camera, As203 standard, CLI Iia radiation) 

I d0i8, dc:,lc Itkl I doh dm~e hkl 

TABLE VII 

Powder diffraction pattern of lihSb? 
(Monoclinic RhP?;  n = 6.604, 2, = 6 ,557, c = 6 668 A, ,a = 116'38'; 
Guinier - de \Volff focusing camera, As:03 standard, CLI k', radiation) 

- - 

I dot3. d,,~, ~ K I  ' i  I dr,ha dC.,lc hkl 

26 4.288 4.279 117 3 3  1.872 1.874 122 
17 3.280 3.280 020 .5 1 1.853 1 .853 131 

I 3 2 .  in:; 2.194 220 i i  33 1.118 1 420 2-12 
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Since these patterns were indexed we have learned of an independent single-crystal 
s t~ tdy  by Kjekshus, showing IrAsz and IrSbz to be monoclinic (4). 

We are indebted to Dr. J. E. Gillott, and to Miss NI. McLellan, for assistance in 
obtaining Guinier and Debye-Scherrer patterns, respectively. 

1. R. D. HEYDING arid L. D. CALVG~CT. Can.  J. Chem.  39, 955 (1961). 
2. S .  RUNDQVIST. Acta  Chern. Scand.  15, 451 (1961). 
3. N. I';. ZHURAVLEV, G. S. ZHDAXOV, and R. N. I<U~'hllh-. Soviet  Phys.  Crys t .  5 ,  532 (1961). 
4. A. I<JEKSHUS. Univers i t y  o f  Oslo, Norway .  Private coniniunication. 

STEROIDAL 3-CHLORO-3,5-DIENES 

I11 some cases the modification of the A4-3 ketone moiety (I) of the natural steroidal 
hormones has led to biologically active analogues, particularly in the anabolic-androgenic 
field (1, 2). 

The 3-enol-ether analogues (3), for instance, (11) R = 0-allcyl, of inethyltestosterone 

were found to be more active, by the oral route, than their parent compound (4). 
We chose to modify the A4-3 lceto portion of the n~olecule by forming a 3-chloro-3,5-diene 

(11, R = Cl), which thus had the same geonletry (11) of ring A and B, with concoinitant 
increased stability of the diene systei11.l 

Previous exa~nples of steroidal 3-chloro-3,5 dienes were one prepared by Ruzicka by 
the action of benzoyl chloride a t  100' C (5,G) on 4-cholestene-3-one and a 3-cl~loro-3,s- 
androstadien-17-one that was described in 1937 by I<u\vada (7), but was not completely 
characterized and was without any mention of its biological activity. 

The observation (8) that  the action of oxalyl chloride on some A4-3-lteto-etianic acids 
in order to form the corresponding acid chlorides, according to the method of Wilds (9), 
resulted, in absence of pyridine, in an attaclr of the &l-3-keto moiety, with the fornlation 
of a 3-chlor0-3,5-diene,~ pron~pted us to ernploy this reagent to  transform a number of 
steroidal A4-3 ketones into new analogues (11, R = Cl). 

The acid-catalyzed reaction proceeds smoothly a t  room temperature and in most cases 
is completed in 1 hour in yields of 50-70y0 of theory. 

' T h e  3-enol-ether analogues were assumed to be active "per se" and not as precz~rsors of the conjugated 3-keto 
steroids by endogenous hydrolysis (4).  

ZReicltstein et al. (10) ltaoe noted a decrease i n  the yield of a similar reaction from 83% to 75% when pyridine 
was  ontitted. They  could isolate ntinor unidentified by-products whiclt, i n  our opinion, m a y  well be the corre- 
sponding chlorodienes. Oxalic acid i s ,  of cozcrse, a product of the reaction and was therefore chosen by 14s to catalyze 
our transforntations. 

Canadian Journal of Chemistry. Volume 40 (1963) 
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I11 some cases the modification of the A4-3 ketone moiety (I) of the natural steroidal 
hormones has led to biologically active analogues, particularly in the anabolic-androgenic 
field (1, 2). 

The 3-enol-ether analogues (3), for instance, (11) R = 0-allcyl, of inethyltestosterone 

were found to be more active, by the oral route, than their parent compound (4). 
We chose to modify the A4-3 lceto portion of the n~olecule by forming a 3-chloro-3,5-diene 

(11, R = Cl), which thus had the same geonletry (11) of ring A and B, with concoinitant 
increased stability of the diene systei11.l 

Previous exa~nples of steroidal 3-chloro-3,5 dienes were one prepared by Ruzicka by 
the action of benzoyl chloride a t  100' C (5,G) on 4-cholestene-3-one and a 3-cl~loro-3,s- 
androstadien-17-one that was described in 1937 by I<u\vada (7), but was not completely 
characterized and was without any mention of its biological activity. 

The observation (8) that  the action of oxalyl chloride on some A4-3-lteto-etianic acids 
in order to form the corresponding acid chlorides, according to the method of Wilds (9), 
resulted, in absence of pyridine, in an attaclr of the &l-3-keto moiety, with the fornlation 
of a 3-chlor0-3,5-diene,~ pron~pted us to ernploy this reagent to  transform a number of 
steroidal A4-3 ketones into new analogues (11, R = Cl). 

The acid-catalyzed reaction proceeds smoothly a t  room temperature and in most cases 
is completed in 1 hour in yields of 50-70y0 of theory. 

' T h e  3-enol-ether analogues were assumed to be active "per se" and not as precz~rsors of the conjugated 3-keto 
steroids by endogenous hydrolysis (4).  

ZReicltstein et al. (10) ltaoe noted a decrease i n  the yield of a similar reaction from 83% to 75% when pyridine 
was  ontitted. They  could isolate ntinor unidentified by-products whiclt, i n  our opinion, m a y  well be the corre- 
sponding chlorodienes. Oxalic acid i s ,  of cozcrse, a product of the reaction and was therefore chosen by 14s to catalyze 
our transforntations. 
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Progesterone, testosterone acetate, methyltestosterone acetate, and cortisone acetate 
were readil). transformed by this method. A hindered alcoholic function (like the 17- 
hyclrox~.l group in cortisone) was not affected by the reagent. 

The resulting chlorodienes were stable, crystalline substances, with a characteristic 
ultraviolet absorption a t  242 mp with two slloulders a t  236 and 230 mp and a log 6 of 4.4. 
The infrared absorption in chloroforn~ reveals a single A3~%aild a t  1621 cm-I. The molec- 
ular change in the rotation fro111 the parent A4--3 lceto steroid is -850. 

Tlle 3-chlorodiene IV, obtained fro111 cortisone, was devoid of appreciable gluco- 
corticoid activity (liver glycogen deposition) but  caused sodium excretion; the adduct 
I11 fro111 progesteroile was inactive in the CIauberg test. 17~-Acetoxy-3-chlor0-3,5- 
androstadiene V (from testosterone acetatej showed a favorable anabolic-androgenic 
activity ratio (levator ani and seminal wscicles weight test). 

111, I<'= R"= H, X = Hz V, R"'= H 
I\', R'= OAC, R"=OH V1, R"'= CHn 

X = O  

S-Chloro-3,5-preg~zadie~ze-2O-o~re 111 
-1 solution of 10 g of progesterone in 100 ml of dry benzene was stirred a t  room temperature for 2 hours 

in the prescnce of 30 cc oxalyl chloride and 0.5 g oxalic acid. The organic solvent was evaporated at reduced 
pressurc and the residue was talren up in ethcr, washed with NaHCOs solution, and water. The solvent was 
dried and evaporated to give crude 3-chloro-3,5-prcgnadiene-20-one, 10 g, which was recrystallized from 
ether. Colorless neeclles, n1.p. 126-1318" C, lol]D -6l0, A,,, 242 mp, log E 4.4. Calc. for CnlHzgOCI (332.9): 
C, 75.77; 1-1, 8.78; CI, 10.650/c. Found: C, 75.86; H, 8.76; CI, 10.5670. 

S-Cl~loro-3,5-a11drostadie~z~-17p-ol Acetate V 
X quantity of 1 g of testosterone acetate was dissolved in 25 cc dry benzene and stirred with 5 cc oxalyl 

chloricle and 0.1 g oxalic acid for 1 hour. The usual working up gave 0.6 g 17p-acetoxy-3-chloro-Y,5-andro- 
stadicne, m.p. 148-152" C, [a]D -172", A,,, 242 mp, log e 4.4. Calc. for C?1H2g02C1 (348.0): C, 72.29; H, 8.38; 
C1, l O . l ( i ~ .  Found: C, 72.19; H, 8.30; Cl, 10.10%. 

17a-l\Ietl~yl-S-chloro-S,6-androstadiclze-17-01 Acetate V I  
--I quantity of 6 g of 17a-methyltestosterone acetate was dissolved in 100 n ~ l  dry benzene and stirred with 

20 ml of oxalyl chloride and 0.3 g oxalic acid a t  room temperature for 1: hours. The reaction mixture was 
worked up as in the previous examples to give 3.5 g 17~-~netizyl-17p-ncetoxy-3-clzloro-3,5-andostadene, m.p. 
127-l2S" C after crystallization from methanol, [ f f ]~  -148", A,,,, 242 mp, log e 4.4. Caic. for C?~HZ~O?CI  
(362.9): C, 72.80; H,  8.61; CI, 9.77%. Found: C, 73.01; H, 8.45; Cl, 9.90%. 

21-Acetoxy-17a-l~ydroxy-3-~ltloro-3,5-l)reg~adiene-11,2O-dioze IV  
A quantity of 3 g of cortisone acetate in 100 ml dry benzene was stirred with 0.4 g oxalic acid and 20 cc 

oxalyl chloride for 18 hours a t  room temperature. The nsual working up gave needles of 21-acetory-17a- 
hydroxy-3-chloro-S,6-~regnadiene-11,2O-done, 1.6 g, m.p. 195-197' C from methanol-water, [ a ] ~  f 0, A,, 
242 mp, log e 4.4. Calc. for C?3H2g0jC1 (420.9): C, 65.63; H, 6.94; C1, 8.42%. Found: C, 65.29; H,  6.76; 
Cl, 8.43%. 

3iLfeltinc points were determined in evacuated capillaries and corrected. Rotations ~iteasured at 23' C in 1 % 
CHCll sobrrtion. 
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A PHOTOCHEMICAL PREPARATION OF SOME HALOGENATED CYCLOPROPANES 

The photochlorination of cyclopropane was first reported by Gustavsoi~ (I).  Roberts 
and Dirstine (2) attempted a flow photochlorination in their investigation of the thermal 
chlorinatio~~ of cyclopropane. Using high flow rates, of the order of moles per hour, and 
a 4:l  ratio of cyclopropane to chlorine, they obtained a yield of mo~~ochlorocyclopropane 
of only 7.6% of the cyclopropane consumed, even with partial recycling of the reaction 
mixture. Slabey (3), using esse~ltially the same apparatus as  Roberts and Dirstine, and 
similar conditions, but without recycling of the cyclopropane, obtained a yield of about 

10%. 
In our investigatio~ls of the formation and behavior of cycloalltyl radicals in the gas 

phase, in particular, of the photolysis and mercury-photosensitized decomposition of 
~~~oi~ohalocyclopropai~es, we were led to explore means of preparing these compounds 
quicltly and conveniently. I t  has been found that c~~clopropane can be photochlorinated 
and photobrominated in a simple flow system without recycling the cyclopropane. I n  
the former case, we were able to obtain 5 ields of monocl~lorocyclopropane up to 20-30y0 
of the cyclopropane consulned, with flow rates much lower than those used by previous 
investigators. In the case of photobrominatio~~, nitrogen was used as the carrier of bi-o- 
mine, and chlorine served to initiate the photobroinination. The yields of monobromo- 
cyclopropane were correspondingly lower, usually not exceeding lOyo of the cyclopropane 
consumed. Photobromination, in the absence of chlorine, resulted in the opening of the 
cyclopropane ring. Attempts to photoiodinate cyclopropane, again with nitrogen as the 
carrier gas, and chlorine as the initiator, were unsuccessful. 

Table I shows some representative results of the photochlorination of cyclopropane. 
I t  is seen that the ratio of monochlorocyclopropane to 1,l-dichlorocyclopropane varies 
directly, while the total yield varies inversely, with the cyclopropane-to-chlorine ratio. 

Canadian Journal of Chemistry. Volun~e 40 (1962) 
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A PHOTOCHEMICAL PREPARATION OF SOME HALOGENATED CYCLOPROPANES 

The photochlorination of cyclopropane was first reported by Gustavsoi~ (I).  Roberts 
and Dirstine (2) attempted a flow photochlorination in their investigation of the thermal 
chlorinatio~~ of cyclopropane. Using high flow rates, of the order of moles per hour, and 
a 4:l  ratio of cyclopropane to chlorine, they obtained a yield of mo~~ochlorocyclopropane 
of only 7.6% of the cyclopropane consumed, even with partial recycling of the reaction 
mixture. Slabey (3), using esse~ltially the same apparatus as  Roberts and Dirstine, and 
similar conditions, but without recycling of the cyclopropane, obtained a yield of about 

10%. 
In our investigatio~ls of the formation and behavior of cycloalltyl radicals in the gas 

phase, in particular, of the photolysis and mercury-photosensitized decomposition of 
~~~oi~ohalocyclopropai~es, we were led to explore means of preparing these compounds 
quicltly and conveniently. I t  has been found that c~~clopropane can be photochlorinated 
and photobrominated in a simple flow system without recycling the cyclopropane. I n  
the former case, we were able to obtain 5 ields of monocl~lorocyclopropane up to 20-30y0 
of the cyclopropane consulned, with flow rates much lower than those used by previous 
investigators. In the case of photobrominatio~~, nitrogen was used as the carrier of bi-o- 
mine, and chlorine served to initiate the photobroinination. The yields of monobromo- 
cyclopropane were correspondingly lower, usually not exceeding lOyo of the cyclopropane 
consumed. Photobromination, in the absence of chlorine, resulted in the opening of the 
cyclopropane ring. Attempts to photoiodinate cyclopropane, again with nitrogen as the 
carrier gas, and chlorine as the initiator, were unsuccessful. 

Table I shows some representative results of the photochlorination of cyclopropane. 
I t  is seen that the ratio of monochlorocyclopropane to 1,l-dichlorocyclopropane varies 
directly, while the total yield varies inversely, with the cyclopropane-to-chlorine ratio. 

Canadian Journal of Chemistry. Volun~e 40 (1962) 
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NOTES 

TABLE I 
The photochlorination of cyclopropane 

Flour rate Molar ratio 
n 

n 
(molcs/hr) 

, . C I H S C ~  
A C3H6 Iota1 yield A 

I:' ,cyield* . 

C3HG CI? Cl? (g/hr) CaHICI. C:jH,Cl 

0.26 0.05 4 . 3  2 .7  2 . 7  9 .8  
0.13 0.03 4 . :3 1 . 3  1 . 9 8 . 5  
0.4'2 0 .12 3 . 5  4 . 0  0 . 8  5 . 5  ( 4 . 9 )  
0 .31 0.13 2.4 4 . 0  0 . 7  (5.8 (6 .2 )  
0 .15 0.08 2 . 0  4 . 5  0 . 6  14 
0.1:1 0.07 1 . I) 4 . 5  0 . 8  20 
0.11 0.07 1 . 6  4 . 5  0 .  (i 20 
0.13 0.11 1 . 2  7 . 0 0 . 8  3 1 
0.13 0.17 0 . 8  6 . 6  0 .7  27 
0.07 0 . 1 3  0 . 5  10.0 0 . 2  an (22) 
0 .07 0.34 0 . 2  12.0 0.05 11 

*Calculated a s  mole %of the C ~ I l s c o ~ l s u ~ n e d  using the  v a l ~ ~ r s g i v e i i  incolumn 6. Tile values in paren- 
tlieses mere calcnlated, taking into consideration the  areas of the  remaining peaks in tile cl~romatograms.  

I t  is seen that ,  contrary to expectations, the best yield of monochlorocycloproparie is 
obtained when the molar ratio of cj~clopropane to chlorine i l l  near i~nitj.. 

Table I1 shows some typical results of the pl~otobromination of cyclopropane. I-Iere, 
as in the case of the pl~otochlorination, there was no clifficuIty i l l  separating the mono- 
brominated cyclopropane from the rest of the products by distillation. While the yields 

TABLE I [  

'The chlorine-initiated photobrominatior~ of c-yclopropane 

% of total A 

Flow 19tc (~noles/hr) 
, . yield h'Ioles C a H ~ B r  

A Iotal yield A 
-- 

n 
CRHlj C12 Brr* (g/hr) C>~CI CII-16Rr Moles C:<Hlj 

"Using nitrogen as carrier. T h e  amount  of bromine mas t letrr~nined in separate c\-l~eriments by 
condensing i t  a t  dry-ice teml)crature and  rveighing. 

of the monobromocyclopropane were only about 10% of the cj~clopropane consu~iiecl, 
the simplicity of the method presents some advantage over the conventional method of 
preparing the monobromo derivative from the silver salt of the c\.clopropj-lcarboxylic 
acid (4). I t  sl~ould also be stressed that,  in both cases, the pl~otochei~~ical method pro- 
duced, albeit in small quantities, several higher l~alogenatecl cyclopropanes whicll can 
be isolated bj. telnperature-programed gas-liquid partition chromatography (G.L.P.C.). 
I t  is t l l i~s  a convenient metl~ocl of s i~nulta~~eously preparing several related compounds. 

'The flow apparatus is shown in Fig. 1. ?'he spiral cells werc of pyres t ~ t b i ~ ~ g  alid 100 to 200 cnl long, the 
diameter of each loop being about 10 CIII. The lamp was a General Electric, H85-C3, 111edi~1111-pressure 
mercury arc. The flow was reg~tlated by 11eedle valves on each cylinder, and nleasured with a soap-bubble 
t lo \v~~~eter ,  prior to  each pl~otohalogenation. Total flow rates varied between 50 and 200 ml/nlin a t  S.T.P. 
The collector was kept im~uersed in ice during a run. 

The cyclopropane (lJ.S.P. Ohio Chemical Co., and The  Matheso11 Co.), chlorine (The &Intheson Co.), 
I)romine (reagent grade, Allied Cherllical Co.), and nitrogel1 (p~~r i t i ed  grade, The mat he sot^ Co.) were used 
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TO FLOWMETER 

N2 

I .  1 Diagram of flow photohalogcnation of c,.clopropane. 

without purification. The liquid products were u~ashed twice with equal volunres of aclueous socliulll sulphite 
solution (870) and twice with equal volumes of aqueous sodium carbonate solution (8Y0). Initial separation 
of the products was pcrformed by distillation and the final purification achieved \\:it11 temperature-pro- 
gramed gas-liquid partition chromatography in columns pacl;ed with cli-(2-ethyl)-hesyl sebacate or silicone 
rubbcr 011 firebrick. 

The total yield of crude products was obtained by weighing, ~vhile estimates of individual yields were 
calculated from the G.L.P.C. data. 

The  monochlorocyclopropane, 1,l-dichlorocyclopropai~e, 2nd the ~ ~ ~ o n o b r o n ~ o c y c l o p r o p a ~ ~ ~ e  were identified 
by their physical properties, and by colllparison of their infrared spectra to  previously publisl~ecl results 
(2-5). In addition, the following microanalyses were obtained. 

Monochlorocyclopropane: Found: C, 46.3%; H,  7.1%; C1, 45.lYO. Calc.: C, 47.07;; 13, 6.5YG; C1, 40.3%. 
1,l-Dichlorocyclopropa~~e: Found: C, 3 1 . 6 7 ~ ;  H, 3.57;; Cl, 64.970. Calc.: C, 32.570; 11, 3.670; C1, 63.970. 
Monobromocyclopropane: Found: C, 29.7:;;; 11, 4.9YG; Br, 61.8%. Calc.: C, 29.80jb;.II, 4.1%; Br, G6.170. 
Finally, in the case of the monohalocyclopropanes, the formation of cyclopropane during a photolytic 

decomposition ill the presence of a saturated hydrocarbon was considered as  additional evidcncc that the 
compound was a cyclopropane derivative. 

ACICNOLVLEDGAIENTS 

The investigatio~l was supported in part by the National Research Cou~lcil under 
Grant No. N.R.C. T 162 (Gunning). This assistance is gratefulljr acknowledged. 

1. G. G u s ~ ~ v s o x .  J. pralct. Chem. 42, 495 (1890). 
2. J.  D. ROBERTS and 1'. H. DIRSTIXE. J. Am. Chern. Soc. 67, 1281 (1945). 
3. V. A. SLABEY. 1. Am. Chem. Soc. 74. 4928 (1932). 
4. J. D. ROBERTS a-nd J. C. CHXXBERS. ' J. A&. Chem. Soc. 73, 3176 (1951). 
5 .  J. D. ROBERTS and J. C. CHAMBERS. J. Am. Chenl. Soc. 73, 5030 (1951). 

COORDINATION COMPOUNDS OF NICKEL (11) 
PART 111. FURTHER MAGNETIC STUDIES OF SOLUTIONS 

There has recently been nluch interest in the so-called "magnetically anomalous" 
con~plexes of nickel (11). Apart from recent work on sonle aminotroponeimine-niclcel (11) 
chelates ( I ) ,  attention has been centered on the behavior of substituted nickel (11) 
C anadian Journal of Cllemistry. Volume -10 (IBG?) 
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decomposition ill the presence of a saturated hydrocarbon was considered as  additional evidcncc that the 
compound was a cyclopropane derivative. 
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NOTES 823 

salicylaldiiiiine complexes. Current views on possible interpretations of the magnetic 
and spectroscopic behavior of these complexes have bee11 su~n~narized in the previous 
paper of this series (2) aiid by Ferguson (3). I t  iiow seems clear that  the appearance of 
paramagnetisn~ in so l~~t ions  OF these coiiiplexes (e.g. bis-K-methyl-salicylaldirnine nickel 
(11)) in non-coordinating solvents such as chloroform, carbon tetrachloride, etc. is due 
to associatioii of tlie solute, rather than to  solvelit perturbation. Such solute interaction 
must give sollie type of distorted octahedral configuration about the iiicltel atoms, thereby 
decreasing the singlet-triplet separatioii so as to  iiialte the triplet state thermally acces- 
sible. There is, however, no evideiice which iiidicates the iiiode of associatioii and, indeed, 
two different iliodels for associatioii are required in view of the very different properties 
of the two paramagnetic species of bis-~-i~ietl1yl-3-c11loro-salicyla1di1nine nicltel (11) (2). 
Altliougl~ earlier magnetic n~easurements (4-G) of solutions of these salicylaldi~liiiie 
con~plexes gave little indication of concentration dependence of tlie magnetic suscepti- 
bility, such dependence inust clearly occur in those cases where solute associatioii taltes 
place. To  clarify this point and in an attempt to  gain information concerning the associated 
species, we have made a further series of inagnetic measurements. 

ESPERII'vIENTXL 

'l'hc compounds studied \irere bis-N-mcthyl-salicylaldimine nickel (11) and bis-X-71-butyl-salicylaldi~lli~ie 
nicliel (11) ; their preparations are desc~ ibed elsewhere (4, 7).  Solvcnts were carefully purified and dried 
by stal~dard methods, and magnetic measurements were made using the apparatus described previously 
(2). 'The results ob ta i~~cd  are shown in 'Table I and Figs. 1 and 2. 

- - 

(-4) Concentration and temperature variation of the molar susceptibility (X103) 
of bis-N-methyl-salicylaldimine nicliel (11) in CHCI3 solution 

Temperature 220.5 239 254 264 271.5 283 293 
2.00?0 (\w/w) = 0.0936 4.448 3.731 2.920 2.550 2.146 1.845 1.402 

(B) Solvent depcndence of the molar susceptibility (X103) 
of bis-N-72-butyl-salicylaldi~l~i~~e nicl<el (11) 

Temperat~~re 23 1 245 258 27'3 29 1 
9.0% ((w/w) = 0.37 Al 4 451 9 4  4 014 3 742 3.532 

in 10% pyridine - 90% CEICI3 

(C) Concentration dependence of the magnetic susceptibility (X103) of bis-K-72-butyI- 
salicylaldimine niclcel (11) in chloroform and pyridine-chloroform a t  298' I< 

Concentration (M) 0.407 0.371 0.318 0.269 0.233 
x&fX103 ill 1 0 0 ~ o  '01-IC13 0.464 0.306 0.216 0.176 0.150 
x%fX1O3 in 10% C5H5S - 90% 3.370 3.380 3.420 3.350 3.510 

CHC13 

Molecular weights arcre detern~ined cryoscopically in benzenc solution; the folloiving results (Table 11) 
vverc obtained. 

DISCUSSION 

Contrary to earlier reports, the present results show that  the iiiagrietic susceptibilities 
are in fact conceiitration dependent except for solutioiis where a strongly coordinating 
base, such as pyridine, is present. This concentration dependence, giving a greater degree 
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FIG. 1. Magnetic susceptibility of the N-methyl complex in CHC13 solution: A, 1.0%; B, 2.0%; C, 3.1% 

FIG. 2. Magnetic s~~~cep t ib i l i ty  of the N-butyl complex: .I, in CI-IC13; B, in 10% pyridinc - 90% CHC13. 

TABLE 11 

Molecular weight determinations 

Concentration (yo by weight) 0.50 0.55 1.0  2.0 3.0 4.0 
N-Methyl complex :35i 415 540 
N-?t-Butvl complex 4 465 512 570 683 

ol paraiuagnetism with increasiilg concentratioi~, together wit11 the observed increases in 
molecular weight with increasing concentration, provides excelleilt evidence that solute 
associatioil occurs in these solutioils of both the complexes. Since our measurements 
were niade, the results of similar experimeilts by Holm have beell published (8). Our 
results are in general agreement with Holm's in that both confirm the suggestion, 
originally inacle by Ferguson ( : 3 ) ,  as to the occurrence of association. However, the 
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NOTES 825 

present extension of ~neasureinents to  low temperatures allows an important difference 
in interpretation to be made. Holln considers the low paramagnetism a t  room tempera- 
ture of all the n-alkyl complexes (other than methyl) to be insignificant and lie hellce 
concludes (9) that these complexes are monomeric in solution. The measuremel~ts of 
Ho11n and NIcKinney were, however, made a t  only one conceiitration, or over a very 
restricted concentration range, and a t  only one temperature. The present magnetic 
measureinents show clearly, when examined over the temperature and much wider 
concentration ranges, and particularly below room temperature, that there is aillple 
evidence for association of tlie n-butyl complex. This is also supported by the molecular 
weight measuren~ents. We therefore coilclude that association occurs in non-coordii~atiiig 
solvents for all substituted salicylaldimine nickel (11) coiliplexes so far investigated. 
When a strong base, such as pyridine, is present rapid solvation to  octahedral, para- 
magnetic (p - 3.2 B.M.), dipyridine adducts ( 5 ,  10) occurs. The magnetic susceptibility 
then follows the Curie-Weiss law, as show11 by Fig. 2. 

Of the possible modes of solute association, that involving Ni-0 iiltern~olecular 
interactions to  give an approximately octahedral arrangemei~t about each nickel atoll1 
has been considered previously (2, 8, 11). A11 obvious alternative is that  involving Ni-3 
interinolecular iiiteractioils to  give the same type of arrangement. hliller and Sharpe 
(12) have rejected tlie possibility of coordination of the benzene rings of one molecule 
of bis-salicylaldehyde nickel (11) to the nickel atoms of adjacent molecules. An exainina- 
tion of the infrared spectra of the various forms of bis-N-methyl-5-chloro-salicylaldimine 
nickel (11) (2) liltewise nlaltes this type of interaction uiililiely for the salicylaldimine 
complexes, since no frequency shifts are observed for absorptions associated with tlie 
pheiiyl groups (13). 

Holm (8) has interpreted his results as indicating that,  for the n-alltyl complexes (other 
than methyl), rotational motion of the allqd groups inust introduce a definite steric 
barrier so as to strongly inhibit association. Since our present results slioa~ that appreciable 
association occurs for these higher alkyl complexes, i t  seems that  such steric effects are 
probably not the factors deterniining the occurrence or non-occurrence of association, 
although they apparently influence the degree of association. Detailed cr~~stallographic 
studies are probably necessary to  gain ally reliable indication of the manner of association. 

The support of the National Research Council and Research Corporation are gratefully 
acltnowledged. 
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THE SYNTHESIS OF ACETAMIDO-DEOXY KETOSES BY 
ACETOBACTER SUBOXYDANS. PART IV 

Methyl 6-amino-G-deoxy-a-D-glucoside ( I )  was prepared by the method of Cramei- et 
al. (1) and N-acetylated with aqueous acetic anhydride (2) to give methyl G-acetamido- 
6-deoxy-a-D-glucoside (11). Acid hydrolysis of the methyl glucoside (11) then gave 
G-acetamido-6-deoxy-D-glucose (111) (1,3), from which a crystalliile phenylosazone (IV) 
was prepared. 

$-AocH- HO HO OCH, 

CH,NHCOCH, 

HO-C-H 

I I 
H-c-OH H--L-OH H-c-OH H-c-on 

I 

I 
H-C-OH 
- C=o 

I H-d-OH I 7fC-t L=o 
CH,OH CH,OH CH,NHCOCH, 

I 
CH, NHCOCH, 

1-Acetamido-1-deoxy-D-nlannitol (V) (4) was oxidized by ilcetobacter s~~boxydans under 
conditions described in a previous publication ( 5 )  to give an 84% yield of a syrupy 
ketose sugar (VI). The ketose (VI) gave a crystalliile pl~enylosazone (IV) which was 
identical with that obtained from 6-acetamido-6-deoxy-D-glucose (111). The ketose (VI) 
was therefore epimeric with 6-acetamido-6-deoxy-D-glucose (111) and thus possessed the 
D-fructose or D-arabo-hexulose configuration, and was therefore 6-acetamido-6-deoxy-D- 
arabo-hexulose. 

As no other ketose was detected in the oxidatioil medium, it  was coilcluded that 
oxidation of a polyl~yclric alcohol possessiilg the D-erythro configuration of hydroxyl 
groups according to the Bertrand-Hudson rules (VII) (6,'i) does not occur when the 
hydroxyl group of the prinlary alcohol group is replaced by an acetamido-deoxy group 
(VIII) .  

EXPERIhIENTAL 
Jlethyl 6-all~ilzo-6-deoxy-ry-~-g~ucosidc 

Methyl 6-O-p-toluenesulpl1onyl-ry-~-gI11coside (5 g) (m.p. 116-118° C, [ a ] ~  + lOGo  ( 6 ,  2.2 in ethanol); 
lit. values: m.p. 124" C, [ o ] ~  $98.5" (ethanol) (1)) was d i s s o l v e d  in absolute m e t h a n o l  (180 1111) and cooled 
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t o  0' C.  T h e  solution was sat~lrated with anhydrous amnionia, then  heated in an  autoclave at  120' C for 
IF hours. A f t e r  cooling, the  dark solution was boiled with charcoal and filtered, and the  filtrate was 
passed through Ainberlite I R A  400 (OH- )  anion-exchange resin. T h e  eluatc was evaporated t o  dryness 
t o  givc syrupy methyl  6-amino-6-deoxy-a-~~glucoside ( 3  g )  ( 1 ) .  

Jdclkyl 6-ncetai1rido-6-deor~~-a-~-g~z~cosidc 
Sl.rupy methyl  6-amino-6-deoxy-a-D-glucoside ( 3  g )  was Aracetylatecl with aqueous acetic anhydride 

( 2 )  t o  give crystalline methyl  6-acetamido-6-deoxy-a-D-glucosicle. T h e  product was recrystallized three 
timcs from methanol-ether to  give needles (2.0 g )  which had m.p. 163-164" C ,  [a]D +133" (c ,  2.0 in  water)  
and gave absorptions in thc  infrared (potassium bromide clisl;) at 3500 cm-I ( O H ) ,  3300 crn-1 (NI-I) ,  
1640 cm-I (amide I ) ,  ancl 1565 cm-I (amide 1 1 ) .  

.-lnal. Calc. for CgI-1170tN: C ,  46.09;; 13, 7.2%; N, 6.0%. Found: C ,  46.0%; I-I, 7.770; N, 6.2';;. 

6-11 celnirrido-6-deosy-~-gl~ucose 
&Iethyl 6-acetanlido-6-deoxy-a-D-glucoside (600 m g )  was hydrolyzed mith 1V su lp l i~~r ic  acid (15  inl)  a t  

100" C for 3.5 hours. T h e  solution was cooled t o  room temperature and passed through Duolite A4  (OH- )  
anion-exchange resin and t he  eluate was evaporated t o  dry~less .  T h e  residue was iV-acctylated with aqueous 
acetic anhydride ( 2 )  as some de-N-acetylation hat1 been observcd ill trial esperiments under t he  same 
hyclrolysis conditions. T h e  product, which was obtained as a pale yellow syrup, colltained ui~hydrolyzed 
methyl 6-acetamido-6-deoxy-a-D-glucoside and 6-acetamido-6-deoxy-D-glucose. 'The latter was separated 
1,y chromatography on lh'hatman ShIM paper using butan-1-01-ethanol-water, 3:1:1, as solvcnt, and 
obtained as a clear, colorless syrup (100 nig),  which crystallized on t he  addition o f  ethanol. U 'he l~  recrystal- 
lizecl from aqueous ethanol t he  6-acetamido-6-deoxy-D-glucose (65  m g )  hacl m.p.  203-3405" C (tleconlp.), 
[ a ] ~  +35+S0 --f +44+-1" (18  hours) ( c ,  0.7 in water) .  (L i t .  values: m.p.  182-183" C (deco~np . ) ,  [aID +42" 
( i n  water, af ter 2 hours) ( 1 )  and m.p. 196-198" C (dccomp.) ,  [ a ] ~  +44" -+ +35" ( i l l  water, a f ter  34 
hours) ( 3 ) )  
(i-i\ceta~nido-G-deosp-D-glucose gave absorptions in t he  infraretl (potassium bromide dislc) at  3300 cnl-1 

(OH and XI-I) ,  1625 cm-I (amide I ) ,  and 1570 cm-I (amide 1 1 ) .  

6-.-1relnn1ido-G-deoxy-~-arabo-lresose Pl~enylosaeone 
'I'he phenylosazone was preparcd b y  the  usual method using freshly distilled phenylhydrazine and glacial 

acetic acid. T h e  phenylosazone was recr~~stallizcd f rom aqueous ethanol t o  give needles, m.p. 207-209" C 
(decomp.) .  T h e  phenylosazone gave absorptions in the  infrared (potassium bromide d isk)  at  3300 cm-1 
( O H ,  NI-I) 3040 cm-I (aromatic CI-I), 2900 cm-I (aliphatic C H ) ,  1635 cm-I (amide  I ) ,  1580 cm-I (amide 
11), and 1600, 1495, 7-15, 690 cm-I ( phe~ i y l  group). 

6-Acetcrrr2ido-6-deoxy-~-arabo-l~exulose 
1-!\cetamido-1-deoxy-D-mannit01 was oxidized b y  ilcetobncher szrboxydnns under conditions described 

in a previous publication (5) and oxidation was complete a f ter  21 days. T h e  oxidation product mas separated 
I,]. chromatography on  a cellulose column using butan-1-01 half-snturatetl mith water as irrigant, and was  
obtai~red as a palc yellow syrup, [ a ] ~  -8+2" ( c ,  1.94 in water). T h e  ltetose gave oite spot on paper chroma- 
tography in several di f ferent  solvent systelns and gave a pink color wi th  t he  orcinol- trichloroacetic acid 
spray reagent (81, changing t o  green on prolonged heating. T h e  Itetose gave absorptions in t h c  infrared 
at  3300 cm-I ( O H ,  N H ) ,  1725 cm-I (saturated carbonyl group),  1640 cm-I (amide I ) ,  and 1565 cm-1 
(aniide 11). T h e  infraretl spcctrum \\.as obtained b y  smearing a little o f  t he  syrupy  1;ctose on the  surface 
o f  a potassium bron~ide disk. 

T h e  carbony1 peak at  1725 cm-I, which was very  weak ,  iiidicatcd that  soine o f  the  Icetose (ca. 5 % )  
existed in the acyclic form and this was also suggested b y  thc fact  tha t  t he  Icetose slowly reduced I;chlingls 
solution at  room tempcl-aturc (4). 

6-;lcetn~~~ido-6-deoxy-D-arabo-hose Phe~i j~osnsoi~e  
'The phenylosazone was prepared f rom the  Icetose under t he  same conclitions as those used foi- G-aceta- 

mido-6-dcoxy-D-glucose. T h e  phenj.Iosazone was obtained as needles, m.p. 211-215" C (decomp.)  and had 
a mixed melting point wi th  the  phenylosazone fro111 6-acetamido-G-deosy-D-glucose o f  206-209" C (de-  
camp.). T h e  infrared spectra o f  t he  two pher~ylosazones were identical over the  range 4000-600 cnl-1 and 
the  two  phenylosazones moved at  identical rates on paper chromatograms in several di f ferent  solvents. 

A\l~al. Calc. for C ? O H ? ~ O . ~ N ~ :  C ,  60.1%; H, 6.3%; N ,  17.6%. Found: C ,  60.3%; H ,  6.9%; N, 17.5yc. 

Periodate Oxidalio7z of 6-ifceta~~~ido-6-deory-~-glucose and 6-Acetai1zido-6-deoxy-~-arabo-ltexulosc 
6--Acetanlido-G-deoxy-u-glucose and 6-acetamido-6-deoxy-D-a~abo-hex~ilose were each oxidized mith an 

escess o f  sodium metaperiodate in ~ ~ n b u f f e r e d  aqueous solution. T h e  oxidation solutions were allowed t o  
stand for 2 hours a t  rooin temperature, then tested for forinaldehyde using t h e  chromotropic acid method 
( 9 ) .  G-Aceta1nido-6-deoxy-~-glucose gave no formaldehyde, while 6-acetan~ido-6-deoxy-~-arnbo-I1ex~1lose 
gal-c a strongly positive test for formaldehyde. 
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HYPERFINE STRUCTURE IN THE ELECTRON SPIN RESONANCE SPECTRUM OF THE 
DIPHENYLENE RADICAL ANION 

The electroil spin resonance spectra of the positive and negative radical ions of 
diphenylene were previously studied by McDowell and Rowlands (1). 111 that work it 
was mentioned that the observed five-line spectra could not be further resolved into the 
expected conlplete spectra of 25 lines. We now wish to report that  we have been able to 
resolve completely the e.s.r. spectrum of the diphenylene radical anion. The radical 
anion was prepared by reacting the parent hydrocarbon with metallic potassium in 
purified, degassed, 1,2-din1et11oxyethai1e as a solvent. The solveilt had previously been 
carefully dried by allowing it to stand in contact with excess sodium anthracenide. 

The spectra were recorded on a Varian e.s.r. spectrometer with 100 l;c/s modulation 
and using a 12-in. Variail magnet. All the spectra were run a t  very low coilcentratioils 
(- molar). magnetic field calibratioils were obtained by measuring the field 
wit11 a proton resonance nlagnetometer, a 3-111111 probe coil containing- glycerol being 
inserted in the magnet gap. The associated marginal oscillator was frequency-modulated 
a t  20 c/s and the proton resonance signal was displayed on an oscilloscope. A signal 
generator was loosely coupled and tuned for zero beat on thc oscilloscope; the generator 
frequency and also the liystron frequency were measurecl with a Ilewlett Paclcard 
521/325/540 frequency countcr which was stanclardizecl periodically against the WLVV 
radio station. 

Figure 1 sl~o\vs the typical e.s.r. spectrum observed for the clipl~enylcne raclical anion 
in dimethoxyetl~ane. The complete spectruill is sl~o\\in in the upper portion of the figure 
while the detail of one of the five main bancls is sl~own in the lower portion of the diagram. 
From the spectra we obtain the coupling constai~ts for the two types of protons i l l  

diphenylene (see Fig. 2) to bc a''(?, = 2.'7(ii0.01 gauss, ancl to be 0.206f 0.008 
gauss. 

As is \ire11 lcnown, the coupling constants for hyperfine splitting, a:, due to protons are 
related to the average spin clensity, p i ,  on the adjacent carbon atoms by the equatioil 
a: = Qpi. Q is a constant, negative in sign, which has been given various values such as 
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NOTES 

FIG. 1. i-1 typical electron spin resonance spectrum for the d iphenyle~~e radical anion in dimethosyethane; 
( a )  complete spec t r~~m,  ( 0 )  one of the main bands shown in greater detail. 

FIG. 2. .umbering systern for the diphenylene ~nolec~lle. 
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-22.5 gauss for the benzene negative ion (2), -25.G7 gauss for the c~~clooctatetraenfl 
radical anion (3) ,  and values of about -30, which are necessary to fit the observed 
electron spin resonance spectra of polyiluclear hydrocarbon radical ions, assuming the 
electron deilsities are given by the simple Hucltel LCAO approximation (4). >IcLachlan 
(5) has analyzed most of the accurate data on these radical ions and concluded that the 
best value was Q = -24.2 gauss. Karplus and Fraenltel (6) have recently used a variation- 
perturbation method to calculate for the CHCz fragment, a value of Q = -23.72 gauss. 
Because of the success of McLachlan's treatment of the e.s.r. spectra of polynuclear 
hydrocarbon radical ions we shall adopt his value of Q = -24.2 gauss. Our experimental 
values for the hyperfine interaction constants then give the spin densities a t  carbon 
atoms 1 and 2 in the diphenylene radical anion to be pl = 0.0085, and p2 = 0.1140. I t  
also follows that the spill densities a t  carbon atoins 9, 10, 11, and 12 are pg = plo = pll  = 

plz = 0.1275. These values may be compared with those predicted by the sinlple Hiiclcel 
LCAO approximation as given in Table I of reference 1. There it is shown that the 
Hiickel theory gives pl = 0.02G9, p2 = 0.0873, and p~ = 0.13GO. However, altering the 
Couloinbic integral for the four central carbon atoms so that it beco~nes equal to the 
normal carbon Couloinbic integral Flus onejifth the carbon-carbon resonance integral, 
i.e. we tal:e a,, = a,  + 1/5P, we obtain the following results: pl = 0.032, p2 = 0.0853, 
and pg = 0.1274. For this latter set of parameters the calculated values for pl and p? do 
not agree well with the experimental values, but there is remarltably good agreenlel~t 
between the calculated and experimental values for pg. 

Because of the high spin density a t  the two sets of four equivalent carboil atoins Cy,  
Clo, Cll, and Clz, and also Cz, C3, CG, and C7, and the nature of the spectrum shown in 
Fig. 1, it seemed that it might be possible to observe the hyperfine splittings due to 
C13. Tlle illagnitude of this C13 hyperfine splitting can be calculated from two recent 
theories of C13 hyperfine interactions (G,  7). We choose to follow the more recent theory 
of Icarplus and Fraenltel (G) as it seems to be somewhat more complete and gives good 
agreement with the ltnown experimental values. The expected hyperfine splitting con- 
stants for ac/2? was calculated to be 2.35 gauss and this would lie beneath the main lines 
in the spectrum of the diphenylene radical anion. For Cll,  etc. the value calculated from 
the Icarplus and Fraenlcel theory for the case of the diphenylene radical anion depends 
on tlie nature of the interactions chosen. If the interaction parameters are chosen to 
represent C1, Cg, and Clo tlle value calculated for acl; is 2.64 gauss. If, however, the 
interaction path is talten to be Cg, C10, Clz, C1, then there results the value of 0.98 gauss 
for acf;. None of these C13 llyperfiile interactions would be observable for the natural 
abundance of C13 in the diphenylene radical anion. 

We wish to thank the National Research Council of Canada for generous grants in 
aid of this research work. 

1. C. A. MCDO~VELL and J. R. ROWLAXDS. Can. J. Chem. 38, 503 (1960). 
2. S. I. LVEISSMAN, T. R. TUTTLE, a ~ l d  E. DE BOER. J. Phys. Chern. 61, 28 (1957). 
3. T. J. KATZ and H. L. STRAUSS. J. Chem. Phys. 32, 1873 (1960). 
4. E. DE BOER and S. I. WEISSMAN. J .  Am. Chern. Soc. 80, 4549 (1958). 
5. A. D. MCLACHLAX. MoI. Phys. 3, 233 (1960). 
6. M. KARPLUS and G. I<. FRAENREL. J. Chern. Phys. 35, 1312 (1961). 
7. A. D. MCLACHLAN, H. H. DEARMAN, and R. LEFEBRE. J .  Chern. Phys. 33, 65 (1960). 

RECEIVED NOVEMBER 27, 1961. 
DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF BRITISH COLUMBIA, 
VANCOUVER 8, B.C. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

5-BROMOPENTANOIC ACID AND 2,5-DIBROMOPENTANOIC ACID 

\Ve wish to report a convenient synthesis of 5-bromopentanoic acid and 2,s-dibromo- 
pentanoic acid from cyclopentanone. 5-Bromopentanoic acid has been synthesized fro111 
diethyl pheiloxypropyl~nalo~late (I) ,  from 5-phenoxypentanoic acid (I),  and fro111 dihydro- 
pyran (2) in reasoilable yields. Attempts to convert cyclopentanone to 8-valerolactone 
with hydrogen peroxide and to obtain 5-brolnopentanoic acid from the lactone with 
hydrobromic acid (3) resulted in a low yield (18y0). Using the method of Sager and 
Duckworth (4) we were able to prepare 5-bromopentanoic acid from cyclopentanone in 
49y0 yield. 

5-Bromopentanoic acid was also prepared from pentanediol in yield by converting 
the diol to the lactone in the presence of copper chromite (5). The crude lactone was then 
treated with hydrobromic acid. 

2,5-Dibroinopentanoic acid was prepared fro111 5-bromopentanoic acid according to 
the inethod of Merchant, Wickert, and Marvel (1) in 85y0 yield. 

E S P E R I M E K T A L  
Synthesis front Cyclopetzta7to7ze 

Cyclopentanone (37.5 g) was oxidized with peroxytrifluoroacetic acid (4) to yield 42.8 g of crude 
6-valerolactone. The crude material was refluxed with 100 ml of 48% hydrobromic acid for 3 hours and 
the two layers were separated. The upper aqueous layer was diluted with 200 ml of water and was extracted 
with several portions of ether. The organic layers were combined and dried over anhydrous sodium sul- 
phate. The ether was removed by distillation and the product was distilled a t  reduced pressure. 5-Bromo- 
pcntanoic acid was obtained (39.4 g ;  40%). 

Synthesis from 1,5-Pentanodiol 
1,5-Pentanodiol (52 g) was heated uncler reflus in the presence of copper chro~nite to  yield 35 g of crude 

6-valerolactone. The crude material was refluxed with 100 ml of 48y0 hydrobromic acid for 3 hours and 
the product was separated and purified as described before. 5-Bromopentanoic acid was obtained (32.5 g ;  
25%). 

5-Brornopentanoic Acid.-Neutralization equivalcr~t: 181.48; found, 181; melting point: 38"-39" (1); 
observed, 38'-39"; boiling point: 142"-1-15" a t  13 lnln (1); observed, 104"-106" a t  1.5 mm. 

Synthesis of 2,5-Dibro7nope7zta7~0ic Acid fro71a 5-Bromopentanoic Acid 
5-Bromopentanoic acid (10 g) was co~~vcr t ed  to 2,5-dibromopentanoic acid with bromine and phosphorus 

tribromide (1). 2,5-Dibromopcntanoic acid was obtained (12.2 g ;  85%). The overall yield starting with 
cyclopcnta~lo~~e is 42%. 

2,5-Dibron~opentanoic Acid.-Neutralization equivale~lt: 260.40; found, 261; boiling point: 150"-152° 
a t  5 mm (1) ; observed, 134"-136" a t  2 nlrn ; ?zoZ5, 1.5347 (1) ; observed, 1.5338. 
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Departnze?~t of CJcenzistry, iMcGill University, Montreal, Que. 

Received November 22, 1961 

ABSTRACT 

Ca41, a nuclide decaying by orbital electron capture, has been again identified and its half- 
life measured. The  activity of the source, a highly irradiated sample of calcium carbonate, 
had decayed for 10 years so that  competing activities were IIOII-existent. The measurement 
was made with a gas-flow proportional counter with well-determined characteristics. A value 
of ( 7 . 5 ~ l . 1 ) X 1 O 4  years has been obtained. 

INTRODUCTION 

The nuclide Ca41 has previously been prepared and measured by only one group of 
workers, viz. Brown, I-Ianna, and Yaffe (1). Richards, Smith, and Browne (2) had shown 
by measurements 011 the threshold of the reaction I i " (p , r~ )Ca~~  that  an energy of only 
0.44f 0.02 Mev is available for the decay of Ca". Thus the decay to I<41 would be b37 
electroll capture with the silnultaneous emission of potassium X rays. 

Brown, Hanna, and Yaffe prepared Ca41 by a 15-week irradiation, in a high neutron 
flux, of calciuill depleted 200-fold in the isotope of mass 44. The inaterial was subjected 
to a rigorous chenlical purificatioil and the X rays emitted by the source measured by an 
argon-filled proportional counter equipped with a thin window. 

The ideiltificatioll of the nuclide and the measurement of its half-life were both rendered 
exceediilgly difficult because of the /?-activity due to Ca" (153 days), produced by the 
reaction Ca4J(n,r)Ca45, even in this highly depleted source. This caused the production 
of calcium X rays by iollizatioil of the material in the source. Hence a coillposite X-ray 
peak conlposed of the fluorescent calcium X rays and potassiuin X rays due to Ca41 
was superiinposed over a baclcground of the same intensity as the composite peak. The 
use of a potassiunl 'critical' absorber helped to discriminate against the calcium X rays. 
The rigid chemical purification, and the fact that the potassiunl X-ray activity being 
detected was proportional to neutron flux in several samples, ruled out possibilities other 
than Ca". 

The half-life determination rested on the resolution of a conlposite peal; and was found 
to be (1.1 f 0.3) X 10Vears. 

We were fortunate in having available a highly irradiated sanlple of calcium," the 
activity of which had decayed for about 10 years, so that the Ca45 contributioil was now 
negligible. This con~munication reports the remeasurement of the half-life of Ca41 under 
more favorable conditions and reaffirms its identity. 

' T h i s  work received Jinancial assistance fr011l the IVational Research Cozrncil of Canada. 
21'resent address: C A R D E ,  P.O. B O X  1427, Quebec City, Qz~e. 
* W e  wish to e ~ p r e s s  our appreciation to Dr. R .  H. Betts, Chenzistry Branch, Atomic Energy of Canada 

Limited, Chalk Rzver, O~ltario, who helped greatly in nzaking this sample availa2tle to us. 
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EXPERIMENTAL AND RESULTS 

( a )  Irradiafion 
A sample of 'spec-pure' calcium carbonate was irradiated in the N R X  nuclear reactor a t  Chalk River 

for a period of about 10 months, along with a small amount of cobalt wire, which was used as  a flux monitor. 
Measurement of the monitor showed that  the sample had been subjected to a total integrated flux of 8.1 X 
1030 neutrons cm-? The activity of the calciun~ sample was allowed to  decay for about 10 years, after which 
time it showed no activity measurable by highly sensitive 8- and ?-counters. 

( b )  Deter?nination of Calc i~~?; t  Content 
The calcium carbonate was purified, evaporated to  dryness with nitric acid, and made up to volume with 

distilled water. The calcium content of the 'master solution' was determined by a method described by 
\\'elcher (3) which consisted of an  EDTA titration using an indicator made of o-cresolphthalein complexes. 
The EDTA solution was standardized against a standard calcium nitrate solution. The calibration curve 
is shown in Fig. 1. 

MIGHT OF CALCIUM (Ho) 

FIG. 1. Analysis of calcium '111aster solution'. 

Two aliquots, namely 100 and 200 were withdrawn from the solution and analyzed. The results are 
shown in the bottom of Fig. 1, giving a value of 0.421k.01 mg of Ca per 100 of the solution. A great deal 
of care was talcen with the above analysis, since, in the previous measurement, the determination of the 
Ca coiltent of the source introduced an error of f 15%. 

( c )  Specific Activity Defe~nti?tat ion 
The disintegration rate of the sample was determined using a gas-flow proportional counter. .4 sketch of 

this is shown in Fig. 2. The counter pulses were fed into a cathode follower, amplifier, and pulse height 
analyzer. A detailed description of the operating characteristics of such a counter has been given previously 
(4). 

4 0 3 0 0 4  
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DROUIN A N D  YAFFE:  HALF-LIFE O F  Can 

THREADED - 
 CAP^^ PLATFORM 

GAUGE =- G A S K E T  

VALVE 

FIG. 2. Gas-flow proportional counter. 

The sample was ~nounted internally in the counter on a platform. The source mount, prior to the evapora- 
tion of the sample, was treated with a 5% insulin solutioll which was re~noved as completely as possible. A 
sample of 100 was deposited on an  area of 1 cm2. During the process of evaporation the mounted source 
was continually rocked in order to keep all parts of the area, originally covered, wet until the last possible 
moment. When the sa~uple  was completely dry,  it was covered with an  aluminum absorber thick enough 
(0.8 P) to absorb all the Auger electrons emanating from the source (5). 

The source was placed in the counter, and characteristic K X rays of potassium were identified a s  shown 
in Fig. 3. The characteristic K S rays from Cr51, Fe55, and ZnG5 were used to calibrate the energy response 
of the counter as shown in this figure and verify that  the measured activity corresponded to potassium K 
X rays. 

CHANNEL NUMBER 

FIG. 3. Energy calibration of the counter: 9 Ca", 0 CrS1, 0 Fe55, 0 Zn65. 

i . .  
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In Fig. 4 is shown the photopeak due to the potassium K X rays from which the half-life measurement data 
were taken. The background during this measuretnent was slightly less than 1 count per minute per channel 

FIG. 4. Photopeak due to Ca41. 

and of course no calciu~n fluorescent X rays were detectable. The instrumental arrangement enabled the 
background to be subtracted automatically. 

When the counter was operated a t  pressures of 1 and 2 atm,  the counting rates were reproducible within 
the standard deviation, showing that the X rays were con~pletely absorbed in the counter. 

T o  change the measured counting rate into a disintegration rate, the following corrections had to be 
employed: 

(i) Self-absorption: This factor is esceedingly important for such low-energy X rays (3.2 Icev). This was 
determined experime~ltally in the following way. The source was diluted with known a ~ n o u t ~ t s  of inactive 
calcium nitrate and the counting rate measured. The area of the source was kept constant. The results are 
shown in Fig. 5. Fronl this the decrease in cou~l t  rate due to self-absorption was determined to be 14% for 
the sample used. 

(ii) Transmission of the characteristic X rays by the Auger electron absorber: The transmission of the 
potassiunl I< X rays was obtained by inserting into an  equation derived by Ca~npion and Merritt (6) the 
proper mass absorption coefficient and thiclcness for the a l u m i n ~ ~ m  absorber (7). The above equation is 
applicable in the present case, i.e. an  uncollimated beam of radiation. The .%~~ger  electron absorbcr was 
found to transmit 67% of the potassium R ,Y rays. 
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DROUIN AND YXFFE: HALF-LIFE O F  Cai' 

WEIGHT OF Ca(NO3), C~G/CM') 

FIG. 5 .  Self-absorption of potassium K S rays in calciurn nitrate. 

(iii) Fluorescence yield: The K-fluorescence yield of potassium, Wk, has been semiempirically calculated 
by Hagedoorn and Wapstra (8) to be 0.120, and this value has been used. Brown et al. used an interpolated 
value of 0.13f 0.01, which agrees very well with the recent work quoted above. 

(iv) L-capture contributions: From the theoretical results of Brysl; and Rose (0), theL/K capture (includ- 
ing LII- and LIII-capture contributions) was evaluated as  0.080. 

(v) Geometrical efficiency of the counter: The geometrical efficiency of the counter has previously (4) 
been determined to be 50%. 

From Fig. 4, the number of potassium K X rays beneath the peak was ~na~ lua l ly  integrated and found 
to be 5 9 4 f 6  counts min-I for 0.42 mg Ca. 

From the irradiation data and the cross section, one obtained the number of Can' atoms, N41, formed by 
irradiating a known number of C d O  atoms, N40, as  follows: 

where no = integrated neutron flux = 8.07X10'0 neutrons cm-5 u = cross section = 0.22 barns (10). 
Therefore, in 1 mg of naturally occurri~lg Ca (9'7% Ca40), there were produced 

6.02 X 10Yo 
N41 = 40 X0.97 X0.22 X lO-?'X8.07 X 1020 = 2.59 X 10'5 atoms. 

The disintegration rate, obtained by applying the corrections discussed above, is 

= 1.87X10" disintegrations mill-' for 0.42 mg Ca 
= 4.45 X lo4 disintegratio~ls min-I mg-I Ca. 
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838 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

The disintegration rate = N41X1 where 

0.693 
A = -  

half-life 

Therefore 

2.59X1015X0.693 
half-life = 

4.45 X 10%365 X 1440 

= 76,700 years. 

The errors involved in the actual measurement itself are small (-1%). Other errors in the absorption 
corrections, flux determination, etc., impose limits of 3 ~ 1 5 %  on the measurement, yielding a final value of 
(7.73~ 1.1) X 10' years. 

This agrees remarkably well, within the errors quoted, with the value of Brown, Hanna, and Yaffe. 
The latter calculated theoretically the half-life one would predict assuming that this is an  a-type first-order 
forbidden transition. This is possible since theft values of &emitters of this type are closely grouped. Their 
results gave an upper limit of GXlO+ears, just outside the experimental limits of error. Our value brings 
this half-life into closer agreement with the prediction. 
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CONDUCTANCES OF AQUEOUS SOLUTIONS OF SODIUM OCTANOATE 
AT 25" AND 35" AND THE LIMITING CONDUCTANCE OF THE 

OCTANOATE ION 

A. N. CAMPBELL, E. M.  KARTZMARK, AND G. R. LAKSHMINARAYANAN 
Chenzistry Departmenl, University of fifanitoba, Winnipeg,  Manitoba 

Received January 3, 1962 

ABSTRACT 

Equivalent conductances, densities, and viscosities of aqueous solutions of sodium octanoate 
have been determined a t  25O and 35" C, a t  concentrations ranging from 0.0002 IM to  2.8 IM. 
The limiting equivalent conductances of the octanoate ion have been determined as 23.08 
mhos and 29.09 rnhos, a t  2 5 O  and '3 jo  C respectively. 

Comparison has been made of our experimental conductances with those calculated, using 
the equations of Robinson-Stokes, of Falkenhagen-Leist, and of Fuoss. 

No evidence has been found of micelle formation in solutio~ls of sodium octanoate. 

The work here described on the coilductance of sodiuin octanoate is part of our general 
project of measuring the electrical conductance of sodiuin salts of higher fatty acids 
over a wide range of concentration. I t  might be supposed a progressive increase of anion 
size would eventually lead to an anion so large that it would be virtually nlotionless and 
non-conducting but it is known that, after a certain number of carbon atoms in the 
chain is reached, nlicelle formation occurs and it is known that illicelles are conducting. 
Why this should be so is not imn~ediately obvious, since though the charge is increased 
the mass is increased in the same ratio, but presumably some alignment occurs after 
the manner of liquid crystals, so that the resistance to movement is reduced. 

We continue to endeavor to fit the conductance equations of Wishaw-Stokes (1) and 
Falkenhagen-Leist (2) to our experinlental results, although we now admit that these 
equations must be considered to be enlpirical in the concentrated range. We have also 
used Fuoss' latest equation (3) for the same purpose. 

EXPEIiIMENTAL PROCEDURE 

n-Octanoic acid, otherwise known as  caprylic acid, obtained from the Eastman Icodak Company, was 
redistilled. The acid was neutralized with the equivalent quantity of sodium hydroxide, dissolved in alcohol, 
and the solution concentrated by slow evaporation. A mixture of acetone and alcohol, in the ratio of 2 to 1, 
was added to the concentrated solution, when the sodium salt was thrown out of solution. The filtered salt 
was dried in a vacuum oven, ground, and stored over barium oxide. 

The salt was analyzed by conversion to sodium sulphate, a method given in Stock, Staehler, Patnode, 
and Dennis (4). The method, the only one available, is somewhat crude. Four analyses gave the purity a s  
99.5%. The presence of alkali, as  an  impurity, would give a high, not a low, result. Direct pH rlleasurernents 
on the aqueous solution of the salt gave a value in good agreement with that calculated for the hydrolysis 
of sodium octanoate. 

Conduc ta~~ce  water, having a specific conductance a t  25' C of 2-3x10-7 mhos, was obtained by bubbling 
nitrogen through distilled water. We have found this method to be more satisfactory than more co~nplicated 
methods. The more concentrated sol~rtions were prepared by direct weighing of salt and solution, the very 
dilute solutions by the technique of Shedlovsky (5), using a duplicate of his large silica conductance cell. 
In calculating the constant of this cell we used the equation of Fuoss (6) for the equivalent conductance of 
potassium chloride solutions of varying concentration, a t  25' C. 

The methods of measuring viscosity and density require no description. The  method of Campbell and 
Bock (7) was used to  correct the equivalent conductance for the effect of hydrolysis. The ionization constant 
of octanoic acid was obtained fronr the data given by Dippy (8). 
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EXPERIMENTAL RESCLTS 

The  experimental results are given in Tables I and 11. 

TABLE I 
Densities, viscosities, and conductances of soclium octanoate at  25' C 

Specific Equivalent Conducta~lce 
Concentration Density Relative conductance co~lductance viscosity 
(mole/liter) ( ~ / n l l )  viscositv (mhos/cm X 10") (mhos) ~roduc t  

*The viscosities corresponding to  the first six low concentrations were not determined experinlentally: they were obtained by 
linear interpolation. 

TABLE I1 
Densities, viscosities, and conductivities of sodi~um octanoate at  35' C 

Specific Eqiiivalent Conductance 
Concentration Density Relative conductance conductance viscos~ty 
(mole/liter) (g/ml) viscosity (mhos/cm X lo4) ((mhos) product 

*The viscosities corresponding to the first sis  low concentrations were not determined experilnentally: they were obtained by 
linear interpolation. 

DISCUSSION OF RESULTS 

T h e  overall error in the equivalent collductance measurements amounts t o  O.lyo. T h e  
first six nzeasurements in the dilute region were used t o  calculate the  limiting con- 
ductance. The  methods of I<ohlrausch, of Shedlovsky (j), and of Fuoss (3) were used. 
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CAMPBELL ET AL.: CONDUCTANCES 841 

The value of A. obtained by the three methods, a t  25" and a t  35", are as follows: 

A0 a t  25" A0 a t  35" 
(mhos) (mhos) 

I<ohlrausch 73.18 00.63 
Shedlovsky 73.30 00.90 
Fuoss 73.34 90.92 

Using the Kohlrausch values for A0 and the values 50.10 mlzos a t  25" and 61.54 mhos 
a t  35" for the ionic conductance of the sodium ion (9), the ionic conductances of octanoate 
ion a t  25" and 35" respectively result as  23.08 ~nhos  and 29.09 mhos. 

The Arrhenius equation applied to the conductance figures a t  the two temperatures, 
and to the corresponding viscosities (fluidities), for the same concentrations and tem- 
peratures, yielded the figures of Table 111, for the activation energies of conductance 
and of viscosity, respectively. 

TABLE 111 
Activation energy of conductance and viscosity between 

25O C and 35" C 

Activation energy Activatioli energy 
Conce~itration of conductance of fluidity 

(mole/liter) (Itcal/mole) (kcal/~iiole) 

As usual, the figures of activation energies of conducta~lce and of viscosity are very 
similar, suggesting a fundamental rese~llblance between the nlechanisnls of the two 
processes in aqueous solution. The sudden increase in the energy of viscosity a t  the 
highest concentration indicates a change in the nature of the flow, perhaps on approach 
to micelle formation. In  anhydrous melts, the activation energies of conductance and 
of viscosity are generally far fro111 equal. 

I t  is well ltnown that Walden's rule does not apply to different concentrations of the 
sanle electrolyte in the same solvent but i t  is always interesting to work out the values 
of il, and to plot these values against concentration in the form of l/c. This has been 
done in Fig. 1. 

As usual, we applied the Robinson-Stokes and the Falkenhagen-Leist equations to 
our work. T o  these we have now added the Fuoss equation. The method of using this 
latest equation is detailed in Chap. XV of "Electrolytic Conductance1' by Fuoss and 
Accascina (10). 

As with sodiunl hexanoate (11), we found that  the agreement with the equations of 
Robinson-Stoltes and Falltenhagen-Leist was not good. \Ve therefore reproduce here 
only the calculations for dilute solution (Tables IV and V). Although the experimental 
values agree in general within 0.65 mhos in the case of the Robinson-Stokes and Fallten- 
hagen-Leist equations LIP to a concentration of nearly 0.1 M a t  25' C and 0.075 ilt a t  
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I 

( concen t ra t i on  mole / l i te r  I T  

TABLE IV 
Calculated equivalent conductances a t  25" C 

Calculated equivalent conductances (mhos) 

Equivalent Robinson-Stolres Fallcenhagen-Leist Fuoss-Onsager 
Concentration conductance -- - 
(mole/liter) (mhos) & = 15.0 A & = 23.0 A & = 1l.Q A B = 13.5 A & = 7.0 A 

n .no0237 72.21 72.11 72.12 72.08 72.11 72.20 

35' C, the very high & value, necessary for agreement, seeins to  be unrealistic, parti- 
cularly when there is no evidence of micelle formation. On the other hand the Fuoss- 
Onsager equation reproduces the data very well within 0.15 mhos a t  25' C and 0.1 mhos 
a t  35' C in the very dilute region, though the agreement is limited to  a narrow region 
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CAMPBELL ET AL.: CONDUCTANCES 843 

TABLE V 
Calculated equivalent conductances a t  35O C 

Calculated equivalent conductance (mhos) 

Equivalent Robinson-Stokes Falkenhagen-Leist Fuoss-Onsager 
Concentration conductance - - 

(mole/liter) (n~hos) d. = 13.5 A & = 19.0 A & = 9.0 A & = 10.5 A & = 7.8 A 

0.000236 89.51 89.52 89.56 89.23 89.2'7 89.51 

of concentration. I t  is clainled that the Fuoss equation can reproduce the experilnelltal 
results as long as K& < 0.2; because of the high & value (7-8 a) this corresponds to a 
concentration not greater than 0.01 M. 

Admitting that the equations of Robinson-Stokes and Falkenhagen-Leist are to some 
extent empirical, it is still surprising that, for example, in the case of lithium chlorate 
(12), the agreement between calculated and observed results is so good. Perhaps the 
"distance of closest approach" cannot be expressed in terms of a single paralneter when 
dealing with a long-chain ion. 

I t  has been stated by Smith and Robillson (13) that illicelle forillation occurs in solutions 
of sodium octanoate but, judging by the behavior of the conductance and viscosity 
curves, we think it unlikely. Certainly, micelle forlnation must set in when a certain 
number of carboil atoms in the ion has been attained but we think this number is greater 
than eight. To investigate this point we determined the apparent nlolecular weight a t  
different concentrations by the vacuum flask freezing point depression techniques. In 
this method finely shaved ice and a solution of sodiuln octanoate are thoroughly stirred 
until equilibriunl is established. The tenlperature is noted and an analysis then made 
by evaporation of water froill a sample. The results are contained in Table VI. They 
show no evidence of enhanced nlolecular weight. 

TABLE VI 

Concentration Apparent molecular 
(a of salt/100 g H?O) weight 

Work is continuing on the acid containing 10 carbon atoms. 
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THE HETEROGENEOUS AND HOMOGENEOUS THERMAL 

DECOMPOSITIONS O F  NICKEL CARBONYL' 

R. I<. C H A N ~  AND R. MCINTOSH~ 
Depart~ne~zt of Chemistry, University of Toronto, Toronto, Ontario 

Receivecl January 5, 1062 

ABSTRACT 

The hoil~ogeneous thermal decomposition of Ni(C0)r between 35' C and 80" C and over 
a pressure range of 15 111111 to 80 mm of Hg has been distinguished from the heteroge~leous 
reaction occurring on the freshly deposited ~liclcel surface. The activation energy of the  
homogeneous reaction was found to  be 10.1 kcal mole-' and of the heterogeneous reaction, 
14.3 kcal mole-'. The activated complex for the heterogeneous reaction is Ni(CO)I, which is 
physically adsorbed. The heat of adsorption of Ki(CO)c is 7.4 kcal mole-1. Carbon monoxide 
is also adsorbed upon the same sites with a heat of adsorption of 13.3 lccal mole-', which is 
much greater than its latent heat of vaporization. The homoger~eous reaction may be inhibited 
by a surface of sodium chloride. Nickel deposited upon rutile behaves in the same way cata- 
lytically as nickel deposited upon glass wool. 

INTRODUCTION 

The thermal decomposition of Ni(CO)( was first reported by Mittasch (1). Mechanisms 
have been suggested for the homogeneous reaction by Bawn (2) and Garrat and Thompson 
(3). Bawn noted that the reaction was partially heterogeneous, about 20% of the de- 
composition occurring by a heterogeneous mechanism under some conditions. Tonosaki 
and Suginuma (4), on the other hand, concluded that the reaction was coinpletely hetero- 
geneous. As the heterogeneous reaction would be similar to  those reported by Taylor 
and his associates in the studies of the decomposition of germane, arsine, and stibine ( 5 ) ,  
in the sense that reaction occurs upon a freshly deposited, and hence clean, metallic 
surface, an atteinpt has been made to examine the reaction more fully, and to  pay parti- 
cular attention to the heterogeneous reaction. The heterogeneous part of the reaction was 
exaggerated by packing the vessel with glass wool (up to the amount of 1 g). This pro- 
cedure sufficed to  permit the separation of the composite reaction into its two parts. The 
homogeneous part was found to obey the mechanism proposed by Bawn (2) and by 
Garrat and Thompson (3). The heterogeneous part was explicable if the rate was assumed 
proportional to  adsorbed Ni(C0)4, which competes for adsorption sites with CO. The 
Ni(C0)4 is physically adsorbed, while the CO has a sufficiently high heat of adsorption 
to suggest chemisorption. 

Additional experiments were performed with finely divided rutile suspended in glass 
wool, and with finely divided sodium chloride. The latter substance could not be effectively 
dispersed throughout the glass wool. These experiinents showed two things: first, the rate 
of the heterogeneous reaction is not dependent upon the substrate upon which the nickel 
layer forms; second, a salt surface of appreciable area will reduce the initial colnposite 
rate very substantially below the rate for the homogeneous reaction. This is explained 
by assuming that the internlediate Ni(C0)3 is adsorbed and recombination with CO 
occurs on the ionic surface. Further study of the influence of polar and non-polar surfaces 
is thus warranted. 

'Based 012 a thesis sub~nitted as partial ful$ll?izent of the require?ne?zts for the degree of Doctor of Philosophy 
i 71 the School of Gradzlate Studies, U~tiversity of Toronto. 

2Present address: Division of Applied Chen~istry,  National Research Cozlncil, Ottawa, Ontario. 
3Presettt address: Departlizent of Chetitistry, Queen's University, Kingston, Ontario. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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EXPERIMENTAL 

The experimental assembly was conventional except for the pressure gauge (see Fig. 1). As Mittasch (1) 
had shown that the presence of Hg accelerated the reaction, and as  this was confirmed in preliminary 
experiments, a metal bellows gauge was constructed which had a sensitivity of 0.15 mm of Hg per mm 

T O  M E R C U R Y  DIFFUSION PUMP 

AND AIR BALLAST PUMP 

A TO MoLEDD GAUGE 

)_\ MANIFOLD ) I E 1 1  \\ 

A B C 0 

TRAP FOR THr 
T O  MERCURY MANOMETER -...-- .. -- 

AND P U M P  NICKEL CARBONYL 

FIG. 1. Apparatus for decomposing nickel carbonyl: A and B, traps for vacuum distillation; C and B, 
liquid air traps. 

deflection. The temperature range studied was 35" C to 80' C, and the pressure range about 15 mm to 
80 mm. The Ni(CO4) was obtained from the City Chemical Corporation of New York. I t  was freed of 
dissolved air by trap-to-trap distillation and by vigorous pumping of the frozen material. Dry ice was 
used as the refrigerant as Mittasch and Kuss (6) have reported violent explosions when liquid air was used 
as the coolant. 

The reaction vessel was pumped a t  100' C for, a t  least, 5 hours before use. Several decompositions had 
to be carried out before the reaction rate became reproducible. The rate was then reproducible for many 
runs until the thickness of the deposited nickel was estimated to be 5000 layers of nickel. Thereafter the 
rate began to accelerate and the nickel was no longer deposited a s  a coherent metallic film but a s  an appa- 
rently fine powder. The reaction vessel was then cleaned and the surface again conditioned for further 
experiments. 

The elass fibers used to increase the surface were obtained from the Cornine Glass Works. Corning. 
New ~ & k .  The average diameter of the fibers was reported as 8 . 6 ~ t 0 . 7 X 1 0 - ~  c n ~  on the basis of 'an exam:: 
nation of 24 fibers (7). The surface area per gram was thus taken to be 0.2 mZ. The estimated area of the 
quartz reaction vessel was 200 cm2. (Quartz was employed because the removal of nickel films by washing 
with dilute nitric acid brought about changes of the rate of reaction in a clean vessel.) 

Rutile powder having a specific surface of 80 m2/g was also used, dispersed in a known amount of glass 
wool. Only amounts below about 15 mg could be suspended in the glass wool. Similarly, sodium chloride 
of specific surface up to 90 m2/g was employed. The preparation of the sodium chloride has been described 
in earlier publications (8-10). 

PROCEDURES FOR EVALUATING T H E  RATE O F  DECOMPOSITION AT t = 0 

As the time of admission of the Ni(C0)4 to the reaction vessel is finite, and because 
some oscillation of the gauge was observed initially, care was exercised in the evaluation 
of the initial composite rate. Three procedures were tested and compared. These were: 

(a)  A plot of x/t versus l / t  In p/(p-x) was made arising froin the equation 
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CHAN AND McINTOSH: THERMAL DECOMPOSITIONS 

which is the integrated form of the assumed rate equation 

This method is sensitive to the value of the gauge reading a t  zero time. 
(b) A cubic equation of the form x = ao+alt+a~t2+a3t3 was fitted to the experimental 

data. The coefficient a1 gives the initial con~posite rate. a. gives the value of the gauge 
reading at  zero time required in (a )  above. 

(c) A solution of the equation l / t  = (a/x)-fl for a,P was made on the basis of the 
finding that an expression of the form x = (at)/(l+Pt) fitted the experimental data quite 
well. 

These three procedures were made into a program suitable for the I.B.M. 650 computer. 
The results were within f 2% for the three methods of expressing the data. 

The uncertainty caused by an error in selecting zero time was also examined. The 
timer was normally started at  a value of -2 seconds as the Ni(C0)4 was admitted to the 
vessel, since Bawn (2) had established that this was a reasonable time for the admission 
and warming of the gas to be completed. The value of zero time was then arbitrarily 
shifted between -2 seconds and +2 seconds and several values of the initial rate of 
decomposition were re-evaluated. The error introduced was always less than f5%,  
depending upon the temperature and initial pressure. The choice of the origin for the 
time axis was, therefore, relatively unimportant because the pressure increase in the first 
few seconds was almost linear with time. 

EVALUATION OF T H E  CONSTANTS OF T H E  RATE EQUATIONS O F  T H E  
HOMOGENEOUS AND HETEROGENEOUS REACTIONS 

The rate of the homogeneous reaction was assumed to obey the equation given by 
Garratt and Thompson (3), namely: 

where p is the initial pressure of Ni(CO)(, the amount decomposed a t  time t is x (in units 
of pressure), and K1, Kz, K3 are the respective specific rate constants of the reactions 

KI 
Ni(C0)r --+ Ni(C0)a + CO, 

Kz 
Ni(CO), - Ni + 3C0, 

The rate of the heterogeneous reaction was assumed to be given by 

based upon the view that the rate depends upon the surface area and the fraction of the 
surface covered by reactant n~olecules. It is implicit also in the expression that CO 
competes with Ni(C0)4 for adsorption sites. The constant b1/4 is the Langmuir constant 
for adsorption of CO and the constant b that for Ni(C0)4. 

The observed composite rate was then assumed to be formed according to the relation 
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Moreover, the composite rate was found, by observation, to be suitable for representation 
in the form 

A t t  = O  

A plot of initial conlposite rate versus surface area for fixed temperature and initial 
pressure should yield ( k l b p ) / ( l + b p )  from its slope and k2p from its intercept (see Fig. 2). 

SURFACE AREA CM' SURFACE A R E A  CM' 

FIG. 2. Initial coniposite rate versus surface area. 

Intercepts of similar plots for a given temperature but different initial pressures give the 
initial homogeneous rates froill which k? may be obtained. 

The heterogeneous rate constant kl  and b  may be solved in the following way: 

and 

Thus, from the appropriate plot, k l A  and k l A b  are obtained, and so a value of b, since 
fl is kno~vn. far, k l ,  k? ,  and b  are known. The remaining constants, bl and 4K3/k'? = 

b2,  are obtained in the following way. Since the observed conlposite rate equation is to 
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CH.AN A N D  McINTOSH: TI-IERMAL DECOMPOSITIONS 849 

be accountecl for on the assumpt io~~ of the hon~ogeneous and heterogeneous equations for 
all values of .v and t .  it can be shown that 

and 

b~ = bc(l+bp)+b 
bl = b,. 

Because bl/4 and b are constants in Langmuir's adsorption isotherm, they are espectecl 
to be constant for a given temperature. In order to fulfill this requirement b, must increase 
as p decreases. Experiment confirms this prediction. However, i t  is not clear why b2 
should also increase with decreasing p, and this question will be discussed later. 

Thus all five constants can be evaluated for a given temperature, provided A is known. 

CHi'lR.4CTERISTICS OF T H E  HOMOGENEOUS REACTION 

On the basis of the mechanism outlined above, and first given by Garratt  and Thoinpson 
(3), it follows that the hon~ogeneous reaction a t  zero time should be first order in the 
pressure of Ni(C0)4. This is adequately demonstrated in Fig. 3 for the entire range of 

INITIAL PRESSURE MM INITIAL PRESSURE Mb1 

FIG. 3. Initial homogeneous rate versus initial pressure. 

temperature. The initial hon~ogeneous rate and the specific rate constant k p  are given in 
Table I. From the variation of kz with temperature, plotted in the usual way in Fig. 4, 
the activation energy of this priillary step was determined to be 19.1 kcal mole-'. The 
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TABLE I 
Initial homogeneous rate and homogeneous rate constant 

Initial pressure of Ni(CO)4 (111m Hg) 
Temp. 

("c)  15 30 50 80 

NOTE: kzfi  in mm/sec and k l  in sec-1. 

FIG. 4. (A) Heat of adsorption of Ni(CO)4 = 7.4 kcal mole-1; (B)  heat of adsorption of CO = 13.3 
kcal mole-l; (C) activation energy of heterogeneous reaction = 14.3 kcal mole-'; (D)  activation energy of 
homogeneous reaction = 19.1 kcal mole-I. 

activation energy determined by Garratt and Thompson (3) was 12 kcal mole-', and by 
Bawn 10.3 kcal mole-I (2) for temperatures in the neighborhood of 100" C and on the 
assun~ption that the reaction is essentially homogeneous a t  this and higher temperatures. 
(This assumption is supported by our observations.) Tonosaki and Suginuma (4) give 
a value of 18.7 kcal mole-'. They employed a rate expression identical with Bawn's 
and also with Garratt's and Thompson's, although the reaction was considered to  be 
entirely heterogeneous. Their value cannot be compared directly with the values obtained 
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CHAN AND McINTOSH: THERMAL DECOMPOSITIONS 85 1 

in this work for the individual reactions, but a comparison was made for the activation 
energy of the coinposite reaction in an unpacked vessel a t  50 mm pressure. The apparent 
activation energy for this set of conditions was 18.9 kcal mole-'. This is practically 
indistinguishable from the value given by Tonosaki and Suginuma, but coilsiderably 
higher than those reported by the other authors. 

CHARACTERISTICS O F  T H E  HETEROGENEOUS REACTION 

Since the initial heterogeneous rate is proportional to the surface area, its value per 
unit surface should be the same for all amounts of glass wool. Somewhat serious errors 
occur for the empty vessel because of the small contribution of the heterogeneous reaction. 
Thus, in Fig. 5, only the data involving glass wool are plotted. 

0 2 0 4 0 6 0 8 0 0 20  40  6 0  80  
I N I T I A L  PRESSURE MM I N I T I A L  PRESSURE MM 

FIG. 5.  Initial heterogeneous rate per unit surface area versus initial pressure. 

The two constants kl and b were evaluated from these data and are given in Table 11. 
Included are values given by employnlent of the equation b = 3.52X lo-' exp (7400/RT). 

TABLE I1 

Heterogeneous rate constant and Langmuir's adsorption 
isotherm constants for Ni(C0)r and CO 

Temperature klXIOG bX102 b (calc)XIOz b 1 

( "c )  ( ~ n ~ n  sec-lcm-?) (ITIIII-I) (mm-1) (mm-l) 
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(This equation was utilized to provide values of b required to obtain bl.) From the 
variations of these constants with temperature the activation energy of the heterogeneous 
reaction, Ehctcr, aiicl the heat of adsorptioil of Ni(C0)r upon the fresh nicltel surface 
were obtained (see Fig. 4). Ehetcr is 14.3 ltcal mole-l and QNI(CO)a is 7.4 ltcal i~iole-~. 
The latter figure niay be compared with the reported value of 6.5 kcal mole-1 given by 
Dewar and Jones for the latent heat of vaporization of Ni(C0)4 (11). The agreement is 
sufficiently close to warrant the conclusion that  the Ni(C0)4 is physically adsorbed upon 
the nickel films. This view is also consistent with the entropy of the activated complex, 
which is recorded in a later section. 

I t  has been assumed in the equation describing the course of the heterogeneous reaction 
that  carbon monoxide is also adsorbed upon the nickel fill11 and uses up sites which would 
otherwise be available for the adsorption of Ni(C0)I. The Langmuir constant for the 
adsorption of carbon moiloxide is bl/4, and its variation with temperature provides a 
value of the heat of adsorption. These data are also recorded in Fig. 4 and Table 11, from 
which a value of Q,o = 13.3 kcal mole-I is obtained. This value is so greatly in excess of 
the latent heat oi vaporization, 1.44 kcal mole-l, a t  its ilorinal boiling point (12), that  
the CO is cheiiiisorbed upon the nickel. Tonosaki and Sugiiluma (4) were also of the 
view that CO is strongly adsorbed compared with Ni(C0)4. 

If bl has the significance attributed to it ,  b, must, according to the equation bl 
= b,(l+bp) +b, increase with diminishing pressure. The trend is illustrated in Fig. 6. 

I 
0 30 60 90 

I N I T I A L  P R E S S U R E  M M  

I 
0 30 60 90 

I N I T I A L  PRESSURE MM 

FIG. 6. Variation o f  b, with pressure o f  Ni(C0)r at different temperatures. 

T H E  17ARIATION OF b? \\'I7'1-I PRESSURE 

011  the basis of the equatioils resulting from the assumed mechanisms, i t  has been 
sho~vn that b2 = b,, and that b, increases with diininishing pressure of Ni(CO).i. This 
finding presents difficulties which require discussion. I11 the first place, i f  b, is a function 
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CHAN AND McINTOSH: TI-IERM.AL DECOMPOSITIOSS 853 

of pressure of Ni(CO)r, then it  should not be possible to represent the course of a reaction 
by means of the equation 

In the second place, b2 is 41i3/K2, and there is no obvious reason why this ratio should 
vary with pressure. 

The answer appears to  be that b,  becomes less dependent upon pressure as the tempera- 
ture is increased. For a low-temperature run, say in the vicinity of 40' C, the rate of 
decomposition is slow, and an experiment was normally concluded when about 570 of 
the Ni(C0)4 liad decomposed. The variation of b,  would not be easily detected in this 
circumstance. At  a high temperature, say 80' C, the decomposition was carried to about 
10yo, but for this temperature tlie variation of b,  with pressure is small. Thus the empirical 
equation appeared valid under all the experimental conditions e~nployed. A more compli- 
cated expression of the composite rate would presumably renzove the contradictions. 

EXPERIi\lIENTS USING RU'I'ILE AND SODIUNI CHLORIDE PACICINGS 

The experiments in which these powders were einployed need not be described exten- 
sively. Rutile could be dispersed and suspended to the extent of about 15 111g in a small 
amount of glass wool. Up to this amount of suspended rutile, the heteroge~ieous reaction 
rate increased linearly with amount of rutile. The absolute value of tlie rate agreed with 
expectation 011 the basis of the known behavior of the niclcel film formed upon glass wool 
when tlie respective surface areas of rutile and glass wool were taken into account. Thus 
one concludes tliat the surface properties of the niclcel deposited upon rutile are the same 
as those of nicltel deposited upon glass wool. 

111 the course of these experiments with rutile, it was further established tha t  exposure 
of the deposited 1licl;el fill11 to oxygen decreases the rate of tlie lieterogeneous reaction. 
After tlie deposition of further layers of 1licl;el (only a few partial deco~npositioils are 
required), the rate was re-established. Thus oxygen illhibits tlie heterogeneous reaction, 
contrary to its effect on a germanium surface when germane is thermally deconlposed (13). 
Its effect also dilTers in tliat the inhibition is eliminated on further depositio~l of nickel, 
whereas tlie oxygen liad a persistent effect with germnnium films and was therefore 
considered to diffuse to tlie surface 011 addition of further germanium. 

The experinlents with sodium cliloride were less informative. The powder could not be 
satisfactorily dispersed, and showed little specific surface due to clumping. A11 attempt to 
avoid this clumping led to tlie deposition of sodium chloride upon the quartz wall by 
allowing a smoke of salt to  deposit on the flaslc. After the usual pumping procedure, it 
was fouild tliat reaction was slow, appreciably less than tha t  of the liomogeneous reaction 
a t  the same temperature. This finding was established co~~clusively in repeated 
experillien ts. 

T o  rationalize this result, i t  was postulated that Ni(C0)3 is readily adsorbed upon the 
polar surface, and there reacts with CO to reforin Ni(C0)d. Therefore, two extra steps 
have to be adcled to the mechanism offered by Garratt and Thoiilpsoi~ (3):  

Ks 
Ni(C0)z-S + CO ----t Ni(C0)a + S, 

\\rliere S is adsorption site on the salt surface and Ni(C0)3-S represents tlie adsorbed 
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Ni(C0)a. The modified hon~ogeneous deconlposition may be expressed through the 
equation 

If the term (K4/Kz)S is large as compared to 1 + (KB/Kz)CO, the rate can be reduced 
appreciably. The effect has not been extensively investigated, but it  is clear that a study 
of this inhibition, and inhibition by other surfaces, is warranted. 

ENTROPIES OF T H E  ACTIVATED COMPLEXES 

On the basis of the reaction rates which have been determined experimentally and the 
theory of absolute reaction rates of Glasstone, Laidler, and Eyring (14), the entropy of 
activation of the hon~ogeneous reaction is found to be - 16.2 e.u. Froln this the effective 
collision frequency is determined to  be about 101° per second. This is abnormally low. 
Even lower results would be obtained using the activation energies reported by Bawn 
(2) and by Garratt and Thoinpson (3). Froin this standpoint the deconlposition reaction 
is somewhat unusual. 

On the other hand, the entropy change on formation of the activated conlplex of the 
heterogeneous reaction, assumed to be adsorbed Ni(C0)4, is calculated to  be -16.7 e.u. 
a t  40" C. The standard state for the gaseous Ni(C0)4 is 1 atm and that  for the adsorbed 
Ni(C0)4 is taken as 0 = + (15). The entropy change is about what would be expected if 
one degree of translational freedom had been lost, but no appreciable change had been 
suffered in the rotational and vibrational freedom (-18.3 e.u.). This is consistent with 
the stateinent made earlier that  Ni(C0)4 is physically adsorbed upon the nickel films. 

SUMMARY 

The activation energy of the hon~ogeneous decomposition of Ni(C0)4 has been shown 
to be 19.1 kcal mole-', and the reaction is first order in Ni(C0)4. In the presence of an 
ionic surface such as  sodium chloride, the intermediate postulated in the l~omogeneous 
reaction, namely Ni(CO)a, appears to be adsorbed, and recombines with CO, so that  the 
rate of reaction is appreciably reduced. 

The activation energy of the heterogeneous reaction has been determined to  be 14.3 
kcal mole-l. The activated complex is adsorbed Ni(C0)4, which is physically adsorbed 
and mobile. The heat of adsorption upon the nickel substrate is 7.4 kcal mole-I. The sites 
of the nickel surface also adsorb CO, which is more firinly bound. The heat of adsorption 
of CO is 13.3 kcal mole-', which suggests chemical rather than physical binding. 

I t  is a pleasure to  ackilowledge financial support of this investigation by the National 
Research Council and the Advisory Conlnlittee on Research of the University of Toronto. 
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ABSTRACT 

Azotobacter indicil~iz was grown on ~nedia  which contained D - g l ~ ~ ~ ~ e - l - c " ,  D - ~ ~ U C O S ~ - ~ - C " ' ,  
~-glucose-6-C", D-mannose-1-CM, or ~ - g a l a ~ t ~ ~ e - l - C ' " .  The radioactive polysaccharides pro- 
duced were hydrolyzed and the specific activities of the isolated D-glucose and L-rhamnose 
were measured. The sugars were degraded and the distribution of activity in the individual 
carbon atoms was determined. 

The results suggest that some L-rharnnose is formed froin D-glucose by a pathway which 
involves the breakdown of the glucose carbon slceleton. 

INTRODUCTION 

The conversion of D - ~ ~ U C O S ~  to deoxy sugars of the L-series has received considerable 
attention. For example, using isotopic tracer techniques the biosynthesis of L-fucose has 
been studied in bacteria (1-3) and in Inan (4). The results favor a direct conversion of 
D-gl~coSe to L-fucose. A similar conclusion ( 5 )  has been reached in the case of colitose 
(3-deoxy-L-fucose). The biosynthesis of L-rharnnose has been investigated in bacteria 
(6-9) and in pla~lts (lo), and again a direct conversion of D-glucose to L-rhamnose is 
indicated. 

Bacterial extracts can transform guanosine diphosphate D-mannose to guanosine 
diphosphate L-fucose (11) and thynlidi~ze diphosphate D-glucose to thynlidine diphos- 
phate L-rhamnose (12-14). Intermediates in these illterco~zversions have rece~ltly been 
characterized (13, 16) and they provide strong evidence for the existe~lce of direct path- 
ways, although they do not preclude the existence of alternative pathways in vivo. 

Azotobacter indiciim produces an extracellular polysaccharide when grown in suitable 
llledia containing sugar substrates (17, 18). Studies in this department (19) have shown 
that, when a peptone medium is used, the polysaccharide colltaills D-glycero-D-manno- 
heptose, D-glucose, D-mannose, D-glucuronic acid, L-rhamnose, and arabinose. 

In  the present paper the results of growing the organism in a peptone medium, con- 
tailli~lg a variety of C1"labelled llexoses, are reported. The polysaccharides were hydro- 
lyzed and the distribution of activity in the carbon atoms of D-glucose and L-rhamnose 
was determined. The possible origin of the heptose sugar will be discussed in a future 
communication. 

EXPERIMENTAL 

A6aterials 
The radioactive sugars were purchased from i\ilercli and Co., Montreal, Que. A. indicz~n~-146 was kindly 

supplied from the Culture Collection of the National Research Laboratories, Ottawa, Ontario. 

Detern~i?zation of Radioactivity 
Carbon dioxide was precipitated as  barium carbonate. Ilydrazones, dirnedon derivatives, iodoform, and 

barium carbonate were plated in triplicate on sintered-g!ass planchets (6-12 mg per plate). The  samples 
were counted in a proportional methane gas flow counter. The barium carbonate self-absorption curve was 
used to  correct all solid samples to  their activity a t  "infinite thickness" (20). 

Liquid samples containing radioactive sugars were evaporated on aluminum plates and counted a t  
"infinite thinness". The  activity was converted to  nlicrocuries (/LC), assuming 50% counting efficiency. The  
values are not absolute and should not be directly compared with the activities of solid samples. 

Canadian Journal of Chemistry. Volume 40 (l9G2) 

856 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES E T  AL.: L-RI-IAMNOSE SYNTI-IESIS 857 

Growth of A. indiczltn and Isolation of Polysacclzarid~ 
The culture medium contained dipotassium hydrogen phosphate (12 mg), magnesium sulphate (5 mg), 

calcium carbonate (500 mg), peptone (35 mg), sugar (1.00 g with 100 fic activity), and distilled water 
(25 ml). The suspension was autoclaved and inoculated with A .  indicz~tn, growing in a similar liquid medium. 
Sterile, carbon dioxide free air was slowly drawn through the medium; the evolved carbon dioxide was 
collected in a trap containing 2 N sodium hydroxide (200 1111). The specific activity of the carbon dioxide 
was determined. 

Generally, the medium became quite viscous after 7-10 days. After about 3 weelrs the medium \\-as diluted 
with water (35 ml) and shalcen to dissolve the slime \vllich accumulated on the flask wall. The suspension 
was centrifuged (12,000 r.p.m. for 00 minutes) and the clear supernate was poured into ethanol (2 vol.). 
The gel-like precipitate was collected by centrifugation, washed with 60% ethanol (4X), absolute ethanol 
(2X), acetone, and ether, and dried in a vacuum desiccator containing silica gel. The supernate and ethanol 
washings were combined and evaporated to a syrup, which was dried. 

In a control experiment radioactive glucose was added to a non-radioactive solution of polysaccharide. 
\Vhen the polysaccharide was isolated in the above manner it contained no appreciable activity. 

The yields of extracellular polysaccharide and carbon dioxide produced, when A. i n d i c u ~ n  was grown in 
media containing C14-labelled sugars, are shown in Table I. 

TABLE I 

Yields of extracellular polysaccharide and evolved carbon dioxide 

Weight of Time of \\.'eight of Weight of Yield of Yield of 
Sugar sugar gro\vth polymer substrate polymer CO? 

substrate (6 (days) isolated (g) recovered (g) (7;) (5%) 

The specific activities of the sugar substrates and evolved carbon dioxide are shown in Table 11. 

TABLE I1 

Specific activities of evolved carbon dioxide, hydrolyzates, and isolatecl sugars 

Specific Specific* Specific Specific activities of 
activity of activity of activity of sugars (fic/mn~ole C )  

Sugar sugar CO? hydrolyzate - 
substrate (fic/mmole C)  (fic/mmole C) (fic/mmole C)  Glucose Rhamnose 

-- 

~-Glucose -U-C~~ 3.00 1 .7:3 2.36 - - 
~-Glucose-l-C~" 3.00 1.46 1.80 3.12 2.73 
D-Glucose-2-C'" 3.00 1.42 1.88 3.01) 2.80 
~-Glucose-6-C~.~ 3.00 1 . 0 8  1.04 2.89 2.05 
D-hIar~nose-1-C1" 3.00 1.60 2.05 3.03 2.03 
D-Galactose-1-C14 3.00 1.62 2.09 3 .04  2.86 

*The average molecular weight of tlle sugars in the hydrolyzate was taken to  be 180. 

Hydrolysis of Polysaccl~aride 
The polysaccharide was hydrolyzed with 90% formic acid for 7.5 hours at: 100' C in a sealed tube. After 

evaporation, N sulphuric acid was added to the syrup. The solution \\;as heated on a boiling-water bath for 
5 hours, neutralized (barium carbonate), filtered, and passed through Amberlite IR 120 (H+) ion-exchai~ge 
resin. The eluate was evaporated to a syrup, which was dried in a vacuum desiccator containing silica gel. 
Usually 5 0 4 0 %  by weight of the polysaccharide was recovered as  monosaccharides. The specific activity 
of the hydrolyzate was measured and is shown in Table 11. 

Isolation of Radioactive Sugars 
The No. 3 MWI Whatman paper 011 which the hydrolyzates were fractionated was prewashed with the 

developing solvent-butan-1-01-pyridine-water (10: 3: 3, v/v). Sugars were fractionated by n~ultiple develop- 
ment (21) using developing times of 16, 12, 12, and 17 hours. The chromatograms were placed in contact 
with X-ray films for 8 days and the areas containing radioactive sugars were eluted with water. The eluates 
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858 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

which contained glucose and rhamnose were diluted to known volumes. The concentration of these sugars 
was estimated on triplicate samples by the phenol - sulphuric acid method (22). The specific activities of 
these sugars are recorded in Table 11. 

"Carrier" D-glucose and L-rhamnose were added to their respective solutions, which were then evaporated 
to syrups. Glucose was crystallized from aqueous ethanol, and rha~nnose from moist acetone. 

Degradation of L-Rhanznose 
L-Rhamnose was degraded by the reactions outlined in Fig. 1. 

CH20H I- HCHO --- dimedon derivative . . . . . . 
I 

. C l  

I 
HO-C-H 

I 
HO-C-H 

I 
CH, 

HgC+ 
HCOOH -- CO? - . . C3 

H-6-OH I 

CHO 
1 HgC+ 

H- C-OH - 2HCOOH - CO ? . . . .  . C 3 + 4  
I 

HO-C-H 
I 

HO-C-H 1- CH3CH0 -- dimedon derivative . . . . . C5+6  
I 

FIG. 1. Degradation of L-rhamnose-C14. 

Determinakion of CL4 iin C1, C2-4, C5, and C6 
L-Rhamnitol was prepared i?z  sic26 by reducing L-rhamnose (20 mg) with 1% sodiutn borohydride (2 ml). 

Excess borohydride was destroyed after 12 hours by the addition of 2 N sulphuric acid. The rhamnitol was 
oxidized by the procedure developed by Nicolet and Shinn (23). Phosphate buffer a t  pH 8 (10 ml) was 
added to the solutio~l together with glycine (200 mg) and 0.3 M sodium metaperiodate (1.5 1111). Nitrogen 
was bubbled through the solution to  remove acetaldehyde (C5+6), which was collected in 2% sodiunl 
metabisulphite. The bisulphite solution was concentrated in  vacuo to a small volunle and potassium carbon- 
ate (1.0 g) was added (24) followed by 9 N potassiun~ hydroxide (0.05 ml) and 0.1 M iodine in 20% potas- 
sium iodide (2 ml). The iodoform (C6) was coIlected by filtration after 15 minutes, washed well with water, 
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JONES ET AL.: L-RH.AMNOSE SYNTHESIS 859 

and plated. The plates were dried in  vaczlo over silica gel and their specific activities determined. The 
material, 1n.p. 117-118" C, was obtained in 30-35% yield. The filtrate and washings were acidified with 
2 N sulphuric acid and iodine was destroyed by the addition of dilute sodium thiosulphate. The solution 
was neutralized and the formic acid (C5) was oxidized to carbon dioxide with mercuric acetate (25) in about 
30% yield. 

The solution obtained after removal of acetaldehyde contained formaldehyde ( C l )  and formic acid 
(C2-4); i t  was acidified with acetic acid, and dinledon was added. The formaldehyde dimedon was collected 
after 20 hours and was obtained ill about 7070 yield, after recrystallization from aqueous ethanol; 1n.p. 
188" C. The derivative was dried in a vacuum desiccator containing silica gel and its specific activity deter- 
mined. The formic acid in the filtrate was oxidized to carbon dioxide (25) in about 70y0 yield, and its specific 
activity was determined. 

Determination of C1' i n  C1-6 
L-Rhamnose p-nitrophenylhydrazone was prepared in the usual manner in yields of 80-85$70; m.p. 190- 

192" C. Portions oi the hydrazone (ca. 8 mg) were ground to a fine powder in ether and the suspensions were 
plated. The plates were dried in an  oven a t  100° C for 15 minutes and their specific activities were determined. 

Determi?tation of C1%n C1 f 2 and C5f6 
The p-nitrophenylhydrazone (50 mg) was dissolved in pH 8 phosphate buffer (8 ~ n l ) ,  and 0.3 M sodium 

metaperiodate (1.5 ml) was added to the chilled solution. Glyoxal p-nitrophenylhydrazone (Cl+2) ,  which 
precipitated within a few seconds, was removed by centrifugation and recrystallized from aqueous acetone. 
The material was obtained in 50-6070 yield; 1n.p. 198-200" C ;  it was plated and dried in a vacuum desiccator 
prior to the determination of its specific activity. 

Nitrogen was bubbled through the supernate and the acetaldehyde was collected in an ice-cold solution 
of dimedon a t  pH 4.3 (26). The precipitated derivative was collected after 20 hours by filtration, and, after 
recrystallizatio~l from aqueous ethanol, was obtained in 30-40% yield; m.p. 139-140" C. The specific 
activity of C 5 f 6  was determined. 

Determination of C" i?t CS 
L-Rhamnose (50-100 mg) was dissolved in methanolic hydrogen chloride (2 1111 concentrated hydrochloric 

acid in 100 rnl methanol) and the solution refluxed for 10 hours. The solution was diluted with water and 
passed through Duolite A4 (OH-) resin. The eluate was concentrated to a syrup and fractionated chromato- 
graphically on Whatman No. 3 M M  paper using a ~leutral  solvent-butan-1-01-ethanol-water (3:l : l ,  v/v).  
End  strips of the chromatogram were sprayed with silver nitrate (27) and the area of paper containing 
methyl or-~-rharnnopyranoside was eluted with water. The solution was concentrated, and the syrup 
allowed to crystallize. When a sufficient quantity of glycoside was available it was recrystallized from ethyl 
acetate; m.p. 100-101" C. 

The glycoside (30-40 mg) was dissolved in water (1 ml) and oxidized with 0.3 1M periodic acid (1 ml). 
After 2.5 hours the solution was passed through Duolite A4 (OH-) resin, which was then washed with 
water (100 ml). The column was washed with 0.2 A t  barium hydroxide (15 ml) and water (30 ml). The 
eluate was neutralized with 3 N sulphuric acid and the formic acid (C3) oxidized to carbon dioxide in the 
usual manner (25). 

Degradation of ~-Glzrcose 
Determination of CL%n C1f6 and C2-5 
D-Glucitol was prepared in  sitzr by reducing D-glLIcose (15 mg) with 1% s o d i ~ ~ ~ n  borohydride (2 ml). 

Excess borohydride was destroyed after 12 hours by the addition of 2 N sulphuric acid. Phosphate buffer 
a t  pH 8 was added to the solution together with 0.3 M s o d i ~ t ~ n  metaperiodate (1.5 1111). Barium acetate was 
added after 2 hours and the insoluble barium salts were removed by filtration. The solution was acidified 
with acetic acid and dimedon was added. The for~naldehyde dimedon was collected after 20 hours and 
recrystallized from aqueous ethanol; m.p. 188" C. The material was obtained in 70y0 yield and was used to 
determine the specific activity of C l f 6 .  The specific activity of C2-5 was measured by oxidizing the formic 
acid in the filtrate to carbon dioxide (25). 

Deterntinatio?~ of C1' i n  C1-6 
Glucose (4-6 mg) was oxidized to carbon dioxide by Van Slyke's procedure (28) and its specific activity 

determined. Glucose p-nitrophenylhydrazone was prepared in 70-75y0 yield; m.p. 188-18'3" C. The specific 
acti \~ity of C1-6 was determined by directly counting the hydrazone. 

Determination of CIGn C l f 2  and C6 
Glucose p-nitrophenylhydrazone was oxidized in a manner similar to that described for rhamrlose p-nitro- 

phenylhydrazone. Glyoxal p-nitrophenylhydrazone ( C l f 2 )  was recrystallized from aqueous aceto~le and 
its specific activity was determined. Dimedon was added to the filtrate and the formaldehyde dimedon was 
collected after 20 hours. The derivative, after recrystallization from aqueous ethanol, was obtained in 
about 50y0 yield; it was used to determine the specific activity of C6. 

The specific activities of the fragments obtained during the degradation of rhamnose are recorded in 
Table 111. 
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TABLE I11 

Specific activities of rha~nnose fragments (C.P.II I . / I I I I I~O~~ C) 

Sugar substrate 
Rhamrlose 

carbons G-1-C" G-2-C" G-6.Cll &I-1-C1' Gal-1-Cl.1 

XOTE: G = glucose, hl = mannose, Gal = galactose. 

The specific activities of the frag~nents obtained during the degradation of glucose are shown in Table IV. 

TABLE IV 

Specific activities of glucose frag~nents (c.p.m./rnmole C)  

Sugar substrate 
Glucose 
carbons G-1-CI4 G-2-CI-I G.6-Cl,l M-1-Cl" Gal-1-C1,' 

NOTE: G = glucose. 31 = mannose. Gal = galactose. 
"Determined by Van Slyke oxida t io~~ (28) of glucose. 
tDetermined by directly counting glucose P-nitrophenyll~ydrazone. 

The percentage distribution of activity in the carbon atoms of L-rhamnose and D-glucose is shown in 
Table V. The specific activities sho\vn ill Tables I11 and IV were multiplied by the number of carbon atoms 
they represented to give total activities. The total activity of the rharnnose molecule was calculated by 
sum~ning the activities of C1, C2-4, C5, and C6. Generally, this value correspo~lded (f7%) with the 
activity of C1-6, determined by an inclependent method. The total activity of the glucose molecule was 
calculated by summing the activities of Cl+G and C2-5. The value correspo~lded (f 7y0) with the activity 
of C1-6, deterlnined by two independent methods. When ~-g lucose -6-C~~ was the substrate the value 
obtained for C6 xvas slightly greater than that of C l  +G. In  this case the total activity was compounded from 
the sum of the activities of C1+2, C'Z-5, and C6. 

TABLE V 

Distribution of Cld in individual carbon atoms of isolated sugars 

CI4 as Oj, total in ~llonosaccharide 
Sugar Sugar 

substrate isolated C1 C2 C3 C4 C5 C6 

G-1-c'" Rhanlllose 78 t-- 7 -+ 4 11 
Glucose 83 +-- g '3 

~-2-c1 .1  Rhamnose 11 66 7 5 11 0 
Glucose 10 77 1 - +  2 

G-6-CM Rha~nnose 12 ---0- + 88 
Glucose 7 1 01 

M-1-C" Rha~l~nose 74 +- 4 -+ 2 20 
Glucose 76 -6--- + 18 

Gal-1-CI4 Rhanl11ose 80 +- 8 --+ 3 9 
Glucose 72 -12---- 16 

NOTE: G = glucose, M = mannose, Gal = galactose. 
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DISCUSSION 

A .  indium was grown in aerated, buffered media which contained C1"labelled sugar 
substrates. Generally about 30y0 of the sugar utilized was converted to extracellular 
polysaccharide and most of the remainder was oxidized to carbon dioxide. 

The specific activity of the evolved carbon dioxide was substantially lower than that 
of the sugar substrate, even when D-glucose-U-C14 was the substrate. This isotope dilution 
may be due to peptone in the medium serving as an additional carboil source. Also, acidic 
materials may be liberated into the rllediuin by the bacteria, displacing inactive carbon 
dioxide froin calcium carbonate. Furtherinore an exchange reaction between metabolic 
carbon dioxide and inactive carbonate inay occur. Nevertheless, the specific activity of 
carbon dioxide evolved during the D - ~ ~ u c o s ~ - ~ - C ' ~ ~ O W ~ ~  was noticeably lower than in 
the other cases, indicating that the hexose ~noilophosphate shunt is probably operating 
in the organism. 

The isolated polysaccharides were hydrolyzed and usually 50-GOYo of their weight was 
recovered. I-Iowever, although the specific activities of the hydrolyzates were quite similar, 
they were lower than those of the original substrates, indicating that they contained 
inactive materials. 

The specific activities of the isolated glucose and rhamnose were determined. They 
were usually quite similar to each other and to the specific activities of the original sub- 
strates. I-Iowever, the specific activity of L-rhamnose isolated from the ~-glucose-6-C~~ 
growth was approximately 30% lower than in the other cases. This result is believed to 
be significant and indicates that CG of D-glucose contributes only about 70y0 as much to 
the L-rhamnose slceleto~l as does C1 or C2 of D-glucose or C1 of D-mannose and 
D-galactose. 

A number of degradations of L-rl~amnose have been reported in the literature. In this 
worlc rhamnose of low specific activity was occasionally isolated and it was necessary to 
devise a procedure which required less than 1 mrnole of sugar. Quite often the majority 
of the activity is found in the terminal carbon atoms and it is then uililecessary and time 
consuming to use a procedure which gives the activity of each carboil atom. I t  is an 
advantage, therefore, to use a procedure which initially gives the activity of the terminal 
carbon atoms. 

Hauser and Karnovsky (6) oxidized potassiunz rhamnonate to carbon dioxide (Cl) ,  
formic acid (C2-4), and acetaldehyde (C5fG). However, about 0.5 mmole of rhainnose 
is required for this degradation, and in one case (8) poor recoveries of activity were 
reported. The same infornlatioil call be readily obtained by oxidation of rhainnitol, using 
the procedure of Nicolet and Shinn (23), and only about 0.12 mmole of sugar is required. 

Rhamnose phe~lylosazone has been used (6) to determine the activity of C1-3, C4, 
and C5fG. I-Iowever, on a 0.5-minole scale the present authors were unable to obtain 
better than 25% yield of recrystallized osazone. Rhamnose p-nitrophenylhydrazo~~e 
could be prepared in over 80y0 yield and was therefore used to deterinine the specific 
activities of C l + 2  and C5+ 6. 

The isotope content of C3 was deteriniized by periodate oxidation of methyl WL- 

rhamnopyranoside. Watlciil and Neislz (10) have recently described a method for degrad- 
ing rhamnose which involves the periodate oxidation of its glycopyranosides. The specific 
activities of C2, C3, C4, C5, and C(i were determined directly while that of C1 was 
calculated by difference, about 1 mmole of rhamnose being required for the degradation. 

Tlze degradative studies revealed that about TTfGyo of the activity was retained in C l  of 
the isolated monosaccharides, when D-glucose-1-C", D-mannose-1-C'" or ~ - g a l a c t ~ ~ e - l - C ' "  
were substrates.The majority of the remaining radioactivity was located inCGof the hexoses. 
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When ~-glucose-6-C'~ served as substrate most of the activity was recovered in C6 of 
the hexoses (90&20/0). The remaining activity was found in C1 of these sugars. 

Approximately 72&60/0 of the activity was recovered in C2 and 100jo iin C5 of D - ~ ~ U C O S ~  

and L-rhamnose, when D-glucose-2-C14 was substrate. In addition about 10% of the 
activity was found in C1 of these sugars. The latter result further indicates that C1 
decarboxylation is occurriilg and suggests that some of the peiltose for~ned by the hexose 
monophosphate shunt is reutilized for hexose synthesis. Apparently about 10Oj0 of 
hexose is resyilthesized by this route and it can presumably equilibrate with substrate 
hexose. 

About 10% of activity was detected in C6, C5, or C1 of D-glucose and L-rhamnose, 
when D - g l ~ ~ ~ ~ e - l - c ' ~ ,  ~-glucose-2-C'~, or ~-glucose-6-C'~ were the respective substrates. 

These results suggest that there is a hexose pool which a t  equilibrium coiltains about 
20% of hexose resynthesized from equilibrated trioses (formed from D-fructose 1,6- 
diphosphate via the Embden-Meyerhof pathway) and about 10% of hexose resynthesized 
from pentose (produced by the hexose monophosphate shunt) by the action of 
transketolase. 

The specific activity of L-rhamnose derived from ~-glucose-6-C'~ was about 30% lower 
than that derived froin 1-C14-labelled precusors, and so it will be assumed that 70% of 
L-rhamnose is synthesized directly froin D-glucose. This transformation probably proceeds 
via the thymidine diphosphate derivatives (12-14) and requires three epimerizatioils and 
a reduction of -CH20H to -CH,. An intermediate in this interconversion, the thymidine 
diphosphate derivative of 6-deoxy-4-0x0-D-glucose, has recently been isolated from a 
cell-free enzyme system of Psezldomonas aeruginosa (16). Presumably a secoild pathway, 
involving scissioil of the glucose carbon skeleton, contributes to rhamnose biosynthesis 
in A .  indicum. A possible route, which has not been demonstrated experimentally, may 
involve the transfer of a dihydroxy acetone unit from D-fructose 6-phosphate to L-pyru- 
valdehyde (produced by glycolysis) by the action of transaldolase. The resultant 6-deoxy- 
L-sorbose might then be converted to L-rhainnulose. 

I t  is interesting to note that the same sugar can form different nucleotides. For example, 
glucose can form uridine diphosphate glucose and thymidine diphosphate glucose, which 
presumably results in a channelling of the sugar to different metabolic pathways. If 
glucose 1-phosphate and the glucose nucleotides can act as glycosyl donors in polysac- 
charide synthesis, then different linkages may be produced in the polysaccharide chain. 

There are a number of other studies on the biosynthesis of L-rhamnose using isotopic 
tracer techniques. Hauser and I<arnovsky (6, 7) have studied the biosynthesis of the 
rhamnolipide produced by P. aeruginosa. They found that glycerol and propailediol 
could serve equally well for L-rhamnose synthesis. Degradation of L-rhamnose indicated 
that it was formed by the combination of two triose units. When ~-glucose-6-C'~ in the 
presence of inactive glycerol was the substrate, the rhamnose contained 35% of its 
activity in C1 and 48% in CG. On the other hand, with ~-fructose-6-C'~ as substrate, 
83% of the activity was recovered in CG of L-rharnnose. These results presumably reflect 
fundamental metabolic differences of the two sugars. Although the results indicate that 
L-rhamnose is formed from two triose units, it is possible that a hexose precursor is first 
formed which is then directly transformed to L-rharnnose. 

Southard and co-workers (8) have investigated the conversion of ~-glucose-l-C'~ and 
~-glucose-6-C'~ to L-rhamnose of streptococcal cell walls. Although only 60-800/0 of the 
total activity was recovered in their degradations, the nlajority of activity was retained 
in the terminal carboil atoms. However, the specific activity of the L-rhamnose isolated 
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f r o m  ~ - g l u c o s e - G - C ' ~  was  a b o u t  30y0 higher  t h a n  that  der ived  f rom D - g l u ~ o s e - l - C ~ ~ .  I t  
would b e  necessary to isolate a n d  d e g r a d e  bacter ial  glucose to d e t e r m i n e  t h e  significance 
of th i s  resul t .  

T a y l o r  a n d  J u n i  (9) h a v e  s t u d i e d  t h e  biosynthesis  of D-glucose a n d  L-rhamnose in  a 
bacter ial  capsu la r  polysaccharide.  Unlabel led polysaccharide w a s  isolated w h e n  D-glucose- 
1-CI4 a n d  ~ - g l u c o s e - 2 - C ' ~  w e r e  t h e  subs t ra tes .  H o w e v e r ,  w i t h  ~ - g l u c o s e - 6 - C ' ~ ,  the isolated 
D-glucose a n d  L- rhamnose  conta ined  twice the ini t ia l  specific ac t iv i ty .  The bacter ial  
D-glucose w a s  n o t  degraded  b u t  t h e  L-rhamnose conta ined  soy0 of its a c t i v i t y  in C1 a n d  
4:3y0 in CG. T h e  resul ts  ind ica ted  that the polysaccharide w a s  der ived  only f rom C4, C 5 ,  
a n d  CG of D-glucose. I t  w a s  n o t  possible to decide w h e t h e r  I>-rhamnose a rose  d i rec t ly  
f rom tr ioses  o r  f rom a six-carbon s u g a r  which  w a s  synthesized f r o m  the trioses. 

Recent ly ,  W a t k i n  a n d  Neish h a v e  s t u d i e d  the biosynthesis  of L-rhamnose f rom 
D-glucose in b u c k w h e a t  (10). T h e s e  a u t h o r s  showed t h a t  t h e  isolated D-glucose a n d  
L-rharnnose possessed s imilar  specific act ivi t ies  a n d  d i s t r ibu t ions  of a c t i v i t y ,  suggest ing 
a d i rec t  conversion of D-glucose to L-rhamnose. 

W h a t e v e r  in te rpre ta t ion  is placed u p o n  the resul ts  presented in th i s  paper ,  t h e r e  a p p e a r s  
to be a p a t h w a y  for  L - r h a ~ n n o s e  biosynthesis  which involves t h e  breakdown of the 
glucose carbon  skeleton.  
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PART X. AN ALTERNATIVE SYNTHESIS, AND THE NITRATION, OF 6-CARBOLINEI 
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ABSTRACT 

6-Carboline, together with 8-carboline, has been synthesized in reasonably good yield by 
the Fischer cyclization of cyclohexanone 3-pyridylhydrazone followed by dehydrogenation 
of the separated tetrahydro derivatives. The isomer ratios of products formed in  this and 
similar reactions are discussed. Nitration of 6-carboline gives a mixture of the 6- and 8-nitro 
derivatives, the latter being the predominant product. The magnitude of the dipole moment 
of 6-carboline is appreciably higher than that  predicted from n~olecular orbital calculations (15). 

The first unaillbiguous synthesis of 6-carboline'"1) was described in Part VIII of this 
series (I) ,  in which the cyclizatioil of 3-azido-2-phenylpyridine was reported to give 
variable )~ields of (I). In order to study the substitution reactioils of this ring system a 
synthesis giving inore reproducible yields was required. An alternative method of obtain- 
ing the 6-carboline ring system was sought and found in the Fischer cyclization of cyclo- 
hexailone 3-pyridylhydrazone (11). 

The Fischer cyclization of pyridylhydrazones has been found by a nuinber of worlters 
to talte place with greater difficulty than the cyclization of the correspondiilg phenyl- 
hydrazones. Perkin and Robinsoil were unable to effect the cyclization of acetone 
2-quinolylhydrazone (2), a i d  Fargher and Furness (3) and Oltuda and Robisoil (4) 
obtained similar negative results using a number of 2-pyridylhydrazones. Cleino and Holt 
prepared 1-methyl-5,6,7,8-tetrahydro-p-carbolii in low ~ ~ i e l d  from cyclohexailoile 
2-n1ethy1-3-pyridylh)~drazone and zinc chloride (5j. A moderate yield of 5,6,7,8-tetra- 
hydro-a-carboline was obtained by heating cyclohexanone 2-pyridylhydrazone with 
polyphosphoric acid (4). Ficlten and Kendall have recently examined the cyclizatioil of 
the pyridylhydrazones of isopropylinethyl ltetone to give the corresponding azaindole 
derivatives (6). They found that heating with zinc chloride to a relatively high tempera- 
ture (210-250") was necessary to effect ring closure. I t  is interesting to note, as well, 
that isopropylmetl~yl ltetone 3-pyridylhydrazone was reported by these authors to give 
exclusively 2,3,3-trimethyl-313-4-azaindole; i.e. cyclization had occurred a t  the a-position 
of the pyridine ring only. Similarly, Taltahashi, Sailtachi, Goto, and Shiinamura (7) 
obtained ~-chloro-2-inethyl-4-azaindole from acetone 2-chloro-5-pyridylhyclrazone. 

3-Hydrazinop3~ridine reacted with cyclohexanone to give the required cyclohexanone 
3-pyridylhydrazone (11), which was somewhat unstable in air but could be kept for long 
periods in a closed container in the refrigerator. Cyclization was effected by fusion of 
(11) with zinc chloride a t  250" and gave a high yield (94%) of a mixture of 6,7,8,9- 
tetrahydro-6-carboline (111) (63%) and 5,6,7,8-tetrahydro-P-carboline (IV) (37%). The 
structures of (111) and (IV) were established by dehydrogenation to the corresponding 
fully aromatic structures. The dehydrogenations were carried out by heating the coin- 
pound with 10% palladiuin-charcoal in boiling mesitylene; the catalyst became poisoned 

1Pavt I X :  R .  A. Abranzovitclz and K. A. H .  Adanzs. Can. J .  Clzem. 39, 2516 (1961). 
*The trivial uanaes a-, 8-, and 6-carboline lzave been z~sed tlzroz~glzozlt this paper and in previous papers i n  

tlzis series. They are acceptable accovding to the Definitive I .  U.P.A.C. 1957 Rz~les for 1Vonzenclature, and refer 
to 9H-pyrido[S,S-b]indole, 9I-I-pyrido[S,/t-blindole, and 513-pyrido[S,2-b]indole (Ring Index) ,  respectively. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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after about half the reaction had occurred and a secolld batch had to be added. The  
mixture of tetrahydro derivatives could be separated by chromatography on a column 
of alumina, when the 6-carboline derivative was eluted first, followed by the p-compound. 
The order of elution is similar to that reported by Abramovitch (8) for the separation 
of mixtures of ind-N-methyl-6-carboline and ind-N-methyl-P-carboline. The cyclization 
of cyclohexallone 3-pyridylhydrazone was found to give very reproducible yields, thus 
providing a good route to the 8-carboline ring system. 

The observation that ring closure a t  the %position of the pyridine ring predomillates 
is in agreement with the results of Ficken and Kendall (6) but differs in that these authors 
did not observe ally cyclization to the 4-position of the pyridine nucleus. In pyridine 
derivatives possessing an electron-releasing group in the 3-position electrophilic attack 
generally leads to substitutioll in the 2-, rather than the 4-, position (9). This has been 
discussed by Schofield (lo),  who suggested that protonation and some form of chelation 
may be responsible. In the present study, attack a t  Cz was favored over attack a t  C4 to 
the extent of about 2 : l .  In contrast, the Graebe-Ullmann cyclizatioll of I-P-pyridyl- 
benztriazole appareiltly results in exclusive substitution a t  C4 of the pyridine nucleus 
(11). iVIolecular orbital calculations on the pyridine ring itself indicate that the n-electron 
density in the ground state is greater a t  the 4- than a t  the 2-position whereas the atom 
localization energies (A,) for a Wheland-type transition state indicate (for pyridille but 
not pyridiniuln salts) that electrophilic substitution should be easier a t  the 2- than a t  
the 4-position (12). A 3-amino substituent may well activate the 2- and 4-positions to 
different extents. Also, in the case of the Fischer cyclization, particularly that catalyzed 
by zinc chloride, there is no doubt that the pyridine nitrogen is coordinated with the 
metal atom. I t  would seem safe to suggest, however, that "strong" electrophilic reage~lts 
which do not make a large electron demand upon the substrate could well substitute 
into the pyridine ring according to the order of the ground-state n-electron densities a t  
the nuclear carbons, whereas "weak" electrophilic reagents would probably follow the 
pattern suggested by the atom localization energies, with various shades possible in 
between, depending upon whether the transition state resembled more the starting 
materials or a Wheland-type intermediate structure. 

The nitration of a- and p-carboline has already been studied. Thus, in the case of 
a-carboline it has been reported that 6-nitro-a-carboline is obtained exclusively (13), 
whereas mononitration of p-carboline gives mainly 6-nitro-P-carboline together with a 
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lesser amount of what was suggested to be the 8-nitro derivative (14). Paoloni (15) has 
carried out some simple I-Iiicltel molecular orbital calculations of the ground-state 
a-electron densities for the four carbolines. These indicate that, in all cases, C8 has the 
highest a-electron density, with C6 the next highest." As it is believed that in nitrations 
the transition state is so~llewhat closer in electron distribution to the unperturbed ground 
state than to the Wheland-type illterlllediate (16) it might have been expected from 
Paoloni's calculations that substitution a t  the 8-position" would have been favored (17), 
which is not the case. The nitration of 6-carboline with concentrated nitric acid has now 
been studied, and was found to lead to a nlixture of two isonleric mononitro derivatives. 
The nlajor product (56y0 after recrystallization) separated fro111 the reaction mixture 
in the form of its salt. The free base did not melt below 360". The second nitro cornpound 
(17y0 yield) had m.p. 232-233'. 

(1) - "2qJ-B + 
' \ N  H ' q-fi N 

NO? 

By analogy with the nitration of carbazole (18) and of a- and P-carboline, it was 
initially assumed that the high-melting major product was probably 8-nitro-6-carbolinef 
(V) while the low-melting isomer was 6-nitro-6-carbolinef (VI). Tentative confirmation 
of the assignment of structure (VI) to the low-melting isolller was obtained from a study 
of its infrared and ultraviolet absorption spectra. I t  was hoped, in particular, that the 
infrared spectrum would show evidence of the hydrogen bonding possible between the 
nitro group and the indolic N-H group. The N-1-1 group of the low-melting isomer 
absorbed a t  3420 cm-' (dilute CHC13 solution), which is a lower frequency than is the 
N-I3 stretching band of 6-carboline (3450 cnl-I, CHC13 solution). The N-I-I group of 
N-methyl-o-nitroaniline absorbs a t  3415 cm-I. Unfortunately, the extreme insolubility 
in solvents suitable for infrared studies of the high-melting isomer made it in~possible to 
determine its N-1-1 stretching frequency under the same conditions. Spectra of the 
nitro compounds nleasured by the KBr disk technique did not give sharp N-H bands, 
so that the frequencies could not be accurately determined. The asylllmetric and sym- 
nletric NO2 frequencies could, however, be compared in this way. The bands for the low- 
melting isomer were a t  1518 and 1320 cm-' respectively, whereas the corresponding 
ones for the high-melting isomer appeared a t  1528 and 1328 cm-I. The lower frequencies 
for the low-melting nitro compound could be due to hydrogen bonding, a conclusio~~ 
si~nilar to that drawn by Hathway and Flett, who studied the infrared spectra of some 
0-nitronaphthylamines (20). I t  has been reported that o-nitroaniline absorbs a t  longer 

*Numbering here applies to the a- and 8-carbolines. See also the following footnote. 
tNote  that the numbering i n  the 7- and 6-carboline ring systems i s  different from that i n  the a- and 8-isomers 

(19). 
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wavelengths in the ultraviolet than do the para and meta isomers (21). Also, 1-nitro- 
carbazole absorbs in the visible region a t  403 inp (22). The ultraviolet absorptioil spec- 
trum of the low-melting nitro-6-carboline has a band a t  385 mp which tails into the visible 
region, whereas the high-melting coinpound does not absorb appreciably in the visible. 
Finally, the hydrogen-bonded structure is supported by the relatively low inelting point 
of (VI). 

The structure of the high-melting nitro-6-carboline as (V) was confirmed by reducing 
it to the corresponding anline, which gave a positive test for a p-phenylenediainil~e with 
a primary amino group (23). 

An attempt was made to study the pattern of nucleophilic substitution in 6-carboline. 
When (I) was treated with phenyllithiun~ an insoluble ind-N-lithium salt was forined 
and no further reaction occurred. The reaction was repeated using the very small quantity 
of ind-N-methyl-6-carboline on hand instead of (I) ;  a low yield of a basic product 
exhibiting bands a t  690 and 765 cm-I (monosubstituted phenyl) was obtained, but in 
insufficient quantities to permit characterization. Reduction of 6-carboline with sodium 
and butanol proved to be difficult and in most cases starting inaterial was recovered. 
Under more vigorous conditions over half of the 6-carboline was unchanged but the crude 
mixture (from which no other product could be isolated in a pure state) gave a positive 
Ehrlich test. Acetylation of the crude reactioil mixture did not lead to the isolation of 
ally pure reduction product. Catalytic reduction of 6-carboline was also attempted using 
5y0 ruthenium on charcoal a t  100' and 1350 p.s.i. of hydrogen; unchanged 6-carboline 
was recovered. I t  is not clear why 6-carboline should be more difficult to reduce than the 
other carbolines. 

Paoloni (15) has estimated the dipole inolnents of the four carbolines from his molecular 
orbital calculations. His predicted value for 6-carboline is 3.90 D. The dipole moment of 
6-carboline in benzene a t  20°was ltiildly determined for us by Dr. G. F Wright and found 
to be 4.92 D ,  slightly more than 1 D greater than the calculated value. This result, to- 
gether with the fact that there is a lack of correspondel1ce between the calculated (15) 
and imeasured ( I )  ultraviolet absorption bands of 6-carboline, point to the limitations 
of the simple molecular orbital calculatioils ill this case. 

EXPERIMENTAL 

Melting points are uncorrected. Infrared spectra were measured with a Perkin-Elmer Model 21 instrument 
equipped with sodium chloride optics. Ultraviolet absorption spectra were measured on a Cary Model 1 4  
recording spectrometer. 

Cyclohexanone 3-Pyridylhydrazone 
3-Hydrazinopyridine (3.91 g) was heated under reflux with a solution of cyclohexanone (2.8 ml) and 

pyridine (4 ml) in ethanol for 4 hours. The  reaction mixture was poured into water and the crystalline 
precipitate filtered. Recrystallization of the crude product (4.82 g) from aqueous ethanol (charcoal) gave 
the hydrazone as  pale yellow-brown crystals, 1n.p. 139-141° (decamp.). Calc. for C1lHISNO: C, 69.81; H ,  7.99. 
Found: C, 69.73; H ,  7.88. 

Fischer Cyclizalion of Cyclohexanone 3-Pyridylhydrazone-6,7,8,9-Tetrahydro-6-carboline and 5,6,7,8-Tetra- 
hydro-8-carboline 

Cyclohexanone 3-pyridylhydrazone (2 g) was intimately mixed with zinc chloride dihydrate (7 g) and 
the mixture heated in a metal bath a t  250-260° (bath temperature) with occasional stirring. After the initial 
vigorous reaction was over (6 minutes) heating was continued for an additional 5 minutes. The cooled melt 
was dissolved in 10% hydrochloric acid, filtered to  remove a small amount of brown solid, basified with 
2 N sodium hydroxide, and extracted with ether. The dried (Na2S04) ether solution was evaporated and 
left behind a brown oil which solidified (1.7 g). 

The crude mixture (3.1 g) was chromatographed on a column of neutral alumina. Elution with benzene - 
light petroleum (b.p. 60-80") (5: 1) gave 6,7,8,9-tetrahydro-6-carboline (1.66 g) which, after recrystallization 
from benzene or from aqueous ethanol, melted a t  199-200'. Calc. for CI IH~ZNZ:  C, 76.71; H ,  7.02. Found: 
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C, 76.71; H, 7.16. A,,, 230, 260, 290 mp; E X I O - ~  28.30, 9.54, 9.32. Elution with ether-benzene (1:l) gave 
a brown solid (1 g) which, on recrystallization from aqueous alcohol, gave 5,6,7,8-tetrahydro-p-carbol,i?ze as 
white leaflets, 1n.p. 197-198". Found: C, 76.86; H ,  7.17. A,,, 229, 267, 300 mp; E X  10-3 29.00, 7.45, 5.85. 

6-Carbolinc 
6,7,8,9-Tetrahydro-6-carboline (1.43 g) was dissolved in hot mesitylene (15 ml), and 10% palladium- 

charcoal (225 mg) added. The suspension was boiled under reflux for 8 hours, a second lot of catalyst (225 mg) 
was added, and heating was continued for an  additional 10 hours. The reaction mixture was diluted with 
benzene, the catalyst filtered, and the cooled filtrate s a t ~ ~ r a t e d  with dry hydrogen chloride. The crystalline 
hydrochloride was filtered, washed with ether, dissolved in water, and the solution made alkaline to give 
6-carboline (1.2 g), n1.p. 207-203", after recrystallization from benzene. The melting point was not depressed 
on admixture with an authentic sample (I) of 6-carboline. The infrared spectra of the two samples were 
identical. The melting point of the ~nethiodide (240-250") was not depressed on admixture with an  authentic 
sample of py-N-methyl-6-carbolinium iodide (I). 

8- Carboline 
Prepared si~nilarly from 5,6,7,8-tetrahydro-P-carboline (300 mg), P-carboline (290 mg) was obtained as 

fine white needles, m.p. 197-198". The ~nelting point of the methiodide was not depressed on admixture 
with an  authentic sample (1) of py-N-methyl-P-carbolinium iodide. 

Nitration of 6-Carboli?ac 
6-Carboline (0.570 g) was stirred with concentrated nitric acid (6 ml) a t  room temperature for 2 hours, 

during which time the color of the solution changed to greenish-yellow and a precipitate separated. The 
precipitate was filtered, washed with water, and stirred with concentrated ammonium hydroxide. The solid 
was tiltered, washed with water and with methanol, and recrystallized from pyridine to give S-nitro-6- 
carboline (410 mg), m.p. above 360". An analysis sample was purified by sublilnation a t  250° a t  0.07 rnm 
and recrystallization from pyridine. Calc. for CllH7N30?: C, 61.97; H ,  3.31. Found: C,  61.94; H, 3.50. 

The acidic filtrate from the nitration mixture was basified with ammonia and extracted with chloroform. 
The dried (Na2SOd) chloroform solution was evaporated to give a bright yellow solid (202 mg), which was 
purified by chrotnatography on a column of alumina. Elution with benzene - light petroleum (b.p. 60-80") 
gave 6-nitro-6-ca~bolim (122 mg) which, after recrystallization from methanol, had 1n.p. 232-233". Calc. 
for CllH7N30?: C, 61.97; H, 3.31. Found: C, 61.66; H ,  3.44. The compound was initially obtained in the 
form of yellow needles. On being kept under cold methanol'these gradually changed to prisms having the 
same melting point. 

8-A~nilzo-6-carboline 
8-Nitro-6-carbolit~e (410 mg) was suspended in concentrated hydrochloric acid (4 ml), a ~ ~ d  a solution of 

stannous chloride dihydrate (2.15 g) in concentrated hydrochloric acid (6 rill) was added. The rnixrt~~re 
was heated on the steam bath with stirring for 1.5 hours, cooled, and basified. Extraction with ether gave 
the crude amine (347 mg), which was difficult to purify and which was discolored 011 standing. I t  gave a 
blue-black precipitate when oxidized with potassiuln persulphate in the presence of aniline, a test character- 
istic of a p-phenylenediamine derivative with a free primary amino group (23). Attempted acetylation of 
the a~nine   sing a procedure described in Vogel's "Practical organic chemistry" (24) led, instead, to the 
analytically pure anzine nzo?aohydrochloride, m.p. above 300" (from methanol). Calc. for CIlHgX3,HCl: 
C,  60.14; 11, 4.56. Found: C,  60.22; H ,  4.20. 
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ABSTRACT 

The proton resonance spectra of cis-, muco-, and allo-inositol hexaacetates as a function 
of tenlperature yield enthalpies of activation and Arrhenius factors for sorne of the sBeleta1 
oscillatiolls of the sis-membered ring. 

INTRODUCTION 

When the location of substituents on a cyclohexane ring is such that one conformation 
is strongly favored, proton resonance spectroscopy may often be used to determine axial 
and equatorial substituents and the conformation of the ring (1-4). In those cases where 
rapid inversion of the chair form of the cyclohexane ring exchanges the substituents 
between. axial and equatorial positions only an averaged signal is observed. However, 
by lowering the temperature to reduce the rate of inversion it is often possible to observe 
the individual co~lfor~nations and determine the rate of inversion (5-9). When the rate 
of exchange of a substituent between an axial and equatorial position is comparable to 
the difference in chemical shift between them, the spectral lines corresponding to the 
individual positions merge to a single averaged line. This yields a single rate measurement, 
and an Arrhenius factor of 1013 has been assumed to obtain the enthalpy of activation. 
Quantitative calculatioils of line shape as a function of exchange rate have been made 
(10-12), enabling exchange rates to be deternlined over a temperature range. In the 
cyclohexa~le system for those cases where the Arrhenius factor was obtained by nuclear 
magnetic resonance methods values of 1010,1, 101L3, and 1016.6 were found (6, 9). 

The results obtained in the present study also indicate that the "normal" Arrhenius 
factor may be a poor approximation in the cyclohexane system. 

An investigation of ring inversions for some ~nollosubstituted cyclohexanes by ultrasonic 
relaxation yields "normal" Arrhenius factors (13). The activation energies are in agree- 
ment with those obtained by proton resonance measurernellts (7). From the limited results 
available it is difficult to determine under what circulnstances "normal" Arrhenius 
factors may be assumed. I t  is also proposed that the ring inversion may occur via a 
chair-planar-chair pathway a~lalogous to the Alg vibrational mode in cyclohexaile (13). 
The limited data presently available suggest that a solutio~l of the problem of ring inver- 
sions in the cyclohexane system will require careful examination of many more coin- 
pounds. The results for a few compounds are presented in this paper. 

DISCUSSION 

The geometrical relationship of the substitue~lts in cis-, allo-, and muco-inositol 
hexaacetate as a planar model and in the chair forms is shown in Fig. 1. The acetate 
groups are shown but the protons attached to the cyclohexane ring are not indicated. In 
these three isomers an illversio~l of the chair form of the cyclohexane ring causes the three 

'l'ssued as N.R.C. No. 6742. 
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BROWNSTEIN : INOSITOL HEXAACETATES 

c i s  W 

FIG. I.-[ The relationship of the substituents ill cis-, allo-, and muco-inositol hesaacetates. 

axial substituents to become equatorial and vice versa, resulting in an identical conforma- 
tion. Therefore changes in the proton resonance spectrum with temperature will only 
reflect a change in the inversion rate since contributions from varying amounts of two 
conformations cannot occur. 

In Fig. 2 some representative spectra of these con~pou~lds are shown. The rate constants 
are obtained by fitting the observed spectra with those theoretically calculated in the 

cis ring cis acetate a l lo  ring 0110 ac,etate muco ring muco acetate 

FIG. 2. Proton resonance spectra of i~~osi to l  hexaacetates. 

case of the cis and a110 isomers (12, 14). For the nluco isomer two magnetic averaging 
mechanisms are occurring. The  one which is observed a t  low temperatures yields a com- 
plex pattern of overlapping lines which cannot be rigorously analyzed. However, the rate 
of this averaging process can be estinlated as 12.5 sec-' a t  197.2' K from the coalescence 
of the individual peaks a t  this temperature. If the assumption is made that  the Arrhenius 
factor for this averaging process is the mean of those observed for the cis and a110 isomers 
an enthalpy of activation of 4.7 ltcal/mole is obtained. There will be considerable un- 
certainty in this value because of the approximate nature of the rate and the assumptio~l 
of a value for the Arrhenius factor. The  magnetic averaging which is observed a t  high 
telnperatures causes the merging of the two sharp peaks due to the acetate protons. 

I t  was not possible to obtain sufficiently high telnperatures to cause complete lnerging 
of the separate acetate peaks in the ~nuco isomer. The rates were calculated from the 
decrease in separation of the lines, assullling they had a negligible width (15). The results 
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are plotted in Fig. 3 and the thermodynamic quantities are listed in Table I. These were 
derived froin a least-squares fit of the experirne~ltal points except for the low-temperature 

2.0 

log  k 

FIG. 3. Temperature dependence of the inversion rate. 

TABLE I 
Activation enthalpies and Arrhenius factors 

for ring oscillations of some inositol hexaacetates 

Isomer A H *  log A 

cis 6 . 6 0 ~ t 0 . 0 5  6.24 
all0 5 . 4 8 f  0 .05 6.26 
n ~ u c o  4 . 7  6.25 

2 0 . 2 f  2 11.2 

averaging for the nluco isomer, as described previously. The greater uncertainties for the 
high-temperature averaging for the inuco isomer are readily explained by the error 
inherent in measuring the separation of two lines which are a t  most 1.91 cycles apart. 
The assumption of negligible line width may also be expected to introduce an error. 

In the chair form of the cis isomer there are two groups of three geonzetrically identical 
acetate substituents and a similar arrangement of hydrogens attached to the cyclohexane 
ring. The proton resollance spectrum, when iiiversioil is sufficiently slow, has two pealcs 
of equal intensity for both the acetate groups and the ring protons, which agrees with this 
structure. For the chair form of the a110 isomer there are three equatorial and three axial 
acetate groups but all those in a given group are no longer identical. Nevertheless two 
peaks of equal intensity ruay be observed for the acetate protons. A complex trace is 
obtained for the ring protons which indicates the variety of environments. This too 
agrees with the chair structure for the a110 isomer. 

In the chair forin of the ~IIUCO isomer there are also three equatorial and three axial 
acetate groups, with those in a given group not identical. Therefore when inversion is 
slow one would expect either two pealcs of equal intensity or more than two pealcs. Simi- 
larly for the ring protons a complex trace might be expected. If inversion between the 
two chair forms of the cyclohexane ring is rapid this still does not average all the acetate 
groups. In a given conformatioil there is one equatorial acetate group which has an 
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equatorial acetate on each side of it. There is also an axial group with axial acetate 
groups 011 each adjacent ring carbon atom. When inversion to the other chair conforma- 
tion occurs these two groups exchange environments and appear in an average magnetic 
environment if  the rate of exchange is sufficiently rapid. Similarly there are two equatorial 
and two axial acetate groups, each of which is situated between an axial and an equatorial 
group. I~lversio~l of the cyclohexa~le ring can also average the environment of these four 
acetate groups. However, the environments of the two and the four acetate groups remain 
unique. This can be visualized by inspection of the chair conformation of muco-inositol 
hexaacetate shown in Fig. 1. 

The observed spectra agree with this interpretation. At the lowest temperature a com- 
plex spectrum containing a t  least three pealcs is observed, as shown in Fig. 2. A total of 
four peaks with intensity ratio 1:2:2:1 might occur. I-Iowever, overlap of two of these 
would give rise to the observed spectrum. As the temperature is raised a two-line pattern 
is eventually obtained, with intensity ratio of 2:l .  This correspo~lds to rapid inversioll 
of the chair form of the cyclohexane ring. At still higher tenlperatures the separation 
between the lines decreases from 1.9 to 1.4 cycles a t  the highest temperature reached. 
This requires an additional averaging mechanism. Conversion to the boat form might 
possibly be such a mechanism. 

In Fig. 4 are shown four possible conformations when the ring is in a boat configuration. 

FIG. 4. Boat conformations o f  muco-inositol hexaacetate. 

In confornlation I all six acetate groups are in a pseudoequatorial location. I-Iowever, the 
two distinguished by marl;s are not equivalent to the other four. If the ring inverts 
confor~nation IV is obtained. This is not equivalent to confornlation I since now all six 
acetate groups are in pseudoaxial positions. A great deal of steric repulsion may reasonably 
be expected between the acetate groups, causing this conformation to have a much 
higher energy than conformation I.  The ring protons in confornlation I will all be axial 
and will have the same configuration as shown for the acetate groups in conformation IV. 
Another mode of motion for the boat form of the cyclohexane ring allows an infinite 
nunlber of intermediate configurations without altering the carbon-carbon bond angles 
(16). When substituents are placed on the cyclohexane ring to give the stereochelnistry 
of muco-inositol hexaacetate the possibilities are reduced to those shown by conformations 
1-111. Confornlation I1 may be generated from conformation I by a rotation about all 
the carbon-carbon bonds of the cyclohexane ring. Atoms 3 and 6 are now a t  the prows 
of the boat instead of 1 and 4. By a further rotation atonls 2 and 5 talce up this position 
as shown in conformation 111. Conformations I1 and I11 are identical, except for a mirror 
inlage transformation because labels are on two of the acetate groups. However, they are 
not the same as conformation I. 

The two acetate groups which are averaged by chair-chair inversion of the cyclol~exane 
ring correspond to those a t  the prows of the boat. They will still be different from the other 
four acetate groups. Even though the same groups of two and four remain non-equivalent 
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during a chair-boat conversion magnetic averaging will still occur provided that the 
magnetic environment of the two acetate groups is different in the boat conforlnation I 
than in the average of the two chair conformations. A similar situation will apply for 
the four equivalent acetate groups. An averaging of all six acetate groups could occur 
by transforn~ations among conforinations I ,  11, and 111. Since confor~nations I1 and 111 
contain two axial acetate groups they might be of higher potential energy than conforina- 
tion I and the extent of this type of inagiletic averaging is difficult to estimate. 

In the chair-chair inversion of cis-inositol hexaacetate all six acetate groups have to 
pass by each other. In the a110 isoiner four pairs are adjacent during inversion and in 
the muco isoiner only two pairs. The observed enthalpies of activation also decrease in 
this order. Since a chair-chair inversion is presuinably involved in all three of these averag- 
ing processes it may be safe to assume a similar Arrhenius factor for the muco isomer. 
The magnetic averaging observed a t  high temperatures for the muco isomer must occur 
by a different mechanism, resulting in a very different Arrhenius factor. 

EXPERIMENTAL 

The proton resonance spectra were obtained on a Varian Associates high-resolution nuclear magnetic 
resonance spectrometer operating a t  56.4 Mc/sec. The spectra were calibrated using side-band nlodulation, 
with the modulating frequency altered during recording of the spectra. The modulating frequencies were 
determined to 0.1 cycle/sec by counting with a Hewlett Paclzard Model 521C frequency counter. By 
averaging many determillations peak positions were determined to an  accuracy of 0.1 cycle/sec for muco- 
inositol hexaacetate. This accuracy was not necessary for the other isomers since line shapes rather than peak 
positions were used to calculate the inversion rates. Since the widths of the resonance lines due to the 
inositol acetates were often temperature dependent they could not be used as a criterion of instrument 
resolution. The width a t  half height of a modulation sideband from the solvent signal was used to determine 
resolution. This width was between 0.5 and 1.1 cycle/sec in all the measurements. 

The thermostated probe assembly has been described previously, but was inodilied by using polyurethane- 
foam-jacketed glass tubes to introduce the thermostating gas, and by attaching the outlet to a water aspirator 
to increase the pressure differential across the probe assembly (1'7). A temperature range of f 140" C could 
be obtained. Chloroform solutions of the acetates were used. Purity of the inositol acetates was determined 
by vapor phase chromatography to be 97% for the a110 isomer, 99% for the cis isomer, and 99.8y0 for the 
muco isomer. 
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THE PROTON MAGNETIC RESONANCE SPECTRA OF 
CHRYSANTHEMUM ETHYL ESTER AND THE RELATED 

cis- AND trans-CHRYSANTHEMUMIC ACIDS 

H. M. HUTTON AND T. SCHAEFER 
Department of Cltenzistry, University of Manitoba, Winnipeg, illanitoba 

Received November 24, 1961 

A B S T R A C T  

T h e  high-resolution proton magnetic resonance spectra o f  a mixture o f  the  cis and trans 
isomers o f  chrysantheniuni monocarbosylic acid ethyl ester have been studied. T h e  cis- 
chrysanthemumic and trans-chrysa~lthemumic acids spectra were obtained t o  facilitate the  
interpretation o f  the  complex spectra o f  t he  ester. T h e  percentage o f  the  trans isomer in the  
chrysanthemum ester was measured t o  be 6'2.031 1.1%. T h e  cyclopropane proton spin coupling 
constants were found t o  be J,;. = 8.7 c.p.s. and Jt,,,. = 5.4 c.p.s., in reasonable agreement 
with ICarplus' calculations o f  t he  dependence o f  coupling constants on the  dihedral angle. 

INTRODUCTION 

There have been no unequivocal nleasure~nents of the cis and trans proton coupling 
constants in the cyclopropane ring. I n  the present worli the analyses of the cis- and 
trans-chrysanthemum ester and the corresponding acids were used to obtain these values. 
The chrysanthemum ester sample was a mixture of both the cis and the trans isomers, 
making a conlplete assignment of spectra lines difficult. I t  was found more convenient 
to analyze the cis- and trans-chrysanthen~un~ic acids separately in order to identify the 
resonance peaks. Since the two ring protons interact only with the isobutenyl proton 
the analysis was that of an ABX-type system. 

I t  was necessary to use solvents which preferentially shifted the proton signals in such 
a manner that the resonance pealis of the ring protoils were not obscured by the other 
peaks. Carbon disulphide was used for the cis-cl~rysanthemuinic acid and benzene for 
the trans acid. 

E X P E R I M E N T A L  

T h e  spectra were obtained on a Varian V4302 D P  60 Mc / s  spectrometer at room teniperat~~re .  T h e  line 
separations were measured b y  t h e  side-band technique, using a Hewlitt and Pacliard 521c frequency counter. 
T h e  chrysanthemum ester (min. 95%), t he  cis-chrysanthemumic acid (99.9%), and the trans-chrysanthe- 
mumic acid (100%) were o f  known purity as supplied b y  Benzol Products Co., and were not purified further. 
Since the  acids were o f  limited solubility saturated solutions were used; the  ester concentrations were 
approximate b y  volume since t he  solvents were only used t o  obtain preferential proton shifts. Internal 
benzene was used as the  reference point in t he  measurement o f  the  shifts. 

A N A L Y S I S  

I. cis-Chrysanthemumic Acid in CS2 
The spectrum of the cis-chrysanthemulnic acid is shown in Fig. 1 together with the 

calculated spectrum for the ring protons corresponding to the AB part of an ABX system. 
The X part of the spectrum, a t  114 c.p.s. with respect to  internal benzene, consists of 
two doublets whose components are further split by the two isobutenyl methyl groups. 
The peaks of the latter occur a t  324 c.p.s. and 328 c.p.s. The methyl groups attached 
to the cyclopropane ring have the same shift and occur a t  357 c.p.s. The carboxyl proton 
peali is situated a t  -287 c.p.s. and is not shown in Fig. 1. The results of the ABX analysis 
gave JAB (cis) = 8.7 c.p.s., JAX = 8.1 c.P.s., JBX = 0 C.P.S. The coupling constant of 
the X proton to the isobutenyl methyl group protons was about 1.4 c.p.s. 
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I ~ U T T O N  AXD SCHAEFER: SPECTRA OF CHRYSANTHEMUM ESTER 877 

I I .  Trans- Chrysanthemumic il cid in Benzene 
T h e  proton spectrum is shown in Fig. 2 together with the  calculated spectrum for the 

ring protons corresponding to  the A B  part  of a n  A B X  system. T h e  X part  of the spectrum, 
a t  144 c.p.s. fro111 internal benzene, coilsists of two doublets whose coinponents are  further 
split by  the isobutenyl nlethyl groups by  about 1.4 c.p.s. T h e  isobutenyl inethyl group 
peaks occur a t  335 c.p.s. T h e  two methyl group peaks attached t o  the  ring occur a t  
353 c.p.s. and 373 c.p.s. T h e  results of the A B X  analysis gave JiiB (trans) = 5.4 c.p.s., 
Ja = 7.6 c.P.s., JBx = 0 C.P.S. 

I I I .  Chrysanthemum Ester 
T h e  spectra of the chrysanthemum ester is given in Fig. 3 with the  interpretation and 

the  assignment of pealis relative t o  internal benzene in Table I. T h e  coupling constants 
have been included in Table 11. 

TABLE I 
Assignment of peaks of the chrysanthemum ester* 

Neat ester 1 :1 benzene 1:6 CS? 
Resonance peak (c.p.s.1 (c.P.s.) (c.P.s.) 

HX group (cis) 
HX group (trans) 
-CH? ester ( trans) 

-CH2 ester (cis) 

Ha (trans) 

HA (cis) 

CH3 isobutenyl (cis) 

CHI isobutenyl (trams) 
HB (cis) 

HB (trans) 

CHI ring (trans) 

CHI ring (cis) 
CH3 ester ( trans) 

CH3 ester (cis) 

*Measurements are with respect to internal benzene. 

Since the ethyl group in the cis isonler is in a different nlagnetic eilviroilmeilt than the  
ethyl group in the trans isonler, the  cis and trans C H 3  resonance pealis are slightly 
shifted from each other. Siinilarly the -CI-12 pealis are displaced froin each other a s  is 
shown in Fig. 3. From spectra of the ester inixture the  percentage of the  trans- and cis- 
chrysanthemum isoiners was readily calculated by  talcing advantage of this displaceineilt 
of the CI-12 lines in the cis and trails esters. A comparison of the  heights of correspoilding 
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TABLE I1 

Chrysanthemum ester coupling constants in c.p.s. 

Neat 1  :1 benzene 1:6 CS? 

Jan (cis) 
J.\R (trans) 
J,ix (cis) 
J,,x (trans) 
JUT, (cis) - > , 

JBX (trans) 
Jx-CII, (cis) 
Jx-CH) (trans) - 1 . 4 f 0 . 1  1 . 5 f  0 . 2  
J C H ~ - C I T ?  ( c s t c r )  (cis) 7 .310 .1*  7 .  l f  0.  l*  7 . 2 f 0 . 1 *  ~- " .  . .  
J C H ~ - C U ~  ( e s t e r )  (trans) ' i . l f O . l *  7 . 1 1 0 . 1 *  7 .210 .1*  

*A first-order analysis value. 

resonance peaks gave the percentage of the trans isomer. A more accurate method 
would be the comparison of peal; areas but since the peak widths are no doubt very nearly 
the sallle this first nlethod was thought to be sufficient for our purpose. Within experi- 
mental error the sallle percentage, 6 2 . 0 ~ t 1 . 1 7 ~  trans isomer, was obtained for the ester 
neat, in benzene, and in carbon disulphide. A previous infrared study gave G5YO trans 
ester (I). 

DISCUSSION 

(a)  Cyclopropant: 
Karplus has expressed the coupling constant between protons a and b in the fragment 

H,-C-C-I-Ib as a squared cosine function of the dihedral angle (2). A consideration 
of the electron-diffraction results of Hassel and Viervoll for cyclopropane yield 0" and 
about 147" for the dihedral a~igle between the cis-vicinal and trans-vicinal protons, 
respectively (3). Karplus then predicts 8.2 c.p.s. and 6.4 c.p.s. for the cis and trans 
coupling constants, respectively, compared to 8.7 c.p.s. and 5.4 c.p.s. found experi- 
mentally. I t  is not impossible that the large groups in our substituted cyclopropanes 
distort the dihedral angles somewhat. I t  is, however, gratifying to see a rough agreement 
between calculated and observed values. 

I t  had been thought that Icarplus' calculation did not apply to the cyclopropane ring 
(4). Jaclrnlan found Jcls = Jt,,,, = 6.3 c.p.s. from an analysis of trans-1,2-dibromo- 
cyclopropane (4). The triplet proton resonances observed for the CI-IBr groups in this 
A2X2 system was taken as evidence that Jcl, and Jt,,,, are equal. I t  is perhaps possible 
that J,,, is large enough to obscure differences in JcI, and Jt,,,, and that the value of 
6.3 c.p.s. actually represents an average of Jcl, and Jt,,,,. There may also be a snlall 
effect depending on the electronegativity of the substituent. Snlall effects have been 
observed in substituted ethanes for which the I-I-C-C-I-I coupling constant is given 
by 8.4-0.4 E ,  where E is the electronegativity of the substituent (3). The snlaller value 
of 6.3 c.p.s. found by Jackn~an as conlpared to our average of 7.0 c.p.s. is in the right 
direction. Fro111 data on over 100 substituted ethylenes a definite correlation has been 
established between the electronegativity of the atom in the szibstituent group attached to 
the vinyl carbon and the values of the proton coupling co~lsta~lts (6, 7). Such electro- 
negativity effects are larger for unsaturated systenls such as the ethylenes than for the 
ethanes. 

The proton coupling constants for cyclopropa~le itself have been nleasured from the 
C13 satellites of its proton spectrum (8). The value of 7 .5~ t0 .5  c.p.s. quoted for both the 
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cis and trans coupling constants is, no doubt, an average value for reasons which are 
now well 1;nown (9). 

A recent publication gives the proton spectrunl of thujopsene and hinokiic acid (10). 
Only the X part of the spectruin is visible and one obtains only the sunl of J,,, and J,,,,,. 
This is 14.0 c.p.s., a value entirely in keeping with our suln of 14.1 c.p.s. 

( b )  Comparison with Other Ring Systems 
In Table I11 there are collected the calculated and observed proton coupling constants 

for eight different values of the dihedral angle. They are talcen fro111 data given for 

TABLE 111 

Calculated and observed proton coupling constants in c.p.s. for sorne ring compounds 

Coupling constants 

Angle Calculated Observed Reference 

0" 8 . 2  7.7-8.7 11 and this paper 
ca. 44" 4 .1  4.0-4.4 11 
ca. 60" 1 . 7  2-4 12 
ca. 70" 0 0 11 
ca. 90' 0 0 11 and references therein 
ca. 120' 2 . 1  2 . 2  11 
ca. 147"* 6 . 4  5 . 4  This paper 
ca. 180" 0 . 2  5-8 12 

W e  thank a referee for pointing out an  error in our previous estimate of this angle. 

three-, five-, and six-membered rings and include the judicious measurements of Anet 
(11, 12). The six-membered rings are assumed to exist in one coilformation only (12). A 
certain amount of distortion from the assumed dihedral angle is possible for most of 
these rings but the overall agreement between theory and experinlent is encouraging. 

On the other hand, values of proton coupling constants in three-membered rings con- 
taining the heteroatoms oxygen, nitrogen, and sulphur do not agree very well with I<arplusJ 
predictions (13, 14) although the ratios of cis to trans coupling constants are roughly 
those predicted by Karplus. I t  is interesting to  note that  the deviation fro111 the predicted 
values increases with the difference in electronegativity between the heteroatoms and 
carbon. The deviation is in the same direction as for the substituted ethylenes mentioned 
above. For sulphur, with an electronegativity similar to that of carbon, the coupling 
constants are close to the value we have found for our cyclopropanes. The geolnetries 
of these inolecules show relatively sinall changes (13), and it  seeins reasonable to assume 
that the couplings in these heterocyclic propanes depend not only on angular factors but 
also on the electronegativity of the heteroatom. 

CONCLUSION 

Unequivocal values for cis and trans proton coupling constants in the same cyclo- 
propane ring have been observed. They fall reasonably well into the scheme devised by 
Karplus. A consideratioil of the proton coupling constants in heterocyclic propanes 
suggests that both angular factors and electronegativities are important in determining 
their magnitudes. I t  was also shown that  the ineasure~~lents of relative concentrations 
of geonletrical isomers of substituted cyclopropanes can be measured rapidly in favorable 
cases by n.1n.r. methods. Further work is needed to determine the gem coupling constant 
in cyclopropane derivatives. This is being done and a knowledge of all these types of 
couplings constant will facilitate the interpretation of quite complex spectra. 
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ABSTRACT 

The action of base on trisubstituted N-alkyl isoxazolium salts, first described by Icohler and 
co-worlcers (1 ,  2 ) ,  has been reinvestigated. On the basis of photochenlical and spectroscopic 
studies it is concluded that the reaction of the N-methyl triphenylisoxazoliu~u ion ( I a )  with 
aqueous sodium hydroxide leads to 4,5,6-triphenyl-2H-l,3-oxazine (111), a derivative of a 
heterocycle previously known only in benz-fused systems. 

In 1928, Kohler and Blatt (I) described the action of alkali on N-methyl triphenyl- 
isoxazoliuin "ferric chloride double salt" (Ia). Among the inaterials produced was one 
obtained most readily by shaking the isoxazolium salt with dilute aqueous alkali and 

Ia, R = CH,; R' = M 

Ib, R = CH?CH,; R' = Br 

I Ia ,  R, R' = H 

I I b ,  R = CH,; R' = Br 

ether for a few minutes and then separating and evaporating the ether layer. This they 
called the "anhydro compound" because of a presumed relation with some hydrated 
"pseudo bases". As possible represelltations of the "anhydro compound" they discussed 
structures IIa, 111, and IV, tentatively adopting I Ia ;  later Kohler and Richtlnyer (2) 
considered IIa as "definitely established". In the final communication of the series, Kohler 
and Bruce (3) described the preparation of an "anhydro compound" from the benzisoxa- 
zolium salt VIc, and assigned structure VIIc to this compound. 

Aliphatic Schiff bases are known to be reactive species readily undergoing poly111- 
erization and other addition reactions (4, 5). Those derived fro111 formaldehyde are, 
in fact, apparently unstable under the usual conditions of their fornlation and only 

lHolder of a National Research Coz~ncil Bursary. 
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KING A N D  DURST: BASE-CATALYZED REARRANGEMENT 

AXrnnl (lnp) 6 (p.p.m.) from 
v,, (cm-I) ( 6 ,  in parentheses) tetrarnethylsilane 

VIa, R = CH3 

VIb, R = CH?+ 

VIc, R = CHzCH3 

VIIa, R = H 

VIIIb, R = + 
VIIc, R = CH3 

hydrolysis or-in the absence of water-trimerization products have been isolated. I t  
seemed to us that the coillparative stability of the "anhydro compound" from the 
triphenylisoxazoliuin ferrichloride (Ia) was not compatible with structure IIa and, 
further, it was felt that the nature of this and the other "anhydro compounds" could be 
shown by the use of modern physical and chemical methods not available to Kohler 
and his co-worlters. 

Accordingly, we have prepared compounds Ia, VIa, and VIb (as the ferric chloride or 
perchlorate salts) and obtained crystalline "anhydro con~pounds" by what is essentially 
Kohler's procedure. In Table I are listed the ultraviolet maxima, infrared pealcs in the 

TABLE I 

The "anhydro compounds" and 111odel compounds: spectroscopic data 

"Anhydro compound" from Ia 1626 239 (15,700) 5 .58  
338 (6,200) 

"Anhydro compound" from VIa 1616 238 (10,900) 5.54 
325 (1,700) 

"Anhydro compound" from VIb 1610 240 (12,400) 6 .39 
329 (1,700) 

Benzalaniline 1628 - 8.35 
Be11zophe11011e anil 1623 - - 
B e ~ ~ z v l i ~ ~ ~ i n o b e n z o ~ h e n o n e  1626 - - 
"Me<hanol adduct'" (X) 1575, 1550 238 (9,300) 4.36% 

350 (12,500) 
Propyli~~~i~~oacetaldehyde (XI) 1673 - 

- - 
7 .  63t 

2-Phe11~l-2H-1,3-benzoxazin-4-one (XI I )  6 .22  
Formaldehyde 2,4-di~~itrophenylhydrazone - - 6.73,7.12$ 

*Doublet, j = 0 cycles/sec. 
tnuartet, j = 4 cycles/sec. 
XAB quartet, j = 11 cycles/sec. 

carbonyl region, and the chemical shifts of hydrogens attached to the non-aromatic 
carbon atoms; unless otherwise noted the i1.nl.r. peaks are singlets. 

In addition to structures IIa, VIIa, and VIIb, which correspoitd to I<ohler's proposals, 
structures 111, VIIIa, and VIIIb for these three "anhydro compounds" are a priori 
possible. Structure IV in which the nitrogen has 10 valence electrons is, of course, not 
possible and the related ylide (V) would be much too unstable to be isolated under 
these conditions. 

The single infrared maximum around 1620 cm-I shown by each of the compounds is in 
accord with the cyclic structures 111, VIIa, and VIIb being well within the range 1660- 
1480 cm-1 quoted by Bellamy (6) and similar to the C=N maxima of benzophenone anil 
(1623 cm-I) and benzyliminobenzophenone (1626 cm-I). The open-chain structures IIa ,  
VIIIa and VIIIb, on the other hand, would be expected to show two bands in this region. 
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VIIIb, R = q5 

The observation of only one band can be rationalized only by assun~ing that the carbonyl 
and azoinethine absorptions coincide, an assumption that is extremely tenuous since the 
absorption occurs outside the normal range of carbonyl groups not involved in hydrogen 
bonding. 

The ultraviolet data also agree well with the cyclic structures. The long wavelength 
bands of the "anhydro compounds" derived from the benzisoxazoles (at  325 and 329 mp, 
respectively) are very close to that of benzylimino-o-hydroxybenzophenone ( IX) ,  which 
is found a t  328 1111. The close siinilarity between the ultraviolet spectra of the two 

"anhydro compounds" derived from the benzisoxazole also argues in favor of the cyclic 
structures. In the open-chain structure VIIIb, the "new" phenyl group is conjugated 
with the main chromophoric system, which would be expected to result in distinct 
differences in the spectrum. The ultraviolet spectrum of the "methanol adduct" (X) (the 
formation of which is discussed below) is of interest in connection with the structure of 
the triphenyl "anhydro conlpound". The long wavelength of band X is found a t  longer 
wavelengths (by 12 inp) than the corresponding band in the "anhydro compound". 
Though on the basis of the cyclic structure (111) for the "anhydro compound" this is 
unremarkable, on the basis of structure IIa i t  would mean that the conjugation of another 
double bond with the chromophore of X yields a distinct hypsochromic shift. 

Though the nuclear inagnetic resonance spectra of comparatively few model systems 
have been reported, again the cyclic structures are much more satisfactory for their 
interpretation than the acyclic. Protons bonded to an azomethine carbon evidently absorb 
a t  rather low field. Aliphatic aldoximes have been found a t  6.3-7.0 p.p.m. (7), aliphatic 
aldehyde semicarbazones a t  7.4-7.8 p.p.111. (8), and aliphatic aldehyde 2,4-dinitrophenyl- 
hydrazones a t  6.8-7.2 p.p.111. (8). We have found that the azomethine proton of propyl- 
iininoacetaldehyde (XI) absorbs a t  7.63 p.p.111 and the corresponding protons of formal- 
dehyde 2,4-dinitrophenylhydrazone a t  6.73 and 7.12 p.p.m. The inethylene protons of 
the "anhydro compounds" derived from the N-methyl isoxazoliuin salts (Ia and VIa), 
however, are found a t  5.58 and 5.54 p.p.m. The corresponding methine proton of the 
"anhydro compound" from the N-benzyl isoxazolium salt (VIb) absorbs a t  6.39 p.p.m.; 
the azoinethine proton of benzalaniline absorbs a t  8.35 p.p.m.; the methine proton of the 
inodel compound XI1 (9) on the other hand is found a t  6.22 p.p.in. 
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I t  is evident that the n.m.r., infrared, and ~iltraviolet data individually agree-on the 
basis of expectatioiis derived fro111 the study of model systems-far better with the cyclic 
structures 111, VIIa, and VIIb for the "anliydro compounds" than with the open-chain 
structures 11, VIIIa, and VIIIb. In addition the data show a measure of agreement with 
one another which, iildepelldelit of the model systems, strongly supports the same con- 
clusion. The C=N bands in the infrared are in the same region, the ultraviolet spectra 
of the two benz-fused compounds are very similar, and the chemical shift of the methylene 
protons of the two "anhydro compounds" derived from N-~nethyl isoxazolium salts are 
virtually identical; the shift to lower field accompailying the replacenlent of one protoll 
by a plienyl group is as expected. 

Following the conclusions from the physical data just discussed and anticipating those 
of the discussion of the chemical reactions of the compounds, we shall, for simplicity, 
describe the reactions in terms of the cyclic structures 111, VIIa, and VIIb, and shall 
refer to the compounds by the corresponding nalues. 

ICohler and Blatt (1) reported that the triphenyloxaziiie (111), on being refluxed with 
methanol for an hour, was converted to a "methanol adduct" to which he ascribed 
structure X.  We have prepared this compound and have measured its infrared, ultra- 
violet, and 1i.m.r. spectra, wliicli, coupled with Icohler's observation that the "methanol 
adduct" (lilte the oxazine (111) itself) hydrolyzes readily to dibenzoylpl~ei~ylinetl~;~~~e, 
comprise good support for the structure (X) proposed b17 Kohler. The formation of X 
froill the "anhydro compound" is readily rationalized on the basis of the oxazine structure 
(111) by assuiniilg that under the coilditioils of the reaction the oxazine (111) is reversibl3- 
converted into the open-chain compound (IIa) ;  such a transfol-mation is, formally a t  
least, merely a variant on the familiar ring-chain tauton~erisnz of osazolidines, tetra- 
hydrooxazines, and similar compounds. 

I<ol~ler and Blatt also reported ( I )  that the oxaziiie (111) reacts wit11 phenyl magnesium 
bromide, giving the viilylainine XII I .  Again this reaction probably proceeds via an 
open-chain intermediate, though it is liltely that the ring opening is accelerated by 
complexing with the metal. The action of Grignard reagents oil carbinolamine ethers to  
yield products derived froin the corresponding Schiff bases has been frequently observed 

(10). 
Iiohler and co-worlters (1, 2) described the action of ozone on the triphen) 1 "anhydro 

compounds"; most notably, ozonolysis of the "anhydro compound" froin Ib (in ethyl 
bromide solution a t  room temperature) gave p-bromobenzil and benzamide. They con- 
sidered that the results of these expei-ilneilts established the open-chain structures (IIa  
and IIb) for these compounds. I t  has already been shown, however, that structure I Ia  
for the "anhydro compound" derivecl froin Ia  is far from satisfactory in explaining the 
spectroscopic data, and since ozone is a highly reactive species which may yield so-called 
abnorinal products by a number of different mechanisms (11, 12), it is much Inore reason- 
able to propose that the root of the apparent anomaly lies with the ozonolysis rather 
than the physical data. The double bond in I11 bears an oxygen and a carbon-nitrogen 
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double bond; it is notable that a formally similar system in 2,3,6-trimethyl-4-pyrone 
(XIV) leads to "abnorn~al" ozonolysis products, methylglyoxal and biacetyl (13). The 
process XV -+ XVI (or its one-step equivalent) illustrates a possible mode of ozone 
addition which would yield abnormal cleavage products. I t  is, of course, also conceivable 
that the ozone is reacting with the small equilibrium concentration of the open-chain 
tautorner under the conditions of the reaction. 

-0 

XIV XV XVI 

To provide further information about the nature of the "anhydro con~pounds" we 
have investigated some photochemical reactions of these compounds. Barton (14) has 
recently suggested that i t  is a general property of any ring of 2n members colltaining 
(n-1) conjugated double bonds, when irradiated with light of the appropriate wave- 
length, to form an open-chain conlpound having n conjugated double bonds. I t  would 
be expected then that ultraviolet irradiation of I11 would yield IIa  and that if formation 
of the inethanol adduct takes place via IIa, the reaction might be accelerated by ultra- 
violet irradiation. We have, in fact, found that  irradiation of a solution of the oxazine 
(111) in methanol a t  -60' leads to complete conversion to the nlethanol adduct (X) 
within 2 hours. The thermal reaction, which takes place rapidly in refluxing inethanol 
and slowly a t  room temperature, is completely suppressed a t  -60'. These results are in 
accord with Scheme 1. 
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KING AND DURST: BASE-CATALYZED REARRANGEMENT 887 

Irradiation of VIIa and VIIb would also be expected to yield the open-chain species 
VIIIa and VIIIb, respectively, though since the ring opening disrupts the aromatic 
system, i t  would be anticipated that these compounds would cyclize very readily, giving 
back starting materials. When a solution of VIIa in dry methanol was irradiated, only 
starting material was isolated. When irradiated in methanol-ether (reagent grades) 
o-hydroxybenzopl~enone was obtained. Irradiation in dry methanol in the presence of 
aniline yielded the anil of o-hydroxybenzophenone. Without irradiation no reaction was 
observed either after refluxing with methanol-ether or on standing in the methanol- 
aniline mixture. These results agree with Scheme 2, analogous to Scheme 1. 

I reaction 

In addition to allowing ready rationalization and correct prediction of the thermal and 
photocheinical addition reactions, the oxazine structures predict that the tripheilyl 
compound (111) should be inore reactive than the benz-fused co~npouilds (VIIa and 
VIIb). On the other hand, reactions involviilg additions to structures VIIIa and VIIIb 
would lead to aromatic systems and hence should proceed more readily than the corre- 
sponding reactions with IIa. The observed order of reactivity is that predicted on the 
basis of the oxazine structures 111, VIIa, and VIIb. 

Fronl this study of the spectroscopic properties and a number of chemical reactions 
of Kohler's "anhydro compounds", we conclude that they are best represented by the 
oxazine structures 111, VIIa, and VIIb. I t  appears that a "bare" (i.e. not fused to a 
benzene ring) 2H-1,3-oxazine, though a simple heterocyclic system, has not been reported 
previously; the "anhydro compound" (111) is evidently the first example of this type of 
heterocycle. 

As reasonable mechanisins for the formation of the oxazine we suggest that an ylide (V), 
formed by abstraction of a proton by base, inay either rearrange as indicated by the arrows 
in structure XVII (a process which is formally analogous to the Stevens rearrangement) 
or, alternatively, the ring of the ylide (V) may open to form IIa, which then equilibrates 
with 111. 

XVII 
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EXPERIMENTAL 

Infrared and nuclear magnetic resonance spectra were determined in dilute carbon tetrachloride solution 
using, respectively, a Beckman IR-7 grating spectrophotometer equipped with sodium chloride optics, and 
a Variarl DP-60 spectrometer. Chemical shifts are reported in parts per lnillion from internal tetramethyl- 
silane. Ultraviolet spectra were determined in cyclohexane solution using a Beckman DK-1 instrument. 
Petroleum ether refers to the fraction of b.p. 35-60". Melting points were determined on a KoRer bloclc and 
are ~~ncorrected. 

4,6,6-Triphenyl-2H-1,Y-oxazine (111) 
This compound was prepared from N-methyl triphenylisoxazoli~~rn ferrichloride ( I a )  (1u.p. 161-162") 

as described by Icohler and Blatt (1) and melted a t  140-141"; reported m.p. 140-141' (1). 

~-PRenyl-1,2-benzisosazo~e 
The following procedure was found to be more satisfactory than that of Icohler and Richtluyer (2). 

0-Chlorobenzophenone oxirne (15) (4.42 g) was dissolved in a mixture of 50% aqueous potassiu~n hydroxide 
solution (30 ml) and ethylene glycol monomethyl ether (10 ml). The solution was refluxed and after about 
1 hour had separated into two phases. After being heated for a further 6 hours, the mixture was cooled, 
yielding a crystalline product. Recrystallization from methanol gave 3.1 g (SOT;) of material melting a t  
82-83". 

N-Metl~yl-S-plte?ty~-1,2-be?tzisosazo~izm Ferrichloride ( VIa) 
3-Phenyl-1,2-benzisoxazole (3.3 g)  was added to freshly distilled dilnethyl sulphate (15 ml) and heated 

a t  125" for 24 hours. The solution was cooled and treated with 6 ivhydrochloric acid. Ferric chloride solution 
(2  parts FeC13 to 1 part water) was added ~ ~ n t i l  the yellow salt precipitated; yield 6.25 g (90%); m.p. 117- 
119". Calculated for CI?H,?ONI;~CII:  C, 41.227,; H, 2.97%; N, 3.35%. Found: C, 41.367,; H,  3.12%; 
N, 3.4370. 

3-pRenyl-2H-1,s-benzoxazine ( VIIa) 
N-i\/Iethyl-3-phenyl-1,2-benzisosazoli~11 ferrichloride (5.25 g)  was shaken for 15 minutes with ether 

(15 1111) and a 57, aqueous solution of sodium hydroxide (15 ml). The ether layer was washed with water, 
dried over anhydrous s o d i ~ l ~ n  sulphate, and evaporated, yielding a yellow oil (1.35 g, 50%). Addition of a 
solution of picric acid in ether gave a dilnorphous yellow picrate, m.p. 103-104" (from methylene chloride - 
ether) and 158-160' (from glacial acetic acid). A solution of the picrate in methylene chloride was poured 
ollto a colu~nn of basic alumina (IVoelm, grade I ) ;  on elution with benzene a white solid was obtained which 
recrystallized from ether - petroleum ether as white needles, 111.p. 49-50', The infrared spectra of the 

and crude oily materials were virtually identical. Calculated for CIIHIION: C, 80.377e; H ,  
5,307,; N, 6.8lTA. Found: C, 80.64%; H, 5.28%; N, 6.69%. 

~V-Be~~zy l -S -pheny l -1 ,2 -be~tz i soxazo l z t  Perchlorate ( VIb) 
3-Phenyl-1,2-benzisoxazole (440 mg) was dissolved in benzyl chloride (3  ml), and a saturated solution of 

silver perchlorate (500 mg) in ether added. A white precipitate forlned im~nediately, which was filtered off 
and t r i t ~ ~ r a t e d  with methylene chloride. The mixture was filtered (to remove the silver chloride) and the 
filtrate evaporated to about 2 ml. Addition of ether gave white crystals (275 mg, 30%) which, after four 
recrystallizations from methylene chloride - ether, melted a t  164-165'. Calculated for C?oHle05NC1: 
C, 62.26%; H, 4.187'; N, 3.630j0. Found: C, 61.86%; H, 4.26%; N, 3.4170. 

2,4-Diphenyl-2H -1,S-benzoxazbe ( VIIb) 
The perchlorate (VIb) (145 mg) was dissolved in methanol (5  mi) and a 5Y0 aqueous sodium hydroxide 

solL1tion (15 1111) added with stirring during 15 minutes. On ~vorli-LIP a crystalline material (89 mg, 84%) 
was obtained which recrystallized from methylene chloride - petroleum ether as white needles melting a t  
97-99'. Calculated for CZOIH~~ON:  C, 84.18Y0; I-I, 5.307;; N, 4.919;. I ;o~~nd: C, 83.87yc; I-I, 4.907,; N, 
5.19%. 

Ivradiation of 4,5,6-tripltenyl-2H-1 ,S-osaziwe 
4,5,6-Triphenyl-'3H-1,3-oxazine (111) (50 mg) was dissolved in a ~uixture of ether (20 ml) and methanol 

(2  ml). The solution was divided into two equal portions and each half placed in a glass-stoppered, 50-1111 
round-bottomed Pyrex flaslc. One flask was wrapped carefully with aluminum foil to allow as little light as 
possible to reach the inside, the other flask was not wrapped. The flaslcs were i~nlnersed in cold 11lethanoI 
contained in a stainless steel beaker cooled i n  a dry ice - methanol bath. The temperature of the methanol 
surrounding the reaction flasks was kept a t  - 6 0 f  5' during the experiment. A Hanovia C-H-3 ~~l t raviole t  
lamp was placed in a Pyres test tube and immersed in the luethanol bath so that  the light source was the 
same distance (ca. 2 cm) from each flaslc. After 90 minutes' irradiation both samples were removed from 
the  bath and the solverlt removed in  malo. The infrared spectrum of the crude irradiated material indicated 
that  it consisted largely of the "lnethanol adduct" ( X ) ;  recrystallization gave X (17 mg), identified by 
colllparison of the melting point and infrared spectru~n with that  of an  authentic sample obtained by 
Icohler and Blatt 's procedure (1). The infrared spectrum of the crude material from the shielded sample 
illdicated it to be almost pure starting material, which, after recrystallization, mas identified as I l l  by 
melting point and infrared spectrum. 
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KISG A K D  DURST: B.?SE-CATALYZED REARRANGEMENT 889 

In a scco~lcl experiment ~~l t raviole t  spectroscopy showed that  the irradiated san~ple  was converted to the 
methanol aclduct in less than 3 hours and that 110 significant change took place with the shielclecl sample 
in 6 hours. 

Irradiation of 4-Plce?zyl-91-1-1 ,S-be?zsosa~i?ze ( V I I a )  
( a )  I n  ~VIeLlaanol-Etliei 
4-Phenyl-31~-1,3-benzoxazi11e (450 ~ n g )  was dissolved in a mixture of ether (Mallinc1;rodt anhydrous, 

85 ml) and ~nethanol (Fisher Spectranalyzed, 85 III~),  and the solution irradiated for 10 hours in a quartz 
immersion apparatus (16) using a Hanovia C-H-3 lamp. The solvent was evaporated ancl the material 
soluble in ether chromatographed on silica gel. Elution with petroleum ether - benzene (30:l) gave a yellow 
oil (200 ~ n g ) ,  identified by its infrared and n.m.r. spectra as  o-hydroxybenzophe~~o~~e. 

( b )  I n  Dry  ilfetlcanol 
When the irradiation was carried out under the same conditions as in (a) but using as  solvent ~netharlol 

carefully dried by the ~nagnesiun~ nlethoxide procedure, only starting material was obtained. 
( c )  I n  llIetRano1-Aniline 
4-Phenyl-21-I-l,3-be~~zoxazi~~e (450 mg) and freshly distilled aniline ( 1  ml) were dissolved in methanol 

dried by the magnesium methoxide procedure (170 ml), and the solution irradiated in the imnlersion 
apparatus. After about 10 minutes the solution began to  redden and within 4 hour was a dark red. The 
irradiation was continued for 10 hours. The  solvent was then evaporated and the residue triturated with 
methylene chloride. The methylene chloridc solution was filtered through a silica gel column and the solvent 
evaporated, leaving yellow needles ('205 mg), identified by melting point, mixed melting point, and infrared 
spectrum as  the anil of o-hydroxybenzophenone (17). The  proton magnetic resonance spectrum of the anil 
showed a singlet (due to hydrogen-bonded 0-H) a t  13.80 p.p.m. and a broad absorption a t  6.7 to  7.3 p.p.m. 
due to  the aromatic hydrogens. 

Treatment of 4-Phenyl-2H-1 ,S-beneoxasi?ae ( I f I I a )  witlz Alethanol-Etlzer 
4-Phenyl-2H-l,3-benzoxazine (25 mg) was dissolved in a mixture of methanol (Fisher Spectranalyzed, 

5 ml) and ether (iLIallincl<rodt anhydrous, 5 ml), and the solution refluxed for 12 hours. The solvent was 
evaporated; the infrared spectrum of the residue showed it to  be unchanged starting material. 

Treatnaent of 4-Phenyl-2H-1,s-benzoxasine ( I f I I a )  with AleLRanol-Aniline 
Aniline (0.2 ml) was added to  a solution of 4-phenyl-2H-1,3-bel1zoxazi11e (10 mg) in dry 1nethanol(15 ml), 

and the solution allowed to  stand a t  room temperature for 16 hours. The  infrared spectrum of the product 
showed it to be unchanged starting material. 
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THE CONDUCTANCE OF MOLTEN LITHIUM CHLORATE AND THE 
EFFECT OF ADDITIONS OF TRACES OF NONELECTROLYTES 

ON THE CONDUCTANCE 

A. N. C t ~ x ~ ~ ~ ~ ~ ,  E. i\/I. KXRTZMARK, AND D. F.  WILLIAMS^ 
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ABSTRACT 

The specific conductance of pure molten lithium chlorate between 130 and 145" C was 
determined and an activation energy of conductance deduced. Additions of s~~bs tances  
having various dielectric constants were made to molten lithium chlorate and the conductances 
determined. 'These additions were: (a)  water, 0-6yo by weight; (b) nitrobenzene, 0-0.4yo by 
weight; (c) methyl alcohol, 0-1.25% by  weight. The results are discussed. 

Although muclz experiinental work has einanated from this and other laboratories on the 
conducta~zce and viscosity of concentrated aqueous solutions, over the last dozen or so years, 
a satisfactory theoretical treatment isstill lacking. I t  isco~lte~lded by lnally that the Debye- 
Hiickel-Onsager treatment has been pushed to its liinit when xu (= ( 5 0 . 2 9 : 4 c ) / ( ~ ~ ) ' ~ )  

becoizzes greater than 0.2,  correspoilding in most cases to a coilceiltratioll not greater than 
0.05 M. According to Fuoss, "It therefore seeins futile to look for a solution to the 
probleizl of higher concentrations by an exteilsio~l of the present theory which is, however, 
valid for low concentrations." (I) 

Since the original great advances in the theory of co~zductailce were made by the 
study of what has been called "slightly impure distilled water", it seemed to us that 
interest might now well shift to the study of izlolteil salts, to which traces of impurity 
were added, lnore especially as we had a t  our disposal, in the for111 of lithiu~n chlorate, 
a very low melting salt. The melting point of this salt lies a t  127.8O C, and this is about 
150" lower than that of ally other sinzple salt. The present paper deals with the con- 
ductance of molten lithium chlorate, at a temperature slightly above its melting point, 
both pure and in the presence of trace addition. The theoretical treatnleilt of tlze probletn 
of conductance in inelts is extensive, though somewhat inconclusive; it therefore seems 
to us best to limit this paper largely to an account of results obtained. 

The electrical conductivities of aqueous solutio~zs of lithium chlorate, ranging in con- 
centration from dilute aqueous solutions to molten salt, were nzost recently deteriniilecl 
by Can~pbell, I<artzmark, and Paterson (2) ,  but for experimental reasons, there was a 
gap in the measurements between 90 and 100% lithiunz chlorate. This gap has now 
beell filled. 

L i th i~~rn  chlorate was prepared by the method of Icraus and Burgess (3), as modified by Canlpbell and 
Griffiths (4). Lithium chlorate is extremely hygroscopic and must be handled in a nitrogen-filled dry box. 
We ~ ~ s e d  barium oxide to dehydrate the dry-box atmosphere. The final product (LiC103) was heated a t  
100" C, ~ ~ n d e r  high vacuum, for 6-8 weel;s. The ~nelting point obtained was 127.8OC. 

Since we intended to admit, a t  first, only traces of water to the lithiuln chlorate, it was inlportant that 
the l i t h i ~ ~ m  chlorate should be truly anhydrous. After abortive attempts a t  detection of water by infrared 
absorption, we were finally successful with gas chromatography. The method was as follows: 

'Holder of a Coitzi?zco Fellowship, 1960-61. 
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CAMPBELL ET AL.: CONDUCTANCE OF LITHIUM CHLORATE 89 1 

A Precision Chromofrac VP-7 instrument was used: argon was the carrier gas. The instrument was 
calibrated for water by injecting san~ples of 0.01 ml ethyl alcohol containing known amounts of water. The 
lower limit of detection was found to be 1 part of water in 500 parts of alcohol, by volurne. Lithium chlorate 
(31.101 g),  mixed with dry sand, was heated in a hard-glass tube. Under the catalytic action of the sand, the 
lithium chlorate decomposed to chloride. The evolved oxygen, tozether with any moisture it might con- 
tain, was trapped in liquid nitrogen. A test of the residual showed that decomposition was complete. 

The trapped gases were allowed to warm up slowly to O0 C and a measured quantity of ethyl alcohol then 
added. The solution was then allowed to warm up to room temperature and then passed through the chro- 
matograph. The result showed that our preparation of lithium chlorate contained less than 0.006% water 
by weight. 

For the conductance determinations we used a large double-jacketed thermostat containing 18 gal of 
Marc01 G S  oil. The temperature of the thermostat was 131.8" C&O.OGo C;  this fluctuation occurred over a 
cycle of steady rise and fall, as the heater went on and off. Temperatl~res were read on a Beclcmann ther- 
mo~lleter which had been calibrated against a platinum resistance thermometer. The method of conductance 
determination was identical with that used in dilute solution work. I t  is sufficient to say that the bridge used 
lvas a Leeds and Northrup Jones conductivity bridge. The input signals were provided by an audio oscillator. 
The output from the bridge was coupled through a three-stage amplifier to an  oscilloscope. This circuit 
proved capable of detecting changes of less than 0.1 ohm in 3000 ohms. The conductance cell is represented 
in Fig. 1. Powdered anhydrous lithium chlorate was introduced into the weighed cell, in the dry box, and 

FILLING CAP 

FIG. 1. The conductance cell. 

the whole reweighed. When the cell was placed in the thermostat, the salt melted, leaving air bubbles along 
the capillary and attached to the electrodes. These were removed by causing the melt to flow into the bulbous 
compartments. After thermal equilibriu~n had been reached, the resistance of the cell was measured a t  
the ~nasinlurn and minimum temperatures of the bath fluctuation, using signal frequencies of 1,000, 5,000, 
and 10,000 cycles/sec. An oscilloscope was used as null point detector. A graph of temperature against 
resistance was then plotted for each of the frequencies used and the resistance corresponding to 131.8' C 
was then plotted against l /d(frequency) (Fig. 2). Extrapolation of this graph to infinite f r eq~~ency  gave the 
resistance of the cell in the absence of ionic polarization. 

A calibrated syringe was used to introduce the addition reagents. The cell constant was determined after 
the colupletion of each experiment: no change was detectable. 

In addition to the isothermal expel.iments a t  131.8O C, the conductance of pure (molten) lithium chlorate 
was determined over the range of temperature 130'-140" C. The activation energy was obtained from a plot 
of loglo K,, vs. 1 /T .  The slope of this straight line is equal to -4E,/R. 

EXPERINIENTAL RESULTS 

The experimental results are surnnlarized in Tables I ancl 11. The activation energy 
derived from the data in Table I is 6.3 lical/~nole, between 130 ancl 140" C. 
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BECKMANN THERMOMETER READINGS 

j FIG. 2. ( a )  Resistance vs. Beckmann temperature. ( b )  Resistance a t  131.8'C vs. (1/.\/F)X103: an 
example showing the calculation of a resistance a t  infin~te frequency. 

TABLE I 

Temperature, resistance, and specific conductance of pure molten lithium chlorate 

Resistance 
a t  infinite 

Temperature frequency Specific 
( " c )  (12) conductance ( l /T)XlO" loglo h, 

DISCUSSIOS OF RESULTS 

The coilductailces with sillall additions of water are in good agreement with the 
figures of Campbell, I<artzmark, and Patersoil (2), for solutions of 93.98 and 100 weight% 
lithium chlorate. 

Nitrobenzene i ldd i t ions  
Nitrobenzene was fouild to have a very liinited solubility in molten lithium chlorate. 

The  illaximunl amount of ilitrobellzeile i11 a one-phase systenz a t  131.8' was only 0.4 
weight%. 
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CAMPBELL ET AL.: CONDUCTANCE OF LITHIUM CHLORilTE 893 

TABLE I1 

EKect of small amounts of additive on conductance 

Resistance 
Moles Percentage a t  infinite 

Riloles lithi~rm by weight frequency Specific 
additive chlorate additive (n) conductance 

Water 
- 

0.013 

Nitrobenzene (density 1.19867) 
- 1.0 2353.8 0.1148 

0.001335 1.0 0.1815 2359.2 0.1145 
0.002667 1 . 0  0.362 2367.5 0.1142 

Methyl alcohol (density 0.7928) 
- 1 .o - 2351.5 0.1149 

0.06587 1.0 0.223 2358.2 0.1146 
0.1218 1 .O 0.43 2368.9 0.1141 
- 1 .o - 2353.8 0.1148 

0.1789 1.0 0.63 2373.0 0.1139 
0.2686 1 0  0.94 2417.6 0.1118 
0.3580 1 .0  1.25 2474 7 0 1092 

NOTE: Dielectric constants of additives: water, 78.51 a t  25'; nitrobenzene, 31.82 at  25'; rnetllyl 
alcohol. 32.63 at 25'. 

~ ~ t h ~ z ] . ~ z ~ ~ h ~ z  Additions 
The solubility of methyl alcohol in lithium chlorate is large but a practical limit is 

set, a t  131.S0 C, by the fact that chemical decomposition of the ~nethyl alcohol occurs a t  
a conce~ltration of methyl alcohol greater than 5y0 by yveight; a t  least, gas bubbles are 
evolved, which adhere to the electrodes and bloclr the capillary, rendering the resistallce 
readings uncertai~l. 

In order to compare the conductance of lithium chlorate in methyl alcollol as solvent 
with a corresponding conce~ltratio~l in water, a value of the specific conductance, a t  
25" C, of a solution of lithium chlorate in methyl alcohol, containing 55.8 weightyo 
lithium chlorate, was determined. The value found was K,, = 0.00939. This should be 
compared wit11 the corresponding figure for 55.71 weightyo litl~iurn chlorate in water 
of 0.1189 (2). 

The specific conductance, related to the mole ratio of additive to litlliuln chlorate, is 
given in Table 111. (The results are represented graphically in Fig. 3.) 

The Arrhenius equation, when applied to the present results, gives: 

K~~ = A, exp ( - AE,/RT). 

Over the small te~nperature range of 130-140" C, the graph of log,, K,, vs. l / T  is 
essentially linear, giving an activation energy of G.3 Ircal/mole. This value is rather high 
and is comparable with those of mercuric chloride (5) and nlercuric bronlide (6), viz. 
6.15 and 6.2 lxal respectively, but in the latter cases colnplex ion fornlation is lcnown 
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FIG. 3. Specific conductance vs. mole ratio of additive. 

to  occur. Yaffe and van Artsdalen (7) have shown that  the value of AE increases con- 
siderably as the melting point is approached from a higher temperature, and it may be 
that  the value of A E  for lithium chlorate between 130' and 140' should not be con- 
sidered as the true activation energy. Further experiments will determine the activatioil 
energy a t  higher temperatures. 

The addition of a small amount of water increased the specific conductance consider- 
ably. The conductance of the pure melt a t  131.8' C is 0.11502~ 0.0002 rnhos. The addition 
of 2y0 of water increases the specific conductance to  0.1336, an increase of 16y0. This 
initial rate of increase of conductance is slightly greater than that  found for additions 
of water between 2 and 6% (12%). This may indicate that  the role played by the initial 
water n~olecules is not entirely the same as that  of water molecules entering the system 
a t  higher dilution. I t  is possible that  the effect of the addition of water is twofold, on 
the one hand causing an increase in the number of Li+ ions available for conduction, on 
the other an increase in the effective size of the lithium ion, caused by its combination 
with water molecules. The first effect will increase the conductivity, whereas the latter 
will do the reverse. I t  can be assumed that  the effect of the chlorate ion on conductance, 
under these conditions, is small and constant, because of its large size and consequent 
small mobility, compared with that  of the (naked) lithium ion. 

The second additive investigated was methyl alcohol. Little change in the conductivity 
is noticed until a mole ratio of 1 :0.18 or 0.63% by weight of methyl alcohol is present. The 
tendency is towards a slow decrease in specific conductance. Thus a methyl alcohol/ 
lithium chlorate solution of mole ratio 1 : 0.26 has a specific conductance of 0.1125 whereas 
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CAMPBELL ET AL.: CONDUCTANCE OF LITHIUM CHLORATE 895 

a co~nparable water/lithiunl chlorate solution has a specific coi~ductailce of 0.1560. The  
difference is presumably due to the much greater ionizing power of water; a fact sub- 
stantiated when the conductance of a 55.87, lithium chlorate solution in methyl alcohol, 
specific conductance a t  25' C 0.0094, is compared to an equivalent aqueous solution, 
specific conductance 0.115. Partial ioilization of the lithium chlorate by the inethyl 
alcohol present can be seen when the comparison is made with the effects of the third 
additive investigated, nitrobenzene. Though only a small additio~i is possible, the more 
rapid decrease in conductance for comparable mole ratios is immediately noticed. 

These results suggest that  in the case of lithium chlorate the predominating influence 
eserted by traces of nonelectrolytes upon the conductance may be that affecting the 
degree of ionization. Further experiments, which will involve deternlinations of density, 
viscosity, and conductance, will furnish us with a more complete study of the therino- 
dynamic principles involved. 
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A NEW PHOTOCHEMICAL REACTION: THE STRUCTURE AND 
ABSOLUTE STEREOCHEMISTRY OF ATISINEL 

J. W. APSIMON~ AND 0. E. EDWARDS 
Division of Pz~re  Ckemislry, National Research Coz~ncil, Otlawa, Canada 

Received February 5, 1962 

ABSTRACT 

Irradiation of azides of diterpenoid acids with l a -  and ID-carbosyl groups gave the corre- 
sponding isocyanates and ca. 25% yields of lactams. The  azide of hexanoic acid under corn- 
parable conditions gave 8yo  of hesanamide. The  reaction has been used to convert podocarpic 
acid to the enantiomer of the phenol I11 derived from atisine. This colnpletes the structure 
proof of the atisine family of alkaloids, the Garrya alkaloids, and related diterpenes, and 
proves the absolute stereochelnistry of these substances. 

There is extensive evidence that the alkaloid atisine contains the features shown in 
rings B, C, and D of formula I (2, 3, 4). The evidence for the structure of ring A and 
the nitrogen-containing bridge was indirect, resting on the products of selenium dehydro- 
genation and superficial oxidation (3, 4) and on interpretation of n.nl.r. spectra (3). 
Considerable evidence had been obtained for the relative and absolute stereocheinistry 
shown in I (2, 3, 4). Very recently interrelation of the Garrya alltaloids, steviol, and 
kaurene, and extensive rotatory dispersion observations have provided confirmation of 
this absolute stereochemistry (5). However, since the structure of steviol and Icaurene 
have not been rigorously proved, the ring A and hetero ring structure needed con- 
firmation. We have now provided very direct proof of the correctness of the structure 
and absolute stereochemistry shown in I by partial synthesis of the N-acetyl phenol I1 
froin podocarpic acid. This proved to be the inirror iinage of the N-acetyl phenol 111, 

which had been prepared earlier from atisine (2). 
For partial synthesis of I1 a metlzod was sought of substituting the angular methyl 

(C-17) of resin acid derivatives. A very direct possibility of doing this and imnzediately 
forming the heterocyclic systein IV common to all diterpenoid alkaloids of known 
structure suggested itself. Therinal deconlposition of acid azides leads via electron- 
deficient nitrogen to the isocyanate. I t  seenzed possible that i f  the interinediate were 
generated in close proximity to a saturated carbon the ilitrene or diradical might sub- 
stitute this carbon. We were encouraged in this conception by the report of attack of 
thermally generated nitrenes fro111 aryl azides on methyl groups, giving rise to hetero- 
cyclic rings ( G ) ,  i.e. V -+ VI (after oxidative aromatization). 

'Issued as AT.R.C. No. 6791. 
A prelinzinary report of some of t l ~ i s  work has been Pz~blislied (1) .  

2 N . R .  C. Postdoctorale Fellow 1060-1962. 
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ArSIMON AND EDWARDS: ATISINE 

I t  seeined probable that the chance of attack oil saturated carbon in the case of acid 
azides would be increased if the energy for decomposition was supplied by ultraviolet 
irradiation. Not only might the electron-deficient nitrogen then be more energetic, but 
it might be in a different electronic state (triplet rather than singlet), thus enabling the 
substitution reaction to compete favorably with the rearrange~nent.~ 

Previous work on the photolysis of acid azides had shown that  isocyanates were 
produced as in the thermal reaction (7). I t  thus appeared iiuperative to have the saturated 
carboil exceptionally close to the electron-deficient nitrogen if we were to observe the 
desired reaction. We hence chose for study the azide of the trans-anti-cis acid VII 
available to us from other work (8). In this acid, ring C should provide steric com- 
pression of the angular methyl group, forcing it unusually close to the axial carboxyl. 

The azide of VII was prepared via the acid chloride and hydrazide. Because of its 
sensitivity it  was not isolated, but merely characterized by its infrared absorption a t  
2145 and 1700 cm-I. When a dry hexane solution of this was refluxed for 1 hour only 
the corresponding isocyanate VIII was produced. When the same solutioll was irradiated 
in a 1-cm quartz cell using a Hanovia ultraviolet lamp, a t  room temperature, there was 
steady evolutio~l of nitrogen. After coinpletion of the reaction the products were separated 
using chroinatography on alumina. The isocyanate VIII ,  which was the main product 
(65y0), was very readily eluted. The inore strongly adsorbed products were a 6-lactam 
(9) (~Efif:'~ 1665 cnl-I), in 25% yield, and a trace of y-lactam (10) (v:::'~ 1685 ~111-I), 
both of which gave correct analyses for ClsH27N0. The 6-lactam could unambiguously 
be assigned the desired structure I X  since the 11.111.r. signal for the angular methyl 
group (C-17) which appeared a t  T = 9.03 in the spectrum of the parent acid and T = 9.09 
in that  of the hydrazide was missing from its spectru~n (n.m.r. spectra of carbon tetra- 
chloride solutions with tetramethylsilane as internal stanclard). The y-lactain was either 

3Tlte ~earrangement n ~ o s t  likely involves ~nigratiofz of the alkyl giorrp with its fzrll con~plenzent of electrons, a?zd 
Izence reqzlires a singlet state of nitrogen (nitrene). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



898 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

X or XI ,  but insufficient evidence was available to distinguish between these possibi- 
lities. 

In order to pursue the potentialities of the substitution and to assess the importance 
of the steric co~npression discussed above we next examined the azide of the nlethyl 
ether of podocarpic acid (XII). With the' flattened ring C, this should have the methyl 
and carboxyl functions a t  a more normal 1,3 diaxial distance. The photolysis of XI1 in 
hexane proceeded smoothly. T o  our surprise a 25% yield of a mixture of lactains was 

OMe OMe 

X I I I  

again produced. The 6-lactam which predominated crystallized on the walls of the 
photolysis cell. I t  analyzed for CleH23N02 and had v",":,"' 1655 cm-1. Since the high- 
field signal expected for an angular methyl group (C-17) was absent from its n.nl.r. 
spectrunl it clearly had structure XIII.  A 5% yield of 7-lactam (v",":,"' 1695 crn-l) was 
also produced. 

In order to examine the reaction under conditions where only secoildary carbon 
could be substituted the azide (XIV) from dihydropimaric acid was prepared. When 
this was irradiated in hexane a lactam again crystallized on the walls. This analyzed 
for C20H31N0 and had v::l3 1685 (7-lactam). In view of the geometric limitations this 
can only be XV. The yield was similar (26y0) to that  in the methyl substitution. The 

reaction thus provides a new4 and potentially valuable method for introducing sub- 
stituents on ring B of the resin acids. 

Finally, in an at te~llpt  to observe the proportion of 7- and 6-lactams formed when 
equivalent methylenes were available for substitution, the azide of hexanoic acid was 
irradiated. An 8y0 yield of hexanamide was produced, probably by hydrogen abstraction 
from the solvent. The other products besides isocyanate were a coillplex mixture, which 
will be the object of further study. 

As discussed by Smolinsl<y for the thermal decon~position of aryl azides (4, 11) the 
photolysis of acid azides could involve the singlet nitrene XVI or the corresponding 

'Chromic acid oxidation has been used to place oxygen on  ring B of resin acids with a n  aromatic l ing  C ( l b ) ,  
and i n  the case of one pimaric acid isomer (Ukita 's  acid) ( I S )  seleniunz dioxide has been used to introduce oxygen 
on  C-9. 
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APSIMON A N D  EDWARDS: ATISINE 899 

triplet diradical XVII (unpaired spills of two of the unshared electrons). He produced 
evidence for the triplet character of the nitrogen in the thermal reaction (11). 

0 
It .. 

R-C-N 

SVI SVII 

We consider that the forination of the hexanamide from the azide proves the diradical 
nature of the nitrogen doing the hydrogen abstraction in this photolysis. Had the nitrene 
state done the hydrogen abstraction the first stage would be as in ( a ) :  

0 0 
11 .. 11 ..@ Q 

R-C-N + H-R' - R-C-NH It'. 

The charged particles in the non-polar solvent would form an ion pair which would 
collapse to uncharged RCONHR'. While i t  seems probable by analogy that the lactain 
formation also involves a triplet nitrogen as shown: 

0 

R-C-N. 
--f 

HKH' ,f 
I 

CH 2 

I 
the product could equally well arise from nitrene as in ( a )  or by insertion of nitrene 
into the C-H bond. An attempt to decompose the azide of dihydropimaric acid by 
energy transfer from triplet benzophenone (14), and hence get information about the 
mechanism, produced no change in product ratio or yield over photolysis without the 
benzophenone. 

This reaction takes its place with the Hofmann-Loffler-Freytag reaction (15, 16) and 
the recently developed photolysis of aliphatic azides (17) as a means of forming nitrogen- 
containing rings by substitution on saturated carbon. The latter two reactioils seem to 
preferentially form pyrrolidine rather than piperidiile rings (six-membered cyclic tran- 
sition state for hydrogen abstraction). The formation predominantly of piperidone in 
the compounds with a I/?-carboxyl when two possibilities for pyrrolidone forination 
were present is remarkable. This is particularly so if hydrogen is abstracted as hydride 
ions or hydrogen atoms, since this should be easier froin secondary than froill prinlary 
carbon. The proximity of the I/?-carboxylic function and the angular inethyl is the 
most probable cause of this preferential 6-lactam formation. 

With lactanl XI11 readily available we were now in a position to synthesize phenol 
11. Hydrolysis of XI11 with hot constant-boiling hydrobromic acid gave the phenolic 
lactam, which was then reduced by lithium aluminum hydride in refluxing dioxane to 
the secondary aminophenol. This was acetylated, then partially hydrolyzed to the N- 
acetyl phenol 11. This melted a t  279-280' and its infrared spectrum (nujol mull) was 
identical with that of the N-acetyl phenol from atisine (2). However, its rotation was 
+112", compared to -105' for the atisine degradation product. This proves decisively 
that the latter is correctly represented by I11 and that atisine has the structure and 
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stereochemistry illustrated in I. Since podocarpic acid has been sji~lthesized (18), this 
work opens a way to total synthesis of the mirror iimages of diterpeiloid alkaloids. 

EXPERIMEN'TAL 
Rotations were of ethanol solutions, infrared spectra were of Nujol mulls, unless otherwise stated, and 

melting points were taken on a Icofler hot stage. 

Azide of V I I  
lp-Carboxy-la,12p-dimethyl-tm~zs-a1~ti-cis-perhydrophenanthrene (8) (850 mg) in dry  ether (25 ml) and 

pyridine (3 drops) was allowecl to react with thionyl chloride (2 ml) for 2 hours a t  room temperature. 'The 
precipitated pyridine hydrochloride was removed by filtration and the solution evaporated i?z vacuo, yielding 
a pale yellow oil (870 mg) which crystallized on standing. 'This product showed infrared absorption a t  
1795 cm-I (acid chloride) but none a t  1695 cm-I (COOH). The  acid chloride was readily hydrolyzed to  the 
parent acid. 

The acid chloride (800 mg) in ether (50 ml) was added to  100% hydrazine hydrate (2 ml) in absolute 
ethanol (10 ml) a t  0" C. The  mixture was vigorously shaken for 3 ~ninutes,  poured into water, and extracted 
with ether. The ether extract was washed well with water, dried, and evaporated, yielding a crystalline 
product forming colorless needles (780 mg) from etherln-hexane, n1.p. 160°, [ a ] ~  f 47" (c, 0.34). Found: 
C,  73.14; H ,  10.71; N ,  10.28. Calc. for C17HaoNeO: C, 73.33; H ,  10.86; N ,  10.06. Infrared spectrum: v,,, 
3400 clllrl, 1600 cm-I (amide). 

The above hydrazide (500 mg) was dissolved in acetic acid (20 ~ n l )  and cooled tooo C. A saturated solution 
of sodiuln nitrite (350 mg) in water was added and the mixture vigorously shaken for 1 minute. 'The mixture 
was diluted with water and extracted several tiines with n-hexane. The  extract was washed with ice-cold 
water, 5% sodium bicarbonate, and water again, then dried with anhydrous sodium sulphate. The infrared 
spectrum of this hexane solution sho\ved absorption a t  2145 cm-1 and 1700 cm-1 (acid azide). 

Photolysis of the Azide of V I I  
The hexa~le solution of the azide was irradiated using a Hanovia ultraviolet lamp, a t  room temperature, 

in a 1-cm quartz cell. The photolysis cell had a capacity of ca. 150 ml and \\'as fitted with a circulating device. 
A similar quartz cell, through which cold water was passed, was placed between the light source and the 
photolysis cell to  keep the reaction cool. A steady evolution of nitrogen was observed and the disappearance 
of the azide bands in the infrared spectr~un was complete after 6 hours. T h e  reaction mixture was evapo- 
rated, yielding a pale yellow oil (260 mg) which was chromatographed on alumina (Grade IV, 7 g) in hexane. 
The following fractions u7ere obtained. 

Eluant Fraction No. LVt. (mg) Infrared indicates 

I-Iesane 1, 2 163 Isocyanate 
I-Iesane/benze~~e (70/30) 3-5 5 r-Lactam 
Bcnze~le/chloroforll~ (30/70) 10-15 62 6-Lactam 

The isocyanate (VIII) was sublimed a t  90° a t  lo-' mm, yielding colorless prisms, 1n.p. 64-66", f 36", 
(c, 1.07). Found: C,  78.26; H ,  10.39; N ,  5.56. Calc. for C17Hy7XO: C, 78.11; H ,  10.41; N, 5.36. Infrared 
spectrum: u,,, 2250 cm-I (isocyanate). 

'The next eluted product was the y-lactam (S or X I ) ,  1n.p. 182", [a]D f27"  (c, 0.33), forming colorless 
needles fro111 ethai~ol.  Subliination a t  170" a t  lo--' mln yielded the analytical sample. Found: C,  78.38; 
H,  10.13. Calc. for C17M?70N: C, 78.11; H, 10.41. Infrared spectrum: v,,,, 1680 cm-1 (r-lactain). The more 
strongly absorbed &-lactarn (1);) was crystallized twice from ether/pentane and subli~ned a t  120° a t  10-3 
111111 to yield colorless needles, n1.p. 183", [ f f ] ~  f 23" (c, 2.02). Found: C,  78.37; H ,  10.13; N, 5.25. Calc. for 

C17M?7x0: C,  78.11; M, 10.41; N, 5.36. Infrared spectrum: u,,,,, 3200 cm-I (\NI-I), 1650 cm-I (6-lactam); 
/- 

Tlzer?rzal Rearrange?,ze?at of Lhe Azide of V I I  
The hesane solution of the azide from a comparable r u n  was reflused for 1 hour, cooled, and evaporated 

to  yield quantitatively the isocyanate (VIII)  described above. 

Photolysis of 0-ilfitlzyl Podocarpic Acid Azide ( X I I )  
A hexane solution of this azide (XII)  was readily prepared using the previous procedure. The  hydrazide 

prepared during this sequence readily crystallized from ethyl acetate as  colorless needles, m.p, 16G0, [ a ] ~  
f 12-4" (c, 0.38). Found: C, 71.39; H ,  8.63; S,  9.51. Calc. for CI~H:~O?N?:  C, 71.49; H,  8.67; N, 9.26. Infrared 

\ spectrum: v,,:,, 3350 cm-I ( NH), 1615 cm-I (amide), 1600 cm-I and 1560 cm-1 (aromatic). 
/ 
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AFSIMON A N D  EDWARDS: ATISINE 001 

A hexane solutior~ of XI1 (v,,, 2150 cm-I and 1700 cm-l) from 1 g of hydrazide was irradiated as  described 
for VII. After 2 hours a colorless crystalline product was observed forming on the windo\vs of the photolysis 
cell. After 16 hours the disappearance of the azide absorption \vas observed in the infrared spectrum of the 
solution. The hexane solution was decanted and chro~natographed on a l~unina  (Grade IV). The isocyanate 
was eluted with hexane as  a colorless oil (500 mg) which slowly crystallized. Sublimation a t  80' a t  10-3 rnm 
gave colorless prisms, m.p. 62", [a]= +80" (c, 1.32). Found: C ,  75.93; H,  8.10; N, 5.05. Calc. for ClsH2sNO?: 
C, 75.75; H ,  8.12; N ,  4.01. Infrared spectrum: v,,, 2260 cm-I (isocyanate), 1600 ~111-I and 1560 cm-1 
(aromatic). Elution with benzene/hexane (1/1) yielded a crystalline product (45 mg) forming needles from 
acetone, m.p. 284". This was too insoluble for a rotation determination. Found: C, 75.92; H ,  8.08; N, 4.88. 
Calc. for C18M?Bxo?: C,  75.75; H,  8.12; N ,  4.91. Infrared spectrlum: v,,:,, 1695 cm-I (r-lactam), 1600 cm-I 
and 1560 cm-I (aromatic). 

The product which crystallized on the window of the photolysis cell was collected and recrystallized from 
ethanol, yielding colorless prisms of S I I I  (190 mg), m.p. 274", [ a ] ~  +41° (c ,  0.33). Found: C, 76.03; H ,  
8.14; N, 4.06; OMe, 10.80. Calc. for Cl?H?oNO(OMe): C,  75.75; H,  8.12; N, 4.01; ObIe, 10.88. Infrared 

spectrum: vmnx 3300 cm-I ('NII), 1655 cm-I (6-lactam), 1600 cm-1 and 1560 cm-1 (aromatic). 
/ 

Theriizal Rearrangei,ze?zt of X I 1  
The hexarle solution of the acid azide ( S I I )  was refluxed for 1 hour and evaporated to yield quantitatively 

the isocyanate, [ a ] ~  +89" (c, 0.73), clescribed above. 

Syntlzcsis of Phenol I I  
A sol~ltion of thc lactam ( S I I I )  (200 mg), obtailled from 0-methyl podocarpic acid, in acetic acid (3 ml) 

and 48% hydrobromic acid (10 ml) was refluxed for 3 hours. The cooled mixture was evaporated to  dry~iess 
in. unctro, yielding a colorless product (160 mg) which was crystallized from ethanol to yicld needles, m.p. 
347". This was too insoluble for a rotation cletcrmination. Found: C, 74.97; H ,  7.82. Calc. for CliHzlYO?: 

C,  75.24; H, 7.80. Infrared spectrunl, v,.. 3300 cm-l (>H), 3140 cm-I (-OH), 1650 c~n-I (aoiide), 

1600 cn-I and 1560 cm-I (aromatic). 
The phenolic lactam (150 trig) was dissolved in hot diosane (75 ml), and lithium a l u m i n ~ ~ m  hytlride (100 

lug) in ether (10 1111) was added a t  such a rate that the ether distilled olf. The mixture \\.as refluxctl for 2 
hours, cooletl, and the excess l i t h i ~ ~ m  aluminum hydride was decomposed wit11 ethereal methanol. Evapora- 
tion to  dryness in  vnczlo yielded a colorless product, which was extracted sevcral tinics \\,it11 \\.arm cthanol. 
The cthanol extract yielded a secondary amine (110 ing) which exhibited no infrared absorption in thc 
carbonyl region but complex absorption in the 3500 cm-I-3300 cm-1 region (a~nine  + phenol). 

This amine was dissolved in pyricline (5 ml) and acetic a ~ ~ h y d r i d c  (5 ml). Thc solution was refll~xed for 
40 minutes, cooled, and poured into '2 iV hydrochloric acid (50 ml). The p r o d ~ ~ c t  was extracted into ether. 
The ether solution urns \vashed well with \\later and 2 iV hydrochloric acid, dried, and evaporated, yielcling a 
pale yello\v oil (91 mg) which showed no absorption in the hydrosyl region of its infrared spectrum but had 
absorption a t  1738 cm-I (acetate) and 1610 cm-I (amide). This product was dissol\;ccl in methanol (15 ml) 
and water (5 ml). I 'otassi~~m hydrosiclc (10 1111, 5%) was added and thc m i x t ~ ~ r c  reflused for 3 minutes. The 
solution \ \as cooled and estracted with ether. The aqueous layer \\.as acidiliecl with 2 N hytlrochloric acid 
and extractecl with chloroform. The chloroform extract was dried and evaporated to  yield a crysti~llinc 
residue (53 n ~ g ) .  Iiecrystallization from acetone gave small colorless prisms, m.p. 279-28O0, [el" +112' 
(c, 0.45). Found: C, 76.-40; M, 8.34. Calc. for C I ~ I ~ ? ; N O ? :  C, 76.22; H ,  8.42. The infrared spectrum of this 
N-acetyl phe11ol (11) was identical with that of the phenol (111) obtained from the degradation of atisine. 

Photolysis of DiIrydropi?t~n,ic Acid Aride (XI  V) 
A hexane solution of the above azide (S IV)  \\.as prepared using the describecl procedure. The hydrazide 

formed colorless necdles from aqueous ethanol (900 mg), m.p. 156-15To, [a]" 7" (c, 0.76). Found: C,  75.(i4; 
H ,  10.60; K, 8.88. Calc. for CroM3.iS?O: C,  75.4'2; H ,  10.76; N, 8.80. Infrared spectrum: v,:,, 3380 cm-1 

()NH), 1620 c~n-1 and 1590 cm-I (arnide). The hexane solution of the acid azide prepared f ro~n this h>.dra- 
/ 

zide (850 mg), \\,hich showed infrared absorptioll a t  2130 cm-' and 1700 cm-I, was irradiated as  described 
for VII. After 12 hours the disappearance of azide absorption urns observed and the solution was then 
evaporated to dryness and chromatographcd on alumina (Grade IV). Hexane cluted the isocyanate (520 
mg) as  a colorless oil, b.p. 130-140" a t  lo-' mm. Found: C, 70.82; M, 10.48. Calc. for C?OH,~NO:  C,  79.67; 
13, 10.37. Infrared spectrum: vm,, 2245 cm-' (isocyanate). The benzene eluates yielded a crystalline product, 
S V  (159 mg), forming needles from aqueous methanol with 1n.p. 209'. The analytical sample sublimed a t  
162" a t  lo-' mln as  colorless prisms, m.p. 210°, [ f f ] ~  '7" (c, 0.0). Found: C,  79.82; H ,  10.51; N ,  4.81. Calc. 

for C20HBINO: C, 79.6i; 13, 10.37; N,  4.85. 111frared spectrum: vmax 3250 c~n-I ()XI-I), 1690 cm-1 and 
, 

1640 cin-1 (-,-lactam), 1685 cm-I (in CHCIB, -,-lactam). Dihydropimaric acid (250 mg) in hexane (150 ml) 
was ~u~changed after photolysis for 12 hours. 
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Plzotolysis of Heranoic Azide 
Ilexanoyl chloride (2 g) in dioxane (25 ml) and sodium azide (2.5 g) in water (10 ml) were vigorously 

shaken for 5 minutes and extracted with cyclohexane. The organic layer was well washed with water, 5% 
sodium bicarbonate, and water again, then dried with anhydrous sodium sulphate. This solution, which 
exhibited infrared absorption a t  2130 cm-I and 1710 cm-I (acid azide), was irradiated as described for VII 
during 12 hours. The only product that could be readily separated from the resulting mixture was the amide 
of hexanoic acid (230 mg), m.p. and mixed m.p. 99-100" after sublimation a t  70' a t  mm and having the 
requisite infrared spectrum. Found: C, 62.90; H,  11.23; N, 12.09. Calc. for C6H130N: C, 62.57; H, 11.38; 
N, 12.16. 
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KINETICS OF FORMATION OF ANODIC OXIDE FILMS ON BISMUTH 

L. MASING' AND L. YOUNG 
British Colz~?t~bzn Resenrck Coz~ncil, University of British Columbia, Vancoz~ver, British Colu~nbia 

Received January 3, 1962 

ABSTRACT 

The steady-state and transient kinetics of formation of thin insulating anodic oxide films 
on bismuth have been investigated. The thickness of the fil~ns was determined by the spectro- 
photometric method. No dependence on the crystal face of the substrate was detected (sensi- 
tivity better than 1% with thicker films). The transient behavior was found to be somewhat 
different from that of tantalum. The activation distances were found to be unusually large. 
The dielectric properties were also investigated. 

INTRODUCTION 

Anodic polarization of bismuth electrodes immersed, for example, in dilute sodium 
hydroxide solutioil produces uniform, insulating oxide films which show bright inter- 
ference colors, and which behave, i11 many ways, analogously with anodic oxide filins on 
tantalum, aluminum, titanium, and similar more reactive inetals (1, 2). Bismuth was 
chosen for the present study because it was thought that  the comparisoil of the behavior 
of bismuth with that  of materials which are so different in most other respects inight be 
expected to help to  show which aspects of the kinetics of anodic film growth are essentially 
characteristic of the process and which are special to  the particular metal. In addition 
there is, of course, the possibility that  some application inay be found for the films, 
particularly since there have been only two or three papers on the subject since the 
exploratory work of Giintherschulze and Betz in 1931. Bismuth is obtainable in rather 
pure state, single crystals are easily grown, and, though this technique was not used, it 
is of interest, in view of recent trends, that  thin layers of the metal are easily fabricated 
by evaporation. 

EXPERIMENTAL PROCEDURES 

The metal was obtained from the Consolidated Mining and Smelting Co. of Cnnada &:id was of 99.999% 
purity. Spherical single crystals about 2 cm in diameter were grown for uc by I i  G. Davis of the Physical 
Metallurgy Department of the University of British Columbia. Faces corrpsponding to (loo), (110), and 
(111) on the pseudocubic description were prepared. These were abraded with ~netallurgical papers down 
to 4 x 0  paper and were then electropolished in a bath due to Hare and  mallo on (3) containing 10 volumes 
ethanol, 10 volumes orthophosphoric acid (S.G. 1.75), and 3 volumes concer~trated hydrochloric acid 
(S.G. 1.19) a t  a current density of approximately 100 ma and cell voltage of around 2.5 volt using a 
tubular tantalum cathode. The bath was stirred. I t  was a t  an  initial temperature of about 20" C. The speci- 
mens were washed in ethanol and water. They were then dipped into a 1: 4 mixture by voll~me of concen- 
trated hydrochloric acid and water and, finally, washed again 111 water before placing in the ce!!. Anodic 
oxide films were removed in the above acid sollition and the specimens were reused several times before 
repolishing. 

Electrical contact to the specimens was made with a metal rod screwed into the bismuth crystals and in- 
sulated with apiezon-type waxes or epoxy resin. Various other stopping-off materials were tried in pre- 
liminary work. The technique was also tried of using a tantalum rod a s  connector, anodized to provide 
insulation and screwed in tightly either with or without a Teflon gasket. 

Various cells were used. The kinetic work reported here was obtained with a cell similar to that  used 
previously with tantalum (4). The reference electrode in the work quoted was a hydrogen electrode in the  
same solution. The whole cell was immersed in a water thermostat. I t  was not practical to bring the tip of 
the Luggin capillary very close to  the specimen. In some experiments no capillary was used. In  most of the  

1 Present address: Spragz~e- T .  C.C. (Canada) Ltd., 50 Bertal Road, Toronto 15, Ontario. 
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worlc the ohmic drop of potential in the solution did not matter since it was independent of the thickness 
of the film a t  constant current and was eliminated in calculating such quantities as AVlAD.  When it was 
necessary to correct for it, the electrolyte resistance Re between anode and cathode was determined by 
extrapolating plots of series equivalent resistance against reciprocal frequency to infinite f r e q ~ l e ~ l c ~ ;  the 
ohmic fall was then talcen as IR,, where I denotes the total current. 

The electrolyte used in the work quoted was 0.1 i l l  sodiun~ hydroxide in distilled water. The specimen 
was immersed for 5 minutes before starting formation in order to let it talce LIP the temperature of the bath. 
The solution was circulated rapidly during formation. 

The formation was a t  constant current and was controlled using the automatic electronic device ~ised 
previously for tantalum (e.g., ref. 1). This terminates the current when a preset voltage is reached with 
respect to the reference electrodc, and exhibits the times required to traverse successive 1- or 10-volt intervals 
d ~ ~ r i n g  formation. Other equipment, such as the a-c. bridge and the spectrophotolnetric apparatus, were 
also as previously described. 

RESULTS 

General Behavior 
The initial questions to which answers should be sought were clear froin previous work 

011 tantalum (e.g., refs. 4-8). The difficulty is, of course, that bismuth does not behave as 
ideally as does tantalum. With tantalum, for example, the current efficiency for the 
production of oxide is very close to 100% over a wide range of current density and 
temperature in a wide variety of solutions. With bismuth, oxygen evolution occurs more 
readily. However, under favorable conditions, the reduction in current efficiency due to 
this side reaction is not excessive. Numerical values are given later. Another difference 
from tantalum is that the film material is appreciably soluble. The films are also shown to 
be unstable by increases in the dielectric losses with time on standing in the solutioi~. 
Possibly, as with alurninum (9), a non-aqueous or partly non-aqueous solution could be 
found that would give more ideal behavior, but experiments made with various common 
non-aqueous solvents that have been used for anodizing did not uncover any preferable 
alternative. I11 preliminary experiments various forms of lion-ideal behavior were encoun- 
tered. In the final experiments, quoted here, the behavior was very reasonably repro- 
ducible. The chief limitation was that we were able to obtain accurate kinetic data only 
over a rather limited range of temper, 'I t ure. 

field in the oxide required to produce a given ionic current density of the order of 
a few ma ~ 1 1 1 - ~  is roughly of the order of one sixth of the value for tantalum. I11 other 
words, films formed a t  a few ma ~ 1 1 1 - ~  to 10 volt 011 bismuth are of the same order of 
thickness as films formed to 60 volt on tantalum. However, the total maximum thicliness 
that can be produced before brealtdown occurs is of the same order as with tantalum. 
This is perhaps not without significance. Under the conditions of the present experiments 
the current efficiency fell off quicltly a t  a little over 50 volt, more or less, according to 
whether the current density was higher or lower. 

Except following breakdo~v~l, the filills were struct~~reless under the light microscope. 
They can be reinoved by attaching adhesive tape and pulling. 

The experin~ental results to be presented are as follows. First, the dielectric properties 
of the film are discussed. The determination of tl~icltness and derived quantities is then 
reviewed. The kinetic results are then described, first for steady-state conditions and then 
for transient conditions. The significance of the results in deciding the mechailism of the 
process is dealt with in the discussion section. 

Dielectric Properties of the Oxide Filnz 
Since the size of the specimens used for the liinetic studies gave capacitances that were 

too high for the accurate measurement of their frequency dependence, measurements 
were made with a smaller polycrystalline specimen of 99.09970 imaterial, about 0.86 cm2 
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MXSING A N D  YOUNG: KINETICS OF FORMrlTION OF FILMS 905 

i n  area, of diniensions about 6 mill X3 mi11 X3 nim. This was stopped off with picieii wax 
and etched in '70y0 nitric acid. I t  was immersed symiiietrically in a large platinum tube 
electrode. 

Figure 1 shows the reciprocal of the series equivalent capacity C ,  (normalized to unity 
a t  1 kc/s), and the loss tangent (tan 6) plotted against the logarithm of the frequency f 

-I 0 I 

log,,, lf/l kc/s1 

FIG. 1. Loss tangent (tan 6) and reciprocal series equivalent capacity (normalized) for three thicknesses 
of oxide (formed to voltages of 30 v (O), 10 v (a), and 3 v (+) a t  2 ma ~ r n - ~  and 1.4" C) as function of 
frequency f of measurement. 

for a series of films formed to 3, 10, and 30 volt respectively a t  2.0 ma cm-? and 1.4" C. 
T o  eliminate the time dependence, the measureinents a t  the various frequencies were 
made first in order of increasing frequency and then back. The plotted values are the 
means. The figure shows that the dielectric losses are very much larger than would be 
found with non-porous films 011 taiitaluiii or aluminum. The losses increase with increasing 
thickness of oxide. 

Similar high dielectric losses with anodic oxide films 011 zirconium (10) may satis- 
factorily be explained by assuming that the films contain a comparatively high density 
of inicrofissures. The alternative would be that the dielectric losses of the flawless film 
material were unusually high. The electrolyte solution is supposed to penetrate into these 
craclts and to provide a parallel leakage conductance. The theory may be tested by varying 
the conductivity of the electrolyte. Figure 2 shows the effects with bismuth of reducing 
the concentration of the solution. The losses were, as expected, markedly decreased. 

The increase in the losses with increasing thickness is also typical of filills on zirconium 
and other metals. I t  appears that as the film tliicltens, stresses accumulate which cause 
cracking. 

Reciprocal Capacity and Formation Potential 
Figure 3 shows the reciprocal capacity a t  1 kc/s plotted against the successive potentials 

to which the speciiiien was formed a t  the indicated current densities. The film was 
removed after each separate formation (see Experimental Procedure), and the next fill11 
then formed starting from the "bare" metal. The significance of such plots is as follows. 
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FIG. 2. Loss tangent and reciprocal capacity for a single film'measured in 0.1 Af NaOH ( O ) ,  in 0.01 M 
NaOH (+), and remeasured in 0.1 IIf NaOH (a) .  

0 10 20 30 
volt  

FIG. 3. ( a )  Reciprocal series equivalent capacity a t  1 kc/s versus potential against hydrogen electrode 
in same solution to  which the specimen was formed in 0.1 M NaOH a t  0" C with current densities 0.2 ma 

( 0 )  and 2 ma (a) .  
(b)  Reciprocal capacity a t  100 c.p.s. ( a )  and a t  1 kc/s ( 0 )  versus poteiltial (larger scale than ( a ) ) ,  for 

film formed a t  2 ma and 0" C. 

The E.M.F. which causes the electrochemical formation of oxide is the oxide overpoten- 
tial, defined as the actual potential of the electrode with respect to some reference 
electrode less the reversible potential for the oxide-producing reaction (in this case 
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MASING AND YOUNG: KINETICS OF FORM.ATION OF FILMS 907 

assumed to be 2Bi + 3Hz0 = Biz03 + 3Hz, Eo = 0.37 volt). The overpotential V may 
formally be considered to be made up of a possible contribution V, from the interfaces 
oxide/metal and oxide/solution plus a term ED,  where E is the mean overfield in the 
oxide (defined analogously with the overpotential) and D is the thickness of the film. The 
interfacial contribution will be expected to be independent of D but possibly to be 
dependent on the current density and the temperature. Thus 

V = ED+Vi 
= EeA/4nC+ V,, 

where E is the dielectric constant, A is the area, and C is the capacity. Thus the slope of 
the plots is a measure of the field E and its constancy indicates either that E and E are 
inversely correlated, or, more probably, that E and E are independent of D. The deviation 
of the intercept on the voltage axis a t  zero 1/C from the calculated reversible potential 
is a measure of Vl. Clearly, V1 was of the same order as  the experimental error, the 
observed deviation being within about 0.2 volt. Thus we expect differential measures of 
the field strength (of the form AV/AD) to equal integral measures (of the form V/D). 

Thickness, Dielectric Constant, and Related Quantities 

Principles of Method 
There are several types of n~easuren~ent that purport to give a measure of the thickness 

of the films. Each type involves one or more parameters, such as the density of the oxide, 
the refractive index, or the dielectric constant. By comparing the data from the various 
types of measurement, first a check is obtained that thiclrness is indeed being measured 
and that the films are uniform, and, secondly, various relations are obtained anlong the 
parameters. If sufficient of these may be taken as ltnown, the values of the others may be 
deduced. The charge to form an increillent of thickness x is expected to be 

[I] Q = xAp6F/M, 

where A denotes true area; p, the density; F, the Faraday; M ,  the nlolecular weight 
(the oxide being presumed to be Biz03). The consequent change in reciprocal capacity 
is expected to be 

PI A(l/C) = x 4 n / ~ A ,  

where E denotes the dielectric constant. Minima in the specular reflectivity a t  a wave- 
length X are expected to occur with successive increments of thickness, 

[31 x = ~ / 2 n  cos el 
where n is the refractive index, assumed constant, and e is the angle of refraction. In 
previous work with tantalum and niobium, i t  was shown that  i t  was not necessary to 
assume that  the true.area is equal to the measured macroscopic area, since the area nlay 
be eliminated between [I] and [2]. With bismuth, however, i t  seemed preferable to assume 
that  the true area was equal to the apparent area. The calculation was done b l ~  first 
determining the field strength a t  various temperatures and current densities in ternls of 
the optical thickness (involving n). Values of the fields were also obtained with the 
thickness calculated from the charge to forin the films, using a method by which i t  was 
hoped to allow for current efficiencies below 100yo. Comparisoil gave nip. A similar 
procedure using the capacity to estimate the thickness gave En. The refractive index 
here was for X = 4000 a .  By also determining the field a t  one current density and tempera- 
ture only in terms of n for X = 5890 a, the ratio of the refractive indices a t  these two 
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wavelengths was determined. Finally, a value of the index in sodii~nl light was assumed. 
Corresponding numerical values for E, p ,  and the field strengths could then be deduced. 
If a preferable value of ally of these should later become available, it would be a si~nple 
matter to recalculate the data given here to fit the new value. 

Optical Thickness 
Figure 4 shows tracings of the spectrophoto~neter records of the ~ n i ~ l i ~ n a  in reflectivity, 

shown as nlaxima in "optical density," for speci~nens giving destructive interference a t  

FIG. 4. Tracings of spectrophotometer recordings ( a p p r e n t  optical density) of minima in spec~~ la r  
reflectivity ( rnas im~~rn in  optical density) a t  near-nornial ~ncide~lre  for films giving minima near 4000 A 
ill successive orders of interference. 

successive orders a t  wavelengths near 4000 '4. The peaks are flattest in the first order, 
but are then the most sensitive to the thickness of oxide (cf. Fig. 5). The wavelength (1) 
of the peak may be deter~nined (excluding calibration errors of the instrument) to about 
10 with thin fil~ns and 5 A with thick films, giving a thickness (D) sensitivity of a few 
A of oxide (see Table IV for d D / d ~ ) .  

Figure 5 shows plots of the wavelengths of the peaks versus voltage for specimens 
for~ned a t  a given current density and temperature. Such plots were interpolated to 
obtain estimates of the potentials correspo~lding to the thiclalesses giving interference in 
successive orders a t  precisely 4000 A for each current density and temperature. Nunzerical 
data are given in Table I. In all such experiments, each fill11 was fornled on "bare" 
metal, the previous film being first dissolved away. 

Figure 6 shows the voltages giving interference a t  successive orders a t  4000 A plotted 
against order of interference (i.e., t l ~ i c k ~ ~ e s s  in units of X/2n cos 0 with arbitrary zero) 
for formation a t  a given current density and temperature. The plot is linear. This was 
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MASING A N D  YOUNG: KINETICS O F  FORMATION O F  FILMS 

F I G .  5 .  Potential (against hydrogen electrode in the same solution) to which film was formed a t  2 ma 
cm-2 and 25" C plotted against wavelength of interference for films giving interference a t  wavelengths 
close to  4000 A in successive orders. 

order 

FIG. 6. Oxide overpotential (formation a t  0.2, 2 ,  and 20 ma crnP and 0" C)  for films giving interference 
a t  4000 A in successive orders plotted against order of interference (i.e., thickness in arbitrary units with 
arbitrary zero). 

typical and indicates the absence of detectable variation of field with thickness a t  co~lstailt 
current.* The slope of such plots, estimated graphically, was talcen as a nleasure of the 
field strength for the conditions of the plot. 

T o  obtain the dispersion of the refractive index between 4000 A and 5890 A, the slopes 
of two such plots were compared, one plot for each wavelength of interference. The ratio 
of the refractive indices was n(4000 A)/n(5890 A) = 1.19 (estimated accuracy, 10 .02) .  
Thus if the (rather old) published (11) value of the index for white light is assu~lled as 

*TILE unl ikely  allernalive i s  lhal co~?zpensatio?z occzrrs i n  tlzal lhe variozis nzellzods sziggesl colzsta?zt field 6211 
I tlzal paianielers szick a s  the refractive ilzdex vary to conzpe?zsale for a n  actzral clzange itt  field. 
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TABLE IA 

Potentials (in volts) against hydrogen electrode in the same solution (ohmic p.d. 
eliminated) corresponding to the thicknesses Dl, D?, . . . giving interference a t  

4000 A in successive order for various current densities and temperatures 

Total current density (ma cm-?): 

TABLE IB 

Increases (rounded to nearest 0.1 volt) in potential corresponding to  increase in 
thickness from Dl to Dz, D? to  D~,.et.c. (i.e., by X/2n cos 8) for various current 

densities and temperatures ( t h ~ s  IS a measure of the field in the oxide) 

Total current density (ma cm-2): 

n(5890 A) = 1.91, we have n(4000 A) = 2.27. The value 1.91 was obtained using a 
prism of metal converted to  oxide by heating in air and cannot be considered reliable 
though i t  is the same as the mean of one pair of values tabulated by Larsen (12) for 
bismite. I t  is assumed quite arbitrarily and all the other numerical values of field, etc. 
are derived from this value. Furthermore, i t  is assumed that  the refractive index is 
independent of the current density and temperature of formation. 

Data on the capacities a t  1 kc/s of films formed a t  2 ma cm-%t 0' C gave En = 140, i.e. 
E = 62 for n(4000 A) = 2.27. 
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MASIKG A N D  YOUNG: KINETICS OF FORMATION OF FILMS 911 

The  Charge to Form the Films 
Figure 7 shows statistical plots illustrating the variations of the charge required to  

increase the potential by 1 volt during formation a t  a given current density and tempera- 
ture. The individual values are grouped into successive 5-volt ranges. The plots are of the 

rnill~coulomb cm-Z rnillicoulornb ~ r n - ~  

FIG. 7. The ordinate shows the number of specimen trials in  which less than the charge/cm2 indicated 
in the abscissa was required to  form through 1 volt in the voltage intervals indicated a t  2 ma and 
35" C. The abscissa scale is common to the whole set of plots. ( a )  31-36 v, ( b )  26-31 v, ( c )  21-26 v, ( d )  
16-21 v, ( e )  11-16 v, ( f )  6-11 v, ( g )  1-6 v. 

integrated type (13) instead of the usual distribution function type. The nunlber of 
specimen trials which required less than a given amount of charge is plotted against the 
charge. 

To  use these plots, we rely on the principle that  the charge can never be less than 
corresponds to  100% current efficiency" but  that  it can exceed this amouilt without 
limitations. Thus the estimated values of the charge can be less than the theoretical 
niiilimum only by the small measuring error. 

T o  obtain an estiiliate of the theoretical charge, the plots of Fig. 7 are extrapolated to  
zero specimens and the intercept on the charge axis is talien as the required value. This 
gives an estiinate of 

" T o  avoid miszrtzderstandi7zgs, we  note that references are occasionally made i n  the literature to current eficietzcies 
grenter than 100%. Sflclr statenzents usual ly  mean  that the actz~al reaction was not that being assumed. I n  some 
ccrses the e.vpe,in~ental resrrlt was  really that the weight increase had been found to  be greater than  espected. 
Tlris can occzrr, for esample ,  i f  conzponents of the solution have been absorbed by the o.vide. 
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Figure 8 shows how the results tended to vary with the potential. The charge was in 
all cases high a t  the beginning of the formation, then decreased as the thickness increased, 

FIG. 8. Estimated minimum charge/cm2 to  form through 1 volt a t  2 ma crnP and 25" C plotted against 
mean voltage (from intercepts in Fig. 7). 

and finally rose slowly with further increase in thickness. Since the field calculated from 
the optical thickness showed no such variation over the same range of thickness, these 
variations appear to be without significance. A mean was taken of the values for each 
current density and temperature, excluding the values for voltages less than 10. The 
scatter of the data was least for the conditions of Fig. 8, i.e., 2 ma cm-2 and 25" C. Other 
data are given in Fig. 9. 

Together with the fields from the optical thickness, the data gave an overall mean value 
of nip = 0.333 (accuracy believed to be a few percent). With n(4000 A) = 2.27, this 
gives p = 6.8 g c111-~. Published values of the bulk density fall in the range 8.2-8.9 g 
c111-~. Evidently if the assumed index is correct, the films differ somewhat in properties 
from chemically prepared Bi203. 

Czlrrent Eficiency 
The field strengths obtained from the optical thickness refer to total applied current 

density. To estimate the ionic current density a nleail was taken of the times required 
to traverse the last 1 volt (or 10 volt a t  the highest current density) before the current 
was terminated for all the specimens in the various orders of interference which were 
used to determine the field a t  a given applied current and temperature. This gave a 
mean d V / d t  for these conditions. The ionic current density i was calculated from 

where E was the optically determined field. A value of nip is required and the value 
determined above was used. A value of n itself is not required. This gave the results for 
the current efficiency reproduced in Table 11. 
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MASING AND YOUNG: KINETICS OF FORMATION OF FILMS 

rnill icoulornb e m - 2  rn~llicoulomb cm-2 

FIG. 9. Similar data to Fig. 7 for conditions shown. (a) 0.2 ma ~ r n - ~ ,  0" C, 11-16 v; (b)  20 ma 
0" C, 4-55 v;  (c)  0.2 ma ~ r n - ~ ,  25" C, 11-16 v;  (d) 20 ma ~ r n - ~ ,  25" C ,  2-48 v. 

'TABLE I 1  

Current efficiency for the formation of oxide calculated 
from rate of rise of potential (see text) 

Tenlperature ("C): 
Total current 

density (ma ~ r n - ~ )  0 25 50 

Zero of Thickness 
Unless values of the optical constants of the metal are assumed, the spectrophoto- 

metric method gives a measure of increments of thickness rather than of absolute thick- 
ness. Three methods may be used to obtain a zero point. First, as shown above, the plots 
of reciprocal capacity versus potential (Fig. 3) suggest that if a plot is made of thickness 
with unknown zero against oxide overpotential (for a given current density and tempera- 
ture), the intercept a t  zero overpotential would indicate the zero of thickness. Thus, in 
Fig. 6, this would give the thickness Dl (say) of the film giving first-order interference 
a t  4000 A as a fraction 0.29 (&lo% spread) of the increment between orders (i.e., of 
X/2n cos 0 = 884 A if n(4000 A) = 2.27). This gives Dl = 255 (f 10% or more) A. The 
second method is to plot the charge-to-form against the order of interference. This 
neglects the film present before anodization (with tantalum the thickness of this pre- 
existing film can be estimated from the charge-to-form, with certain assumptions). The 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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plot shown in Fig. 10 is for 2 ma a t  25' C and, clearly, gave good agreement within 
the accuracy of the data. Thirdly, the increase in voltage that is required to produce a 

o r d e r  

FIG. 10. ( a )  Increase in potential required to increase steady-state current density a t  25' C by a factor 
of 10 plotted against order of interference. Mean values using all points available a t  each thickness. 

( b )  Total charge required to form a t  2 ma ~ r n - ~  and 25" C to thicknesses giving destructive interference 
a t  4000 A in successive orders plotted against order of interference. 

10-fold increase in current may also be plotted against the order of interference, as show11 
in Fig. 10. In drawing the line shown, the zero has been talcell in agreement with that 
given by the above methods. This method i~lvolves fewer assu~nptions but is less precise. 

Steady-State Kinetics 
Figure 11 shows data on the field from the optical thicli~~ess versus loglo (ionic current 

density). The field and the ionic current density were determined as explained in previous 
sections. The difference between the total and the ionic current density is quite small on 
the logarithinic plot. The plots are linear within experimental error, but it is perhaps 
doubtful whether small deviations froin linearity of the type observed with tailtalum 
would have been detected, the accuracy being less than with tantalum. 

With tantalum and niobium a mean value of d E / d  log, i (the equivalent of the Tafel 
slope in the kinetics of non-film-forming electrode processes) over a fixed range of i has 
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MASING AND YOUNG: KINETICS OF FORMATION OF FILMS 

FIG. 11. Log,,, (ionic current density) versus field strength a t  0' C (O), 25OC (a), and 50' C (9) 
in 0.1 ill NaOH. The points are experimental, the continuous lines are calculated from the fitted equatlon 
(see text). The ionic current density was derived from dV/dt. The helds are differential values (AV/AD) 
derived from the slopes of plots such as Fig. 6. 

been found to be nearly independent of temperature instead of proportional to tempera- 
ture as expected on simple theory. With bismuth, as with aluminum, i t  has not proved 
possible to obtain accurate results over a wide enough range of temperature to obtain a 
real test of the temperature dependence of dE/d log, ,i. We, therefore, have chosen to fit 
the data with the expression i = i o  exp (-(W-qaE)/kT). The  coilstailts are given 
with the number of digits needed to reproduce closely the experinlental data. They are, 
of course, individually ltnown to much lower accuracy. The values are loglo (io/a cm-') 
= 10.09, W = 1.14 ev, and a = 12.2 A, q being assu~ned to  be 3e, where e is the charge 
on the proton. The lines in Fig. 10 are calculated from the above expressioil with these 
values of the constants. 

Transient Kinetics 
As with other "valve metals," the system adjusts slowly to  a sudden change in field 

or current. The field-current relations that  have been reported above refer to  the situatioil 
where a coilstant current has been applied for a long enough time to  achieve steady-state 
conditions. Two types of experiment were made under transient conditions. 

The first type of experiment consisted in applying a constant current until a steady 
state was set up and the11 suddenly chailgiilg the potential (i.e., the field). The  current 
immediately after the change was determined by the method (4) described elsewhere 
(involving cathode ray oscilloscope photography). The "transient" Tafel slope defined as 
A E / A  log, i was then calculated. Results are given in Fig. 12 and Table 111. 

In the second ltind of experiment, the current was recorded during the period after 
the field had been suddenly increased to a new value. Tracings of photographs are given 
in Fig. 13, which also contains the result of a similar experiment with tantalum. With 
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FIG. 12. Change in l o g ~ o i  (shown as ratio is/& of final to initial current with logarithmic scale) for 
sudden decrease AE in field (50" C, initial current i l  = 20.9 ma cm-?). 

TABLE I11 

Transient Tafel slope and derived activation distance for mobility 
of ions (az) 

Initial total 
Temperature current density AE/A log, i 

( "c )  (ma CI I -~ )  ( lo5 v cm-l) az (A)  
0 2 . 0  2 .34 3.35 
0 20.9 2 .19 3.59 

50 20 .9  2.08 4.46 

msec msec 

FIG. 13. ( a )  Tracing of oscilloscope photograph sho\ving current versus time following sudden change 
as potential reached 20 volt fro111 formation a t  constant current density (2 ma CIII-?) to formation a t  
constant voltage (28 volt) for bis~nuth.  Te~nperature 4" C. 

(b)  Sinlilar but not identical experiment with tantalum. Initial formation a t  4 ma CIII-~ to 90 volt. After 
1 minute on open circuit, 100 volt was suddenly applied. 

tantalum (4), the current (after its initial sudden jump) increased slowly a t  first and then 
inore rapidly. With bismuth, the current increased rapidly a t  first and then more slowly. 
I t  would have been preferable to have been able to check this result by worlting a t  lower 
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MASING AND YOUNG: KINETICS OF FOIiMXTION OF FILMS 917 

fields with specimens wit11 a very low initial concentration of mobile ions. This experiment, 
however, is difficult because of the lower current efficiencies a t  lower current densities. 

Dependence of Kinetics on Crystal Face 
With tantalum no variation with crystal face of the substrate metal in the field required 

to produce a given ionic current has been detected. Probably a variation of 17, would 
have been found. On the other hand, with indium antimonide a difference was found by 
Dewald (14), though only a t  the low end of the range of field studied. Differences occur 
with titanium (15) and with zirconium and hafniunl (IG, 17), but only under circum- 
stances that are not fully established. Differences have been found with thin anodic films 
011 cadmium (18), but these are probably a special case, since the oxide is crystalline and 
epitaxial. 

With spherical single crystals of bismuth, no variation in interference color could be 
seen by eye. T o  obtain numerical data ,  films were prepared on a single crystal on which 
three contiguous faces ((loo), ( I l l ) ,  and (110)) had been prepared. The specimen was 
formed a t  0.2 illa cin-2 in one set of experiments, and a t  20 ma cm-2 in another set, to a 
series of potentials giving interference near 4000 A in successive orders. The wavelengths 
of the peaks were measured on the three crystal faces. The wavelengths of interference 
for the films on the three crystal faces were not entirely consistently in the saine order 
but showed some tendency to be so. The maximum difference between any two faces a t  
each forination voltage was calculated. The quantities dD/dX (i.e., the variation in film 
thickness corresponding to unit change of wavelength) were determined from the data  of 
Fig. 5 for the successive thicknesses (say Dl,  D2, D3,  D4)  giving interference a t  4000 A. 
From the differences in X and the dD/dX, the corresponding maximum variation in oxide 
thickness between any two faces was calculated. The results are given in Table IV. The 

TABLE IV 

Test of possible variation of kinetics with crystal face of substrate i~ietal  
-- 

&Iaximurn difference 
Order of in X between any L'Iaxim~~m difference Maxirnum percent 

interference two faces ( A )  dD,'dX in D ( A )  D ( A )  variation in field 

Formation a t  20 ma cln-? and 25" C 
1 67 0.18 12 260 5 

Formation a t  0.2 Ilia cm-2 and 25" C 
1 19 0.17 3 I90 2 
2 25 0.67 10 990 2 

maximum percentage change in field was about 5% a t  D l ,  falling to 0.3% a t  D4. Probably 
the sinall differences observed were due to slight variation between crystal faces in the 
ohmic potential fall in the solution. Variations in optical constants of the metal from face 
to face will not affect the above test. 

Although no appreciable change was detected between crystal laces, the kinetic data 
given here were, as a precaution, obtained for a specific face, (111). I t  should be men- 
tioned that in preliminary work with polycrystalline material, different crystal faces 
were sometimes found to show different colors. The reason for this was not discovered- 
possibly the effect is due to seine variation in the state of the surface produced during 
its preparation prior to anodization, perhaps because the etching process was sensitive 
to the crystal face. 
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DISCUSSION 

The discussion of the significance of the results as regards the fundamental mechanisms 
involved can only be tentative. The experimental results do not provide answers to all 
the questions that one would wish to ask and the possible alternative theories cannot be 
said to have been fully explored. Despite the recent intensive study of tantalum, the 
behavior even of this metal is not well understood. 

As a preliminary point, we note that the evidence seems consistent with a uniform film 
though, of course, narrow transitional layers near the interfaces are not excluded. 

The constancy of the field with thickness does not mean, as is sometimes stated, that 
there is no space charge present. I t  may mean either that the filins are so thin and the 
space charge density so small that the change in field across the film is negligible or it 
may mean that the filins are so thick that the space charge layers required to adjust the 
rate of entry of ions to the rate of passage through the oxide are complete and yet occupy 
only a small fraction of the total thickness. The second case means that we have the same 
conditions as with macroscopic-sized conductors. The first case is that dealt with by the 
theory of Cabrera and Mott. In this case, the field required to give a particular ionic 
current is entirely determined by the properties of the metal/oxide interface. I t  is not 
wholly certain but it  appears likely that  in this case the kinetics should depend to a 
detectable extent on the crystal face of the substrate metal. Since no such dependence 
was found and since, also, it is difficult to explain convincingly the transients on this 
theory, one is led to conclude that the results refer to the second case, that is to ionic 
conduction by an electrically neutral slab of oxide, the interfaces playing no part. . 

The most striking difference from tantalum, aluminum, zirconium, and similar inetals 
is that the field strengths required to give the observable range of ionic currents are 
comparatively very low, though still sufficiently high to give "high-field conduction" 
(i.e., an exponential dependence of current on field). I t  has been suggested in coilnection 
with work on niobium (19) that an inverse correlation seems possible between the 
dielectric constant and the ionic resistivity. The present results are in accord with this 
idea. 

One might expect that the lowness of the fields would lead to differences in mechanism, 
but this is no more than an expectation since the fields are low only because ionic move- 
ment is relatively easy, so that effects requiring high fields with tantalum inight well be 
expected a t  lower fields with bismuth. 

The best approach to the explanation of the transients involves the idea that the 
concentration of mobile ions is a function of the field but adjusts only slowly to a sudden 
change in the field. Since electroneutrality is being postulated, this must be tal;en to 
mean that a background of negative space charge is a function of the field and only 
adjusts slowly to change in the field. The concentration of mobile ions is supposed to be 
in itself variable, but to take up the value giving electroneutrality. I t  is perhaps difficult 
to envisage that electroneutrality should be maintained a t  all times, even after a sudden 
change in the field, but this simplifying assumption has been made in several recent 
papers and is difficult to avoid if one is to have a simple mathematical treatment of the 
model to be discussed. Space charge effects would be more in line with the usual, rather 
vague, explanations of similar effects with bulk materials. 

An idea first proposed by Bean, Fisher, and Verinilyea (20) to account for certain 
reported features of the steady-state kinetics with tantalum was applied by Verinilyea 
(5) and by Dewald (6) to the transients with this and other metals with solne initial 
success. The idea is that the high fields directly produce Frenltel defects. (A Frenlcel 
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defect is the electrically neutral combination of vacant lattice site and interstitial metal 
ion.) The process is equivalent to the ordinary process of ionic mobility except that here 
the ion moves from a lattice to an interstitial site rather than from one interstitial site 
to the next. The interstitial ions are supposed to be mobile but (to avoid complications) 
the vacant sites are supposed to be immobile. The rate of production of defects was 
supposed to be given by the usual form of expression for ionic mobility, Nvl exp { -  (W1 
-qalE)/kT}, where N = concentration of filled cation sites, v l  = vibration frequency, 
W1 = activation energy a t  zero field, q = charge on ions, a1 = activation distance, and 
the rate of destruction is given by iam, where i = current, a = cross section for the 
capture of interstitial ions by vacant sites, and m = concentration of vacant lattice 
sites. Thus, 

dm/dt = Nvl exp { -  (Wl -qalE)/kT} -;am 
i = 2a2v2m exp { -  (W2-qa?E)/kT]. 

Thus for a sudden increase in field, (AE/A log, i) = kT/qa2, and for steady-state con- 
ditions, dE/d log, i = 2kT/q(a2+al). Furthermore, on suddenly increasing the field, the 
current after the initial sudden change should increase rapidly a t  first and then more 
slowly. With tantalum (4), the current actually builds up slowly and then more rapidly, 
thus suggesting the existence of some sort of cascade process involviilg the production 
of Frenltel defects by the moving ions instead of by the field alone. With bismuth, on 
the other hand, the behavior fouild is qualitatively as  expected. 

With tantalum and niobium, which are the only metals which behave sufficiently 
ideally for it, so far, to  have been proved possible to obtain unequivocal evidence on the 
point, the Tafel slope, for steady-state conditions, shows an unexpected form of tempera- 
ture dependence. With tantalum the Tafel slope for transient conditions has been shown 
to exhibit a similar anomalous temperature dependence. According to the most recent 
work (4), which happens to be by one of us, the behavior may be explained by the 
necessity to include a higher power of the field, so that (a-PE) replaces a in the above 
equations. With the lower fields with which we are here concerned one might anticipate 
that,  if the explanation is correct, the simple form of temperature dependence would 
be shown. Unfortunately, we were not able to obtain experimental data over a wide 
enough range of temperature to settle the point. The data on the transient Tafel slope 
(Table 111) obtained a t  0' C and 50" C (with initial current about 20 ma show the 
same absence of the expected temperature dependence as would be found with tantalum 
(with fixed initial current). The data are probably statistically significant on this point 
but  we do not consider them to be decisive. Significant values of the steady-state Tafel 
slope could be obtained a t  0" C and 25" C only. They were, as  i t  happens, consistent 
with proportionality to temperature. 

The values of the activation distances (obtained from the Tafel slopes, see earlier) are 
unusually large. Thus with tantalum a2 is of the order of 1 A and a l  of the order 5 A 
(varying with temperature and current density). With bismuth a?  is of the order 4 A 
and a l  of the order 22 A. 
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1, R = H, acyl 
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ABSTRACT 

I t  is shown that the ozonolysis of A"c1)-12-l<eto steroids with a trans fusion of rings A and 
B proceeds in better yields than the corresponding opening of ring C in the sterically more 
hindered A/B-cis series. The syntheses of 23~-bromo-3~-11ydroxy-9-oso-9,12-seco-25-iso-5a,22p- 
spirostan-12-oic acid and some of its derivatives as well as of 3P,20a-dihydrox)~-9-oxo-9,12- 
seco-12-pregnanoic acid and some of its ester derivatives are reported. I t  is de~nonstrated that  
the reduction with l i t h i ~ ~ ~ n  a l u m i n ~ ~ n ~  hydride in tetrahydrofuran of a 12,30-diketone leads 

to a 12p,2On-dihydrosy derivative, in contradistinction to the reduction of a 
12~-acetosy-20-l~etone, 1%-hich affords mostly the 208-alcohol. 

I n  Part  I of this study ( I ) ,  we described an opening of ring C of the steroid nucleus, 
in the presence of protected alcohol functions in positions 3 a i d  20, leading to a 9-0x0- 
9,12-seco-12-acid derivative of type 11. The fission of ring C was effected by ozonolysis 
of a A"11'-12-ketone (compare I) ,  a reaction which gave o~ily a low yield of the desired 
seco product. 

An inspection of models (compare Fig. 1) suggests that this reaction should proceed 
in better yields in the case of steroids with a t ram fusioil of rings A and B. I t  can be 

'Par t  of the results reported i?t this paper. were the sz~bject of a conimzlnzcatzon presented before tlte 40th At tnual  
Co?zfere77ce of the Chentzcal I??stitute of Canada, Va'ancouver, B C., J u m  1957, others before the 29th Cong~ess 
of tlte Freltch Canadian Associatzon for the Adoa?tcet~~ent of Scze~tce, Ottawa, October 1861. 

T a r t  of tltzs paper zs abbrevzatcd front a portzon of the 111 Sc. thesis of TV. W. I I ~ ~ c z ~ l a k ,  accepted by the School 
of Giadz~atc Studzes of tlte Unzversity of IVestcrn 07ttar70, 1059. 

3For Part I of this study see reference 1 .  
'For the prev~oz~s  paper of tltzs series see refeience 2.  
Vorrespondence should be addressed to thzs az~tltor at tlte Faculty of Sc~ence ,  Laval Univers~ty,  Quebec, Que. 
81v.R.c. Postdoctorate Fellow, 1960-62. 

Canadian Journal of Chemistry. Volume -10 (10G2) 
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seen that even though a 9,ll-double bond is also shielded in the case of an A/B-trans 
fused system (Fig. lb), particularly by the hydrogen substituents of carbon atom 1, the 
attack, especially from the a-side of the molecule, is far  nlore hindered in the case of a 
cis fusioil of rings A and B. I11 that instance, ring A (which is perpendicular to the plane 
of the rest of the ring system), the equatorial hydrogen atom in position 1, and the 
axial 2a- and 4a-hydrogen atoms protect the double bond in a cage-like manner (see 
Fig. la ) .  In this publication we endeavor to show that the stereochemistry of the fusion 
of rings A and B indeed influences the yield of ozonolysis of a 9,11-unsaturated 12-keto 
steroid. 

FIG. 1. Models of AD(")-12-keto steroids: (a) with cis fusion of rings X and B;  (b)  with trans fusion of 
rings A and B. 

I11 a first series of experiments, we transformed hecogenin acetate (IIIa),  according 
to Djerassi's method (3), to 23t-bromo-9(11)-dehydrohecogenill acetate (IV), which we 
ozonized under conditions similar to those employed in our experiments in the A/B-cis 
series (I).  The usual worlcing up of the ozonide with aqueous hydrogen peroxide gave a 
52Y0 yield of acidic material. Methylation and reacetylation afforded a product which 
gave, upon chromatography, crystalline acetoxy methyl ester' Vb in an overall yield 
of 13y0 (from IIIa).  Reozonization of the neutral fraction isolated fro111 the ozoilolysis 
product gave a 71% yield of acidic material from which a further 1470 of pure ester 
Vb was obtained. These yields are significantly higher than those achieved in the A/B-cis 
series (1). The structure of the seco derivatives (V, Va, Vb) was ascertained by infrared 
and elemental analyses of the acetoxy methyl ester Vb. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



ENGEL ET AL.: STEROlDS AND RELATED PRODUCTS 923 

- 
AcO 

- v, R = R , = H  

ya, R  = H  j R ,  = CH3 

- Vb, R = Ac; R, = CH3 - 

After this preliminary set of experiments, which already seemed to coilfirrll our 
assumption of a inore facile opening of the 9,ll-double boild in the A/B-trans series, we 
wished to compare the yield of the formation of a 9-0x0-9,12-seco-12-acid of the A/B-trans 
series in the instance of a compound truly analogous to the derivatives which we had 
studied in the A/B-cis series. This endeavor was of particular interest to us since our 
goal was the synthesis of 3,20-dioxygenated 9-0x0-9,12-seco-12-acids (compare ref. 1). 

We chose hecogenill (111) as starting inaterial and degraded its acetate IIIu, according 
to the experimental procedure of Wall and co-workers (4, coinpare also refs. 5 and G), 
to i11"5a-pregnen-30-01-12,20-dione (VI), which we isolated as the acetate VIa (6, 7). 
The unsaturated diketone VIa was reduced in the ~ ~ s u a l  fashion, with p a 11 a d' 1 ~ 1 1 1  011 

charcoal, to the saturated acetoxy diketone VII (6). 
We decided to trarlsforin the 30-acetoxy-12,20-dilietone VII to the 3,20-diacetoxy- 

12-lieto derivative I X  (and thence to the unsaturated 12-ketone VIII) by metal hydride 
reduction of the keto fuilctioils with conconlitant hydrolysis a t  position 3 (compare X) ,  
followed by partial esterification of the 3- and 20-hydroxy groups (compare Xu), and 
by subsequent oxidation of the uilprotected 12-hydroxy functioi~.~ 

The reduction of the diketo acetate VII with lithium aluminum hydride in tetra- 
hydrofuran gave a crystalline product from which a l~omogenous trihydroxy adduct 
was isolated in high yield; we assigil to this compound the structure of 30,120,20a-tri- 
hydroxy-5a-pregnane (X). 

Indeed, the diacetate obtained by careful selective acetylation of the triol must be 
a 3,20-diacetate (compare Xu), since its oxidation yields a lieto diacetate (compare IX), 
which can be readily dehydrogenated with selenium dioxide to an a$-unsaturated 
ketone; such a reaction is possible in the case of a 12-ketone but not in the case of a 
20-lietone. Furthermore, the infrared carbonyl absorption of the a,0-unsaturated lietone 
(;,:: 1675 and 1604 cm-I) is in accord with structure VIII but not with that of a 
AlG-20-lieto~~e.8 Upon diacetylation of the trihydroxy derivative X to the hydroxy di- 
acetate Xu, a decrement of molecular rotation of 45" is observed. A colnpilatiorl of data 
froin the literature ('compare also ref. 8) indicates that the decrement due to acetylatioil 
of a 30-alcohol of the A/B-trans series averages 30'. I-Ience, acetylation of the 20-hydroxy 
function of triol X resulted in a decrement of rotation of approximately 15" (or, in the 
case of an exceptionally strong negative contribution of the acetylation in position 3, in a 

iAizotlter patlzway will be described i n  a szibsepztent paper of this series. 
8Tlze diacetate cannot be a 12,20-dincetate since a 3.B-ltydroxy fzinction i s  esterified faster tlzan Rydroxy fzinc- 

tionc i n  12  and 20. Also, tlre ziltraviolet absorption nzari?rtzi?rz of the above-metztio~zed ci,.B-zinsatl~rated ketone 
(coitzpare V I I I )  (x:',$'~ 238 m ~ )  agrees zuitlz that of a A"ll)-l2-ketotze but not with that of n A'-5-ketone, zuhiclt 
zdozild have been formed i f  a 12,20-diacetory-Phydroxy derivative of tlre A /B- t rans  series Itad been siibjected to 
tlze above-described sequctace of transformations. 
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very small increment). This is in excellent agreenlent with an a-configuration of the 
20-hydroxy function, but not with a P-configuration, which results invariably in a 
marked increlnent of nlolecular rotation (9). 

The p-configuration of the 12-hydroxy group of compound X follows from the facile 
triacetylation of this product, a t  room temperature; under analogous conditions a 
12a-hydroxy group is not acetylated. Furthermore, the molecular rotation of the resulting 
triacetate Xb exceeds that  of the diacetate Xu by 15" only; acetylation of a 12a-alcohol 
results invariably in a strong increment (averaging 150-190') of inolecular rotation 
(compare refs. 10, p. 179; 11-15, and, for extreme values, 16-18). 

The predominant formation of a 20a-alcohol (compare X )  by reduction of the acetoxy 
dilietone VII with lithiunl aluminum hydride in tetrahydrofurail is of interest. In the 
majority of cases (compare ref. 10, pp. 568, 622, and the relevant references therein) 
metal hydride reduction of a 20-ketone leads mainly to 20P-alcohols. As we reported 
in the first part of this study (I) ,  reduction of 3a,l2a-diacetoxypreg11a11-2O-one with 
lithium aluminum hydride affords predominantly the 20p-alcohol. I-Iowever, Just and 
Kagarajan (19) showed recently that reduction of the corresponding 3a,l2a-dihydroxy- 
20-ketone, with the same reagent, gives a high yield of the 20a-alcohol; these authors 
suggest that this is due to a bridging of the 12- and 20-oxygen functions by an 
intermediate complex with the aluminum hydride ion; the formation of this complex 
would force the side chain into a conformation inducive to reduction to a 20a-alcohol. 
The reduction of the 20-lietone to a 20a-alcohol in the presence of a 12-keto function 
could be explained in a similar ~ n a n n e r . ~  

The formation in high yield of the equatorial 12P-alcohol (compare X) by lnetal 
hydride reduction of the 12-ketone VII is in accord with conformational and configura- 
tional expectations and confirms the results obtained by Hirschmann et ul. (20) in the 
reduction of hecogenin acetate (IIIu) with lithium aluminum hydride; according to 
these authors, the 12a- and 12P-alcohols are formed in approximate yields of 25 and 
75%, respe~tively. '~ Reduction of an lla-halo-12-lcetone (compare for instance ref. 21) 
and of a 9,ll-unsaturated 12-lietone (22) with nletal hydrides also yields predominantly 
the 12P-alcohols. Only Pataki, Meyer, and Reichstein (23) report that reduction of 
nlethyl 3a-acetoxy-12-oxoetianate with sodium borohydride affords the two 12a- and 
12P-epimeric alcohols in 41 and 31% yields, respectively. 

As mentioned above, 3P,12P,2Oa-dihydroxy-3a-1~repe (X) can be partially acety- 
lated in positions 3 and 20. Treatment of the triol with approximately three equivalents 
of acetic anhydride in pyridine, a t  0°, gave a 50% yield of diacetate Xu. The remainder 
of the product consisted mainly of triacetate Xb. After separation of the diacetate Xu 
fro111 the reaction product, the rest of the mixture was hydrolyzed, with methanolic 
potassiunl hydroxide, to the triol X. Thus, the effective yield of diacetylation could be 
raised to approximately 80%. Oxidation of the hydroxy diacetate Xu with chrolnic acid 
in acetic acid gave the diacetoxy ketone IX  in over 80% j~ield. Conversion ol this product 

W e  shall disczlss the stereocheinical cozlrse of the redzlction of 20-keto steroids 7nith 1jzeta1 hydrides ,  in relation 
to  the cor~forilration of the side chaiqz, i n  nzore detail in a forthcoi?ziizg paper of t h i s  series. 

10In their disczlssion of the stereochenlical cozlrse of the redzlction of steroid ketones w i th  ?~ielal lzydrides, Fieser 
and  Fieser (10 ,  pp .  268-270) indicate  that the redzlction of a 12-ketone giaes a 1:1 ratio of the two  12-hydrosy  
epinlers;  they  refer to  the above-qz~oted article by Hirsclznzann et al.  ( 20 ) .  These  azlthors ?izentioiz itzdeed that 
after methylsz~ccinylat io~z  of the  reduction prodz~ct the two  12-epinleric 3P-nzo?zo~~zetlzylsz~cci?tntes were isolated 
in approx in~a te l y  eqzlal anlozlnts; b z~ t  they  also indicate  that there re?izained, after the separation of the oystallt?ze 
epinlers fronr the crzlde reaction prodzlct, a n  a117orphoz~s nzistzlre, a?rzmlnting to more  thaw 50% of the toral 
prodzlct; t h i s  a t ~ z o ~ p h o z ~ s  nzaterial w a s  largely szlccinylated in both the 3- and 12-positions and  afforded, zlpo?z 
lzydrolysis, rochogenin, the Id@-hydroxy  epinzer. Thzls,  the actzlal yield of the 12p-alcohol anzozlnts appro.vinzately 
to  7 5 y 0  and  the yield of the 12a-epimer  t o  approxinzately 25%,  a s  indicated above. 
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I 

AcO 

t 
CH3 
I 

CH3 
I 

CH3 

H-C-OAc H-C-OAC 
I 

- - 
AcO AcO 

- 
IX 

- - &, R = R , =  H 
- 
X a ,  R = Ac;  R , =  H - 

CH3 
I 

H-C-OR 

, R =  A , =  H 
- Xla, R =  H ;  R,  = 
- CH3 
- Xlb,  R =  Ac; R ,  = CH3 
- 
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to the 9,11-unsaturated diacetoxy ketone VIII ,  with seleiliuln dioxide (24, 25), proceeded 
in allnost 70y0 yield. 

Ozonolysis of the 0,ll-unsaturated 12-lietone VIII under conditions equivalent to 
those described in the first part of this investigatioil ( I)  gave a 63y0 yield of acidic 
material (compare XI ) ,  which afforded upon methylation (compare XIa)  and acetyla- 
tion, in an overall yield (from VIII)  of llyo, crystalline methyl 3P,20or-diacetoxy-9-0x0- 
9,12-seco-5or-preg11a11-12-oate (XIb), characterized by elelnental analysis and by its 
infrared and ultraviolet absorption spectra, as well as by the spectra of the interlnediates 
X I  and XIa. Reozollizatioil of the neutral fraction isolated fro111 the product of ozonol- 
ysis gave a 47y0 yield of an acid fraction which afforded another 770 of pure diacetoxy 
methyl ester XIb. The yields of both the crude acid fractions (compare X I )  and of 
pure diacetoxy methyl ester XIb were significantly higher than those obtained with the 
3,20-diacetoxy-9,ll-unsaturated 12-ketone of the A/B-cis series (1). The yield of crude 
acid material obtained upon ozo~zolysis was raised from 2530% to 50-60%, the yield 
of pure diacetoxy methyl ester (XIb), after reozoilization of the neutral ozonolysis 
fraction, froin 5 to 18%. Thus, the results of both the ozollolysis of 236-bromo-0-dehydro- 
hecogenin acetate (IV) and of A9(")-3P,20or-diacetoxy-jor-pregi1en-12-oe (VIII) confirn~ 
our postulate that the 9,ll-double bond of an A/B-trans steroid is opened more readily 
than that of a product with an A/B-cis configuration. 

EXPERIMENTAL", 12.'3 

iMEthyl 2Sf-Bi.o~i1o-S~-acetory-9-oxo-9,12-seco-25-iso-5m,22~-spirosta~~-12-oate ( V b )  frowt 2SE-Bro?lto-9(11)-de- 
hydrohecogenin Acetate ( I  V )  

A quantity of 900 nig of 23f-bromo-9(11)-dehydrohecogenin acetate (IV), prepared from hecogenin 
acetate (IIIa),  according to the method of Djerassi et a1 (3), was dissolved in a mixture of 13.5 cc of acetic 
acid and 13 5 cc of ethyl acetate. At -loo, a stream of oxygen, containing 8% of ozone and Rowing a t  an 
approximate rate of 160 cc per minute, was passed through the solution for the period of 4.5 hours (approxi- 
mately 85 equivalents of ozone). Water (3.5 cc) and 30% hydrogen peroxide (0.35 cc) were added and the 
mixture was stored for 18 hours a t  room temperature. The product was dissolved in 2 1. of ether and the 
solution was washecl with water and extracted with a 1.5 N sodium hydroxide solution. The ethereal 
solution was washed until neutral and dried over sodium sulphate; evaporation of the solvent gave 451 mg 
of neutral product. 

The aqueous allcaliiie solution was acidified with sulphuric acid to the Congo-blue reaction and the 
resulting mixture was extracted with chloroform. The organic layer was washed until neutral and dried 
over sodium sulphate and the solvent was removed. Thus, 458 mg (52%) of crude hydroxy keto acid V 
was obtained. This product could not be crystallized. The material was dissolved in 5 cc of absolute methanol 
and treated a t  0" with 26 cc of a 2.77, ethereal diazomethane solution. After 10 minutes the solution was 
allowed to warm to room temperature and was stored a t  25" for another 1G hours. The excess diazomethane 
was destroyed with acetic acid and the solvent was removed i n  zlaczro. The residue (454 mg), representing 
crude l lydrory keto nzefhyl ester V a ,  could not be crystallized. The material was acetylated in the usual 
fashion with 4 cc of acetic anhydride in 7 cc of pyridine and the resulting crude acetoxy Iceto ester Vb 
(4G1 mg) was dissolved in 4 cc of benzene and absorbed on 14 g of slightly alkaline aluminum oxide. Ben- 
zene-ether mixtures (4:l and 1 : l )  eluted 122 mg (12.7y0) of crystalline methyl 8Sf-bronzo-Sp-acetoxy-9- 
oxo-9,l2-seco-25-iso-5a,22p-spii.osta~-12-oate ( V b ) ,  which melted after one recrystallization from methanol- 
water a t  90-101". The bromine-containing product was recrystallized twice from methanol-nater for analysis; 
short prisms, 1n.p. 100-10l0, [ f f ] ~ "  5' ( c ,  0.985 in CHCla), x ~ ~ ~ "  282 mp, v::,' 1720 cm-I (broad ester band), 
1707 cm-I (9-ltetone), 1251 and 1242 cm-I (double ester band). Anal. Calc. for C2&430,Br: C, 59.68; 
H ,  7.43. Found: C, 50.43; I-I, 7.46. 

The neutral fraction of the ozonolysis experiment (451 mg) was dissolved in 14 cc of a 1:l mixture of 
acetic acid and ethyl acetate and treated a t  -10' with ozone for 2.5 hours, as described above. The ozonide 

l1T/ze melting p o i f ~ t s  were taken in euaczrated capillaries and tlzc tcnlpcratures were cori.ected. 
12We arc ~ndebtcd to M r .  J .  F. Al ic ino,  il/lEtuchen, N.J., aud to  Mr .  A. Bernlardt ,  il~ullzeinr (Ruhr ) ,  

Gernzany, foi. the ~i~icroanalyses ,  and we  extend to them our sincere appreciation. 
13If not 0 t h )  z i s e  stated, Merck 's  alz~winzrvz oxide was  used for chromatography. T h e  alkaline reagent was 

treated a s  described i n  footnote 18 of reference 26. W e  szncerely thank ~Merck and Company ,  Montreal,  for the 
generous gzft of th is  material. 
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was decomposed with 2 cc of water and 0.2 cc of a 30y0 hydrogen peroxide solution. The usual worlcing 
up (see above) gave 118 mg of neutral product and 304 mg (71%) of acidic material. The acid fraction , 
was methylated and acetylated according to the method described above. Chromatography of the resulting 
product gave 113 mg (13.9%) of crystalline acetoxy methyl ester Vb, which yielded, after one recrystalliza- 
tion from methanol-water, 98 nlg of ester Vb, melting a t  99-100'. 

~~~S~-Acetoxy-5a-pregne~ze-l2,2O-dione (VIa)  
A quantity of 25 g of hecogenin acetate ( I I I a )  was converted according to the proceclure of Wall et 

al. (4) to  A~6-S~-hydrory-5a-preg?ze?~.e-12,~O-di~~ze (VI). The crude amorphous product (21.3 g )  was dissolved 
in 80 cc of pyridine and treated for 16 hours with 40 cc of acetic anhydride, a t  room temperature. The 
usual \vorking up afforded 21.5 g of a yellow oil which was chromatographed on 650 g of aluminum oxide 
Woelm (activity 11-111). Petroleum ether - benzene (1:l  and 1:4) and benzene eluted 12.2 g (58.6%) of 
~~~-Sp-acetory-5a-f>reg?zene-l~,20-dio?ze (VIa), m.p. 169-173". Recrystallization from ether-ethanol afforded 
10.4 g (45%) of pure acetate VIa; n1.p. 178-18O0, [a]n2V26" (c, 1.00 in CHCIS), 227 mp (!og E 3.94). 
Recrystallization from ether gave a product melting between 176 and 177", [ a ] ~ ' ~  128" (c, 1.00 In CHCI3), 

227 mp (log E 3.92). Anal. Calc. for C?3H3?04: C, 74.16; H,  8.66. Found: C, 74.02; H, 8.60. 

3~-Acetory-5a-preg?zane-l2,2O-dione (VI I )  
A solution of 9.5 g of A1"38-acetoxy-5a-pregnene-12,20-dione (VIa), n1.p. 174-174 5", in 500 cc of 95y0 

ethanol was hytlrogenated with 1 molecular equivalent of hydrogen over 950 mg of 5% palladium on 
charcoal a t  room temperature and a t  atmospheric pressure. The  solution was filtered over sodium sulphate 
and talcen to dryness. Recrystallization of the crude product (9.55 g )  from ethanol gave 9.3 g (97y0 yield) 
of crystalline acetoxy diketone VII,  m.p. 183-184". The product showed no ultraviolet absorption a t  
227 mp. A sample was recrystallized twice from ethanol, for analysis; prisms, m.p. 186-187", [aID22 138' 
(c, 0.981 in CHCIS). Anal. Calc. for C??H340a: C, 73.76; H ,  9.15. Found: C, 73.69; H ,  9.00. 

S~,l2~,20n-Trilzydroxy-5a-preg~~ne (X) 
A solution of 1.0 g of 38-acetoxy-5a-pregnane-12,20-dione (VII)  in 80 cc of absolute tetrahydrofuran was 

added over a period of 15 minutes to  a slurry of 1.23 g of lithium aluminum hydride in 80 cc of absolute 
tetrahydrofuran. The mixture was refluxed for 1 hour and was kept a t  room temperature for another 
16 hours. The excess lithium aluminum hydride was decomposed with ethyl acetate and ice, and the pro- 
duct was poured into iced 2 N sulphuric acid. The mixture was extracted with ether, the ethereal solution 
\\.as washed with iced dilute sulphuric acid, cold sodium bicarbonate solution, and water and was dried 
over sodium sulphate. Removal of the solvent afforded 950 nlg of a semicrystalline solid, m.p. 205-210°, 
which showed no carbonyl absorption in the infrared. Recrystallization from ethanol afforded 820 mg. 
(91y0) of 38,128, 20a-trihydroxy-5a-pregnane (X), m.p. 219-221". A sample was recrystallized three times 
from ether-methanol, for analysis; prisms, m.p. 225-226", [a]nZ4 1.1" (c, 1.000 in CHCII), [a]n2? 0.7" (c, 
0.991 in methyl cellusolve). Anal. Calc. for C21H3603: C, 74.95; H ,  10.78. Found: C, 75.04, 74.98; H, 
10.65, 10.88. 

Diacetate (Xa) 
A solution of 10 g of 38,12@,20a-trihydroxy-5a-pregnane ( X )  in 28 cc of pyridine was treated a t  O0 with 

9 cc of acetic anhydride. The mixture was kept for 16 hours a t  O0 and was worked up in the  us~ral manner. 
The resulting amorphous product (12.964 g )  was dissolved in 25 cc of benzene and chromatographed on 

, . , . . . , . . . . . 
370 g of aluminum oxide (activity 11-111). Petroleun~ ether - benzene (1 : l  and 1:4), benzene, and hen- 

. .  . .  . . . .::: . . .  . .  . 
. . .  . , .  . , . . . . . . . .  . .  

zene-ether (4:l) gave 3.44g of crystalline triacetate Xb (see below); benzene-ether (1:l)  eluted an oil, 
, , . , , . . . . . . . .  . . . . . . . .  . . . . . .  . and ether washings afforded 6.264g (50.170) of crystalline diacetate Xu, m.p. 181-185". Ethyl acetate 

and methanol eluted oils. Recrystallization of the diacetate X a  from ether - petroleum ether gave 4.011 g 
. . . . 

. . . . .  . . 
of fluffy, long needles, m.p. 188-190". A sample was recrystallized three times for analysis; m.p. 192-193", 

. . .  
[aID22 -9.2' (c, 0.649 in CI-IC13)." Anal. Calc. for C?jHtoOs: C, 71.39; H, 9.59. Found: C, 71.40; H, 9.56. 

The mother l i q ~ ~ o r s  of the crystallization of Xu (1.831 g) were combined with the amorphous chromato- 
gram fractions and with the crude triacetate Xb, isolated from the chromatogram (see above). This product 
(8.641 g )  was dissolved in 455 cc of methanol and refluxed for 6 hours with 282 cc of an  8.1%, methanolic 
potassium hydroxide solution. The mixture was lcept for another 16 hours a t  room temperature, and mas 
subsequently poured into 3 1. of water. The precipitate was extracted with ether, the organic solution 
was washed until neutral and dried over sodium sulphate. Evaporation of the solvent gave 7.03 g of a 
crude which yielded upon crystallization from acetone 6.09 g of starting material, S~, lZ~,ZOa-t r i -  
lzydroxy-5a-pregnane (X), m.p. 217.5-219". Considering this recovery of the triol X ,  the yield of, diacetate 
X a  was 82%. 

In another run, 750 mg of the triol X was acetylated to 647 nlg of crude diacetate Xu, n1.p. 170-180' 
(69y0 yield, not taking into account the recovery of starting material). 

"We sincerely tlzank Professor G. Jqist and Dr. G. A. iVagaiajan, ilIcGill Unitqersity, iIIontrea1, for taking 
this rotation in tlzeir nzicrotube. 
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Triacetate Xb 
A solution of 150 111g of 3p,12/3,20a-trihydroxy-5n-pregnane ( S )  in 2 cc of pyridine was treated a t  room 

temperature for 16 hours with 0.8 cc of acetic anhydride. The usual worlcing up gave 215 rng of a foam 
which afforded, upon filtration over aluminum oxide, 195 mg (95Yo yield) of crystalline triacetate Xb,  
m.p. 162-164'. A sample was recrystallized three times from acetone-hexane and was subsequently sub- 
limed for analysis in high vacuum, a t  110'; small prisms, m.p. 167-169", [ a ] ~ ? '  -4.9" (c, 1.000 in CHC13). 
Anal. Calc. for C?7H4206: C,  70.09; H ,  9.15. Found: C, 69.84; H ,  9.23. 

Sp,20cr-Diacetosy-5cr-prcgnan-12-one ( I X )  
To a solution of 500 mg of 3~,20cr-diacetoxy-5cr-pregnan-12/3-ol (Xu),  m.p. 191-19Z0, in 21 cc of acetic 

acid, a solution of 131 111g of chromic oxide in 1.25 cc of 90% acetic acid was added, a t  17'. The mixture 
\\.as kept a t  the same temperature for 17 hours, was then treated with 3 cc of methanol, and was finally 
poured into 250 cc of water. The product was extracted with ether and worl;ed up in the usual fashion. 
Thus, 496 mg of crystals, 1n.p. 148-15J0, were obtained. Recrystallization from ether-hexane gave 385 mg 
of diacetoxy ketone I S ,  m.p. 164-167". Chromatography of the mother liquors afforded another 35 mg 
of the diacetoxy ketone IX, 1n.p. 164.5-166.5" (total yield 84%). A sample was recrystallized twice from 
ether-hexane for analysis; fine needles, 1n.p. 168-170°, [cr]~~"8.2~ (c, 1.00 in CHC13). Anal. Calc. for 
C2jHasOj: C, 71.74; H, 9.15. Found: C, 71.72; H, 9.09. 

A~~1)-Sp,20a-Diacetory-5a-pregne?t-12-one ( V I I I )  
To a solution of 600 nlg of 3~,30cr-diacetoxy-5cr-preg11a11-12-one ( I S )  in 8.04 cc of 0.0006 N hydrogen 

chloride in acetic acid, 450 rng of selenium dioxide was added. The mixture was refluxed for 20 hours, cooled, 
and poured into 500 cc of ether. After filtration over sodium sulphate, the solution was washed with water, 
cold dilute hydrochloric acid, iced sodium bicarbonate solution, and again with water and was dried over 
s o d i ~ ~ m  sulphate. Removal of the solvent gave 605 mg of a product which crystallized from ether-hesane. A 
solution of this material in 3 cc of benzene was absorbed on 18 g of aluminum oxide. Benzene-ether (4 : l )  
eluted crystalline A~~)-3p,20cr-diacetoxy-5cr-pregnen-l2-01e (VIII ) ,  m.p. 174-l79", which gave upon one 
recrystallization froin ether-hexane 409 mg (67.5%) of the unsaturated ketone VIII,  m.p. 184-185", 
[ a ]~?342 .5" (~ ,  0.99 in CHC13), 238 rnp (log E 4.1), v:: 1740 and 1254 cm-I (38,ZOcr-diacetate), 1685 and 
1604 cm-1 (A"(L)-12-l;eto doublet). Anal. Calc. for C?jH360j: C, 72.08; H, 8.71. Found: C, 72.19; H ,  8.57. 

ll[eethyl S~,20cr-Diacetoxy-9-oxo-9,12-seco-5cr-prea-1-oafe ( X I b )  
At -loo, a stream of oxygen, containing 7.87; of ozone, was passed through a solution of 1.5 g of 

A~(~~)-3p,20cr-diacetoxy-5cr-preg11e11-12-0e (VIII )  in 29.7 cc of acetic acid and 29.7 cc of ethyl acetate, a t  
a flow rate of 140 cc per ~ninute,  for the period of 105 minutes. There was added 7 cc of water and 0.7 cc 
of a 30% hydrogen peroxide solution, and the mixture was allowed to stand overnight a t  room tempera- 
ture. The product was extracted with 2 1. of ether, the ethereal solution was washed with water, six times 
with iced 1.5 N sodiu~n hydroxide solution, and again with water and was dried over sodium sulphate. 
Rellloval of the solvent gave 603 mg of a neutral product. 

The alkaline washings were combined and acidified with sulphuric acid to the Congo-blue reaction. The 
product was extracted with chloroform and the organic solution was washed until neutral and was dried. 
Removal of the solvent gave 803 mg (63%) of amorphous acid (compare X I )  which resisted all attempts 
of crystallization. 
h solution of this acid (803 rng), in 4 cc of absolute methanol and 8 cc of absolute ether, was trcatecl 

a t  0" with 43 cc of a 1.5% ethereal diazomcthane solution. The product was kept for 20 hours a t  rooin 
temperature and the excess diazomcthane was destroyed with acetic acid. Evaporation of the solvent i n  
vacuo gave 820 mg of an  amorphous neutral product (compare XIn).  Acetylation a t  room temperature 
with 4 cc of acetic anhydride in 10 cc of pyridine gave 843 mg of amorphous material, which was dissolved 
in 5 cc of benzene and absorbed on 24 g of alulninum oxide. Benzene-ether (4:l  and 1 : l )  eluted crystalline 
fractions contaminated with oils. Recrystallization from aqueous 1uetha11ol gave 183 mg (11.2a/,, from VIII )  
of colorless, fine, short needles, m.p. 147-1-18", representing the diacetosy keto methyl ester XIb. A sample 
was recrystallized four times for analysis; m.p. 153-154", [ c r ] ~ ? V O l ~  (c, 1.060 in CHCI3), A::$" 280 m p .  
Anal. Calc. for C2jH3807: C, 66.64; H, 8.50. Found: C, 66.47; H, 8.50. 

The neutral fraction (603 mg) isolated after ozo~lolysis (see above) was dissolved in 12 cc of acetic acid 
and 12 cc of ethyl acetate and reozonized a t  -10" with a 7.9Yo ozone stream, for 67 minutes (flow rate 
180 cc per minute). The product was treated as described above with 2.8 cc of water and 0.28 cc of a 30% 
hydrogen peroxide solution. The material was worl;ed up as described above and there was obtained 
286 rng of a neutral fraction and 301 Ing (47%) of an  acid fraction (compare X I )  which was methylated 
in 1.5 cc of absolute methanol and 3 cc of absolute ether with excess diazomethane (16.5 cc of a 1.5% 
ethereal solution). The reaction product (307 mg) was acetylated in the usual fashion. Chromatography 
of the amorpho~ls material thus obtained (314 mg) afforded 111 mg (13.6% yield from the neutral product 
of the first ozonolysis, 6.9% ~ i e l d  calculated from the total starting ~natcrial) of seco ester S I b ,  m.p. 147.5- 
148.5". The total yield of the seco ester S I b ,  after one rcozonization, amounted to 18%. 
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THE THERMAL DECOMPOSITION OF HEXAFLUOROAZOMETHANE1 
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ABSTRACT 

The pyrolysis of hexafluoroazometha~~e has been studied in a static system between 0.3 mrn 
and 73 mm and 572' I< and 634OIC by measuring the rate of nitrogen formation. The rate 
constant of the high-pressure homogeneous reaction is given by k = 101G.~7*0.~+xp ( -55,200 
+400/RT) sec-'. 

INTRODUCTION 

There has recently been interest in the tl~ermal decomposition of azo con~pounds in 
co~lnection with the problenl of frequency factors in ~~nimolecular reactions (1, 2). 
Most azo co~llpouilds possess high-frequency factors and the reported data  for the simple 
nleillbers are show11 in Table I. Hexafluoroazo~llethane appeared to be somewllat out of 

TABLE I 

Decon~position of azo co~llpounds in the gas phase 

Compound Reference 
log A E 
(sec-l) (kcai ~nole-I) 

CF,N=NCFj 3 13.9 48 .5  
CF,N=NCFn This work 10.2 5,5.2 
CMnN=NCH, 6 15.7  51.2  
C?HjN=NC?Hj 0 15 .7  48 .5  
i-C.,II,N=Ni-C4H9 13 10 3 42 8 

line, since the entropy of activation is significailtly lower than the entropy of activatioil 
of the other compounds. The decoillpositioil of hexafluoroazomethar~e has been studied 
by the toluene carrier technique (3), and as  has been emphasized elsewhere (1, 2), this 
method gives low results for the high-pressure frequency factor A,, and for the high- 
pressure activation energy E,, if  the systein is in the pressure-dependent region. For 
these reasons we have reinvestigated the reaction using a static system siinilar to the one 
used for the pyrolysis of azomethane. 

EXPERIMENTAL 
i l laterials 

Hexafluoroazo~nethane was prepared after the manner of Ruff and Willenberg (4). Gas chromatographic 
and Illass spectrometric analyses showed the presence of 3% of higher-boiling impurities, which were prob- 
ably pcrfluorotetra~nethylhydrazi~~e and perfluorohexamethyltetrazine (5). The propylene was Phillips 
Research Grade. 

A p p a r a t z ~ s  
A 460-ml Pyrex reaction vessel was contained in  an electric furnace kept constant t o  f 0.05' C by nleans 

of a platinum resistance thermometer proportional controller. The output from the bridge was an~plified 
and fed onto a recorder so that  a record of the ten~perature variation throughout the reaction was obtained. 
The te~l~perature  was read to 0.05' C by means of a two-junction ther~nocouple contained within an  axial 
well in the reaction vessel. 

1kVe are pleased to acknozcledge szlpport of th is  work by  the ~Va t iona l  Recearch Cozlnczl. 
?Prese7zt addrecs: Royal iMilltary College, K ings to f t ,  Ontario. 
3To wlzotiz i7zqzliries slzoz~ld be cent. Present address: Infor7natio7~ Tech7zclogy Labornto,,ies, illagzlire Road,  

Lexington,  ilIassachz~cetts. 
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LEVENTMAL ET AL.: HESAFLUOROAZOMETH.4NE '331 

Proced~ire 
In the esperiments with heuafluoroazometha~~e alone the reactant was measured in a gas burette and the 

gas transferred quantitatively to the reaction vessel by freezing it into a small side thimble which was 
attached to  the vessel. For the runs with added gas (propylene), the latter was ql~ickly added to the vessel 
irllmediately after the azo c o m p o ~ ~ n d  had been flash-vaporized fro111 the thimble, the positive propylene 
pressure ensuring that no hesafluoroazornetha~~e diffused out of the reaction vessel. At the end of the run 
the p r o d ~ ~ c t s  were pumped through two liquid nitrogen traps. by means of a diffusion pl~nip  and a Toepler 
pump working in series, into calibrated volumes where the pressure and volume of the non-condensable 
fraction were measured. The sample was then analyzed by gas chromatography or mass spectrometry. In 
the experiments with hesafluoroazo~netha~le alone analyses showed that the non-condensable sample was 
pure nitrogen. In the runs with excess propyle~ie, however, impurities were detected. A typical analysis 
was: N2, 9 i : % ;  CH4, 2 f  %; ethane, :%; propylene, l%. 

RESULTS A N D  DISCUSSION 

Var ia t ion  in the Exper imenta l  First-order Ra te  Constant  w i t h  Percentage Decomposition 
The first step in the decoinpositioil is undoubtedly 

The trifluorolllethyl radicals will then add to the parent compound so that the latter can 
no longer undergo reaction [I]. These addition reactions have been observed by Irou1lg 
and Dacey (5). Thus we should expect the experiineiltal first-order rate constant to 
decrease with increasing percentage reaction. This can be seen from the data given in 
Fig. 1. 111 the subsequent experiments, therefore, we limited the decoinpositioil to not 

FIG. 1. Variation in experimental first-order rate constant (sec-1) with percentage decomposition. 
Pressure of hexafluoroazomethane 4 . 9 f  0.5 cm Hg;  temperatl~re 594.8' I<. 

more than 20% (it was in fact generally less than 10%) and corrected all the rates to 
0% decomposition. Such corrected rate constants are designated k to distinguish them 
froin the original experiinental rate constants k,,,,, 

Effect of P a c k i n g  a n d  Seasoning the React ion Vessel 
The pyrolysis of azomethane has been show11 to be coinplicated by a surface effect 

which could be effectively removed by seasoning the surface of the reaction vessel with 
ally1 bromiile for 12 hours a t  500' C (6). The results given in Table I1 for the decomposi- 
tion of hexafluoroazomethane show that there is no significant difference between the 
rates obtained using packed and unpac1;ed vessels. Furthermore, seasoning had no 
effect oil the reaction. We may conclude that the decoinpositio~l proceeds homogeneously 
in the gas phase. 

Effect of P r e s s l ~ r e  o n  the  React ion 
Slater's theory (7,s) indicates that the various vibrational modes contribute to different 

extents to the reaction coordinate. Thus, for example, the fast motions associated with 
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TABLE I1 

Effect of packing and seasoning the reaction vessel 

Surface area (C,n-l) 
No. of runs 104k (sec-I) Pa=, (cm Hg) volume 

NOTE: All rate constants corrected to 611.0° I(. 
*Unseasoned surface. 
?Surface seasoned with ally1 bromide at 500' C for 12 hours. 

light hydrogen atoms call have little effect on the slower motion associated with a C-N 
stretching vibration. If we therefore substitute fluorine for hydrogen in azomethane we 
should expect the number of effective ~lormal inode vibrations to increase. In terms of 
the Kassel model we should expect hexafluoroazoinethane to be associated with a larger 
value of s (the nuinber of effective oscillators) than is azomethane. Thus the pressure- 
dependent region should be shifted towards lower pressures, and for ally pressure range 
the variation in rate coilstailt with pressure should be less for hexafluoroazomethane than 
for azomethane. This can be seen in Fig. 2; here we have compared the results for both 

log p (mm Hg) 

FIG. 2. Variation i r l  rate c o ~ ~ s t a n t  with pressure: A azomethane 563" I< (6); 8 azoethane 533" I< (9);  
0 hesafl~~oroazomethane 584" I<. 

systems. We have also added the curve for azoethane for comparison (9). The linlited 
rate-pressure curve obtained here for hexafluoroazomethalle was fitted by a Icassel (10) 
model having s = 2 3 f  3. The apparatus used was incapable of yielding data for higher 
or lower pressures. I-Iowever, we hope to investigate the pressure dependence over a wide 
range using a newly designed apparatus. Teiltatively we may state that the rates a t  very 
high pressures will not be very llluch greater than those obtained a t  6-7 cm I-Ig, so that 
the latter results, to a good approximation, give the limiting high-pressure rates. 

The EJect of Propylene on the Reaction 
In the thernzal decomposition of azomethane, propylene acted both as an energy 

transfer agent ancl as a chain inhibitor. In the former role it tended to increase the rate 
of reaction, in the latter it decreased the rate of reaction. As can be seen from Fig. 3 and 
from equations (a) and (c) below, for hexafluoroazomethane, propylene acts simply as 
an energy transfer agent, there being no evidence of any chain inhibition. 

Arrlzenii~s Parameters 
In Fig. 3 we have given Arrhenius plots for three sets of experimental conditions. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEVENTHAL ET AL.: HEX.4FLUOR0.4ZOMETHANE 

FIG. 3. Arrhenius plots for the thermal decolnposition of hexafl~loroazomethane. ( a )  P,,, 1.7&0.2, 
P,,,, 0 ;  ( b )  P,,, 63f 7,  Pprop 0;  ( c )  Pnza 1.7f  0.2, Ppro,, 6 6 f  7 Imm Hg. 

The corresponding equations determilled by the method of least mean squares are: 

k1.5 ,m = 10 15.1+0 .?o exp (- 52,700&600/RT) (sec-l) (a)  

- 1015.9310.m exp ( - 54,600&6OO/RT) (sec-') kl.5 m m ,  prop - (c) 

CONCLUSION 

This study indicates that  hexafluoroazonlethaile decomposes by a hon~ogeneous non- 
chain nlechanisnl with a frequency factor which is similar to those of the other simple 
azo compounds. Thus the reactivity of these con~pounds is governed by their activation 
energies. This can be seen in Table I .  Azoisopropane affords an apparent exception 
to this regular trend, since Rainsperger (11) has reported that  the rate constants are best 
fitted by the equation k = 10'3.7 exp (-40,90O/RT) sec-'. However, Cohen and Zand 
(12) have recently reinvestigated the reaction and have shown that  the decolnposition 
is conlplicated by rearrangement to the isomeric hydrazone. The decomposition of 
azoisopropane, which nlerits more detailed study, is a con~plex process, accounting for 
the exceptional entropy and energy of activation. 
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ABSTRACT 

A series of carbarnates of the dimer of 2,4-tolylene diisocyanate was prepared from different 
alcohols, leaving the uretidine-dione ring unaffected. Di-sec-butylamine and d i b e n ~ ~ l a ~ n i n e  
did not affect the dimer ring and reacted only with the two free isocyanate groups. However, 
di-n-propylarnine, di-n-butylamine, and di-n-amylamine ruptured the ring, and diureas of 
the monomer were obtained. Alkaline reduction changed the dimer ring into a ureylene link 
and a N-substituted amide was formed by the Leuckart reaction. Hydrazine hydrate gave an  
unsymmetrical monosubstituted urea whereas hydroxylarnine broke the ring and gave the 
corresponding oxime of the formamide. 

In the manufacture of polyurethanes, polymeric diols are chain-extended with 
diisocyanates such as 2,4-tolylene diisocyanate (TDI) (1). Since commercial TDI  contains 
a dimer it is of interest to study the stability of the uretidine-dione ring of the dimer 
(TDID), which shows isocyanate activity a t  relatively higher temperatures than the 
monomer. This property is being used to modify elastomers, plastics, and foams (2). 

RESULTS 

When the dimer of 2,4-tolylene diisocyanate was reacted with alcohols a t  about 90°, 
the corresponding diurethanes were formed, giving only traces of allophanates. The 
diurethanes prepared are listed in Table I. Higher temperatures in the range of 125 to 
160' and catalysts such as triethylamine and N-methyl illorpholiile appeared to be neces- 
sary for the forination of allophanates (3) and triphenyl isocyanates (4). 

T D I D  did not react with the tert-butyl alcohol probably because of its easy dehydration. 
Benzyl alcohol gave a reaction product which analyzed for a compound made from 
1 mole of T D I  and 2 moles of benzoic acid. However, this compound could not be prepared 
from T D I  and benzoic acid. Under milder coilditions only 1 mole of beilzoic acid reacted 
with the isocyanate group in para position, which was due to the high reactivity of the 
para group compared to the ortho group (5). 

The failure to dimerize 3-methylcarba~~~yl-2-isocyanatotoluene in pyridine was probably 
due to the fact that the o-isocyanate is hindered (6). Heating under reflux with benzene 
or ethyl acetate in excess changed T D I D  to an amorphous powder which was insoluble 
in all common organic solvents, but soluble in diinethylformamide. On heating the product 
to 215' for 45 minutes a yellow, hard-setting resin was obtained which was soluble in 
dimethylformamide. 

Some of the dialkylamines used, such as di-n-propyl, di-n-butyl, and di-n-amylan~ines, 
ruptured the uretidine-dione rings of T D I D  very easily (Table 11). In o-dichlorobenzene, 
the dimer ring was found to react with di-n-butylarnine a t  an appreciable rate even a t  

Canadian Journal  of Chemistry. Volume 40 (1962) 
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TABLE I 
1,3-Bis(4'-methyl-3'-R-carbamylphenyl) uretidine-2,4-dione ? 

2 
C H u 

w 
b z 

Yield M.p. Crystallization Reflux time Calc. Found Calc. Found r 

R ( % I  ("C) solvent (hr) (5%) (%) (%) (%) 2 Formula 
0 

Methyl 90 207-208 HCON(CH3)z 3 C?OH?OOGN~ 58.2 58.3 4.85 4.92 
Ethyl 95 205 Dioxane 4 C ? ? H ? ~ O G N ~  60.0 59.9 5.46 5.46 $ 
n-Propyl 85 197 HCON(CH,)? 3 C ? ~ H ? S ~ G N ~  61.5 61.4 6.00 5.91 o 
Isopropyl 84 215 3 C ~ ~ H ~ S O S N ~  61.5 61.9 6.00 6.27 
n-Butyl 98 197.5 Cellosolve 4 C ? G H ~ ? O G N ~  62.9 62.9 6.45 6.54 2 
Isobutyl 98 205 3 C ? G I ~ ~ ? O G N ~  62.9 63.3 6.45 6.57 
n-Amyl 90 197 4 C Z S H ~ G O G N ~  64.1 63.7 6.87 6.72 
Isoamyl 87 199 HCON(CH3)S 3 C Z S H ~ G O S N ~  64.1 63.9 6.87 7.10 G $+ 

3-Pentyl 90 198 Cellosolve 3 CZSH~GOGNI 64.1 63.5 6.87 6.77 0 
n-Hexyl 80 186 HCON(CH3)z 3 C3oHaoOeNa 65.2 65.0 7.24 7.24 5 
n-Heptyl 99 185 4 C ~ ~ I ~ I ~ O G N I  66.2 65.8 7.65 7.77 < 
n-Octyl 98 185 42 C3aHasOsNa 67.1 67.1 8.00 7.99 $? 

98 186 5 CsaHasOeNa 67.1 67.5 8.00 Capryl 8.56 
n-Dodecyl ' i0 180 Benzene and 5 Ca?HcaOeNa 70.0 69.9 8.88 8.82 - o 

(softens dioxane 0 - 
a t  170) O, ,a 
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SINGI-I A N D  BOIVIN: 3.4-TOLYLENE DIISOCYANATE DIMER 937 

I-I NHCHO 
YHCOOClHo 'C/ 

50" (7, 8). Diisobutylan~ine and dibenzylarnine, however, left the ring unaffected and 
reacted with the o-isocyanate groups to yield substituted ureas (Table 111). Both com- 
pounds showed characteristic infrared absorption bands for CO stretching frequency of 
the four-membered uretidine-dione ring. 

For the oxidation, reduction, and carbonyl activity studies the two free isocyanate 
groups in T D I D  were blocked by fornling the n-butyl urethanes (V). The structure of the 
new diurethane derivative of T D I D  was derived fro111 its analysis and infrared spectrum. 
The blocking of the two isocyanate groups seemed to enhance the stability of the uretidine- 
dione ring. Heating a solution of the colnpound in benzene or ethyl acetate under reflux 
did not affect the ring, which was found to be moderately stable toward oxidation by  
potassium persulphate, lead tetraacetate, and selenium dioxide in dioxane. 
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TABLE I1 n 

2,4-Bis(N1,N'-di-R-ureido) toluene 5 2: 
> u 

C H g 
z 

Yield M.p. Crystallization Reflux time Calc. Found Calc. Found 
I i  (%) ( "c )  solvent (hr) Formula (5%) (%) (96) (95) 2 - 

Pet. , ~ t h c r  

TABLE 111 
1 , 3 - B i s ( 4 ' - m e t l i y l - 3 ' - ( K ' , N ' - d i - R - ~ y l )  uretidine-2,4-dione 

Yield i\iI.p. Crystallization IicRux time 
(%I ("C) solvent (Ilr) I:ormuIa 

u 
Calc. Found Calc. Found ? 
(%I (%I (%I  (7%) li 

Ili-sec-butyl 70 17G Diosane 3 C3.iHs004FG 67.3 66.8 8.38 8.32 w a 

Di-benzyl 80 197 HCON(C1-la)? 0 : C4sH4204h G 74 .4  74.6 5.66 6.16 to " 
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SINGH A N D  BOIVIN: 2.4-TOLYLENE DIISOCYAhTATE DIMER 93'3 

Alkaline reduction by various reagents such as sodiuill methylate, magnesium nlethy- 
late, aminoniuin sulphide, or zinc and alcol~olic ammonia all readily changed the ring 
into the ureylene link, with the appearance of CO and NH absorption bands a t  lG30 
and 1GO"inl-I respectively. In alltaline inedium, it seeins that the ring was dissociated 
and that one of the isocyanate groups was hydrolyzed to amino group, which in turn 
reacted with the other isocyanate group to give symmetrical ureas. Hydrazine hydrate, 
on the other hand, reduced the ring to for111 an uilsyillnletrical mouosubstituted urea. 

The Leuclart reaction seems to give the corresponding X,N-substituted amide, 
accordiilg to infrared spectra determination. The new absorption for CO stretching 
(formyl group) a t  lGG2 cm-I (111) coupled with the appearance of free NH stretching 
vibration a t  3410 cm-' (in) and 3010 cm-1 (w) provide evidence for the presence of formyl 
derivatives of the prinlary anline (9). The failure to isolate ally carbainate from the alco- 
holic solvent further lent credence to the coilclusioil that the uretidine-dione ring was 
intact. There was evidence that the CO group in the uretidine-dione ring acted as a true 
carbonyl, since hydroxylanline gave the oxiine in poor yield. The elemental analysis 
corresponded to that of a N-substituted formamide oxirne obtained from the monorner. 
This was also supported by the appearance of C-N and N-OH absorption bands and 
the absence of -N=C=N- absorption bands. 

EXPERIMENTAL 
General 

The reactions with alcohols and dialnine were performed in a 100-ml three-necked flask fitted with a 
mercury sealed stirrer. The condenser carried a CaCI: tube. Alcohols and diamines were taken in exccss 
(2-3 ml) for 0.001 mole (1.0 g) of the dimer. The solvent used for the reactions was petroleuin ether, X.R.  
(B.D.H.), b.p. 80-100" (40 ml). Aftcr the reaction was over the mixture was cooled, the colnpound filtered, 
\\,ashcd, and dried in vacuum before crystallization. 

A11 the melting points reported are uncorrected and most of them depend on the ratc of heating. The 
infrared spectra were recorded with a Beckman IR-4 spectrophoto~neter using ICBr pellets contailling 
0.5y0 by weight of sample, and reported spectra are all calibrated. Ultraviolet spectra were all recorded 
with a Beclanan DIC1-A spectrophotometer using '%yo ethanol as  solvent. Analyses were perfornled by 
Micro Tech Laboratories, Skoltie, Ill. 

2-I~oc~c~ttnto-4-hen,-oylcarbamyl Toluene 
X solution of 2,4-tolyle~lc diisocyanate (3.0 g, 0.03 mole) and benzoic acid (3.65 g, 0.03 molc) in petroleum 

ether (100 ml, b.p. 80-100" C) was hcatcd on a steam bath for half an hour. The solution n.as stirred with 
a stream of nitrogen to exclude moisture. On cooling of the solution, a compound melting a t  84-85' C was 
obtained which upon crystallizing t\\ ice from petroleum ether (b.p. 80-100' C) gave an analytical sample 
of m.p. 85" C. Yield, 5.8 g (67%). If a n  excess of benzoic acid was used, the same con~pound was obtained 
under the salne experimental conditions. Calc. for Clr,H~?OdNB: C, G4.8y0; H, 4.03%. Found: C,  64.8y0; 
11, 4.09%. 

2,4-Bis(bettsylmrba??tyl) Toluetze 
The dimer of 2,4-tolylene diisocyanate (1.0 g, 0.003 mole) and benzyl alcohol (2 ml) were heated under 

reflux in petroleum ether (40 1111, b.p. SO-100' C) for 5 hours. The reaction mixture was coolecl and the solid 
filtered, washed with petroleum ether, and dried. The solid was crystallized twice from cellosol\~e to give 
a n  analytical sample of 111.p. 217.5' C. Yield, 0.8 g (50%). Ultra\~iolet absorption spcctrum in dimethyl 
formamide: A,,,: 2650 A, E,,,,: 10,323; inflection point: 2780 A. The infrared absorption spectr~um shomed 
two carbonyl absorption bands of the mixed anhydride a t  1775 cm-I (s), 1697 cm-I (s) and C-0-C 
stretching vibration a t  1065 cm-I (s). Calc. for C??H1806N4: C, 66.0%; H, 4.30%. Found: C, G6.'iy0; H ,  
4.43%. 

dttelllpt~d Di?nerisatiott of 2-Isocj~annto-4-?1te/Irylcarbamyl Tolnene 
X solution of 2-isocyanate-5-nlethylcarbamyl toluene (2.0 g, 0.000 mole) in pyridine (10 ml) \\ins kept a t  

room temperature for 24 to 240 hours. No dimer was obtained. A drop of triethyl phosphate as catalyst a t  
elevated temperature (80-100' C) did not give ally dimer either. 

1,S-Bis(4-ntethyl-S-?s-bntyl-carbatirylplrc~sgl)-b,~-bis(iV-fornsan7ido) Urctidilte ( I )  
To a stirred solution of am~nonium formate (3.0 g) in ethanol (30 IIII), 1,3-bis(4-1nethyl-3-tt-b~1tyI- 

carbamylphenyl) uretidine-2,4-dione (1.0 g), m.p. 19'i0, was added. The mixture was refluxed for 2 hours 
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with constant stirring. The clear solution obtained on vacuunl evaporation and dilution gave a precipitate, 
which was filtered and washed with water. Yield, 0.8 g ;  m.p. 160-163". Two crystallizations fro111 ethanol 
gave thc analytical sample with a melting point of 164-165", molecular weight (Rast) 5%. X,,,: 2250 0, 
E,,;,,: 8310. Free NH stretching modes, 3410 c~n-I (m) ,  3050 c~n-I (w); amide I band, 1720 cm-I (s); amide 
I1 band, 1662~11-I (m). Calc. for C . ' ~ H ~ ~ O B N B :  C,  60.6%; H ,  G.85yO; N, 15.1%. Found: C,  60.5%; H ,  6.62%; 
N, 14.90/0. 

A~-(4-ilIefhyl-3"-tt-btz~~l-carbanzylphenyL) Urea (11) 
'To a solution of 1,2-bis(4-methyl-3-n-butyl-carbarnylphe1y) ~lretidine-2,4-di011e (1.0 g),  m.p. 197", in 

95% ethanol (YO 1111) was added hydrazine hydrate (85%, 5 ml). After the reaction mixture was reflused 
for half an hour with constant stirring, alcohol (20 ml) was removed i l s  oacz~o. The residue on cooling gave 
a coinpo~iild melting a t  201-202". Yield, 0.7 g. 'Three crystallizatiolls from acetonitrile gave a pure compound 
of m.p. 208-209". A,,,: 2830 a, Em,,: 13,515; X,,,,,: 3400 A, Em:,,: 11,130; X,,,: ",SO A, Em,,: 1325. CO and 
NH absorptions of the monosubstituted ureas are 1692 cm-' (s), 1610 cm-1 (s) respectively. Calc. for 
C13111g03S3: C, 58.8%; H,  7.16%; N, 15.8%. F o L I ~ ~ :  C,  58.7%; H ,  6.88%; N, 16.070. 

N,iV1-Di(4-nzeth~l-3-71-bz~lyl-carbamylphenyl) Urea (111) 
To a stirred suspension of 1,3-bis(4-1~1eth~~I-3-~z-butyl-carbamylphen~l) uretidine-2,4-dione (2.0 g), 111.p. 

19i0,  in absolute methanol (50 1111), ~ ~ ~ a g ~ l e s i u m  tur~lings (1.0 g) were added in small portions while tempera- 
ture was maintained a t  GO0 for 40 m i n ~ ~ t e s .  The reaction misture mas filtered through glass wool and evapo- 
rated ~uider  reduced pressure. Hydrochloric acid ( lo%,  50 ml) was then added and the ~uixture warmed, 
cooled, filtered, and washed free froill acid with water. Crystallizatioll from ethanol-water gave the compound 
of m.p. 180-181". Yield 1.6 g. X,,,: 2180 A. Em,=: 35,720; X,,,: 2500 A,  E,,:,,: 38,070; inflection point: 2950 A. 
CO and NH absorptio~l for d is~~bst i tu ted  urea partial structure, 1630 c111-I (m), I603 cm-1 (m) respcctively. 
Calc. for C2aH3.$0jN.i: C,  63.8%; 11, 7.23%; N, 11.9%. Foulld: C,  63.5%; H ,  7.23%; N, 12.1%. Reduction 
with sodi~un~ and methanol or with hydrazirle hydrate plus 50/, solutior~ of sodium in iuethanol gave the 
above compound in identical yield. Alkaline reduction with ami~loniuil~ sulphide a t  60" for 4 hours or by 
zinc and alcoholic ammonia lil<ewise gave the same compound in excelleilt yields of 80-00%. Mised melting 
point determinations sho\ved no depression and the infrared spectra were superirnposable. 

N-(4-il[etlzyI-3-~~-butyl-carban~~~1p1tenyL) Forntatnide Oxime ( I  V) 
T o  a suspension of 1,3-bis(4-methyl-3-n-butyl-carbamylp~I) uretidine-2,4-dione (m.p. 19i0, 1.0 g) in 

a misture of ethanol (25 ml) a ~ t d  water (25 i111), hydroxylalni~le hydrochloride (2.5 g) and sodium acetate 
(4.0 g) were added, and the reaction inixture refluxed with stirring for 1 hour. After the reaction mixture 
was evaporated to 30 1111 and cooled, a precipitate was obtained, m.p. 169-170" C. Yield,m0.40 g. Two crystal- 
lizations fro111 acetonitrile gave the analytical sample of m.p. 170-171". X,,,,,: 2850 A, Em,,: 2630; A,,,,: 
2400 A, E,,,,,: 23,670; X,,,: 2180 <4, En,n,: 31,560. C-,\i absorption of osirne, 1660 cm-1 (s). Free OH stretch- 
i11g frequencies for I\'-OH g r o ~ ~ p ,  3460 cm-I (s) and 3400 cm-' (s). Calc. for ClrI-I,903Y3: C,  58.S70; H ,  
7.16%; N, 15.0%. F O L I I I ~ :  C,  58.7%; H ,  7.00/0; N, 16.470. 
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11. REACTIONS OVER A CHROMIA CATALYST', ? 
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Received November 17, 1981 

ABSTRACT 

The hydrodesulphurization of thiophene to  butane and H2S over chromia has been studied 
by flow and ~nicroreactor techniques. The sulphided, i.e. mixed oxide-sulphide, catalyst 
showed improved desulphurization activity compared to pure chromia, while butene hydro- 
genation activity was reduced by a factor of a t  least lo3. The apparent activation energy of 
the flow reaction was 24-25 kcal/mole. No organosulphur compounds were found alnong 
the products. The reaction proceeded predominantly via butadiene and butene intermediates, 
with a preference for 1-butene; their rates of hydrogenation as well as the rates of isomeriza- 
tion of the butenes have been compared as a function of temperature. The reaction also 
partly went to completion a t  the original desulphurization site, without the desorption of inter- 
mediates, presumably by a series of analogous steps on the surface. 

INTRODUCTION 

I n  a previous publication (I) a microreactor method first described by Koltes, Tobin, 
and Elnlnett (2) was further developed to study the desulphurization of thiophene over a 
presulphided cobalt inolybdate catalyst supported on alumina. With hydrogen acting as  
both reactant and carrier gas, continuous flow as well as pulse techniques showed that  
the reaction to butane and H2S proceeds, in the main, in steps through butadiene and 
butene and not, as has also been suggested, through butyl mercaptan, thiolane, or other 
sulphur conlpounds. Approximate relative rates were assigned to  the various steps. 

By malting use of the catalyst bed also as a gas-solid partition column it was possible 
to  examine adsorption-desorption behavior of reactants and products under reaction 
conditions, and hence the influence of the adsorbates on the course of the reaction. Thus, 
for instance, it was found that  adsorbed H?S modifies the surface so as to suppress butene 
hydrogenation in contrast to its much weaker effect on thiopheile conversion. 

Some preliminary data using an unsupported chrornia catalyst, again in a presulphided 
state, were also presented. These have now been extended by a more thorough search for 
reactioll intermediates as well as by measurements of the relative rates of the reaction 
steps over a range of temperatures. Pertinent adsorption studies will be submitted as  
Part I11 of this series. 

The microreactor and associated apparatus have already been described (1 ) .  The reactor was operated 
only a t  atmospheric pressure. The catalyst employed was an unsupported chromia, prepared by the method 
of Burwell et al. ( 3 )  and activated by heating slowly to 400' in hydrogen. I t  was then stabilized as a desul- 
phurization catalyst by passage of a thiophene-hydrogen mixture over it for several hours a t  400'. The 
catalyst tended to oxidize and was resulphided from time to time whenever injected H2S samples showed, 
by generating water pealcs observable on the chromatogram, that  such oxidation had occurred. The freshly 
sulphided catalyst contained 14.2% sulphur, and was therefore a mixed oxide-sulphide. In this it is similar 
to catalysts made from supported cobalt molybdate ( 1 )  and the oxides of iron ( 4 )  and molybdenun~ (5 ) .  
The sulphided chromia was amorphous to S rays. I t  had a B.E.T. surface area of 118 m2/g, decreased from 
223 m2/g for freshly prepared chromia. 

1Isszred as N.R.C. No. 6761. 
?For Part I ,  see reference 1. 
3National Researclz Co~cncil Postdoctorate Fellow 1969-1961, now with the I3eauy Organic Clzenzzcals Diaisio?~, 

I.C.I. Ltd., Billi?zglzanz, E?z,ola?zd. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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RESULTS A N D  DISCUSSIOX 

Eflect of T e m p e r a t ~ ~ r e  
The effect of tenlperature on catalyst activity for both the shot and flow reactions is 

shown in Fig. 1. The activity per square meter of catalyst surface was nearly identical in 

FIG. 1. Effect of temperature on thiophene conversion for flow and shot reactions (2.5 g chromia; 
5.7 l./hr H? ;  thiophene used: shots 5pl, flow (i.(iY0 in H2). 

both cases with that of cobalt molybdate, provided allowance is made for the lower 
thiophene-to-hydrogen ratio used in the earlier flow experiment. 

The apparent activation energy of the flow reaction was 24-25 l;cal/mole, the same 
value that was obtained on supported cobalt ~nolybdate (1) and supported chromia (6). 
The shot experiments gave two different curves, Cq formed and thiophene renloved 
(Fig. I ) ,  due presumably to irreversible adsorption or polymerization of one of these, as 
discussed before (1). The lines are closer together in this case, probably because the 
weight of catalyst used was smaller and therefore the losses reduced. In both the flow 
and shot reactions the apparent rate constant fell off a t  high-percentage conversions, as 
one might expect fro111 this type of   lot. 

Shot co~~versions were higher than flow co~~versions a t  the same temperature (Fig. l ) ,  
but were found to vary considerably with sample size. There is no a priori reason to 
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OWENS AND AMBERG: REACTIONS OVER CHROMIA 943 

suppose t h a t  the reaction pattern in flow and shot experiments was fundaillentally 
different. This is supported by  the fact t h a t  the temperature coefficients for Cq forillation 
froin shots and in steady flow appear t o  be nearly the same (see slopes, Fig. I ) ,  though 
the former can only be illeasured approximately. 

Reaction Products 
T h e  reaction products were examined for traces of butyl mercaptan or tetrahydro- 

thiophene, b u t  neither could be found. I n  addition, the rate of reaction of each of these 
cor~lpounds was checked a t  400'. T h e  conversion obtained using tetrahydrothiophene 
was only twice the conversion of thiophene a t  this temperature, so t h a t  if any  had been 
formed almost all of it should have been present in the products. W e  conclude t h a t  none 
was formed. Butyl mercaptan was approxin~ately 30 times a s  reactive a s  thiophene, b u t  
a s  little a s  0.03% in the reaction products would have beell clearly visible on the chroma- 
togram. This  is the amount t h a t  should have reinailled if 5% of the thiophene which 
reacted had done so by  the mercaptan route. 

T h e  reaction scheme already presented (I), which involves intermediate formation 
of butadiene and the n-butenes a s  well a s  stepwise hydrogenation of these t o  butane, was 
further investigated by  measuring the rates of the various hydrogenation and isomeri- 
zation steps over a range of temperatures, using pure C4 shots in hydrogen carrier gas. 
T h e  results are shown in Figs. 2 and 3 ,  and Arrhenius coefficients calculated from the 
slopes are listed in Table I .  

1000 / T  O K - '  

FIG. 2. Hydrogenation rates (0.11:3 g chromia; 1.3 I./hr H? ;  shots 0.2 cc a t  Y.T.P., or 0.7 
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FIG. 3. Isomerizatio~l rates (0.113 g chromia; 1.3 I./hr Hz; shots 0.2 cc a t  N.T.P.; data on conversion 
of 0.7 , ~ l  thiophene shots included for comparison). 

TABLE I 

Apparent activation energies of various reactions 
- -. 

'Temp. range E 
Reaction ("C) (kcal/n~ole) . . . . 

Thiophcne -, Ca 260-330 24 
Butadiene --t butene 170-230 16 
1-Butene --i butane 1'30-270 15.5 
cis --t butane l7&250 15.5 
trans --t butane 310-360 15.5 

200-250 -25 
1.-Butene + 2-butene 150-225 14 .5  
trans --t 1-butene 180-280 -17 
cis --t 1-butene 135-220 -11 
trans + cis 180-240 6 . 5  
cis + trans 250-400 8 . 5  

190-250 6.5 
120-180 0 

At low temperatures (i.e. a t  150' and below) the reactions were relatively siinple (see 
Table 11). 1-Butene isomerized to a mixture of trans- and cis-2-butene (about 647' cis-2- 
butene); pure cis-2-butene iso~llerized almost exclusively to t~ans-2-butene, and vice 
versa. Butadiene hydrogenation yielded all three isomers, but ~vi th  a high preponderance 
of 1-butene. 

Above 200° these were still the dominant reactions, but isomerization of 2-butene to 
1-butene and hydrogenation of all three butene isomers to butane also occurred. There 
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TABLE I 1  

Products formed, in moIes/100 moles of reactant converted, in  low-temperature": reactions of C4's 

Reactant: 
- 

Butadiene I-Butene tra7zs-2-Butene cis-2-Butelre 
---- -- - 

Below Belo\\r Below Below 
Products 150°i 220" 150"t 220" 1SO0t 220' 120"t 220" 

?~-Butal:e 0 3 2 S 0 4 0 9 
I-Butene 68 53 - 0 22 0 - 

- - 
34 

tin?ls-2-Rute11e 20 2 5 34 40 100 55 
trs-2-Butene 12 2 1 64 52 100 74 - - 

Conversion (7') 0 4 1 0 29 0 8 0 14 

')Temperatures are given in  OC. 
tResults extrapolated to zero con\-ersion. 

was no evidence of a simple reaction scheme (for example with a single intermediate in 
iso~nerizatio~l and hydrogenation of all the isomers) even though there was a tendency 
of the catalyst to yielcl excess cis-Zbutene. The ratio of cis- to trans-2-butene in the 
products of 1-butene was high, and similar to that obtained by CvetanoviC and Foster 
with I<OH-impregnated chromia (7) ,  but different from the ratio they obtained with 
pure chromia. I t  is tempting to speculate that the initial sulphicling treatment of our 
catalyst had an effect on its aciclity similar to that of I<OH impregnation. 

The sulphided catalyst was diflerent from pure chromia also in its olefin hydrogenation 
activity. Though its activity for olefin iso~nerization was similar to that of pure chromia 
activated a t  the same temperature (8), its hyclrogenation activity was less than that of 
pure chromia (8) bj. a factor of loR-10%. Littlewood and Burwell (8) have presented 
evidence to show that iso~nerization and hydrogenation occur on different sites on pure 
chromia. If this is SO, it suggests that sulphiding of the catalyst practically eli~ninates 
one of these two types of site. I t  is noteworthy, however, that the activity of chromia 
for thiophene desulphurization rose appreciably during sulphiding, so that while catalyst 
activity was destroyed for one reaction it increased for another. The effect of H2S on 
subsequent butene hydrogenation over sulphided chromia was small (see Part 111); 
therefore the hyclrogenatio~l rates in Fig. 2 and Table I ,  u~llike those in the earlier 
work, were not measured in tlie presence of H2S. 

Initial Pvod~cts from Thiophene at 400' 
The C4 products obtained from thiophene a t  400' showed a non-equilibrium distri- 

bution of isomers when small amounts of catalyst were used. Isomerization and hydro- 
genation of the individual pure hydrocarbons were found to be incomplete a t  this 
temperature. NOW if  one assulnes the same changes to occur in a hydrocarbon formed 
from thiophene as occur in the hydrocarbon injected as such, then the co~nposition of 
the initial C4 nlixture formed from thiophe~le can be calculated. (This assun~ption ~vould 
not be strictly correct i f  large concentration gradients were set up in the catalyst pores; 
however, we consider this to be unlikely.) The result of such a calculation is shown in 
Table 111, together with the composition actually found. A comparison of the butane 
figures in tlie table shows that the reaction is only partial111 stepwise via intermediates 
free in the gas phase, and to the extent of 27.8%, goes to co~npletion a t  the original 
desulphurizatio~l site. Furthermore, the data probably correspond to a low hydrogen-to- 
thiophene ratio; with smaller shot sizes (higher H?/thiophene ratio) no butadiene a t  all 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C.ANADI.4N JOURNAL O F  CHEMISTRY. VOI,. 40. 1002 

TABLE I11 

Con~position of C4 product fro111 thiophene a t  400° C 
(2 p1 shot over 0.113 g chromia; H?  flow: 2.4 cc/sec) 

Found Corrected for subsequent 
(70) reaction (%) 

- 

n-Butane 33.9 27.8 
1-Butene 21.6 30.3 
trans-2-Butene 23.9 15.5 
cis-2-Butene 18.4 18.3 
Butadiene 2 .2  8 . 1  

was found, even a t  the highest flow rates used. I t  is conceivable that in flow reactioizs 
using a high hydrogen-to-thiophene ratio about half the butane product is forrned 
directly a t  the desulphurization site, and the other half via the hydrogenation of butene. 

In consequence, the most plausible picture of the reaction is that of a series of hydro- 
genation steps on the surface, in which the sulphur atom is eliminated first and desorption 
is possible a t  any subsequent stage, i.e. as butadiene, butene, or butane. The second 
of these surface steps, butadiene hydrogenation, must be relatively fast if such a reaction 
is to yield the product distribution shown in Table 111; froin Fig. 2 i t  seems likely that 
this is so. 

CONCLUSIONS 

The activity of sulphided chroinia for desulphurization was similar to that of s~ilphided 
cobalt molybdate when compared on a surface area basis. Initial sulphiding of the 
chromia increased its desulphurization activity, but decreased its activity for butene 
hydrogenation by a factor of lo3-10'. Neither reaction was much affected by H2S, in 
contrast to the earlier results ( I ) .  Butene isomerization activity was probably not altered 
by sulphiding. 

The apparent activation energy for the continuous flow reaction between thiophene 
and hydrogen over chromia was 24-25 kcal/mole, the same value that applies to cobalt 
inolybdate and supported chrornia catalysts. 

Conversion of thiophene to butane was essentially a stepwise reaction. The only 
intermediates free in the gas phase were butadiene and the three butenes, especially 
1-butene; there was no evidence for the formation of orgallosulphur cornpouilds a t  any 
stage of the reaction. TO a coilsiderable extent butane forillatioil occurred a t  the original 
desulphurization site. The butadiene hydrogellatioil step was very rapid coillpared wifh 
ally of the others a t  all temperatures. 

REFERENCES 

1. P. J. Owexs and C. 13. A>~BE~<G. Advances in Chem. Ser. No. 33, 182 (1061). 
2. R. J .  KOICES, H. TOBIN, Je.,  and P. H. E~ILIYETT. J .  Am. Chem. Soc. 77, 5860 (1955). 
3. R. L. B ~ ~ W E L L ,  JR. ,  -4. B. LITTLEWOOD, M. CARDEW, G. PASS, and C. T. H. STODD;\I~T. J .  1-\111. Chern. 

SOC. 82, 6272 (1960). 
4. F. P. Ivaxovsrcii, R. S. I<AL~ARSKAYA, G. S. B~sr<ova,  and N. P. Soico~ova. Zhur. Fiz. I<him. 30, 

1860 (1056). 
5. E. H. M. BADGER, R. H. GRIFFITH, and W. B. S. NEWLIXG. Proc. Roy. Soc. (London), A,  197, 184 

(1949). 
6. H. VAN LOOY and G. LIMIDO. Con~pt. rend. congr. intern. chim. ind., 31e, Lihge, 1058 (Ind. chim. belge, 

Suppl.), 1, 645 (1959). 
7. R. J.  CVETAXOVII? and N. F. F o s r ~ ~ r .  Discussions Faraclay Soc. No. 28, 201 (1950). 
8. A. B. LITTLEWOOD and R. L. BURWELL, JR.  J .  Am. Chem. Soc. 82, G287 (1960). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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ABSTRACT 

The adsorption of thiophene, butene, hydrogen, and H2S on sulphided chromia was studied 
by a chromatographic method. Results were similar to those obtained earlier with a cobalt 
molybdate catalyst (P. J .  Owens and C. H. Amberg, Advances in Chem. Ser. No. 33, 183 
(1961)), showing strong interaction of the surface with H ?  and H?S a t  reaction temperatures 
and weaker interaction with thiophene and butene. The main diiference lay in the effect of 
adsorbed FIBS on butene hydrogenation, the suppression being far less marked on chromia. 
Thiophene adsorption or product desorption are unlilcely to  be rate controlling in the desul- 
phurization reaction, but neither hydrogen adsorptio~l nor surface reaction could be ruled O L I ~  
as  possible slow steps. 

INTRODUCTION 

A grasp of the relevant adsorption processes is essential to an understanding of either 
the mechanism or the kinetics of a catalytic process. High-temperature adsorption is diffi- 
cult to study with conventional volumetric apparatus where reaction occurs, so tha t  
until the recent introduction of chromatographic adsorption studies little such knowledge 
had accumulated (I). The present work surveys the interactions of thiophene, hydrogen, 
butene, and H2S with a modified chromia catalyst, alone and in various combinations, 
and also attempts to  draw some conclusions regarding the possible effect of such inter- 
actions on the overall reaction rate. 

EXPERIMENTAL 

Adsorption was studied mainly by the chromatographic techniques already described (2). The catalyst 
col~umn was connected straight t o  the lcatharometer in all experiments, so that  eluted bands were recorded 
directly and peal; retardation occurred only 011 the catalyst. The flow rates of the v a r i o ~ ~ s  carrier gases were 
measured a t  the lcatharometer exit by water displacement. A sn~a l l  amount of tracer-heliun~, argon, or 
nitrogen-was added to  the sample shot, and the separation between the peal; maxima was talren as a 
measure of the delay time of the adsorbed gas. 

RESULTS 

Adsorfition 01 Thiophelze a n d  B z ~ t e n e  
The retention volunles of product butene and thiophene on sulphided chromia were 

similar to those measured earlier on cobalt molybdate, but had slightly different tempera- 
ture coefficients (Fig. 1). The values obtained from the slopes in Fig. 1 ,  after making 
appropriate corrections for the temperature a t  \vhich flow rates \\rere measured, were 
7.0 and 8 . 0 1  0.5 kcal/mole for thiophene and butene respectively, compared with 9.511.0 
and 8.5f-0.5 on cobalt molybdate. In this teinperature range, the retelltioil volumes on 
chromia were exactly the same in both helium and hydrogen carrier gases, and as before 
(2), the effect of adsorbed H2S on the retention volume was slight. 

' Issz~ed as 1V.R. C. No. 6752. 
'For Purls I and I I ,  see references 2 and 5 respecfiuely. 
31Vatio7zal Research Cot~7zcil Postdoclorate Fellow 1959-1 961, now .iiriLh the Hemy Orgauic Cheinicals Diuirion, 

I.C.I. Ltd. ,  Billl?~gl~anz, E7rgland. 
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FIG. 1. Thiophene and buterle adsorption. Peak retention volunles vs. temperature. Open symbols for 
thiophene, others for butene: chromia, 0.35 cc/g catalyst shots, H ?  carrier gas; A chromia, He carrier 
gas; 0 cobalt molybdate, 0.40 cc/g catalyst shots, H Z  carrier gas; H chromia, 0.34 cc/g catalyst shots, 
H ?  carrier gas; chrornia, He carrier gas; A chromia, 0.031 cc/g catalyst shots, Hg carrier gas; X cobalt 
molybdate, 0.39 cc/g catalyst shots, Hp carrier gas. 

1 . 8  

The lllethod of peak integration recently suggested by Creiner (3) was used to construct 
the isotherins shown in  Fig. 2 fro~n the chromatogran~s, and these were then used to 

MOLES ADSORBED x 1 0 6 / g  CAT. 

3 5 10 20  30 50 100 200 300 

R E T E N T I O N  VOLUME c c / g  CAT. 

7 - 
/" - 

I I I 1 1 1 1  1 1 1  1 1 1 1  I , 

FIG. 2. Adsorption isotherms of thiophene on chromia catalyst. Estirna 
in He carrier gas by the method of Cre~ller (3), allo~~ring for diffusion. 

2 4 0  

2 6 0  

- 2 8 0  

.ted froin the chromatograms 
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O\VEKS A N D  AMBERG: ADSORPTION ON ClHROhIIA 949 

calculate isosteric heats of adsorption for thiophene. The results were in the range 8-11 
kcal/mole, but were somewhat uncertain, because a small amount of irreversible adsorp- 
tion as well as peak tailing always took place. Nevertheless, the figures are interesting 
as approxinlate values to coinpare with the temperature coefficients obtained above, 
which under ideal conditions should equal heats of adsorption. Chromatographic theory 
cannot strictly be applied to systems with curved isotherms, and even a t  very sinall shot 
sizes inay give low results (4);  however, the results talteil together reinforce the view 
that high-temperature thiopheile adsorption on chroinia is relatively weal; a i d  rapid 
when compared, for example, with hydrogen adsorption (see below). 

Another effect of irreversible adsorption can be seen in Fig. 3, where it causes the 
thiophene retention volumes to tend to infinity a t  sillall shot sizes. The anlount of 

0 1 I I I I I I I 
-00 .I0 .20 .30 .40 .50 .60 .70 

S H O T  S I Z E  c c / g  CAT. 

F ~ G .  3. Effect of sa~nple size on retention volume. Thiophene and butene on chrotnia catalyst, in II? 
carrler gas. 

thiopheile irreversibly adsorbed varied, but was seldom inore than 0.5 and it appeared 
to be independent of shot size or catalyst temperature. I t  could have beell due to sonle 
side reaction, such as polyinerization or carbon formation; it was apparently ~~nconnected 
with the main reaction and small compared with the amount of thiophene converted a t  
high temperature. The phenomenon could be the explanation for the discrepailcy in 
thiophene converted and products eluted over both cobalt molybdate and chromia 
catalysts (2, 5). 

At lower temperatures (e.g. 250') i t  is ~~nliltely that  the relatively weak, reversible 
thiophene adsorption could be rate controlling. I t  is unfortunately not possible to calculate 
a rate of adsorption froin the chromatographic data to compare with the measured rate 
of reaction. On the other hand it is possible to find from the chroma tog ran^ the minimum 
number of adsorption-desorption steps that a thiophene molecule undergoes in travelling 
through the columii; this is given by the plate number. (The true nunlber of steps on a 
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porous catalyst is presumably much higher.) At 230°, approximately 5% co~lversion 
occurred per plate or equilibrium stage, so that  less than 5%-and probably very much 
less-would have converted a t  each of the actual adsorption steps. Thiophene adsorption 
is thus rapid coinpared with the overall rate of reaction a t  least up to  250'. However, 
with a temperature coefficient of only 7 kcal/n~ole i t  increases in rate much inore slowly 
than the overall process, which has a temperature coefficieilt of approximately 25 l;cal/ 
mole (5); so that  without 1;noming the number of adsorption steps which occur within 
the catalyst pores in each equilibrium stage, one cannot be certain that  adsorption reinains 
relatively rapid a t  higher temperatures. The only indication that  it does so is given by 
the temperature coefficient of the flow reaction, which remains a t  25 ltcal/rnole up to  a t  
least 360-370' (5); any change in the rate-controlling step would have caused a change 
in the overall teinperature coefficient. 

From Fig. I ,  the adsorption-desorption process is an order of magnitude faster for 
butene than it is for thiopllene, a t  all temperatures. This ~naltes it  extremely un1il;ely 
that  butene desorptioil could be the slowest step a t  any temperature, unless it  desorbed 
from reaction sites in an entirely different way from that  observed a t  80-160'. This also 
is unliltely, because over cobalt molybdate, butene formed from thiophene had a retention 
volunle between those of butene alone and thiophene, as might be expected ( 2 ) ,  and there 
is no reasoil to suspect that it woulcl behave differently over chromia. 

There is one important reservation to  be made, however, about the conclusions drawn 
from the above results. At present we are unable to  calculate the number of adsorption- 
desorption steps made by the average molecule within one plate of the catalyst. If this 
number was very large, and if the proportion of the surface occupied by "active" sites 
was small, i t  would be quite possible for most of the thiophene or butene adsorptions to 
occur 011 inactive parts of the surface and for the observed conversion per plate to occur 
011 only a few sites. I11 this case the above n~easurements would reflect the inactive rather 
than the active adsorption steps, and the possibility of the significant thiophene adsorption 
or buteile desorption being slow would remain. 

Hydrogen 
Hydrogen chemisorption has been extensively studied on pure chromia, but  never, so 

far,  on sulphided chromia. On the former i t  occurs a t  all temperatures from -195' (6) 
up to a t  least 500' (7), and in amounts up to  0.1 cc/m2 of surface a t  the higher tem- 
peratures (7). Activation energies of 13-21 kcal/mole have been reported for adsorption 
(8-lo), as well as an increase in the activation energy of desorption from 15 to 45 l;cal/ 
mole with decreasing coverage (10). The rate of adsorption increases with temperature 
(11) and pressure (10); it decreases with amount adsorbed according to the Elovich 
equation (9). 

Our results suggest that  llydrogen chemisorption 011 sulphided chromia is siniilar. In 
chromatographic experiments using helium carrier gas, 11ydroge11 pealts behavecl in the 
same way as on cobalt molybdate. The first few shots were adsorbed rapidly and com- . 

pletely, until the catalyst reached a certain hydrogen content. Thereafter the peak height 
and delay obtained depended both on shot size and on the time interval between shots, 
i.e. on the amount of hydrogen still adsorbed on the catalyst. As before, curves of peak 
height or delay vs. shot size could be corrected for hydrogen already adsorbed, so that  
all the data lay on one line. 

During the further course of a series of constant-volume injections the peal; heights 
gradually tended t o  increase; this was attributed to slow adsorptioil a t  high coverages. 
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OWENS AND AMBERG: ADSORPTION ON CEIROMIA 95 1 

Large shot sizes seeined to increase both the rate of this drift and the rate of attainment 
of equilibrium: in other words the rate of the slow chemisorptio~l was increased by 
pressure as in static experiments on pure chromia (10). 

The peaks had very snzall delay times and plate numbers, showing again that  equili- 
brium was not reached during the time of passage of one shot. As the tenlperature rose, 
the peak heights for a given shot size dropped, de~nonstrating that  adsorption was more 
rapid a t  higher temperatures. 

Variations in the rate of adsorption with coverage, pressure, and temperature were thus 
seen to be in the same direction as on pure chromia. However, it was not convenient to 
measure the extent of chemisorption chro~natographically; therefore a few static measure- 
ments were made using a conventional volunletric apparatus (see Fig. 4). The amount 

0 I I I I I I I I I I I 
0 2 4 6 8 10 12 14 16 18 20 

PRESSURE crn H g  

FIG. 4. Hydrogen adsorption, curves a-c a t  330°, curve d a t  350°. 
a.  Adsorption on chrornia catalyst outgassed 18 hours a t  400°; points a t  ;-hour intervals. 
b. Adsorption after same treatment and 5 hours in 1 cm Hz; points a t  1-hour intervals. 
c. Desorption following adsorptio~l a t  36 cnl Hz; points a t  1-hour intervals. 
d. Rapid desorption measured chro~natographically; points a t  approximately 10-second intervals. 

of hydrogen chenlisorbed is seen to  be similar to  or larger than the anlount adsorbing on 
pure chroinia (7), with the extreme slowness of approach to  equilibriu~n being quite 
evident. 

One of the hydrogen chromatograms was used to calculate an isotherin by the Crenler 
method (3);  this is also shown in Fig. 4 as curve d. I t  was obtained on a catalyst which 
had been brought apparently to  equilibriu~n by repeated hydrogen injections a t  a point 
in the peak tail corresponding to 4.2 lnln hydrogen pressure. For that  reason it is drawn, 
somewhat arbitrarily, through a static point obtained after 2 hours' adsorption a t  a 
similar pressure. The amount of hydrogen adsorbed during passage of a shot which 
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raised the hydrogen pressure to a t  least 5.5 cm is clearly sinall (-0.28 cc/g) coinpared 
with equilibriunl adsorption a t  5.5 c n ~  (4-5 cc/g). This is a measure of departure from 
equilibrium under chromatographic conditions, and shows again the relative slowness of 
hydrogen adsorption. 

Since hydrogen chemisorption occurs a t  so low a rate, it  is natural to ask whether it  
might be rate controlling in the desulphurization reaction. The hydrogen consumption 
in the flow reaction a t  333' was 1.8 cc a t  N.T.P. min-' (g catalyst)-'. I t  is possible to 
1llal;e 0 1 1 l j 7  very rough estimates of the rate of chemisorption a t  76 cin pressure froin the 
data in Fig. 4. If one uses for this purpose Kubokawa's result (10) that the rate of chemi- 
sorption is proportional to pressure to the power 0.8, the calculated rates of cheinisorption 
appear to be of the right order of magnitude. A11 independent estimate froin the amount 
of hydrogen completely adsorbed during the time of passage of a chromatographic peak 
gave a figure of 11 cc nlin-' (g catalyst)-'. Without a precise knowledge of the dependence 
of chemisorption rate 011 pressure and coverage even this higher estimate inust be con- 
sidered close enough to the reaction rate not to exclude hydrogen cheinisorptioil as a 
possible rate-determining step. 

Strongly (and inore rapidly) cheinisorbed hydrogen has been found relatively inactive 
i11 desulphurizatioi~ and butene hydrogenation on cobalt inolybdate (2) and in low- 
telllperature exchange reactions on chromia (7). I11 the present worl;, conversions of 
butene and thiophene shots reacted with preadsorbed hydrogen were found to fall off 
very rapidly as the hydrogen eluted froin the catalyst. In Fig. 5, a and b ,  these conversions 
are plotted against the partial pressure of hydrogen in the heli~im carrier gas leaving the 

HYDROGEN PARTIAL PRESSURE crn Hg 

FIG. 5.  Reaction of thiophene and butene with preadsorbed hydrogen. Shots injected a t  various points 
(i.e. partial pressures) in the tail of a desorbing hydrogen band, heliu~ll carrier gas. 
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OWENS A N D  AMBERG: ADSORPTION ON CHROMIA 953 

catalyst. Conversions in hydrogen carrier gas at  83 cm are included. I t  is obvious from 
Fig. 4 (curve d) that  the total amount of hydrogen chemisorbed would have changed 
very little during this rapid elution, so that  the conversion was determined not by the 
total amount of hydrogen chemisorbed, but apparently by the partial pressure of hydrogen 
free in the gas phase. This means that  strongly chemisorbed hydrogen is not reactive and 
that a much smaller amount of weakly sorbed hydrogen, which can establish equilibrium 
with the gas phase more rapidly, is solely responsible for the reaction. 

The considerable loss from butene shots a t  low hydrogen partial pressures is interesting 
(Fig. 5a). I t  suggests that  rapid carbon formation, which is well known to occur a t  low 
hydrogen partial pressures, might come about largely by the polynlerization and coking 
of product butene rather than of thiophene itself. These large losses did not arise during 
the measurement of retention voluilles (e.g. Figs. 1 and 3), no matter whether hydrogen 
or helium was used as a carrier gas, because of the lower temperatures involved. 

Hydrogen Sz~lphide 
Hydrogen sulphide adsorption was investigated by the chromatographic method only. 

The same type of behavior occurred as on cobalt molybdate (2): the peak shapes 
obtained were similar and the delay times a t  300' were almost the same when corrected 
for catalyst weight and carrier gas velocity. 

Both peak delay and peak height were found to depend largely on the total H2S on 
the chromia, i.e. shot size plus preadsorbed H2S. A typical result is shown in Fig. 6. 
Peak delays were longer a t  400' than a t  300°, and as before, there was an apparent change 
in base level of adsorbed HPS with temperature. For example, catalyst heated to 400' in 
hydrogen adsorbed approximately 2.0 cc HZS/g irreversibly a t  300" before desorption 
commenced. The base level also appeared to be different in hydrogen and helium carrier 

I I I I I I 
0 I 2 3 4 5 6 7 

S H O T  S I Z E  c c  

FIG. 6. Peak heights (arbitrary units) for H2S shots injected while preadsorbed H2S was emerging a t  
different desorption rates: 0.20 cc/min; 0 0.64 cc/min, shot sizes corrected by the 1.2 cc H2S still present 
on the catalyst. 
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gases. Thus chromia saturated with H2S and then flushed in a helium stream for 10 
minutes (i.e. until desorption became very slow) released a total of 3.2 cc H2S upon 
injection of three successive 3-cc hydrogen shots. Also, the low rate of removal of H2S 
from the surface, as measured by the amount subsequently readsorbed, was higher in 
hydrogen than in helium (Table I ) ,  in contrast to the results with butene and thiophene, 
and the inverse delay time vs. shot size plots were quite different (Fig. 7). Hydrogen 
thus displaces HZS, as well as eluting it, presumably by adsorbing on the same sites. 

T A B L E  I 
Slow H?S desorption between 2.5 and t minutes 

in hydrogen and helium carrier gases 
(1.6 g chromia at 400°, 5.3 l./hr Ha or He)  

T ime  t (minutes) : 

5 60 180 

cc desorbed in H? 1.2 3 .1  4.6 
in He 0.38 1 .2  1.8 

0  I I I I I I I 

0 1 2 3 4 5 6  
S H O T  S I Z E  c c  

FIG. 7. Hydrogen s ~ ~ l p h i d e  breakthrough rates in H ?  and He carrier gases a t  400'. 

The hydrogenation of butene shots was reduced by preadsorbed H2S to the small 
extent shown in Fig. 8, in sharp contrast to  the earlier results (2). Similar amounts of 
H2S had a similar effect on thiophene conversion. I t  has already been suggested (2) that  
H2S acts on cobalt molybdate by poisoning fast hydrogenation sites, leaving only sites 
capable of both desulphurization and slow hydrogenation. I t  now seems likely (5) that  
the fast hydrogenation sites on chromia are permanently eliminated during presulphiding, 
so that further poisoning with H2S has little effect. 

Using the data for shot conversions of thiophene in the presence of H2S over chromia, 
the percentage drop in conversion in a flow reaction due to H2S produced was estilllated 
to  be 20, 10, and OOjo a t  400, 350, and 300' respectively. A similar calculation using our 
published data for cobalt molybdate indicated that  conversion a t  300' was 300jo lower 
than it might have been in the absence of an H2S effect. Adsorbed H2S thus affects the 
overall reaction appreciably, bu t  does not exert a controlling influence. 
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OWENS AND AMBERG: ADSORPTION O N  CHROMIA 

FIG. 8. Effect of HnS on butene hydrogenation over chromia catalyst. 

To  calculate the effect of HsS on flow conversion it was necessary to assume that the 
peak heights obtained from various samples of H2S approximated the instantaneous 
desorption rates corresponding to the total H2S contents of the catalyst (i.e. preadsorbed 
plus sample). Since data obtained a t  two different catalyst contents correlated tolerably 
well together (Fig. 6),  there was some basis for this assumption. The rates of formation 
of H2S in a flow experiment were ltnowll ( 5 ) ;  these gave the H?S desorption rates a t  
various temperatures in a steady-state experiment; froill this together with Fig. 6 the 
catalyst H2S contents could be calculated. Then, by comparing the slug conversions in 
the absence of H2S and in the presence of the amount calculated, the effect of H2S on 
conversion in n steady-state experiment could be estimated. 

Olefins 
The effect of adding olefins to thiophene shots was investigated briefly, to gain some 

idea whether product butene was likely to have an inhibiting effect on the flow reaction 
by occupying desulphurization sites. Gaseous butene could not readily be handled in the 
same syringe as liquid thiophene. Therefore the l i q ~ ~ i d  olefins hexene ancl cyclohexene 
were used; these had retention volumes intermediate between those of butene and thio- 
phene. Adding 2 PI hexene to a 2-PI thiophene shot produced a negligible effect; adding 
6 PI reduced thiophene collversion by 10-15%. The effects of cyclohexelle and cyclo- 
hexane were slightly wealter, in that order; i t  is noteworthy in that connection tha t  
cyclohexene consumed as much hydrogen as thiophene itself. However, 15 PI of hesene 
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was found to cut the thiophene retention volu~ne by 10070. We conclude that hydro- 
carbons are unable to compete for desulphurization sites, so that  the butene produced 
should not inhibit the reaction significantly. Nevertheless, in the desulphurization of, 
say, low-sulphur cracked feedstocks the large proportion of hydrocarbons present could 
be expected to inhibit thiophene removal to an appreciable extent. 

CONCLUSIONS 

In view of the obvious chemical differences between chromia and supported cobalt 
molybdate catalysts, the close similarity in adsorption phenomena is striking. Moreover, 
Griffith, Marsh, and Newling (12) have shown that extensive hydrogen chemisorption and 
weaker thiophene adsorption occur also on sulphided ~nolybdenum oxide and on pure 
nickel and molybdenum sulphides a t  high temperatures, so that  this type of adsorption 
behavior appears to have some generality anlong desulphurization catalysts. (Hydrogen 
sulphide and butene adsorption were not included in this earlier study (12).) On the other 
hand, supported chromia is probably somewhat different, kinetic studies having shown 
that thiophene adsorption is more extensive than hydrogen adsorption on a catalyst of 
this type (13). Further work along these lines is being planned a t  present. The main 
difference between chromia and cobalt molybdate lay in the marked effect of adsorbed 
H2S on butene hydrogenation over the latter. 

The observed adsorption of thiophene and butene on chromia was relatively rapid and 
weak, and the effect of adsorbed H2S on desulphurization was small, so that  i t  appears 
unlikely that adsorption of thiophene, desorption of butene, or desorption of HZS could 
constitute rate-determining steps under any conditions. Hydrogen adsorption on the 
other hand was slow and could be rate controlling, particularly since the strongly and 
more rapidly adsorbed hydrogen did not take part in the reaction, but  the results do not 
exclude the possibility that the surface reaction might also be slow. 
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THE NUMBER-AVERAGE AND WEIGHT-AVERAGE MOLECULAR WEIGHT 
OF SOME NONIONIC SURFACE-ACTIVE AGENTS" 

A. F. SIRIANNI, J. M. G. COWIE, AND I. E. PUDDINGTON 
Division of Applied Chemistry, National Researclz Coz~ncil, Ottawa, Canada 

Received January 12, 1962 

ABSTRACT 

Further evidence for the existence of large differences between the weight- and nurnber- 
average molecular weight for nonionic surface-active substances in nonaqueous solvents 
has been four~d when the property is assessed by light-scattering and vapor-pressure-lowering 
measurements. Equilibriu~n ~~ltracentrifuge measurements support the results obtained by 
vapor-pressure-lowering determinations. Sorbitan and glycerol monostearates have been 
exalllined in benzene solution. 

INTRODUCTION 

I t  has been noted by Debye (1) that number-average (4Xn) and weight-average (fl?,,,) 
molecular weights of nonionic detergents in nonaqueous solvents may differ considerably. 
Some of the difference may be due to the existence of heterogeneous clusters of ~nolecules 
in solution (1). In the case of a-monoglycerides the presence of free fatty acid as an 
impurity magnified the difference by increasing the value obtained from light-scattering 
and decreasing the value obtained froin vapor-pressure-lowering measurements. 

In a previous conin~unication it was indicated that solutions of pure hexaoxyetl~ylene- 
glycol nloiloethers having an alkyl chain of 12 or of 14 carboil atoms coilsisted of monorners 
and diners when esamined by vapor pressure lowering in beilzene a t  about 30' C (3). 
Light-scattering measurements 011 sol~itions of pure hexaoxyethylene 12-tridecanol in 
benzene a t  25' C indicated a micelle consisting of 99 monoiners (4). This compound 
differs from the previous two by only one carbon atom in the alkyl chain, and the results 
suggest the probability of the two inethods of examii~ation yielding quite different 
answers for the state of aggregation of a nunlber of dissolved polar inolecules. 

Tlic pi-esent investigation was undertaken to assess the behavior of sorbitail 1110110- 
stearate (span 6Of) in which the existence of nonequilibriuin states in benzene solutions 
was reported by Becher using light scattering (5). Solutions were examined by light 
scattering a t  25' and 45' C and by two methods depending on vapor pressure lowering 
in solution. Benzene was used as a solvellt in most instances. Solution properties of a 
commercial sample of glycerylmonostearate are also included. 

EXPERI  iLIEN7Fi\L 

The light-scattering Ineasurements were carried out with a Brice-Phoenix light-scattering photometer 
using blue light a t  436 mp and a srnall semioctagonal cell in conj~~nct ion \\-it11 a small slit system. The usual 
precautions to exclude dust and other foreign matter were talcen. 

The sample of corl~~~lercial  sorbitan monostearate was obtained purilied to the extent that the free polyol 
had been removed by extractior~ rendering the detergent completely soluble in benzene. Solutions were 
made with reagent gracle benzene freshly distilled over CaI-I?. A commercial sample of glycerylmonostearate 
(Aldo 33, Glyco I'rod~ict Cotupany) was used without further purification other than c\.acuation a t  room 
temperature in orcler to remove \-ohtile matter. 

"Issz~ed as N.R.C. No. 6787. 
tOblai71ed tlzrozqh the coz~rtesy of Dr. Paul  Becher, Clzei~zicul Researcl~ Depart~l~enl ,  iltlas Powder Co., 

bVilnzifzglon, Delazla~e. 
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The experimental tcchi~ique and the apparatus used to  carry out differential vapor pressilre measure- 
ments bet\veen pure solvent and solutions have been described else\\~liere (6). Apparent molecular weights 
\\!ere calc~~latecl from Raoult's Law. 

Some determinatiorls were also carried out with a Mechrolab \lapor pressure oslno~netcr Model 301 a t  
37" C. Samples were prepared as described for the light-scattering experiments. The instrument mas cali- 
brated with solutions of recrystallized sucrose octaacetate (niol. wt. = CiiS), triphenylmethane (mol. wt. = 

244), and benzil (mol. wt. = 210) over a concentration range of 0.01 to  0.1 molal. These limits are optimal 
since a t  higher and a t  lower concentrations reproducib,ility is cor~siderably reduced (7). The solutions were 
shaken periodically and allowed to  equilibrate by standing overnight prior t o  use. The syringes e~nployed 
to  feed the thermistor beads were thoroughly cleaned with benzene, then rinsed 8-10 times with the appro- 
priate solution. AX readings for each solution were talcen a t  1-minute intervals for 5 minutes. Fresh drops 
of solvent and solution \\ere then placed on the thermistors and the measurements repeated. Usually three 
to  four sets of measurements were taken for each concentration. Although the readings were virtually 
constant after 1 minute, the average value after 3 minutes was used in the calculation. 

The apparent ~nolecular weight of an  unkno\\,n \\.as calculated i~sing the molar co~istalit from the calibra- 
tion curve. Calibration solutions should not deviate fro111 the ideal behavior over the coricentration range 
used. The data obtained with benzene solutiolis used fitted very closely a comrnon straight line having a 
slight negative slope when AR/C is plottecl against AX, where AX = dial reading in ohms and C = lnolal 
concentration. Caution is necessary, however, when taking rnolar constants fro111 a portion of the calibratior~ 
curve lyir~g beyond the last experimental points, particularly if a slight amo~ui t  of curvature is indicated in 
the plot. X detailed account of the operating procedure of the Mechrolab os~nometer is given in the instruc- 
tion rilanual ( i ) ,  and the theory by Brady, Huff, and McBain (8). 

RESULTS .AND DISCUSSION 

The variation of the apparent molecular weight with solute concentration (g solute/100 
g solvent) for sorbitan monostearate in benzene using the Mechrolab osmometer and in 
benzene and alcohol using a differential mercury micromanometer is shown in Fig. 1. 

d W W  - - 

0 I 2 3 4 5 

CONCENTRATION (9 /100g solvent) 

FIG. 1. Apparent molecular weight versus solute concentration for sorbitan monostearate. Curve 1,  ill 
alcohol. Curve 2, in benzene. The filled circles were obtained with the osmometer a t  37' C. The open and 
semifilled circles were obtained by static vapor pressure deterli~iliations a t  3.3 and 45' C respectively. 

Curve 1 was obtained with alcohol a t  about' 44" C and the inolecular weight is virtually 
indepeiident of concentration over the range examined. The sample contains about 5y0 
free fatty acid of average molecular weight 275. 'The ester portion has a molecular weight 
of about 628. Thus  the value of 610 indicated in alcohol is in good agreement with the 
analytical da ta  for the compound (9). Curve 2 indicates the behavior in benzene. The 
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filled circles were obtained with the osnloineter a t  37". The open and semifilled circles 
were obtaiilecl froin static differential vapor pressure deterininations in benzene a t  
35' C and 35" C respectivel3-. In the concentration range l-5vo no large differences in 
apparent inolecular weights are observed between these two nlethods of measurement. 
Below about 1% solute concentration, however, seine deviation appears and the mole- 
cular weight obtained employing the osmometer is somewhat lower. The reason for this 
is not too clear bu t  it might be caused by increases in the surface concentration of the 
unstirred drops due to  slight surface activity of the solute or perhaps to  insufficient 
lagging of the therinostat resulting in excessive evaporation from the clrops. The tendency 
with the differential micromanometer is in the reverse direction and the apparent 
n~olecular weight can be slightly higher in the very dilute region, possibly owing to 
adsorption of solute on the container walls. In the static measurements the solutions are 
made with anh~.drous solvents that  are carefully freed from permanent gases and are 
continually stirred. This is not possible with the osmometer however. 

The results of the light-scattering ineasureinents on benzene solutions of sorbitan 
monostearate, summarized in Table I ,  are shown by Fig. 2. Curve 1 is obtained a t  25' C 

TABLE I 
Surnnlary of results indicated from light scattering on 

solutions of sorbitan monostearate 

Conce~~tration ( O j o )  T X  HC/T X lo5 

At 2jo C;  refractive index increment = -0.0515 ~lll /g 
1.996 1.41 1.30 
1.522 0.96 1.46 
1 ,250 0.62 1.58 
1.006 0.59 1.57 

0.416 0.20 1.91 
37," = 48,500, second virial coefficient-negative 

At 45O C ;  refractive index increment = -0.0420 ml/g 
1.943 0.89 1.33 
1.560 0.75 1.27 
1.229 0.61 1.23 
1.003 0.52 1.18 
0.719 0.36 1 .2'2 
0.408 0.21 1.18 

AT,,. = 80,300, second virial coefficient-positive 

and the data fit a line having a slight upward curvature. Curve 2 is obtained a t  45" C 
and the experinlental points fall on a curved line concave downwards. A illicellar weight 
of about 38,500 is obtained a t  25" C, which is in good agreement with the value calculated 
from the results reported by Becher with the same system (3). The critical inicelle con- 
centration (c.1n.c.) is about 0.1 g/100 1111. A micellar weight of about 89,000 is indicated 
a t  43" C. The larger aggregates a t  the higher teinperature are consistent with the behavior 
of a number of surface-active materials in aqueous solution. 

The large difference in inicellar weight indicated between light scattering and vapor 
pressure lowering is similar to  the observations with the hexaosyetI~ylene,rrlycol ethers 
(3). The latter method suggests slight associatioil only, while agglomerates containing 
about 80 inonomers are indicated by light-scattering ineasurel~~ents. I t  is unlikely that  
the low values fro111 the vapor pressure ineasurements are clue to  sinall cluantities of 
water in the benzene, since agreement between the static ancl the osmoinetric results, 
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0 I 2 

C O N C E N T R A T I O N  ( g / 1 0 0 m l  solvent ) 

FIG. 2. Turbidity-conce~ltration curves for sorbitan rllonostearate in benzene solution. Curve 1 and 
curve 2 were obtained a t  28 and 45' C respectively. 

where conditions are much less rigorously controlled, is good. I t  seeins more probable 
that the inicelle structure is sufficiently weak to allow the coinponents to act individually 
in their effect on the vapor pressure of the solvent, while i t  behaves as a unit in scattering 
light. 

The size of the sorbitail inoilostearate inicelle was also estimated by measuring its 
molecular weight in the ultracentrifuge using the equilibrium method. A Spinco moclel 
E ultracentrifuge equipped with phase plate Schliereil optics and a rotor temperature 
control unit was used. A 2% solution of the lnaterial in benzene was examined in an 
Epon-filled, 12-111111 double-sector cell which allows si~l~ultaneous photographing of the 
solveilt base line and the solution pattern. The length of the solutioll column was 3 Inin, 
and 0.05 1111 of mercury was placed in the solution sector to provide the correct curvature 
a t  the cell bottom, thus reducing the possibility of convective disturbances. Rotor speeds 
were 50,740 r.p.m. and the temperature was co~ltrolled a t  25" C. 

Photographs were taken a t  a bar angle of 40" and magnified X20 prior to ineasure- 
ments. The molecular weight a t  equilibrium was calculated fro111 the equation (10) 

where (dcldx) is the concentration gradient a t  the point 5 definecl as 3 = (a+ b)/2. 
Here a and b are the distances from the center of rotation to the meniscus and base of 
the solution and Co is the initial concentration and was ~~leasured by means of a s3,nthetic 
boundarj- cell. 

The value of A[v obtained for a 27, solution was approximately 800. While this is some- 
what higher than the GGO indicated by vapor pressure depression a t  this coi~centration, 
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it is far smaller than the micellar size suggested by light scattering. Since a point of 
inflection is frequently observed in the density vs. concentration relation a t  the c.1n.c. 
for solutions of surface-active materials, some significance may be attached to the fact 
that the sainple is under considerable pressure during the ultracentrifugal measurements. 
I t  seems unlikely, however, that heterogeneity in the sample can be affecting the light- 
scattering results seriously. 

The commercial sample of glycerylmoi~ostearate yielded no conclusive results when 
benzene solutions up to lYG concentration were examined by light scattering. However, 
an ip,. of 4730 was estimated from measurements below 0.5% concentration for a pure 
a-glycerylmonostearate by Robinson, although the light scattered was so small that a 
c.111.c. was not measurable (11). Debye and Prins (2) obtained an lp, of 4000 and a 
c.111.c. of 0.14 g/100 1111 for a sinlilar pure compound in benzene a t  about room temperature. 

The apparent inolecular weight of the sainple of glyceryl monostearate assessed by 
static vapor pressure lowering is indicated by Fig. 3. The filled circles were obtained with 

I 
350 I 1 I 

0 I 2 3 4 
CONCENTRATION ( g / 1 0 0 g  solvent) 

FIG. 3. Apparent rnolec~~lar weight versus solute concentration for glycerylmonostearate. Filled and 
semifilled circles were obtained with alcohol a t  39 and 45" C respectively by static vapor pressure measure- 
ments. Open circles with benzene a t  37' C using the osmometer. 

ethanol a t  39'. A few of the measurements were made a t  45' C (semifilled circles). Again 
the molecular weight appears reasonably constant over the collcentration range examined. 
I t  is 35% higher than the calculated value for the pure compound. The open circles were 
obtained with solutions in benzene a t  37' C employing the osmometer. The apparent 
inolecular weight increases quiclcly with iilcreasillg solute concentration, reaching a 
nearly constant value a t  about 1.5YG. Assuining a monomer weight of 358, solute aggrega- 
tion does not appear to proceed beyond an equilibrium mixture of monomers and din~ers. 
A c.n~.c. of 0.12 g/100 g solvent agrees well with the value 0.14 g/100 1111 obtained for 
the pure a-monostearin from light-scattering determinations by Debye and Prins (2). 
Considering that some impurities may be present in the coillinercial substailce it is 
difficult to ascribe too inuch significance to the c.m.c. indicated by our ineasurenlents. 
However, the ratio of the size of the solute units indicated by light scattering and by 
vapor pressure depression is again large and suggests that quite different properties of 
the units are being measured by the two procedures. 
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ABSTRACT 

Hydrogen bonding in phenol, aniline, and thiophenol has been investigated by n.nl.r. 
spectroscopy and cryoscopy. While phenol shows evidence for the presence of mononier-dimer- 
polymer equilibrium, thiophenol only indicates low monomer-dimer eq~~ilibrium. The extent 
of association in these three systems decreases in the order phenol, aniline, thiophenol. 

Hydrogen bonding in hydroxy compounds has been investigated in great detail by 
infrared (1-3) and n.m.r. (4-6) spectroscopy. Recently, association of phenol has also 
been investigated by ultraviolet spectroscopy (7-9). The hydrogen bonding of some 
heterocyclic amines has been investigated by Fuson et al. (10) by infrared spectroscopy. 
Although the hydrogen bonding in aniline has been studied by several workers (10-14) 
by infrared spectroscopy, the situation is not very clear (15). Fuson et al. (10) have 
concluded tha t  the shift to lower frequencies in the NH stretching bands of aniline with 
increase in concentration is due to N-H - - - N bond formation. Recent ultraviolet 
spectroscopic studies show tha t  hydrogen bonding in aniline is not very considerable (8). 
However, there has been 110 n.nl.r. investigation on aniline. Hydrogen bonding in liquid 
thiols has been indicated by infrared studies (16, 17), but no i1.m.r. studies have been 
reported. We have now studied hydrogen bonding in phenol, aniline, and thiophenol by 
i1.m.r. spectroscopy. In addition, nlolecular weights of these compounds have also been 
determined as  functions of concentration. 

EXPERIMENTAL 

The proton magnetic resonance spectra of solutions of anhydrous phenol, aniline, and thiophenol in 
carbon tetrachloride were recorded on a Varian high-resolution n.ni.r. spectrometer operated a t  a fixed 
frequency of 40 Mc/sec. Sample tubes of 4.5-1n1n outer diameter were used. The  chemical shifts have 
been calculated using the para ring proton (18) as  the reference. The standard deviation in the chemical 
shifts varies between 0.5 and 2 cycle/sec. 

Molecular weights of the compounds were determined in benzene solution as  a f u n c t i o ~ ~  of concentration 
by the cryoscopic method. 

Phenol, aniline, and thiophenol of high purity were used, care being taken to  see that they were conlpletely 
anhydrous. All the solvents were purified and fractionated before use. 

RESULTS AND DISCUSSION 

The chemical shifts of -OH, -NH2, and -SH proton magnetic resonance of phenol, 
aniline, and thiophenol are shown as  functions of concentration in Fig. 1. I t  can be 
clearly seen that there is considerable hydrogen bonding in the case of phenol and the 
results can be interpreted in terms of 11~0110mer-dimer-polyiller equilibrium (5, 6). The 

'Presently at Department of Physics, I n d i a n  Institute of Teclrnology, Kanpur ,  India.  
2 T o  wl to~n  all the correspondence sl~ozcld be addressed at the Department of Inorganic and Pltysical Cltemistry, 

Ind ian  Institute of Science, Bangalore 12, India.  
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MOLE FRACTION 

FIG. I. Plots of proton chemical shifts versus mole fraction: A, phenol; B, aniline; C, thiophenol. 

variation in the chemical shift in the case of aniline is considerably less than tha t  of phe~lol, 
suggesting lower equilibrium constants for the monomer-dimer-polplner equilibrium in 
aniline. I t  might be expected that  N-H - -- N hydrogen bonds are energetically less 
favorable than 0-H - - - 0 hydrogen bonds. 

The  variation of 6sH with concentration of thiophenol is nearly linear and is probably 
due to weak hydrogen bonding. I t  is also possible that  the snlall changes in 6SH may simply 
be due to solvent effects. I t  seelns lilcely, however, that  the linearity is due to a monomer- 
dimer equilibrium present over the entire range of concentrations. Monomer-dimer 
equilibriunl in phenol can be realized only a t  very low concentrations. Our conclusion 
with regard to the monomer-dimer equilibrium in thiophenol is in agreement with the 
infrared studies of Spurr and Byers (17). The observation that  there is negligible self- 
association in thiophenol compared to phenol is also consistent with the fact that  thio- 
phenol is a stronger acid than phenol. 
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In Fig. 2, the n~olecular weights of phenol, aniline, and thiophenol are shown as 
functions of concentration. I t  can be seen that phenol approaches the theoretical inolecular 

FIG. 2. CrYoscopic ~llolec~~lar weights as a function of concentration: A, phenol; B, aniline; C, thiophenol. 
Dotted lines represent theoretical molec~~lar weights. 

weight only a t  very low concentrations, while thiophenol gives the theoretical nlolecular 
weight throughout the range studied. Aniline falls in between these two cases. These 
results clearly point out that association due to hydrogen bonding decreases in the order 
phenol, aniline, thiophenol. Since the theoretical nlolecular weight of thiopheilol is 
found throughout the range of concentrations investigated, it may be concluded that the 
equilibrium constant for dimerization (as indicated by i1.m.r. studies) must be very low. 
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IONIZATION OF ORGANIC COMPOUNDS 

111. BASICITIES OF PROPIONIC ACID AND PROPIONAMIDE 

J. T .  EDW.-IRD AND I. C. WANG 
Department of Clzenzistry, iMcGill U?ziversity, ~lIo?ztreal, Qz~e.  

Received February 9, 1962 

Protonation constants ( ~ R B H + )  of -6.8 and -0.9 have been determined for propionic 
acid and propionarnide, respectively, from measurements of their ultraviolet absorption iri 
various concentrations of sulphuric acid. 'The ionization ratio of propionaniide and of other 
a~nides  increases Inore slowly than the Harnlnett acidity function, ho, with increase in acid 
concentration. This may be explained by assuming that  in a given concentration of sulphuric 
acid the protonated amide is more heavily hydrated than the protonated Hanunett indicator 
llsed to establish the ha scale for this region of acid concentrations. 

The equilibria in aqueous sulphuric acid of many types of aromatic conzpounds (B) 
(1-4), assunled to ionize according to the equatio~z 

BH+ F? B f H+, [ I ]  

have been investigated by Hammett's method (5) in which the ionization ratio [BH+]/[B] 
is determined spectrophotometrically. Iolzizations of this type are assumed to follow the 
Harumett acidity function ho (6, 'i), so that the protonation constants KBH+ of the 
compounds, defined as 

KBH+ = [B]JzO/[BH+] PI 

(the quantities in brackets being molar concentrations), may be calculated from the 
spectrophotolnetric results. 

Aliphatic compounds absorb nluch Inore feebly in the spectral regions accessible with 
most spectrophotoilleters, and perhaps for this reason their ionizations have not been 
n~uch studied by Hammett's method. Most investigatioizs of the basicities of aliphatic 
anzides have been carried out by titration (8) or indicator (9) methods using solutions in 
acetic or formic acids. However, it is not certain that the relative strengths of different 
Br#nsted bases are the same in these solvents as in water (10). In one of the rare applica- 
tioils of Hamruett's method, Goldfarb, Mele, and Gutsteirz (11) determined the basicities 
of a number of aliphatic amides by observing the change in their absorptioil a t  200-210 
111p with charzging acidity. The absorptioil curves of aliphatic alnides have a shoulder or 
inflection in this region (12), due to a weak peak casued by an n + T" tra~zsition (13, 14) 
buried in the edge of a inore intense peak a t  about 190 nzp which has been attributed to a 
+ T:b transitioil (14, 15). Protoilation of the amide group, i f  it takes place, as is nolv 

believed (16, 17), on the carboilyl oxygen, should cause a large blue shift of the n + T" 

peak (18). In fact, Goldfarb et al. observed a decrease in absorption a t  200-210 mp with 
increasing acidity of the medium. However, the spectral data, accordiilg to their methocl 
of calculation, indicated two equilibria and two ionizatioil constants. Since even in abso- 
lute sulphuric acid aliphatic anzides are orlly monoprotonated (19), the interpretation 
of these results has remained puzzling. 

Goldfarb and his co-~vorkers (11) also calculated a pKBH+ of -6.10 for acetic acid 
frol~z the change with acidity of the n --t ~'"ealc a t  about 203 mp (12, 20). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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ED\VARD .AND W.ANG: IONIZATION OF ORGANIC COMPOUNDS 967 

In the present vvorl; we have studied, by Hainmett's method, the ionization of propion- 
amide and of propionic acid (whose pKBH+ values were required in another connection) 
using a spectrophotometer which enabled us to measure absorption down to wave- 
lengths of about 186 mp. Attention was given to the interpretation of the spectral data 
in an attempt to discover whether i t  necessitated two pKBH+ values for the amide. In 
the event, i t  was found that the calculation of two protonation constants was probably 
an error arising from the assumption (now known to be invalid (21)) that the ioniz a t ' 1011 

of all monoprotonated Brgnsted bases must follow the ho acidity function according to 
equation [2]. 

EXPERIMENTAL 

il!laterials 
Propionamide (Eastman) was recrystallized frorn aqueous ethanol to a constant melting point of 80.7- 

82.0" (lit. m.p. '79.5" (22)). Propionic acid was distilled through a Vigreux column, the middle fraction 
boiling a t  140-142°, no2$ 1.3852, being talcen (lit. b.p. 140.8", 1.3843 (23)). Sulphuric acid solutions 
were and standardized as described previously (18). 

A pparatzls 
A Unicam S P  500 spectrophotometer was used. There was no temperature control in the cell compart- 

ment, and the ternperat~~re  of the solutions was 2 4 f  3" during measurements. Sulphuric acid of 10-30% 
concentration absorbs very stro~lgly below 200 mp, presumably because of the presence of sulphate ion 
(whose concentration is a t  a maximum in about 17% acid (24)), and consequently for solutions of this 
concentration matched silica cells having a I-mm light path were used. For other concentrations of sulphuric 
acid quartz cells of I-cm light path were used. 

Procedure 
Aliquots (1.00 ml) of an  aqueous solution of propionamide or propionic acid of known concentration were 

diluted with aqueous acid to 25.00 ml in a volumetric flask. Extinction coefficients a t  different wavelengths 
were measured within 4-5 minutes; reproducibility of the measurements was within f l%. Hydrolysis of 
propionalnide in this time was negligible, as expected (11,25);  even after 15 minutes no change in absorption 
could be observed. Beer's law was valid for all the concentration ranges studied. 

The concentration of acid in the solutions was determined by titration using phenolphthalein as an  
indicator, and correcting, where necessary, for the propionic acid present. Corresponding HQ values were 
obtained from large-scale plots of HQ against acid concentration constructed from the data of Paul and 
Long (7). 

RESULTS AND DISCUSSION 

Protonation 01 Propionic Acid 
Propionic acid in aqueous solution has absorption peaks a t  203 mp ( E  46) and 189 mp 

(E 59). However, the latter peak is due to propionate ion, as  shown by the absorption of 
sodiu~n propionate in water (A,,,,, 188 mp, E,,,, 1410).' In 0.8% sulphuric acid, in which 
ionization to propionate is effectively suppressed, propionic acid has only one peak, a t  
206 mp (E 43.5). 

As the sulphuric acid concentration is increased to 62.5y0, this peak undergoes a 
progressive blue shift to 196 mp (Fig. l ) ,  which must be due to a mediu~n effect. However, 
with further increase of acid concentration to 95.4y0 this peal; disappears, presumably 
because of protonation of the carbonyl group (3). In absolute sulphuric acid propionic 
acid is 1;nown to be ~llonoprotonated (27). While the spectral changes must be due 
nlainly to protonation as the sulphuric acid concentration is increased from 62.5y0 to 
95.4y0, they must also be due in part to medium effects, as shown by the failure of the 
absorption curves (see Fig. 1) to pass through an isobestic point (5). 

] T h e  maxinza reported for acetic acid ( 1 0 ,  1 8 )  and  other a l iphat ic  acids  (e.g., ref. 26) in water are probably 
very slightly in error becazlse of a failzlre to  take  account of ionizat ion.  
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I .  1 Ultraviolet absorption of propionic acid in the following concentrations of aqueous sulphuric 
acid: a, 0.8; b, 50.2; C, 62.5; d,  72.1; e, 78.6; f, 86.8; g, 95.470. 

The n -+ rr 'beaks of aliphatic ketones change with increasing acidity of n~ediunl in a 
very similar fashion; the reasons given for the illedium effect as the acid concentration is 
raised to 65% (18) may apply in the present instance also. 

Plots of the molar extinction coefficient e a t  different wavelengths against the Ho 
values of the solutions gave sigmoid curves, from which the inflection points were obtained 
by the graphical method of Stewart and Yates (2). The Ha value a t  the inflection point 
then gave the pICBH+ (method A, Table I).  The experimental signloid curves were mod- 

TABLE I 
Protonation constants (PICBH+) of propionic acid and propionamide 

from absorption measurements a t  different wavelengths (A) 

-pKnn+ of propionic acid -pKna+ of propionamide 
-- 

A(mP) Method A Method B Method X 

erately close to  those theoretically required by equation [3], derived fro111 equation [2] 
by a consideration of Beer's law: 

E * ,  €BE+, and 6 being the molar extinction coefficients of the unprotonated acid, the pro- 
tonated acid, and the mixture of protoriated and unprotonated forms in a solution of 
acidity function Ho, respectively. This is shown in Fig. 2, in which the points represent 
experimental values and the curve has been calculated from equation [3] assuming 
pICBH+ = -7.0, ED = 44.0, and EBH+ = 3.0. 
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ED\V.IKD A N D  \VXNG: IONIZATION O F  ORGANIC CObIPOUNDS 

1 ~ 1 .  2 ,  Ionization of propionic acid in sulphuric acid 

Method A takes no account of the nlediuin effect. I t  was thought that the p1CBH-c 
values obtained fro111 measuremeists a t  different wavelengths might agree better if this 
effect were corrected by Haminett's method (5) of shifting absorption curves laterally to 
varying extents to malie them all pass through an isobestic point, in this case a t  X = 192.5 
u p ,  e = 44.2. The corrected values of E ,  read froin such a graph, were plotted against Ho, 
and pKBH+ values obtained as before froin such plots (method B, Table I). This method 
did not lead to significantly iillproved agreeislent of PI<,,+ values. I t  may be remarked 
that Hammett's assumption (5) about the inedium effect-that it causes a lateral shift 
in absorption curves but no change in intensity-remains iinproved. 

By averaging the results in Table I ,  a pICBH+ of -G.8&0.3 is obtained for propionic acid. 

Effect of Acidity on S/)ectrl~m of Pvopiorzamide 
Aliphatic ketones exhibit three absorption pealis: a weal; peal; a t  about 280 mp, a 

more intense peal; a t  about 190 mp, and a still inore intense peal; a t  about 150 mp. These 
pealis have been assigned by hiIcMurry (13), largely on the basis of their intensities, 
to f i  n a:" n n --t.$ , and a 4 a:" transitions respectively. The substitution of an amino 
for an alkyl group altei-s tlse energies of the orbitals of the ground state and the excited 
states, so that the weal; peal; of amides a t  about 220 mp is attributed to a n n a* transi- 
tion and the inteilse pealc a t  about 190 mp to a a n ~'Qransition (14, 15). 

The absorption curve for propio~laillide in water (Fig. 3) conforms to the general 
pattern in showing a shoulder a t  about 215 mp (E - 130) which disappears in 33Yo 
sulphuric acid (Fig. 3B) presumably because of protonation of the carbonyl group 
(17, 28). However, the intense peali a t  187 mp (e 6350) shows a shoulder a t  about 190 inp 
(Fig. 3A),? and is inost plausibly explained as being made up of two overlapping pealts: 
a pealc a t  about 187 mp (e - 4500) due to a n n u:' transition and a peal; a t  about 
190 mp ( E  - 2800) due to a a n a:': transition. This coinposite nature of the observed 
peak would explain the spectral changes observed as the solvent is changed fro111 water 
to 33Y0 sulphuric acid (Fig. 3A). Protoilatioil of tlse carbonyl oxygen would be expected 
to cause a large blue shift of the n n u* peak (29), and a sillall red shift of the a n a* 
peak (14, 30). The pealc a t  188 mp reinailling in 33y0 acid is accordiilgly attributed to a 

=We$nd,  i n  agreenzent with Ley  alzd Arends (12), that the absorption czme of acetawzide i n  aqzreozLs solution 
does lzot sltow a shoz~lder in this region. 
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I I 

WAVELENGTH (n'm) 

FIG. 3. Ultraviolet absorption of propionarnide in the followi~lg concentrations of aqueous sulphuric 
acid: A: a, 0; b, 4.9; c, 11.3; d,  23.8; c, 33.0; f ,  35.1; g, 55.2; h, 72.0; i, 96.4%; B: a, 0; b, 33.0%. 

T -+ T* transition of the protonated amide, and the shift of this peak to shorter wave- 
lengths with further increase of acid concentration to a medium effect. The causes of 
shifts due to medium effects are often obscure. 

This analysis of the absorption peak a t  187 mp is admittedly contentious and other 
interpretations of the changes in spectra with altering acidity are possible. Further work 
on the effect of solvents on the absorption of amides is planned. 

Calculation of Protonation Constants of Propionamide 
From plots of E against Ho (Fig. 4), the protonation constant of propionanlide lnay be 

FIG. 4. Ionization of propionainide in sulphuric acid. 

obtained by three different procedures: 
1. The inflection point of the experimental sig~lloid curve, and thence the pIcnB+ value, 

may be found by the method of Stewart and Yates (2). This is illustrated in Fig. 4A: 
the line a indicates the inidpoint of the straight-line portion of the curve, and hence 
the inflection point. 

For reasons made apparent in the sequel, we consider this the best method available. 
Values of the protonation constant obtained from n~easure~neilts a t  different wavelengths 
are given in Table I ,  and indicate a pKBR+ of -0 .9 f  0.1. 
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2. The theoretical curve is calculated from equation [3] using different values of E,, 
E B H + ,  and pKBH+, the curve giving the best fit being found by trial and error. This is 
illustrated in Fig. 4B, in which the curve has been calculated assuining pKBH+ = -1.0, 
E, = 2260, and EBH+ = 260. 

I t  is found that  the experinlental poiilts for propionamide deviate fro111 the theoretical 
curve in a manner which is characteristic for all alnides so far studied (4, 25, 31): in the 
neighborhood of the inflection point, the slope of the experimental curve is always less 
than theoretical (i.e. increase of ho produces a smaller increase in the ionization ratio than 
predicted by equation [2]). This has also been shown in plots of log ((tBH+ - E)/(E- E,)) 
against Ho for seven substituted benzamides having pKBH+ ranging fro111 -2.00 to 
-3.11 (32). According to  equation [3], these plots should give straight-line curves of 
slope = 1 ; in fact, straight-line curves having slopes of 0.58-0.70 were obtained. 

These discrepancies have hitherto been attributed to medium effects (25, 32). However, 
the deviation is always in the same direction regardless of the type of amide or of electro~lic 
transition (n --, a*, a --, rr4, etc.) being considered, and it seems likely that it is due to 
a general failure of equation [2] when applied to the ionizatioll of amides. This equation 
has been found inapplicablk to  the ionization of other types of Brgnsted bases also (31), 
and the reason for its failure is given in the last section of this paper. 

3. A better fit of theoretical values with the experimental results is obtainecl by 
assunling two equilibria and hence two curves calculated fro111 equation [3]. This has 
been done in Fig. 4C, assuming pKnH,+ = 0.1, E B  = 2260, and E B H ~ +  = 1200 to calculate 
curve a and pKBHL+ = -1.9 and EBH?+ = 260 to calculate curve b. However, the two 
pKBH+ values are not uniquely defined in this procedure: a reasonably satisfactory fit 
is obtained with two other pKBn+ values (for example, +0.2 and - 1.7 for Fig. 4C, with 
EBH,+ = 1500). 

This procedure is the graphical equivalent of the method of calculation follon-ed by 
Goldfarb, Mele, and Gutstein (11). Its only justification lies in the procrustean assumption 
that  the experimental data for all compounds nlust fit equation 131. Since we have grounds 
for rejecting this assumption, we may also reject this procedure because there is 110 

evidence for the two equilibria which i t  postulates. If so, the pKBH+ should lie some- 
where between the pKBH,+ and pICBH,+ values of Goldfarb et al. On the assumption that  
the inflection point (i.e. the midpoint of the central straight-line portion of the experi- 
mental signloid curve (2)) lies somewhere on the straight-line curve between Ho = pICBH1+ 
and Ho = pICBR,+, pKBH+ can be sho\vn to be given by the equation 

111 Table I1 are given the values thus calculated from the recorded data of Goldfarb et al. 

TABLE I1 
Protonation constants calculated from the es~er imenta l  data of 

Golclfarb et al. (9) 

Compound - p K m +  1 1 Compound -pKnli+ 

Acetamide 0 .59  I I N-i-Butplacetamide 0 .61 
N-Methylacetamide 1 .25 Glycinamide 1 . 0 1  
X-n-Butylacetan~ide 0 .40  Aceturic acid 3 .06  

The value for acetamide is in good agreement with the protonation constant (-0.50) 
for aqueous solution recorded by Hall (8). I t  would appear, consequently, that  pro- 
pionamide is a weaker base than acetamide, and propionic acid a weaker base than acetic 
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acid. This may indicate that l~yperconjugation is inore inlportant than inductive effects 
in stabilizing protonated amide and carboxylic acid groups. 

Fail~ire of the Ho Acidity Fzinction to Apply to the Protonation of Amides 
The failure of equation [2] when applied to the protoilation of amides may be attributed 

to the neglect of hydration effects in deriving this equation. The importance of these 
effects was first pointed out by Taft (21). The reasonable consistency of the Ho scale as 
determined by Hammett using cliffereilt indicators and different mineral acids (6, 7) was 
probably in part fortuitous: almost all the indicators used in the more dilute acid regions 
were substituted anilines, the conjugate acids of which should be hydrated to the same 
extent in a given acid solution (21). This is less than the hydration of the hydrogen ion 
(33), so that the ionization of a Haininett indicator (In) is give11 by 

InH+ + ?tHzO F? In + H+, [51 

the formulae representing the hydrated ions or molecules. The equilibrium constant 
ICI,,+ for this equilibrium is 

where the a 's  represent activities and the f 's molar-concentration activity coefficients. 
Operationally the acidity function ho of an acid solutioil is defined (6, 7) by 

and hence 

This equation, differing from the original equation of Hammett (6) by taking account 
of water activities, has already been derived in slightly different form by Bascombe and 
Bell (33), who showed that for 0-8 114 hydrochloric, sulphuric, and perchloric acid 
solutions n = 4. 

The ioilizatioil of an acid BH+ in a given coilceiltratioil of aqueous mineral acid will 
also involve a number of water molecules, differing possibly from the number involved 
in the ionizatioil of InH+: 

BH+ + mHtO F? B + H+. [91 

The equilibrium constant KtBH+ is then given by 

which coinbilled with equation [8] gives 

KtgH+ = ([Blhof~f I ~ H + ) / ( [ B H + ] ~ H ? o ~ - ~ ~ I ~ ~ B H + ) .  [I l l  

I t  is usually assumed (6, 7, 21) that the term CfDfInH+)/(f InfBH+) is reasonably invariant 
with change of acidity; this assuinptioil is supported by the work of Deno and his collabo- 
rators on the solubilities of ileutral organic compounds (34) and of organic salts (34, 35) 
in different concentrations of sulphuric acid. Accepting this assumption, equation [ l l ]  
becomes 

where (m-n), the difference in hydration nulnbers of InH+ and BH+, is termed the 
hydration parameter h. 
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This last equation reduces to  equation [2]  when 12 = 0, i.e. when BH+ aild InH+ are 
hydrated to the same extent, if B and In are (as assumed by Basco~nbe and Bell (33)) 
unhydrated. This case is represented for a hypothetical base I~aving pKBH+ = - 2  by 
curve a in Fig. 5, which gives the percentage protonatioil of the base for different Ho 

I:IG. 5. Theoretical curves according to equation (121 for ionization of a base having pKnu+ = -2.0 
and a, lz = 0; b, h = -2; 6, h = +2. 

values. When BH+ has a greater hydratioil 11umbe1- than InH+, 12 < 0 and the ionizatioll 
ratio according to equation [12] is then proportiollal to haaH,,-". Since aHZo (and hence 
aH,,-") decreases as the acid collcelltratioil (and 110) increases (33), the ionizatioll ratio 
will increase inore slowly wit11 increase of 120 than indicated by equation [2]. This is the 
situation we have already found for amides. In curve b of Fig. 5 it is illustrated for a 
hypothetical base having pI<BH+ = - 2  and 12 = - 2 ;  the curve has been calculated for 
ionization in aqueous sulphuric acid using the HO (7) and aE1,, (36) values recorded in 
the literature for various concentrations of this acid. Similarly, the curve c has been 
calculated for the ionization in sulphuric acid of a base having pKBEI+ = - 2  and 12 = +2. 
Curves of this last type have been found characteristic of the ioilization of certain sub- 
stituted thioureas (31); the significance of the positive value of h will be discussed in a 
later communication. 

I t  should be noted that  accordillg to this treatllle~lt I<,,+ is not a true equilibriulll 
constant except when 12 = 0 and KBH+ = I<'BH+. KBa+ may be regarded as a coilstailt 
operationally defined by equatiorl [2], i.e. i t  is equal to  the 120 value a t  which the base is 
hall ionized. I<',,+ maj7 then be calculated from KBn+ by the equation 

the an,, in this case being the water activity of the acid solution of Ha = PI<,,+. 
The hydration parameter required in equation [13] inay be obtained from the slope 

of the plot of log {(E, -E)/(E- €BE+)} +Ho against log ax,,, since equation [12] may be 
rewritten in the form 

log ((en - E)/(E- EBB+) ] +Ho = - h log aH,,+pKfB,+. [I41 

Such a plot for propionamide is show11 in Fig. 6. Unfortunately, it is seen that  12 is con- 
tinually decreasing as ~ H , O  decreases, i.e. as the acid becomes more concentrated (Table 
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01 

FIG. 6. Plot of (log (ionization ratio)+Ho] against log (water activity) for solutions of propionamide in 
aqueous sulphuric acid. 

111). This trend, which has been noted by us for other amides (31) and by Taft  (21) for 
other bases, greatly reduces the practical usefulness of equation [12]. I t  is to be expected, 

TABLE 111 
Hydration parameter ( h )  of propionarnide in 
sulphuric acid so l~~ t ions  of different acidities 

- HO -log ~ H , O  k 

since with decreasing water activity the hydration numbers of all ions will tend towards 
zero. Consequently the difference in hydration iluillbers of InH+ and BH+, which 
defines h, should decrease. 

The fact that in general h will be very small for ionizations in very strong acids means 
that in these acids the deviation of the ionization ratio from that  given by equation [2] 
will be small. This is exemplified for 'propionic acid in Fig. 2. Furthermore, the con- 
tinuous decrease in Iz with increase in acidity indicates that curve b of Fig. 5, calculated 
on the assunzption of a constant h, is unrealistic. If h = -2 a t  Ho = -2, then a t  lower 
acidities h < -2 and curve b should diverge more froill curve a ;  a t  higher acidities 
1z > -2 and curve b should be closer to curve a. However, in all cases (curves a,  b, and 
c of Fig. 5) the inflection points of the curves indicate the Ho value for half-ionization of 
the bases. Consequently, we consider the graphical method of Stewart and Yates (2) the 
best one for determining pKBEI+, as redefined above. 
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THE PHOSPHORYLATION OF 2-METHYL-A"0XAZOLINE:" 

D c f c ~ ~ c e  Researcl~ CItei~sical Laboi.atories, Ottawa, Cn~zada 
Received January 5, 1062 

ABSTRACT 

In conlnlon with other acylating agents, diisopropyl phosphorochloridate reacts with 
2-tllethyl-A?-osazoline in aqueous and ethereal nledia to lield N-phosphoryl derivatives. 
In both media, phosphorylation is followed by ring opening between positions 1 and 5, as 
shown by the isolation of diisopropyl N-acetyl-N-2-chloroethylphosphora~nidate and diiso- 
propyl K-acetyl-K-2-hydroxyethylphosphora~idate. The latter compound undergoes further 
rearrangement, being slowly convei-tcd to diisopropyl N-2-acetoxyethylphosphoran~idate in 
aqueous bicarbonate solution. 

Xuclear magnetic resonance studies of 2-methyl-A?-oxazoline in aqueous bicarbonate 
solution (pH 8.5) reveal that  it is all transformed to N-acetylethanolarni~~e within 23 hours. 
This short lifetime allows speculation regarding the origin of 2-acetainidoethyl diisopropyl 
phosphatc isolated from the reaction of the base with diisopropyl phosphorofluoridate. 

The normal products resulting from the action of acylating agents with 2-substituted-A?- 
oxazolilles in anhydrous or aqueous inedia are N-acyl derivatives (1, 2). The reaction of 
diisopropyl phosphorofluoridate (DFP) with 2-methyl-A?-oxazoline (methyl oxazoline) 
appears to be an exception in that  Porter et al. (3) obtained 2-aminoethyl dihydrogeil 
phosphate. 

Repetition of this reaction under their conditions (4) confirmed the result, since 
2-aminoethyl diisopropyl phosphate and 2-acetamidoethyl diisopropyl phosphate were 
isolated in sillall yields. The isolation procedure was modified t o  avoid acidic conditions, 
under which N -r 0 migration of phosphoryl groups is known to  occur ( 5 ) .  This precau- 
tion eliminated one possible mode of formation of the O-phosphoryl derivatives. 

In order to determine whether phosphorylation and acetylation of methyl oxazoliile 
proceed by different illechallis~ns the reaction between the chloro analogue of DFP,  
diisopropyl phosphorochloridate (DCIP), and methyl oxazoline was studied. Wagner- 
Jauregg et al. (6) have shown that  DClP is more reactive than DFP,  readily reacting with 
primary and secondary amines to give N-phosphoryl derivatives. 

i\/Iethyl oxazoline, when treated with DClP a t  room temperature for 24 hours in sodium 
bicarbonate solutions (pH 8.2), gave a 517, yield of cliisopropyl N-2-acetoxyethyl- 
phosphoramidate together with a little N-acetylethanolami~le. This reaction clearly 
indicates that phosphorylation of methyl oxazoline, like acylation, gives an K-acyl 
derivative. If the reaction was stopped after 1 hour, a neutral oily product was obtained 
which appeared to  be isomeric with diisopropyl N-2-acetosyetl~ylphosphoramidate, 
having the same ele~llental analysis, including one acetyl group, but a cliflerent infrared 
spectrum. No N-H or C=O (ester) absorption was apparent; instead the compound 
showed absorption a t  3400 cm-l, 1690 cm-l, and 1050 cm-I, which were tentatively 
assigned to the O-H, C=O (amide I) ,  and C-OH stretching vibrations (7). The exist- 
ence of an hydroxyl group in the molecule was confirmed by acetylation, which gave a 
quantitative yield of an oil whose infrared spectl-urn showed no absorption a t  3400 cm-1 
and 1050 cm-1 but  two new bands appeared a t  1710 cm-I and 1230 cm-1, which were 
assigned to the C=O (ester) and C-OC (ester) stretching vibrations. The only location 
remaining for the acetyl group, to  which the band a t  1690 cm-I is ascribed, is on the nitro- 

*Issued as D.R.C.L. Report No.  363. 
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gel1 atom, the lack of any N-H and amide I1 absorption being ill lreeping with a tertiary 
amide structure. The high frequeilcy of the C=O stretching vibratioil is in agreement 
with the nitrogen atom being substituted with a diisopropyl phospl~oryl group, since 
electrophilic groups substituted on the a~nide  nitrogen increase the C=O frequency (8). 

On the basis of these results, the product isolated fro111 the reaction of methyl oxazoliile 
with DClP after 1 hour was assigned structure I ,  with which the 11.1n.r. spectrum is in 
agreement. If this material is allo\ved to remain on an alumina column (ca. 1 hour) 
prior to elutioil, i t  is quantitatively converted to diisopropyl N-2-acetoxyetl~ylphospl~or- 
amidate (11). The migration call also be effected by allowing the compound to stand 
overilight in aqueous s o d i ~ ~ m  bicarbonate a t  pH S.2. 

Treatment of methyl oxazoline with DClP in anhj~drous ether in the absence of a base 
gives an oily product whose infrared spectrum, apart froin absorption a t  3400 cm-I and 
1050 cm-I, is identical with that  of I .  Since elemental analysis revealed the presence of 
chlorine and an acetyl group the material was thought to be the chloro analogue of I ,  
namely diisopropj71 N-2-cl~loroetl~ylphospl~oran~idate (111). Replacement of the hydrosyl 
by the chloro group stabilized the molecule to the extent that it could be cl~romatographed 
on alumina without undergoing ~nigration. 

Fry (1) considers the acylatioil of A?-osazolines to proceed by formation of a salt-lilce 
interinediate, followed by ring opening between positions 1 and 5 in ether and 2 and 3 in 
aqueous bicarbonate solution. This worlr elaborated the previous explailatioil by Goldberg 
and Icelly (9) of the ring opening of oxazolinium salts. They coinpared the 1/5 ring 
opening of phenyl oxazoline l~ydrochloride to give N-2-chloroethylbei~za~~~ide with the 
similar degradation of imidate hydrohalides to allryl chlorides and amicles. This decompo- 
sition of imidate hydrohalides was later shown to be first order with respect to the halide 
ion (10). Stevens et al. (11) confirmed the biinolecular nature of the reaction by isolating 
sec-butyl chloride with inverted configuration froin the thermal decomposition of optically 
active sec-butyl acetiillidate hydrochloride. 

// 
HZC-C I3 CI-I, - \ 

CEI . C1 + CI-13CONHZ 
\ \ / 

0-C +CI- 
/ 

1-1 aC? 
I 

By analogy, the mode of phosphorylation of methyl oxazoline call be coilsidered to 
give first a salt-like iiltermediate which cleaves between positions 1 and 5 under both 
anhydrous acidic and aqueous basic conditions. The last stage in aqueous bicarbonate 
is the migration of the acetyl group from the N to the 0 atom. 
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O --- CI3, 0--- CH? anhyd. 
I DClP ether H,C 0 
CHI - A CHI - \c/ 

H ,C 
/ \y/  

H,C 
/ \&/ 

C1- 0 
\ 

I\!. CHz.CHzC1 

i-Pro 
/ \ 

/ \ 0-i-Pr 
i-Pro 0-i-Pr 111 

\c/ 
0 

\ aq. NaHC03 
0 N.CH?.CH!.OH > 0 NH.CH?.CHB.O.C.CH, II 

\ P /  \ P /  

The transformation of inethyl oxazoline in aqueous solution has been studied by Porter 
et al. (12) and very recently by Martin and Parcell (13). The first authors studied un- 
buffered solutions having initial pH values of 4.8, 5.4, and 6.2 whilst the latter ernployed 
buffered solutioils in the pH range -1 to  7. Other work (14), which will be reported 
elsewhere, indicated that  the expressioils derived (12, 13) for the rate of disappearance 
of itlethyl oxazoline could not be extrapolated to  higher pH values as used in our 
phosphorylation experimeilts (pH 8.5-9). This work iilvolved a study of an aqueous 
solutioil of methyl oxazoline (2.570) a t  coiltrolled pH values in the range 0 to 10. Our 
results give excellent agreement with those of Martin and Parcel1 from pH 0 to 6, but 
discrepancies appear outside this range. Nuclear magnetic resonance spectroscopy was 
used to follow the reaction since it readily differentiates between the methyl protons of 
methyl oxazoline, 0-acetylethanolainine, N-acetylethanolarnine, and acetic acid. When 
this technique was applied to a control of methyl oxazoline ( lyO in 6y0 sodium bicar- 
bonate), the triplet a t  2.724, 2.746, and 2.770 p.p.111. up field frorn water resulting froin 
methyl oxazoline disappeared in 23 hours. The oilly other signal detected was a single 
pealc a t  2.698 p.p.111. correspondiilg to N-acetylethanolamine (0-acetylethanolam~ine 
2.563 p.p.111.). An infrared study (thin film, CaF2 plates) of a similar solutioil of methyl 
oxazoline but in DzO and using deuterated sodium bicarbonate confirined the result. 

Since methyl oxazoliile is readily converted to N-acetylethanolamine under the con- 
ditioils einployed in the reaction of methyl oxazoliile and DFP ,  a separate experiilleilt 
was carried out with D F P  and N-acetylethanolamii~e, and 2-acetamidoethyl diisopropyl 
phosphate was isolated. 

I t  would therefore appear likely that  under the conditioi~s used for the phosphorylation 
of inethyl oxazolille with DFP ,  2-acetamidoethyl diisopropyl phosphate arises fro111 the 
reaction of N-acetyletl~anolai~~ine with DFP.  However, the isolation of 2-aminoethyl 
diisopropyl phosphate remains unexplained. 
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GREENHALGH: PHOSPHORYLATION 979 

EXPERIMENTAL 

Infrared spectra were recorded on a Perkin-Elmer 221G spectrophotometer and the nuclear magnetic 
resonance spectra on a Varian VT300 spectrometer. Paper chromatograms were run oil Whatman No. 1 
paper using butano1:acetic acid:water, 4:1:5, as the developer. 

2-iltetlzyl-A?-o.xaeoline was prepared by the method of IVenker (15), b.p. 109-110'. 
Diisopropyl plzosphorocbloridate was prepared according to McIvor et al. (16), b.p. 74" a t  10 mrn. 
Diisopropyl plzosphoroflz~orzdate was prepared by the method of Goldwhite and Saunders ( l7 ) ,  b.p. 63" 

a t  1 mm. 
i\T-Acetylethanolamine was prepared according to Wenker ( l5 ) ,  b.p. 140" a t  0.1 mm. 
Diisopropyl N-2-hydroxyetlzylphosplzora~izidate was prepared according to Plapinger and \\iagner-Jauregg 

(5) and distilled a t  95-95' a t  0.1 mm. Infrared (film): 3375 cm-', OH;  3280 cm-I, NH;  1230 cm-I, P + 0 ;  
1178, 1140, 1107 an-', C-OP (isopropyl); 1061 tin-l, C-OH; 1018, 989 cm-I, P-OC. 

Diisopropyl N-2-Acetoxyetlzylphosphora~~zidate 
Diisopropyl N-2-hydroxyethylphosphoramidate (800 mg) and triethylamine (395 mg) were dissolved 

in anhydrous ether, and acetyl chloride (305 mg) was slowly added. After standing for 72 hours, the solu- 
tion was filtered and the filtrate evaporated to give ail oil (845 mg) which distilled a t  95-95' a t  0.05 mm, 
n?lD 1.435 (yield 86%). Calc. for CloH?205NP: N, 5.28; P ,  11.68%. Found: N ,  5.57; P,  11.34%. Infrared 
(film) : 3250 cm-l, NH;  1740 cm-l, C=O (ester) ; 1232 cm-l, P --r 0 and C-OC (ester) ; 1170, 1135, 
1108 cin-I, C-OP (isopropyl); 1015, 985 cm-I, P-OC. 

Reactiolt of DClP with 2-ilCetlzy1-A2-oxazoline i n  Aqzreoz~s Bicarbonate Solt~tion 
(a) DClP (1.71 g) was added over a period of 2 hours to a stirred solution of niethyl ovazoline (500 rng) 

and sodium bicarbonate (1.5 g) in water (17 ml). The solution was stirred for 20 hours and then ether- 
extracted to give 823 mg (5270) of oil which distilled a t  95-99' a t  0.1 mm, miD 1.434. Calc. for CloH2?05SP: 
C, 45.2; H ,  8.37; N, 5.28; P ,  11.68y0. Found: C,  45.36; H ,  8.58; N ,  5.04; P ,  11.58%. Infrared (film): 3250 
cm-l, S H ;  1740 cm-I, C=O (ester); 1232 cm-I, P --r 0 and C-OC (ester); 1170, 1135, 1108 cm-l, C-OP 
(isopropyl); 1015, 985 crn-I, P-OC. The infrared spectrum was identical with that  of an authentic sample 
of diisopropyl N-2-acetoxyethylphosphoraiiiidate. 

(b) Using the quantities of reactants mentioned above, DClP \\.as added to the solution in 15 minutes 
and after an  hour the solution was extracted with chloroforiii. The chloroform estract gave diisopropyl 
N-acet) I-X-2-hydrosyethylphosphora~~~idate, 910 mg (58%), a s  a yellowish oil, which was distilled a t  
95-100" a t  0.01 inin. Calc. for CloI-I??O,XP: C, 45.2; H,  8.37; N ,  5.28; P ,  11.68; CH7C0,  16.22%. Found: 
C, 45.51; 13, 8.34; N ,  5.08; P ,  11.82; CH3C0, 16.01%. Infrared (film): 3400 ctn-l, 013; 1685 cm-1, C=O 
(amide I ) ;  1270 cm-I, P + 0 ;  1170, 1135, 1108 cm-', C-OP (isopropyl); 1050 cm-1 (sh), C-OH; 1010, . - -  
985 ~in-I ,  P-OC. 

(c) X inixture of methyl oxazoline (2 g),  DClP (11.49 g), sotliuin bicarbonate (12 g), and isopropanol 
(75 ml) was made up to 200 ml with water, maintained a t  37' for 4 clays, and then extracted with ether 
followed by chlorofo;m. The ether extract contained 2.1 g of oil, of which 500 mg was chromatographed on 
\Yoelm 117 neutral alurl~ina; the main products were diisopropyl N-2-acetosyethylpl~osphoramidate ('289 mg), 
which was eluted with 2:l benzene:ether, and N-acetylethanola~nine (25 mg), eluted with 50:l chloroform: 
methanol. 1\11 the chloroforin extract (102 mg) was chromatographed on the same type of al~rmina; tliiso- 
propyl N-2-acetosyethylphosphora~~~idate (50 mg) \\,as eluted with 8 : l  benzene:chloroform; diisopropyl 
N-2-hydrosyethylphosphorai~~idi~te (20 mg) \\.as eluted with 20:1 cli loroform:~~~ethanol ant1 K-acetyl- 
ethanolamir~e (16 mg) was eluted with 100:l chloroform:methanol. The fractions \\-ere identified by com- 
parison of the infrared spectra with those of authentic samples. 

The total yields of diisopropyl N-2-acetosyethylphosphorarnidate and diisopropyl S-2-hldrosyethyl- 
phosphoramidate were 1.28 g (20%) and 20 mg (0.4%) respectively. 

Reaction of DClP with 2-Metlzyl-h2-osaeoline in  A?zbydroz~s Etlzer 
DClP (1.16 g) in anhydrous ether was added to a stirred solution of methyl osazoliile (500 ing) in anhy- 

drous ether. After the solution was stirred for 18 ho~irs  the solver~t was removed and the residue freed of 
volatiles by pumping a t  0.3 mm, yielding 1.62 g of yellow oil. I\ 500-mg aliquot \\,as chromatographed on 
\\'oeln~ neutral alumina grade 111 and two main fractions were obtained. Elution with 4:1 benzene:pentar~e 
gave a colorless oil (340 mg) which distilled a t  55-90' a t  0.1 mm. Yield 68%. Calc. for CloIH1?O.INPCI: 
K ,  4.89; P ,  11.19; CI, 12.42%. Found: N, 4.61; P ,  10.98; C1, 12.65%. Infrared (hlm): 1690 cm-I, C=O 
(amide I) ; 1270 cm-I, P -+ 0 ;  1174,1138,1095 cm-I, C-OP (isopropyl); 1010 (sh), 986,970 (sh) cm-1, P-OC. 
From the n.m.r., infrared, and analytical data this compound was concluded to be diisopropyl N-acetyl- 
N-2-chloroethylphosphoramidate. A second fraction (128 ing) was eluted with 1:l  benzene:ether as a clear 
oil and had an infrared spectrum identical with that  of N-2-chloroethyl-N-a~etyleth~lamine. Infrared 
(hln~) :  3280 cnl-l, NH;  1650 c ~ n - ~ ,  C=O (amide I ) ;  1565 crn-I, 0CNI-I (arnide 11); 1260 cm-1 (amide 111). 
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ilcelylaliorz of Di i sop~opy l  N-Acetyl-iV-2-l~yd~o~ycflz~~lplzosplzorawzidate 
Acetyl chloride (300 mg) was slowly added to a solution of triethylarnine (388 mg) ancl diisopropyl S- 

acetyl-N-2-hydroxyetl~ylpl~osphoramidatc (850 mg) in anhydrous ether. Aftcr the solution had stood over- 
night, thc white precipitate of triethylamiiie hydrochloride was filtered off; evaporation of thc ethereal 
filtrate gave 8110 rng of yellow oil which distilled a t  87-90' a t  0.1 mm, giving diisopropyl N-acetyl N-2- 
acetoxyethylphosphoramidate (92%) as a clear oil. Calc. for CIEH?IOjKP: N, 4.53; P, 10.02; CI-13C0, 
23.90%. Found: N, 4.66; P, 9.75; CHXCO, 23.66%. 

Reaclio?~ of DFP zaitlz 2-Melhyl-A?-osazoline 
A solution of methyl oxazoline (2 g),  D F P  (11 g), and sodium bicarbonate (12 g) in water was homoge- 

nized by the addition of isopropanol (75 ml), and the volurnc was 111ade up to  200 1111. The reactio~l was 
carried out in a fume hood, and the solution kept a t  37' for 4; days. After this time, the reaction m i x t ~ ~ r e  
mas estractecl with ether ancl chloroform, which yielded 758 nlg and 45 mg of oil, respectively. 

.A portion (500 mg) of the ethcr extract \\.as chromatographed on Woelm ne~~tralaluil l i~lagrade IV (l5g) and 
three main fractions were obtair~ed. Thc first fraction eluted was D F P  (27 mg), with 2:1 benzene: pentane; 
followed by N-acetylethanolamine (110 mg), eluted with 80:l chloroform:methanol; ailcl finally sodi~rm 
diisopropyl phosphate (2'21 mg), eluted with methanol. All the chloroform extract was chromatographed 
on 2 g alumiila, giving two main f rac t io~~s:  N-acetylethanola~~~ine (10 mg), eluted with 90:l chloroform: 
methanol, and sodium diisopropyl phosphate (22 mg), eluted with 100:l 1nethanol:acetic acid. All these 
compounds were identified by comparison of their infrared spectra with those of authentic samples. Two 
small fractions from the chloroform extract eluted with 1:l ch1oroform:ether showed positive ninhydrin and 
I-Ianes-Isherwood (18) spots a t  R F  0.72 and 0.73 respectively, and also I-Ianes-Isherwood-positive spots 
a t  R F  0.89 and 0.92 respectively. 

These t\vo fractions mere combined (10 mg), and 5 mg streaked on a sheet of LVhatma11 No. 3 paper 
1 8 x 1 8  in. and separated electrophoretically in an E.C. Model 40 apparatus, ~ising IN fornlic acid as the 
buffer a t  900 v for 1 hour. Three Hailes-Ishcrmood-positive bands were detected a t  -6, - 1.5, and +2.6 cm 
11si11g the print incthod (19). Aftcr air drying the paper, the bands were cut out and eluted with water ('2 inl). 
The eluate was passed through a millipore filter and in the case of band 1, through 1 cc Il iA 400 (OH-) 
before evaporating to dryness. Band 1 gave 1.1 ing of oil, band 2, 2.5 mg, and band 3, 1.3 mg. Thcse oils 
were shown to be pure by re-examination of chromatographic and electrophoretic properties. These values, 
together with the spectral data,  are give11 in Table I. 

TABLE I 

Papcr chromatogmphic, paper electrophoretic, and infrared absorption data of the three fractions from the 
chloroform extract 

-- 

Chromogenic reaction 

XIobilityT Kill- Hanes- Chlorine Infrared spectra (CI-IC13) 
Band R F  (cm) hydrin Isher\\-oocl (20) (cm-l) 

*Mobility is measured a s  the distarice rnoved from the start  line, and the sign denotes the electrode towards which migration 
occurred. 

On the basis of these propertics being identical with those of 2-aminocthyl diisopropyl phosphate in the 
casc of bancl 1, 2-acetamidoethyl diisopropyl phosphale for band 2, and diisopropyl dihydrogen phosphate 
for band 3, the compounds werc assigned these structures. The yield of 2-aminoethyl diisopropyl phosphate 
was 0.07% and 2-acetamidocthyl diisopropyl phosphale 0.08%. 

Reaclio?i of DFP zaitk iV-rlcetyleliza?zolatizi?ze 
N-;\cetylethanolamine (2.45 g) was mixed with D F P  (11 g),  sodium bicarbonate (12 g),  and isopropar~ol 

(75 ml) and inade up to 200 ~ n l .  The reaction was inaintaiiled a t  37O for 4 days. 
After 4 days a t  37" the reaction was extracted with ether and chloroform. The ether extract gave a brown 

oil (908 mg), of which 500 rng \\-as chromatographed on \\Toclm neutral alumina grade IV (15 g). The 
products isolated in order of clution were D F P  (233 mg), triisopropylphosphatc (7 mg), 2-acetamidoethyl 
diisopropyl phosphate (12 mg), N-acetyletl~anolamine (87 mg), and diisopropyl dihydrogen phosphate 
(141 ~ n g ) .  The chloroform extract gave 43 mg of oil which yielded on chromalography 2-acetamidoethyl 
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diisopropyl phosphate (9 mg) and N-acetylethanolan~ine (15 mg). All the products mere identilied by paper 
chromatography and infrared spectra by comparison with known samples. The main product \\,as 
2-acetamidoethyl diisopropyl phosphate, 30 mg (0.47y0). 

The author is indebted to Mr. J. Legari for technical assistance and to Dr. M. A. - 

Weinberger for interpretation of the i1.m.r. spectra. Microai~alyses were carried out by 
Mr. J. Helie, infrared absorption spectra by Mr. R. Graveiie, and n.1n.r. spectra by 
Mr. I<. Oiitawa. 
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TOTAL SYNTHESIS OF STEROIDAL DERIVATIVES 
I. SYNTHESIS OF HYDROCHRYSENE ANALOGUES AND RELATED COlMPOUNDS 

JAMES P. KUTNEY, WM. MCCRXE,' AND ARNOLD BY 
Depa~tnzent of Ckenzistry, University of British Colz~?itbia, Vancoz~ver, British Col?rmbia 

Received December 6 ,  1961 

ABSTRACT 

A synthetic seq~~ellce leading to the total synthesis of several hydrochrysene derivatives 
is described. I t  is noted that  these derivatives may provide entry into the synthesis of various 
interesting steroidal analogues. 

Recently a considerable effort has been put forth to study the effect of substituents 
attached to the steroid skeleton on the biological properties of these con~pounds. Indeed, 
dranlatic effects have been obtained for substitutents such as methyl, hydroxyl, and 
halogen, particularly fluorine, when these groups are situated a t  rather specific positions 
on the nucleus. Related to these studies, the removal of angular methyl groups, as in 
1s-nor and 19-nor steroids, or of illethylene groups from the ring skeleton to generate 
ring-contracted steroidal nuclei has also been accompanied with very important altera- 
tions in the biological activity of these molecules (1, 2). 

All of the above studies have involved the use of the naturally occurring steroids as 
starting materials, and although these are obviously the logical choice in most cases, they 
offered certain limitations in synthesizing some of the steroidal derivatives which were 
of interest in our studies between structure and biological activity. For this reason, we 
initiated investigations directed toward the total synthesis of steroidal analogues, with 
particular enlphasis on intermediates which would readily lend themselves to the iiltro- 
duction of substituents or alterations of the act~ial skeleton not coilveilieiltly possible 
from the natural steroids. This paper outlines the total synthesis of hydrochrysene 
derivatives which fulfill this aim. 

Of the various approaches which were available, the one utilizing the Robinson- 
i\/Iannich base reaction originally developed by Robinson and co-workers (3) and so 
successfully applied in the elegant researches of Johnson and co-workers (4) was selected. 
Condensation of 6-methoxy-2-tetralone (I) with 1-diethylamino-3-pentanone inethiodide, 
in the presence of sodium methoxide, provided an isomeric inixture of the tricyclic ketones 
(I1 and 111). The arrallgeilleilt of the double bond in the tricyclic ketone permits its 
migration into conjugation with either the aroinatic ring or with the carbonyl function 
(I1 F), 111). It  was not surprising, therefore, to find that our product was an oily mixture 
of both isomers. The ultraviolet spectrum of this mixture indicated a broad band in the 
250-260 mp region and the infrared spectrum indicated the presence of saturated and 
unsaturated carbonyl functions (5.86 and 6.05 p). Careful chromatography of this mix- 
ture, first on alumina and then on silica gel, allowed the separation into the two respective 
isomers, I1 (A,,,, 253 mp, infrared 6.05 p) and I11 (A,,,,, 275 mp, infrared 5.S5 p). I11 general, 
this separation involved considerable losses, and for preparative purposes, in the sub- 
sequent condensation, the isomeric mixture was employed. I t  is pertinent to point out 
that a similar mixture was encountered by Johi~soi~ and co-worlters in a sinlilar reaction 

(5). 
'Holder of N.R. C. Postdoctorate Fellowship, 1960-1961. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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RUTNEY ET AL.: STEROIDAL DERIVATIVE SYNTHESIS 983 

CH3 OAc 7 6 

The conlmon anion derived from either isomer I1 or I11 made i t  unnecessary to isolate 
each isomer in a pure state for the second Robinson-Mannich cyclization. Consequently, 
the tricyclic ketone nlixture was treated with either 1-diethylamino-3-butallone n~ethio- 
dide or methyl vinyl ketone and the condensation was allowed to proceed, in the presellce 
of sodium methoxide, to yield a tetracyclic product. I n  our hands, the use of methyl vinyl 
ketone instead of the Mannich base was more convenient and provided better results 
and we have utilized it in most of our condensations. I t  should be noted that a similar 
preference for the use of the parent ketone instead of the Mannich base methiodide is 
indicated by Woodward and co-worlcers in a related reaction (6). The nature of the 
tetracyclic product depended on the reaction conditions-the hydroxy ketone (IV) was 
formed a t  lower temperatures whereas the tetracyclic ketone (V) was the major product 
a t  refluxing methanol temperature. Since ltetone V was readily obtained fro111 the hydroxy 
ketone by treatment with base, and since the ketol IV allowed us to  obtain some of the 
desired hydrochrysene derivatives, we concentrated our efforts on developing optilllum 
conditions for the sequence I I ,  I I I -+ IV -+ V. 
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The nature of the lcetol structure deserves some comment since a t  the outset, two 
forlnulatioils (IV or VI) are possible depeildiilg on the lnailller of the final cyclization. 
The structure IV was anticipated, since Johilsoll and co-worlters (8) have recently 

(X I  I )  ( X I I I )  

published a detailed paper indicating that  the correct structure for their lcetols, obtained 
in an ailalogous sequence, is represented by a formulation of type IV and not VI as 
originally proposed. Indeed, our hydroxy ketone, lll.p. 216-218O, could be readily assigned 
the bridged structure IV on the basis of the lollowing evidence. The infrared spectrum 
ol the substance indicated the presence of a saturated carbonyl chroinophore (5.88 p) 
and a hydroxyl function, and the ultraviolet spectrum (A,,, 274 mp; Aml, 236 inp) was 
characteristic of a 9-methoxystyrene cl~romopl~ore. Subsequent colnparison with the 
lnodel compound, 3 , i l -dihydro-G-methox~phtl~alene (XII)  (A,,, 269 mp ; Aml, 237 mp), 
indicated that  the ultraviolet spectra were virtually superiinposable except for a slight 
shift of the maximum in IV, as  expected for more substitutioil on the chromophore. This 
spectral data is obviously consistent for both IV or VI, but  when we turned to  coilsider 
the n.1n.r. data, we could exclude VI very easily. The i1.m.r. spectrum, run in pyridine 
(7) ,  showed two sharp signals a t  high applied magnetic field characteristic of proton 

I I 
resoilailce f ro~n inethyl groups (9.38 T, -C-CHB and 9.22 T, HO-C-CH&a situatioll 

I I 
clearly coilsistent with structure IV but  not VI. In addition the characteristic signals for 
the methoxyl group and the aromatic protons were present (see experimental portion). 
Acetylatioil of IV with isopropenyl acetate provided a good yield of the expected acetate, 
VII,  m.p. 150-150.5'. Apart from the usual carbonyl absorption characteristic of the 
ketone and acetate functions (5.78, 5.85 p) in the infrared, the n.m.r. spectrum of this 
substance, run in pyridine, also indicated solne interesting features. Firstly, the presence 
of two high-field signals (9.42, 8.98 T) confirmed the presence of two methyl groups. In 
addition i t  is to be noted that  one of these signals is shifted downfield upon acetylation 
and this is expected in such a structure as IV. This evidence allows us to assign, with 
certainty, the highest-field signal to  the angular methyl group. I t  is well known (7) that 
pyridine exerts a considerable solvent shift in the n.1n.r. and in order to see what effect 
is noticed in this series of compounds, we also ran the acetate VII,  under identical con- 
ditions with deuteriochloroform as the solvent. In general all the signals were shifted 
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downfield wit11 some signals being shifted much lnore than others. For example, the 
high-field signals now occurred a t  8.80 and 8.35 T. In addition the resolutioll in pyridine 
was far superior to that in deuteriocl~loroform so that pyridine appears to be an excellent 
solvent for compounds of this type. 

I t  has been ltnown for solne time (8) that catalytic hydrogenation of the acetates of 
ketols of type IV effects stereoselective reduction of the styrene double bond, with the 
hydrogen being absorbed from the P face of the molecule. This stereochemical course can 
be rationalized if one considers the conformational expression for tlie acetate VII (see XI) .  
I t  becomes clear tha t  p-side hydrogenation would be expectecl because approach of the 
catalyst to  the a-side of the double bond is seriously hindered by the bridge containing 
carbons 6 ,7 ,  and 8. When the ltetol VII was catalytically reduced by the use of palladium 
hydroxide on strontium carbonate, a good yield of the reduction product (VIII) was 
obtained. The ultraviolet spectrum of this substailce (A,,, 278 and 286 mp) was virtually 
superinlposable upon the spectrum of an authentic sample of 1,2,3,4-tetrahydr0-6- 
methoxynaphthalene (XIII) ,  indicating that  cornplete reduction had occurred. Tile 
infrared spectrum still retained the typical saturated carbonyl chromopliore, and the 
acetate group (5.86, 5.80 p) and the n.m.r. spectrum, with signals a t  high field (8.90 T ,  

I I 
-C-CH3; 8.47 T, --C-CH3), were entirely consistent with tlie above formulation. 

I I 
OAc 

When the above reduction product (VIII) was refluxed in benzene in the presence of 
methoxide, an excellent yield of the expected tetracyclic ketone I X  was obtained. 

This substance, 111.p. 158-15g0, now exhibited a conjugated carbonyl absorption in the 
infrared spectrunl (6.04 p) and a new absorption occurred a t  233 mp in the ultraviolet 
apart from the usual aromatic absorption already mentioned in VIII.  The n.m.r. spectrum 
of this substance was completely different from that of tlie starting material and, apart 
fro111 a detailecl description given in the experimental portion, may be mentioned the 

I 
presence of only one signal a t  high field (8.53 T ,  -C-CHa) and a weak signal in the 

I 
olefinic proton region (4.16 T), which is clearly in support of structure IX. This interesting 
reaction, previously observed by Johnson and his CO-workers, (8) inay be rationalized as 
talting place via a reverse aldol reaction to give, in this case, the diltetone XIV, followed 
by r e ~ ~ c l i z a t i o ~ ~  to  the ltetol structure XV, which then undergoes a base-catalyzed 

of water to  provide the product IX.  
In order to  provide further desirable derivatives in this series, the unsaturated ltetone 

I X  was catalytically reduced by the use of palladium on charcoal containing a trace of 
concentrated hydrobronlic acid-reaction conditions ltnown to  provide ring A/B cis 
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fusions in compounds of this type (9). The reduction product, 111.p. '76.5-77.5', was 
assigned the cis-syn-cis structure X. The completeness of the reduction was indicated by 
the infrared spectrum of the product (5.86 1 )  and its ultraviolet spectrum, ~v l~ i ch  now 
showed a complete disappearance of the conjugated carbonyl chromophore and a 
retention of the typical aromatic absorption, making the spectrum superimposable 
on that of the methoxy tetraIin, XII I .  The i1.m.r. spectrun~ was also instructive, 
indicating absence of olefinic signals and the presence of a sharp pealc a t  8.85 T, attribut- 

I 
able to one -C-CH3 function. I t  is interesting to note that  in X, where there are no 

I 
ring olefinic bonds present to create a deshielding effect on the methyl signal, the pealc 
now occurs a t  higher fields and in  the region more normally attributable to inethyl 
protons. 

Finally, in the hope of providing hydrochrysene derivatives with different stereo- 
chemistry a t  the ring junctures, we have subjected the ltetol IV to a more drastic 
ll~ethoxide treatment and have obtained, in high yield, the expected tetracyclic l;etone, 
V. This material, 111.p. 142-143'," exhibited a strong carbonyl absorption in the infrared 
due to the conjugated chron~ophore in ring A (6.01 1 ) ,  and the ultraviolet spectrum of 
the ~ilaterial indicated two maxima (235 111p (broad) and 270 m1). The n.1n.r. spectrum 

I 
had, among its important features, a single band a t  high field (8.52 T, -C-CH3) and 

I I 
a weal; signal due to the olefinic proton (4.13 T). Other n.1n.r. signals appearing in the 
spectrum are given in the experimental portion. The mode of formation of V is analogous 
to the one already given for IX.  

I t  is pertinent to  point out that although the substances described herein differ from 
the ones previously prepared only in the nature of the aromatic nucleus, this difference 
represents ail important n~odification for the synthesis of Inany steroidal substances. The 
aromatic system in the above compounds lends itself readily to numerous interesting 
variations not conveniently obtainable previously. Indeed, Nagata and co-worlters (11) 
have very recently described the preparation of various C-18-substituted steroids and 
related substances, utilizing such interrnediates as V. We hope to present other interesting 
nlodifications in a forthcoming publication. 

E S P E R I M E S T A L  

XI1 melting points were determined on a Fischer-Johns apparatus and are ~~ncorrected. The ~~l t raviole t  
spectra were recorded in '35% ethanol on a Cary 11 recording spectrophoto~neter. Infrared spectra were 
recorded as potassi~~tn bro~nide pellets on a Perkin-Elmer Model 21 spectrophotorneter. The n.m.r. spectra 
were talcen a t  60 megacycles on a Varian A 60 instrument. In all cases tetran~ethylsilane was the external 
standard set a t  0 c.p.s. In all cases integration of areas under the signals was carried out and the number 
of protons corresponding to each signal indicated in parentheses. The positions of the signals are recorded 
in the Tiers T scale. The analyses were performed by Dr. A. Bernhardt and his associates, i\4~1lheim (Ruhr) 
Gerrnany, and b) i\Irs. Aldridge, University of British Colurnbia. 

Reaction of 6-~VfeLkosy-2-tetralone ( I )  with 1-Dietlzyla?izino-3-pelztanone 114etlziodide 
We have performed numerous experi~nents in order to obtain optimum reaction conditions. We have 

found that tnaxirnutn yields are only obtainable if the reactions are conducted under absolutely anhydrous 
conditions and in the complete absence of oxygen. The apparatus described in Org. Syntlzeses (12) was used 
throughout the entire sequence. 

*Tltis szrbstance has been i?zdependently nzentioned i n  a recent cor?znzunicatio?t (10). W e  fozrnd the zrltrauzolet 
data presented for tltis sz~bstance to be incorrect. W e  are uery gratefz~l to Dr. W .  iVagata for providing u s  with 
a contparison sanzple and thereby allowing z ~ s  to establish, beyond dotrbt, that their ntaterzal zs identical with ozirs. 
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To a 250-ml 3-necked flaslr fitted with a drying tube, a dropping f~unnel, and a source of dry nitrogen, 
1-diethylamino-3-pentanone (28.5 g )  dissol\red in dry  benzene (83 1111) \vas added. The solution was chilled 
(ice bath) and dry nitrogen was passed into the flask over a period of 20 minutes. With nitrogen still passing 
into the flask, methyl iodide (13.5 g )  was added dropwise, over a period of 1 hour, to the stirred pentanone 
solution. The temperature of the reaction mixture was kept a t  0' during the addition, and after addition 
\vas con~plete, the reaction mixture \\-as stirred a t  0' for a further 3 hours, with a slow passage of nitrogen 
being maintained. In order to  complete the reaction, the ~nixture was kept a t  O0 o\.ernight and was therl 
ready for use. This stoclr solution, containing the gunlmy ~nethiodide, c o ~ ~ l d  be used for several condensa- 
tiorls. Just before use, dry methanol (30 ml) was added to dissolve the ~nethiodide and while still cold, 
aliquots of this solution were used in the various conde~~sations. 

-4 1-liter 3-necked flaslc was e q ~ ~ i p p e d  with a pressure-equalized dropping funnel, a stirrer, and a reflux 
condenser which was connected a t  the top t h r o ~ ~ g h  a 3-way stopcock to a vactunln source (water aspirator) 
and dry nitrogen (12). The system was evacuated, and with a rapid escaping stream of nitrogen passing 
through, the apparatus was flame dried. Anhydrous ~nethanol (105 ml) was put into the flask and sodi~llll 
(4.43 g )  was added through an escaping stream of dry nitrogen. After the metal had dissolved, the ~ n e t h o x i d ~  
solution was cooled to O0, the system evacuated until the s o l v e ~ ~ t  began to boil, then filled with dry nitrogen, 
and the procedure repeated once more. To this stirred, cold basic solutior~, a solution of 0-nlethoxy-2- 
tetralone (23.11 g )  in dry benzene (51 ml) was added rapidly through the dropping funnel. The droppillg 
funnel was then charged with an  aliquot (0.73 parts of the above stoclc solution) of the cold Mannich base 
~nethiodide (in an  escaping stream of nitrogen) and the methiodide was then added over a period of 40 
n~inutes with stirring and cooling to OO. The reaction mixture gradually became green and stirring was 
co~~t inued for 1.75 hours a t  O0 in an  atmosphere of nitrogen. Finally, the ~nixture \\,as refluxed for 1 hour, 
during which time the so lu t io~~  developed an orange color. After cooling to 0°, the reaction was treated with 
2 N sulphuric acid (147 ml) and then diluted with water (90 ml). The mixture was extracted with several 
portions of ether, the ethereal layer dried over anhydrous magnesium sulphate, and solvent evaporated 
i l t  uacrio to yield a c r ~ ~ d e  oily product. This oily product was partially distilled to yield a fraction (2.14 g )  
distilling in the range 100-119" a t  0.1 mm which proved to be unreacted tetralone. The residual oil (28.42 g, 
89.5% yield) consisted almost entirely of the desired tricyclic lietone mixture, although the infrared spectr~lln 
of this material showed the presence of a hydroxy-containing ~naterial. Chro~natography of this oil on silica 
gel (330 g )  and elution with benzene yielded the desired product as  an isonxeric ~nixture:  11, I11 (23.3 g ,  
81% yield). Finally, elution with ether removed the hydroxy-containing material, which was not further 
characterized. 

.A s~nall  aliquot of the 23.3-g fraction was distilled a t  230-250' (bath temp.) a t  0.15 rnm to yield a n  
analytical sarnple of the tricyclic ketone. The l~ltraviolet spectrum indicated A,,,, 225 (log e 3.93), 254 111~ 

(log e 4.06), h,i, 235 mp (log e 3.85); and the infrared spectrum showed 5.86 and 6.05 p. Found: C,  78.97; 
H, 7.50; 0 ,  13.65. Calc. for CltjHlaOr: C, 79.31; 13, 7.4!); 0 ,  13.22. 

In one experiment, a small portion (1 g )  of the tricyclic lietone ~nixture was chromatographed on de- 
activated a lu rn i~~a  (grade 11-111). Elution with benzene and benzene-ether mixture yielded a poor recovery 
(600 mg) of a yellow gum. This gum was then further rechronlatographed on silica gel (6 g). Elution with 
benzene- petroleum ether (1 : l )  yielded, in the initial fractions, a small amount of the isomer 111, A,,, 
275 mp (log e 3.93), A m i n  242 mp (log e 3.45); infrared 5.85 p. Found: C, 79.10; H, 7.54; 0 ,  13.31. Contin~led 
elution with the same s o l v e ~ ~ t  yielded a slnall amount of isomer 11, A,,,, 253 mp (log e 4.10); infrared 6.05 p. 
Fou~ld:  C, 79.24; H ,  7.41; 0 ,  13.12. Due to the poor recovery e n c o ~ l ~ ~ t e r e d  in this experiment, this separation 
was abandoned. 

For the subseq~lent condensation with methyl vinyl ketone, the tricyclic lcetone nlirt~lre,  as obtained 
from the silica gel chronlatography, was always distilled immediately before reaction so as  to renlove traces 
of water etc. 

Reaction of Tricyclic A'etolte zvith Aietliyl V i n y l  Areto?ze-Preparation of Ketol ( I V )  
In nunlerous experiments attenlpted wherein we ~lsed 1-diethylamillo-3-butano~le n~ethiodide or methyl 

vinyl ketone vre found the latter reagent to be I I I L I C ~  more convenie~~t  and better yields were realized. 
Consequently o ~ ~ l y  the procedure with this reagent is o~~ t l ined  here. 

A 250-1111 3-necked flasl; was fitted with a stirrer, a dropping funnel, etc., exactly as already indicated in 
the first condensation above. After any ~uoisture or oxygen was eliminated fro111 the s,.stem as  above, the 
flasl; was charged with 21 solution of the tricyclic ketone mixture (15.33 g )  in anhydrous methanol (28 n ~ l )  
(in an  escaping stream of nitrogen). The dropping funnel was now filled \vith a sodi~1111 tnethoxide solution 
prepared fro111 sodi11n1 metal (1.09 g )  in dry methanol (28 ml) and the entire system was evacuated until 
the solvent began to boil. Dr). n i t roge~~  \\-as then admitted, the system evacuated, and the procedure 
repeated again. The sodium ~nethoxide solution was now added (in an escaping strear11 of nitrogen) rapidly 
to the stirred tricyclic lcetone m i s t ~ ~ r e ,  kept a t  0'. To this reaction ~nisture,  kept a t  0°, a solution of dry 
methyl vinyl 1;etone (6.66 g ,  obtained from Matheson, Coleman and Bell, dried over anhydrous potassium 
carbonate, and freshly distilled) in anhydrous ~nethanol (20 ml) was added dropwise over a period of 25 
minutes, with a slo\v nitrogen stream being maintained. During the addition, the reaction mixture gradually 
attained a dark green color and after the addition was complete, the mixture \\-as stirred for a further 2 
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hours a t  0'. During this period a precipitate started to form. To complete the reaction, the ice bath was 
removed and the stirring was continued for 18 hours a t  room temperature under a nitrogen atmosphere. 
The reaction mixture was cooled to 0' and glacial acetic acid (7 ml) was added. The solid product was 
filtered off, washed with a small amount of ethyl ether, cold water, a small anlount of ethanol, and then 
dried. The yield of this white solid was 13.72 g (69.5y0) and it had a melting point of 200-306". On one or 
two occasions, the melting started as low as 180". 
H slnall portion of this product was recrystallized several times from methanol to yield the analytical 

sample, m.p. 216-218' (with some decomposition). A,, 274 mp (log E 4.07), A,,, 236 mp (log c 3.24); in- 
I I 

frared 5.88 p; 1l.m.r. signals (pyridine): 9.38 ( -~ -cH~,  area = 3 H) ,  9.22 (HO-~-cH~, area = 3 H),  
I I 

6.92 (OCH3, area = 3 H) ,  4.44 (OH, area = 1 H),  remaining signals in region 7.0-9.0 r (area = 11 H )  due 
to ring CHz's etc. The aromatic region is masked by the solvent. Found: C, 76.76; H, 8.09; 0 ,  15.61; mol. wt. 
(Rast)  310. Calc. for C?OH?~O:: C, 76.89; H ,  7.74; 0 ,  15.36; mol. wt. 312. 

Acetylatio~r of Ketol 
A mixture of the ketol IV (5.25 g),  p-toluenesulphonic acid monohydrate (33.7 mg), and isopropenyl 

acetate (27 ml) \llas heated on a stearn bath for 5 hours. The solid which was present a t  the beginning of 
the reaction dissolved after about 1 hour. The reaction mixture was cooled to room temperature, 2 drops of 
pyridine were added, and the solvent was removed in a current of air. The residue was dissolved in a small 
amount of hot 95y0 ethyl alcohol, the solution was filtered and then concentrated to a volulue of 30 ml. 
Upon cooling of the solution, the first crop of crystals (4.56 g)  separated and had a melting point of 146-149'. 
An additional 0.53 g (total 5.09 g, 85.4%) was recovered as a second crop, m.p. 139-146'. Recrystallization 
of a small portion from aqueous ethanol provided a pure sample of the acetate VII,  m.p. 150-150.5'. 
A,, 275 mp (log c 4.16), A,;, 237 mp (log E 3.54); infrared 5.78, 5.85 p; n.1n.r. signals (pyridine): 9.42 

0 0 
I I I I II 

(-C-CHI, area = 3 H),  8.98 (-C-0-C-CHI, area = 3 H) ,  8.70 (0-C-CHs, area = 3 H) ,  6.95 
I I 

(OCH3, area = 3 H) ,  remaining signals in region 7.0-8.6 T (area = 11 H )  due to ring CI1?'s etc.; n.m.r. 
0 

I II I 
signals (deuteriochloroforln): 8.80 (-C-CHI, area = 3 H) ,  8.35 (-C-0-C-CHI, area = 3 I-I), 8.02 

0 I I 
ll 

(-C-CHI, area = 3 H), 6.19 (OCI-13, area = 3 H) ,  remaining signals in region 6.5-8.0 (area = 11 H )  due 
to ring CH?'s etc., multiplet centered a t  3.05 T (aromatic H ,  area = 3 H). Found: C, '74.06; 11, 7.66; 0 ,  
18.04. Calc. for C??H?,04: C, 74.55; H ,  7.39; 0 ,  18.06. 

Catalytic EIydrogenation of U t r sa t~~ra ted  Tetracyclic Acetate 
A solution of the unsaturated acetate VII (4.56 g)  in 95% ethanol (170 ml, the alcohol was pretreated 

with Raney nickel) was hydrogenated over 30% palladium hydroxide on strontium carbonate (1.47 g)  a t  
hydrogen pressure of 40 Ib/in? and roo111 temperature for 20 hours. The catalyst was removed by filtration 
and the clear filtrate was concentrated to a s~ual l  volume. The first crop (3.5 g )  of crystals which separated 
melted a t  148-150". An additional 0.14 g (total, 3.64 g)  was recovered from the mother l iq~~ors .  H small 
portion was recrystallized twice from aqueous ethanol to yield the desired syn-cis product, VIII,  m.p. 
152.5-153.5". A,,, 277 (log e 3.39), 286 (log c 3.39), 226 mp (log E 3.96); A,i, 248 (log E 2.79), 283 mp (log E 

3.20) virtually identical with the ultraviolet spectrum of XI I I ,  which shows A,,, 278 (log E 3.38), 287 
(log E 3.32), 223 mp (log e 3.97); A,i, 347 (log E 2.58), 284 mp (log E 3.30). 

The infrared spectrunl of VIII shows bands a t  5.80 and 5.86 p; n.1n.r. signals (deuteriochloroform): 8.90 
0 0 

I il I I I 
(-C-CHI, area = 3 H), 8.47 (-C-0-C-CHI, area = 3 H),  8.05 (-C-CH3), 6.24 (OCI13, area = 3 

I I 
H) ,  'remaining signals in region 6.6-8.2 (&a = 16 H, including 3 H of acetate), lnultiplet centered a t  
3.08 T (aromatic H, area = 3 H). Found: C, 74.00; H, 7.86; 0 ,  17.87. Calc. for C??H?80.,: C, 74.13; H ,  7.92; 
0 ,  17.96. 

S~vrtlresis of sy~z-cis-2-1l~etkouy-S-keto-lOa-~11et/~yl-,,6,8,,lO,lOa,lO,ll,l2-deca/~ydrochrysene ( I X )  
The apparatus used in this experiment was set up exactly as in the tricyclic Icetone preparation in order 

to maintain anhydrous conditions and a nitrogen atmosphere a t  all times. 
Into the 250-ml 3-necked flask, which was flame-dried and evacuated as before, dry methanol (70 ~ n l )  

was added and the11 sodiunl (1.37 g )  was added gradually in small pieces. After the sodium had reacted, 
the methoxide solution ulas cooled and the entire apparatus evacuated until the solvent began to boil; dry 
nitrogen was then admitted, the system evacuated, and the entire process repeated several times. T o  the 
stirred methoxide solution, a solution of the acetate VIII (3.5 g)  in dry benzene (20 ml) was added through 
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a dropping funnel under a flow of escaping nitrogen. After the addition was complete, the system was 
evacuated again, dry nitrogen admitted, etc. to  ensure complete removal of oxygen. The reaction mixture 
was then refluxed for 5 hours in this inert atmosphere. At the end of the refluxing period the reaction was 
cooled in ice, glacial acetic acid (4  ml) was added, and the mixture was swirled for several minutes. Some 
water and benzene were added to the reaction flask, the layers were then separated, and the aqueous layer 
\vas extracted with ether. The combined organic solutions were washed with a saturated solution of sodiurn 
chloride and dried over anhydrous magnesium sulphate. Concentration of the solvent under reduced 
pressure provided a first crop (1.83 g )  of pale yellow needles, m.p. 155.5-158.5'. An additional 0.9lg(total  
2.74g, 94yo)was recovered from the mother liquors. Two recrystallizations from ethanol provided an analytical 
sample of I S ,  1n.p. 158-159". A,;,, 233 (log s 4.23), 277 (log s 3.35), 287 rnp (log s 3.29); A,i, 274 (log s 3.32), 

I 
284 mp (log e 3.24); infrared 6.04 p ;  n.m.r. signals (deuteriochloroforrn): 8.53 (-C-CHB, area = 3 H) ,  

I 
6.22 (OCM3, area = 3 H), remaining signals in region 6.6-8.4 (area = 14 M), 4.16 (O=C-C=C / 

i \' area 
H 

= 1 I-I), multiplet centered a t  3.12 T (aromatic H, area = 3 H) .  Found: C, 80.68; I-I, 8.21; 0, 10.84; Calc. 
for C?oH?dO?: C, 81.04; 11, 8.16; 0 ,  10.80. 

Synthesis of cis-sy~t-cis-2-~~let1t0~y-8-kcto-l0a-n~et1~yZ-b,5,6,6a,7,8,9,lO,lOa,lO,11,l2-doeca1zydoclzrysee (X) 
A solution of the ~~nsa tu ra t ed  tetracyclic ketone I S  (2.6 g )  in a 4:l mixture of benzene - 95% ethanol 

(82 ml, benzene was refluxed with sodium, then with Raney nickel, while the ethanol was refluxed with 
Raney nic1;el) was treated with 10% palladium on carbon (0.33 g )  and 1 drop of 48$$ hydrobromic acid. 
This mixture was hydrogenated a t  room temperature and at~llospheric pressure for 5 hours, after which 
time 1 mole of hydrogen had been absorbed. The catalyst was removed by filtration and the solvent removed 
in  uacuo, whereby a yellow gum was obtained. This gum was dissolved in benzene (10 ml) and chromato- 
graphed on deactivated alumina (29 g, appros. activity 11-111). Elution with benzene yielded 2.38 g of a 
gum which crystallized nicely from a small volume of aqueous ethanol. Two further recrystallizations 
from the same solvent yielded pure S ,  as plates, 1n.p. 76.5-77.5". A,,, 287 (log s 3.15), 280 (log E 3.16), 
226 mp (log s 3.87); A,,, 284 (log E 3.15), 248 mp (log s 2.14); infrared 5.86 p ;  n.m.r. signals (deuteriocl~loro- 

I 
form): 8.85 (-6-CH~, area = 3 H) ,  6.28 (OCH3, area = 3 I-I), remaining signals in region 7.0-8.7 

I 
(area = 17 I-I), multiplet centered a t  3.16 T (aromatic H, area = 3 H). Found: C, 80.60; H, 8.98; 0,10.49. 
Calc. for C!oH?GO.: C, 80.49; H ,  8.78; 0 ,  10.73. 

Syxtkesis of 2-i~~etkoxy-S-keto-lOa-1~tet1zyl-5,6,8,9,10,10a,11,12-octaltydrochryse~ze (V) 
(a) Frol?r tlte KetoZ I 
Again the apparatus used was exactly the same as in the previous condensations wherein anhydrous 

and oxygen-free conditions are maintained. 
Anhydrous methanol (280 ml) was put into a 1-liter 3-necked flask which had been previously dried and 

evacuated to remove air. Sodium (2.07 g )  \\.as then added gradually in small pieces, in an escaping stream 
of nitrogen. The apparatus was evacuated until the solvent began to boil, dry nitrogen admitted, etc., 
and to this methoxicle solution, the dry lietol IV (17.7 g )  was added. The mixture mas refluxed for about 4 
hours in this inert atmosphere. The ketol, which was not entirely soluble a t  the beginning, dissolved com- 
pletely after about 2 hours and the solution attained a yellow coloration. The reaction mixture \\;as cooled 
to 0°, glacial acetic acid (7 ~ n l )  was added, and the resulting pale yellow crystalline product was removed 
bj. filtration. This solid was washed with a small amount of ether, water, a small volume of ethanol, and 
then dried to yield crude tetracyclic ketone V (13.7 g), m.p. 140-11'2.5'. The filtrate was diluted with water 
and the aqueous layer extracted with ether. The ethereal layer was washed with a saturated solution of 
sodium chloride and dried over anhydrous magnesium sulphate. Evaporation of the solvent yielded a 
residual gum which upon seeding provided an additional 2.3 g (total 16 g) of the desired product. Several 
recrystallizations of the product from dimethyl cellosolve provided analytically pure V, m.p. 142-1$J0. 
A,, , ,  235 (broad, log e 4.26), 270 mp (log s 4.25); A,i, 252 mp (log E 4.17); infrared 6.01 p; n.m.r. signals 

I 
(cleuteriochlorofor~~~): 8.52 (-C-CHB, area = 3 H) ,  6.19 (OCH3, area = 3 H), remaining signals in regio11 

I 
6.5-8.0 (area = 12 M), 4.13 (o=c-C=C/ area = 1 I-I), multiplet centered a t  3.09 7 (aromatic H, area 

I \ ' 
1 

H 
= 3 H).  Fou~ld:  C, 81.30; M, 7.30; 0 ,  10.89; mol. \vt. (Rast)  312. Calc. for CzoH??O.: C, 81.60; H, 7.53; 
0 ,  10.87; mol. wt. 294. 

This preparation of V \\.as, in our hands, superior to the one described in part (b) and we have used it 
in  most of our preparations. 
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(b) Directly front Tricyclic Keto?te 
As before, the reaction was run ~ ~ n d e r  anhydrous conditions and in an  inert atmosphere. 
The methiodide of 1-diethylan~ino-3-butanone was prepared crystalline in the manner already described 

for the corresponding pentanone from 1-diethylamino-3-butanone (1.11 g )  and methyl iodide (1.2 ,g). A 
solution of this methiodide (2.16 g )  in anhydrous methanol (5  ml) was added dropwise over a per~od of 
1 hour to the ice-cold mixture of the tricyclic lcetone (1.9 g )  in dry benzene (30 ml) and a sodium methoxide 
solution (from 0.278 g sodium in 10 n ~ l  methanol). After the addition was colnplete, stirring was continued 
for a further 30 millutes a t  0°, and then the mixture was refluxed for 40 minutes. The reaction mixture was 
cooled, treated with 2 iV s u l p h ~ ~ r i c  acid (15 ml), and extracted with benzene. The benzene layer was washed 
with water and dried over anhydro~ls magnesium sulphate. The solvent was evaporated in nacuo to yield 
a gummy product (2.5 g). This oil could not be conveniently crystallized, so it was then purified by chromatog- 
raphy on silica gel. Elution with benzene - petroleum ether (6 :4)  yielded a small amount of semicrystalline 
gum (0.7 g )  which crystallized from dimethyl cellosolve. Several more recrystallizations from this solvent 
yielded the desired product, V, 1n.p. 142-143". This product was shown to be identical with the one obtained 
in part (a). 
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LE SPECTRE INFRAROUGE DE L'ANHYDRIDE PERCHLORIQUE C1,07' 

RODRIGUE SAVOIE' ET PAUL A. G I G U ~ R E  
Dkpartenzent de Clzimie, Uniaersit& Laoal, Qz~kbec, Qui .  

Regu le 15 fevrier 1962 

Le spectre infrarouge de I'al~hydride perchloriq~~e gazeux mesur6 entre 220 et  1500 ~111-1 a 
rev616 une dizaine de bandes. Dans le cristal on a observe jusqu'i 17 bandes distinctes. Ces 
spectres concordent bien avec le spectre Raman e t  la structure proposbe par Fonteyne, soit 
d e ~ ~ x  groupes C1O3 reliCs par un pont d'oxyghne. Des diverses configurations possibles selon 
,cette str~lcture celle qui contient la chafne 

dans un plan de symCtrie semble la plus probable. 

L'anhydride perchlorique a ittit isolit pour la prelniitre fois par Michael e t  Conn (1) 
par ditshydratation de l'acide perchlorique. Quoique plus stable que les autres oxydes de 
chlore, e t  d'un pouvoir oxydant inoindre, il peut cependant exploser violem~nent sous 
l'effet d'un choc ou d'un brusque changement de tempitrature. De plus, sa pritparation 
entraine parfois la forination d'autres oxydes de chlore, dont C120, ClOs ou ClsOs, qui 
peuvent provoquer une explosion. 

On sait peu de chose sur la structure rnolitculaire de ce composit. Fonteyne (2) a d'abord 
mesuri: le spectre Raman d'une solution j. 40% dans CCla. D'aprits la ressemblance avec 
le spectre de l'acide perchlorique, i l  en a ditduit que la molitcule doit contenir deux groupes 
C103 relies par un pont d'oxygitne. I1 a ensuite d6terminit le moment dipolaire, 0.72A0.02 
debye, e t  i l  a Cvaluit j. 128" l'angle entre les valences C1-0-C1 du pont central (3). 

Au cours d'un travail recent sur le spectre infrarouge de l'acide perchlorique absolu 
(4) nous avons observit B quelques reprises des bandes d'absorption qui ne pouvaient 
appartenir 2 cet acide, inais qui, par contre, concordaient bien avec le spectre Raman de 
l'anhydride. Aussi, il nous a seinblit B propos d'ittudier systitmatiquen~ent le spectre rnolit- 
culaire de ce conlposit. 

On trouve dans la IittCrature (5) plusieurs mkthodes de prCparation de l'anhydride perchlorique. Les 
Cchantillons e~nployCs ici ont kt6 obtenus comme suit: quelque quatre ou cinq gouttes d'acide perchlorique 
anhydre (4) prCalablement refroidi A -70" C etaient ajoutCes A du pentoxyde de phosphore dans un petit 
ballon Cgalement refroidi dans de la glace seche. En laissant rechauffer le melange lentement jusqu'i la 
temperature alnbiante I'anhydride gazeux se dhgageait, e t  il etait entrain6 par un courant d'azote sec A 
travers trois colonnes de purification. La premiere e t  la dernihre Ctaient remplies de pentoxyde de phosphore 
sur de la laine de verre afin de complCter la dkshydratation de I'acide perchlorique, tandis que celle d u  
centre contenait des tournures de cuivre fraichement rCduit en vue dlCliminer le chlore et  ses autres oxydes. 
Le courant d'anhydride Ctait ensuite introduit directement dans la cellule A absorption. 

L'appareil, tout en verre, Ctait assemblir au moyen de rodages normalisits. La lubrification de ces derniers, 
ainsi que des robinets, a pose un problen~e Cpineux. Les graisses du type "Fluorocarbon" (Halocarbon 
Products) conviennent bien i pression ordinaire, mais elles sont trop volatiles pour le travail sous vide. 
Dans ce cas, nous avons utilisi. une quantitC minimum de lubrifiant A base de silicone (Dow Corning) qui 
etait l6ghrement attaquC au cours des experiences. Avant chaque prkparation I'appareil Ctait nettoy6 avec 
un oxydant Cnergique (acide sulfurique fumant) puis assemblC e t  s6chC sous vide. I1 fallait remplacer chaque 
fois le pentoxyde de phosphore sans quoi un peu de chlore Ctait entrafni! avec l'anhydride, ce qui avait un 
effet marque sur le spectre du solide, en particulier. 

'Boursier d z ~  Conseil national des Recherclzes. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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Pour prendre le spectre du gaz, la cellule Q absorption consistait en un tube de verre de 12 cm de lollg e t  
5 cm de diarnetre ferlnC par des fenstres de chlorure d'argent ou de Teflon selon la region Q couvrir. En cas 
d'explosion la cellule Ctait n~ontCe dans une cage de Plexiglass. Quant au solide, il a CtC CtudiC au moyen 
d'une cellule i vide conventionnelle munie de fenstres de brolnure de cesium. Le gaz etait condens6 ~ 0 ~ 1 s  
pression rCduite Q la te~upCrature de I'air liquide, soit sur Lln disque de chlorure d'argent, soit-pour la 
region des basses frequences au-deli de 400 cm-I-silr une plaque de polythbne. Les spectres ont CtC en- 
registres sur spectrophoton~etres de Perlcin-Elmer: I'un (modele 112-C) muni de prismes de chlorure de 
sodiunl OLI de bromure de cCsi~un, l'autre, i rCseaux (moclele 201-C) pour les basses frequences (de 320 2 
320 cm-I). 

DISCUSSION DES RESULTATS 

De fason gknkrale, les bandes infrarouges de ClpOi gazeux sont d'apparence un peu 
diffuse (Fig. 1) tant B cause de chevauchernents nlultiples qu'B cause de la faible sbparation 

FIG. 1. Spectre d'absorption infrarouge de Cla07 gazeux. 

(environ 8 cm-l) des branches P, Q e t  R. E n  outre, il y a dans certains cas possibilitk 
de dkcalages isotopiques apprkciables, puisque les espPces C1350C135, C1350C137 e t  C1370C137 
sont prksentes dans des concentrations relatives de 5:2:1. Dans le cristal (Fig. 2) les 

FIG. 2. Spectre infrarouge de CI2o7 i I'Ctat cristailin. 

forces intermolkculaires conduisent B urle sbparation parfois assez nlarquke des  nodes 
semblables. Ces spectres confirment bien la structure proposke par Fonteyne; en parti- 
culier la prksence des bandes caractkristiques du groupe C103, colnlne dans l'acide per- 
chlorique (4), ne laisse aucun doute B ce sujet. 

Cependant, cette structure conlporte plus d'une configuration spatiale selon l'orienta- 
tion mutuelle des deux groupes C103, laquelle peut etre symktrique ou non. Dans le 
prelnier cas (formes cis, Ia e t  I b ,  Fig. 3) la nlolkcule aura deux plans de symktrie (C?,), 
e t  4 de ses 21 vibrations fondarnentales (classe A?) seront inactives en infrarouge. Dans 
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l a  I b  I I 
FIG. 3. Configurations possibles pour la rnol6cule C103-0-CI03. 

le cas contraire (forme trans,  11, Fig. 3) on n'aura qu'un plan de sy~nktrie (C,) et toutes 
les fondaiiientales seront actives. Les donnkes actuelles ne permettant pas de trancher la 
question, nous avons choisi d'interprbter nos rksultats d'aprcs le modele Ib  (Fig. 3) qui, 
corllme nous le verrons plus loin, est le plus probable. La classification des divers modes 
de vibration de ce modele est reproduite dans le Tableau I d'apres la notation adopt& 

TABLEAU I 
Classification des frkquences fondarnentales de C1207 

A1 Az B ,  Bo 

C103 valence asym. 
C103 valence syIn. 
CI.0 valence asym. 
C103 dkforrn. asym. 
C103 d6form. sym. 
C190 valence sym. 
CIOl balancement I 
C103 balanceruent 11 
C120 deform. 
CIOl torsion 

par Herzberg (6) pour dkcrire une molCcule analogue, CH3-0-CH3. Ici les indications 
symktriques e t  asy~liktriques pour les groupes C103 se rapportent A leur axe teriiaire, 
tandis que les notations )I e t  I se rkf6rent au plan Cl-0-Cl (xz) de la molkcule. 

Les  fre'guences fondamentales 
Les frbcluences les plus klevkes appartienne~lt naturellement aux vibrations de valelice 

C103. Des cinq modes actifs, les trois asymktriques v l ,  v l z  et  z'18 coi'~lcident aux environs 
de 1310 cm-I dans le spectre du gaz (Tableau I I ) ,  ~na i s  dans le cristal on peut les distiliguer 

1",0, 1272 e t  1294 cm-l. De m&me, les deux vibrations symktriques v2 et  v13 qui se 
superposent 2 1025 cni-I dans le gaz, sont largement skparkes dans le solide (1034 e t  
1057 cm-l). On s'attendrait A une distribution assez sernblable pour les modes de dCforma- 
tion des groupes C10,. E n  pratique on observe trois rkgio~~s de forte absorptio~l vers 
600, 570 e t  520 c~n-' respectivement. La premi6re, que nous attribuons A la vibration 
asyluktrique v19, se rCsout en deux ba~ides distinctes (595 e t  612 cm-I) dans le solide. 
11 slagit ici, croyons-nous, d'un d6doublement do  au champ de force du cristal plutht que 
de deux modes distincts appartenallt 2 une lnolkcule de syniktrie C,. 

Les deux autres frkq~~ences de dkformation aspnlktrique, v3 et  v15, qui se situent probable- 
merit A 554 et 5G5 cm-' dam le solide, se recouvrent en partie vers 560-570 cm-1 dans le 
gaz. Enfin, il reste pour les deux modes symbtriques de ce groupe, v4 et v l 6 ,  la bande A 
510 cm-l qui s'accompagne d a ~ i s  le cristal de deux pics satellites A 501 e t  523 cm-1. 
Cornme le preniier a son Cquivalent dans le spectre Ranian, nous l'attribuons au mode 
totalenlent symktrique v4. Le secoiid peut provenir, soit du dkdoublement de v16, soit de 
quelque impuretC; en effet son intensit6 se~nblait varier quelque peu d'un kchantillon 2 
l'autre. 
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TABLEAU I1 

Spectres mol6c~1laires de C1?07 
(Frbquences en cm-') 

- 

Infrarouge 

Gaz Solide Raman i\/lodes 

NOTE: P = polaris6e. 
*Intensit6s relatives entre parenthPses. 

La molecule posscde encore quatre modes de balancement (rocking) des groupes C103, 
et deux de torsion interne (twisting), v l l  et  V a l  Ces derniers sont certainelnent de trcs 
basse fr6quence, donc au-deli de la region couverte ici. Quant aux premiers, les deux 
de type 1 devraient normalemellt $tre de frequence un peu plus 6lev6e que dans HC104, 
soit aux environs de 440 cm-l, vu la double force de rappel sur l'oxygene median. En fait 
un examen soigne de cette region n'a revel6 qu'une tres faible absorption vers 472 c n r l  
dans la vapeur, tandis que dans le cristal, un doublet distinct apparait i 464 et 472 cm-1 
que nous assignons provisoirement i la vibration vzo. Les deux autres modes, dits 11, 
v6 et v17, sont encore plus imprecis. La bande polarisee i 429 cm-l dans le spectre Ralnan 
conviendrait bien pour le premier, e t  la faible bande infrarouge A 423 cm-l pour le second. 

Enfin i l  reste i identifier les trois vibrations caracteristiques du pont C1-0-Cl. 
Fonteyne avait attribu6 au mode asyn16trique v l 4  l'une des deux fr6quences 501 e t  
595 cm-1 plut6t que celle 2 695 cm-l, parce que cette dernicre est polarisee en Raman. 
Cependant la comparaison avec le spectre infrarouge de l'acide perchlorique nous conduit 
& rejeter cette interpretation. La vibration de valence sylnktrique vS est plus difficile B 
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localiser car elle to~rlbe vraisernblableme~lt dans une rCgion de forte absorption due aur; 
groupes C103 vers 500 cm-I. Pour le mode de dCformation C1-0-Cl la frCquence 280 
cni-I en Raman s'accorde parfaitement avec les frCquences infrarouges 270 cm-I dans le 
gaz et 278 cm-' dans le solide. 

Strz~cture rnole'culaire de Clz07 
Vu la proximiti: de plusieurs frequences fondamentales de C1207 et de HC104 on peut 

conclure que les paramctres correspondaiits sont presque Ies ni$mes dans les deux molC- 
cules (4), soit des longueurs cle 1.70 A e t  1.45 A respectiveillent pour les liaisons C1-0 
simples et doubles, e t  des angles LOClO d'environ 105' entre liaisons doubles e t  115' 
elltre une liaison simple e t  une double. Quant ?t l'angle L ClOCl du pont d'oxyg&ne, 
Fonteyne l'avait 6valuC A 128", mais en se basant sur des frCquences de vibration incor- 
rectes (501 e t  429 cm-I). Cette valeur est certainement trop grande; en fait on doit 
s'attendre ici j. un angle de l'ordre de I l l 0  comme dans la n~olCcule triatomique ClzO (7). 

Reste ?t choisir entre les trois co~ifigurations possibles (Fig. 3). La premi&re, Ia ,  est 
sans doute A rejeter car elle rapproche deux des oxygi.nes sur les groupes C10, adjacents 
A une distance beaucoup moindre (quelque 2 A) que le double du rayon de van der Waals 
de cet atome, 1.4 A d'aprcs Pauling (8). Des deux autres, la configuration syniktrique 
Ib nous parait la plus probable parce que l'orientation de chaque groupe C103 y est 
d6calCe par rapport 2 l'axe ternaire 0-Cl de l'autre groupe. Cette orientation alternCe, 
qui est la plus frkquente, assure un meilleur Cquilibre des forces de rkpulsion entre les 
groupes C1O3 ainsi qu'entre les doublets libres sur l'oxygi.ne mCdian (hybridation sp"). 
Kotons en outre, bien que des corrClations de ce genre ne soient pas tellenlent probantes, 
que dans les molCcules analogues CH3-0-CH3 (9) et CHI-S-CH, (10) c'est la 
forme Ib qui est la plus stable. De toute facon il serait bon dlCtudier la rnolCcule C1207 
par quelque mCthode directe pour trancher cette question. 

REMERCIEMENTS 

Ce travail a CtC rendu possible gr2ce B une subvention du Conseil national des 
Recherches. 

The infrared spectra of chlorine heptoxide CIz07 have been measured between 220 
and 1500 cm-'. In the gas 10 absorption bands, rather diffuse, were observed, and in the 
solid, some 17 bands. The frequencies, together with those of the Raman spectra, confir111 
the structure proposed by Fonteyne of two C103 groupes linked by an oxygen bridge. 
Froni the spectroscopic data it cannot be decided which of the various configurations 
possible for such a structure is the correct one, although an arrangement with the chain 

0 0 0 
\ / \  / 

CI CI 

in one plane of synlmetry seems the most likely. 
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THE FORMATION AND THE THERMODYNAMIC PROPERTIES 
OF K2TiC16 I N  KCI-LiCI MELTS1 
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ABSTRACT 

The reaction between gaseous titanium tetrachloride and the eutectic melt of potassiunl 
and lithium chlorides was investigated a t  various temperatures and pressures. I t  was found 
that,  a t  an  optim~lm temperature of 370" C, titanium tetrachloride vapor a t  a pressure of 1 a t m  
reacts with the potassium chloride in the eutectic to  yield I<?TiC16 as a solid mixture with 
lithium chloride. 

The solubilities of I<zTiCl&, and the partial molar properties of the solutions of I<?TiCIB, 
and of potassium chloride, in the eutectic melt of potassium and lithium chlorides were 
obtained by vapor pressure measurements. I t  was found that  the solubility of titanium 
tetrachloride increases from 1.5 weight% a t  420" C to 5 weightyo a t  500" C. The activities 
of I<?TiCIG, and of potassiuni chloride, indicate positive deviatioiis from ideality. 

INTRODUCTION 

NIany existing methods for the production of titanium metal involve the electrolytic 
reduction of titanium tetrachloride in solution in various molten salt mixtures of alkali 
&lorides or alkaline earth chlorides. However, in spite of the recent promising develop- 
ments in this field (1, 2), the solubilities and the other thermodynamic properties of the 
solutions of titanium tetrachloride in molten salts are virtually unknown. 

In  a previous investigation (3), i t  was found that the solubility of titaniuin tetra- 
chloride in the equimolar inixture of potassium and sodium chlorides a t  690" C is 14% 
by weight. This solubility was attributed to the formation of the conlpound ICaTiC16. 
The thermal stability (4) and crystal structure (5) of I<2TiCl6 prepared in the pure state 
were also determined. 

The present worlc was undertalcen to provide further inforination concerning the 
thermodynamic properties of I<?TiCl6 in solution in the eutectic melt of potassium and 
lithium chlorides over the teinperature range 350" C to 550" C. 

Specifically, the probleins investigated were (a)  the extent of the chemical reaction 
between titanium tetrachloride vapor and the eutectic melt of potassiuin and lithium 
chlorides, and (b) the solubilities of KzTiClG in the melt. These two probleins are closely 
associated with the recovery of titanium metal by fused salt electrolysis in a "low- 
temperature" cell that  would employ titanium tetrachloride as the feed material, and 
would operate a t  temperatures of 500" C or less. 

I. T H E  FORMATION O F  I<zTiCIG I N  T H E  I<CI-LiCI EUTECTIC MELT 

The titanium tetrachloride for use in the experiments was obtained by purification of the conimercially 
pure material. This was achieved by refluxing in the presence of copper filings for about 2 hours and by 
fractional distillation in a dry atmosphere. The front and end tailings of the distillate were rejected, and 
the middle portion was stored in sealed containers. 

'Paper  presented at the 18th International Congress of Pure  and Applied Clzen~istry, Azlgz~st 6-19, 1961,  
dIontrea1, Qzle. 

?Pjesent address: Departnzent of Min ing  and Metallurgy, University of British Colz~mbia, Vancozlver, Bri t ish 
CoLzlntbia. 

3Depaitnrent of AIetaLLzlrgical Engineering, University of Toronto, Toronto 5 ,  Ontario. 
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The eutectic mixture of potassium and lithium chlorides was prepared from the reagent grade materials 
(41 mole% ICCI, and 5CJ mole% LiCI). The 111elt was purified by using anhydrous hydrogen chloride follo\\ling 
the method of Boston and Smith (6). The purified melt was transferred in Pyrex ampoules and was sealed 
under an  argon atmosphere. 

The reaction between titanium tetrachloride vapor and the eutectic melt of potassi~lm and lithium 
chlorides was investigated by using the quartz spring balance apparatus described in a previous investiga- 
tion (3). The method involved the direct measurement of the increase of the weight of a given quantity of 
the melt exposed to an atmosphere of titanium tetrachloride vapor a t  a given pressure. 

The changes of length of the quartz spring, i.e., the corresponding change in weight of 
the sample, were measured as a function of time a t  various furnace temperatures and 
different pressures of titaniunl tetrachloride vapor. 

From these measurements the percentage reaction of the initial potassium chloride in 
the eutectic, as a function of time, was calculated using the equation 

2ICCI + TiCI, = K2TiC16. 

The reaction between solid lithium chloride and titanium tetrachloride vapor was also 
investigated and, under similar experimental conditions, there was no evidence of any 
chemical reaction. 

The results of these measurements a t  various tenlperatures and pressures are shown 
in Fig. 1. 

TI  ME ( hours) 

FIG. 1. Reaction between Tic14 vapor and the eutectic melt of ICC1-LiC1 a t  various teluperatures 
and pressures: 

Run NO. Temp. (OC) PT~cI .~  (atm) 
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MU1 A N D  FLENGAS: PROPERTIES O F  KnTiCls 999 

I t  is seen that a t  temperatures between 355" C and 375" C, the reaction is relatively 
slow and reaches completion within 7 hours. At higher temperatures, that is, between 
390" C and 450" C, the apparent reaction rate decreases further, and the reaction does 
not reach equilibrium within the time of observation. By comparing curves 1 and 2 
with curves 4 and 5 in Fig. I ,  it becomes apparent that the reaction is not pressure depen- 
dent to any significant extent. On the contrary, the main colltrolling factor is temperature. 

In an attempt to explain the a~lolnalous behavior of the system, the course of the 
reaction was also investigated by a lnethod involving the visual observation of the 
reaction site during the formation of KzTiC16. The very simple apparatus consisted of a 
Pyrex tube of 1-in. diameter, bent a t  right angles and closed a t  one end. Purified titanium 
tetrachloride was introduced into the vertical closed-end arm, and was frozen with 
liquid air. A silica boat containing about 10 g of solid eutectic lnixture was placed in the 
horizontal arm and the apparatus was evacuated and sealed under vacuum; the titaniuln 
tetrachloride was then heated to 136" C using a silicone oil bath, and the eutectic mixture 
was heated to 400" C using a tubular furnace fitted with an observation window. 

The qualitative observations from the experiment may be described as follows: initially, 
titanium tetrachloride vapor dissolved into the transparent and colorless melt, and the 
solution acquired a deep yellow color. Subsequently, a solid layer gradually formed on 
the surface of the melt, this layer then thickened and eventually covered the entire 
surface. No liquid was found to remain after about 20 hours, and the reaction product 
was a yellow solid mass of uniform appearance. The solid was analyzed by X rays and 
the diffraction pattern indicated that KzTiC16 and unreacted lithium chloride were the 
major conlponents. 

I t  is evident that the reaction takes place a t  the surface of a saturated solution of 
K2TiCI6 in the eutectic melt of potassiun~ and lithium chlorides. The insoluble reaction 
products adhere to the surface of the lnelt by surface tension or density effects, and 
lithium chloride is codeposited as the eutectic mixture becomes depleted of its potassiunl 
chloride. Although the data available a t  present are quite insufficient to explain the 
kinetic mechanism of this reaction, it appears that the decrease of the overall reaction 
rate must be associated with the forlnation of the solid surface layer of K2TiC16 + LiCl, 
which essentially separates the reactants. The study of the kinetic mechanism of this 
reaction is beyond the scope of the present investigation and will be the object of further 
study. However, these experiments indicate that titanium tetrachloride vapor reacts 
with the potassiun~ chloride in the eutectic mixture of potassiun~ and lithium chlorides. 
At about 400" C, the reaction is a driven one and the product I(zTiC16 has a limited 
solubility in the melt. 

11. SOLUBILITIES A N D  PARTIAL MOLAR PROPERTIES O F  K2TiCIG I N  T H E  
KCI-LiCI EUTECTIC MELT 

The solubilities of K2TiCI6, and the partial molar properties of the solutions of K2TiC16 
and of potassium chloride, in the eutectic melt of potassium and lithium chlorides, were 
investigated by lneasuring the pressure of titanium tetrachloride vapor in equilibrium 
with a melt containing K2TiC16. 

Pure K2TiC16 (99.9%) was prepared by the method described previously (4), and was analyzed both 
chemically and by means of its X-ray diffraction pattern. 

The apparatus for the vapor pressure measurements, a s  shown in Fig. 2, consisted of a tubular furnace 
B fitted with an  observation window, the reaction cell A, the pressure gauge D, and the pressure control 
train. 
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FIG. 2. Apparatus for the vapor pressure measurements. 
A = sample cell H = metal valve 
B = furnace I = stopcock 
C = graded seal J = mercury manometer 
D = spoon gauge K = air reservoir 
E = damping fluid I, = to vacuum pump 
F = observation window M = to oxygen or air 
G = air bath 

The reaction cell was heated in the tubular furnace, the temperature of which was Iiept constant to 
within T I o  C by a thermocouple set in a well just beside the sample, and connected with a Honeywell 
proportional temperature controller. The quartz cell, $-in. diameter and 14-in. length, was connected to 
the spoon gauge through a quartz-to-Pyrex graded seal. The pressure gauge was a modified Bourdon 
"sickle" or "spoon gauge" constructed from thin Pyrex glass and having a sensitivity of about T 1 mm of 
mercury. A glass pointer, about 8 in. long, attached to the tip of the spoon was used as a zero-point indicator. 
The gauge was enclosed in a glass tube closed a t  one end, and a small amount of silicone oil, Dow Corning 
Fluid 550, was also added to damp out the vibrations of the pointer and to act as a diffracting medium. 
The reaction cell and the gauge were connected to the pressure control train by using a Icovar, Pyrex-to- 
metal joint, and a stainless steel valve. The pressure control train included an air reservoir and the closed-end 
mercury manometer. The pressure in the system was regulated by manipulating the valves leading to the 
vacuum pump and to the air reservoir. During measurelnents, the gauge was used only as a "zero-point" 
indicator, and the reaction pressure a t  all times was balanced by changing the pressure in the outside jacket. 
A three-point technique was used to observe the neutral position, ancl the reaction pressure was read directly 
on the closed-end mercury manometer. 

To  avoid any condensation of titanium tetrachloride, all parts of the main a p p a r a t ~ ~ s  outside the furnace 
were enclosed in an air bath a t  a temperature of about 145' C. 

At the beginning of a run, 5 to 10 g of the various mixtures of IcnTiCl~, and of the solid eutectic, were 
transferred into the quartz cell in a dry box. The cell was immediately connected to the apparatus, and the 
entire system evacuated. In order to melt the eutectic, the cell was heated to about 360" C, the system 
was then closed and allowed to stand for about 6 hours; the valve leading to the vacuum pulnp was then 
opened, and the system was evacuated for about 5 minutes a t  that temperature. 

The decomposition pressures were measured a t  equilibrium as a function of te~nperature and composition 
of the melt. At temperatures up to 450' C, equilibriuln was reached in about 2 to 3 hours, but the readings 
were taken after about 8 hours. At temperatures above 450" C, equilibri~rm was established in about 1 
hour, but readings were taken after a t  least 5 hours. Equilibrium readings were talcen for increasing and 
decreasing temperatures. 
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MLI AND FLESG.-IS: PROPERTIES O F  LTiCle  1001 

The thermal decomposition of (a) pure solid I<?TiC16, and (b) IC2TiCl6 in solution in 
the eutectic melt of potassium and lithium chlorides may be represented by the follolving 
equilibria: 

K2TiC16 solid: 

IGTiCls (s) $ 2IiCl (s) + TiC14 (g). 

K?TiClG in solution: 

ILTiClt (s) = (I<?TiCle),,t 

and 

(I<,T~CIG),,~ + 2(IiCl),,t -I- Tic14 (g). Pa1 

By choosing as the standard states pure K?TiClG and pure potassiu~n chloride a t  the 
temperature of the esperiments, the activity equation may be readily derived as 

For a "saturated" solution, the activity of K2TiCl6 in the solid phase is equal to the 
activity of K2TiC16 in solution and this, by convention, may be talien as equal to unity. 
Therefore 

and the activity of potassium chloride in the eutectic melt may be calculated. Thus, a t  
a given temperature, equation [3] becomes 

where Po is the pressure of titanium tetrachloride vapor in equilibriunl with solid IczTiCl6, 
and P1 is its pressure in equilibrium with a saturated solution of K2TiC16 in the melt. 

For a completely miscible system, the activity of KzTiC16 lnay be calculated directly 
from equation [3], in the form 

where P? is the pressure of titanium tetrachloride in equilibriuln with a completely 
llliscible system, Po has the same significance as before, and alicl is the activity of potas- 
sium chloride in the saturated solutioll a t  the same temperature. In making the above 
calculation, i t  is assumed that small amounts of K2TiC16 of the order of 1 i n ~ l e ~ ~  would 
not have any significant effect on the activity of potassiu~n chloride in the eutectic. 

RESULTS AND DISCUSSION 

The decoinpositioil pressures of solid I<2TiC16 a t  equilibrium have been ~neasured 
previously by Flengas and Ingraham (4), and by Morozov and Toptygiil (7). The equilib- 
rium pressures reported in both these investigations were, however, significantly 
different. I t  was, therefore, decided to redeter~nine the equilibrium pressures of the 
system over the temperature range 350' C to 550' C. 

The results, along with those of the previous two investigations, plotted as  log P 
versus 1/T ,  are shown in Fig. 3. 
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FIG. 3. Equilibrium decon~position pressures of solid KZTiC16. 

I t  is seen that these results are in good agreement with the origiilal data of Flengas and 
Ingraham (4). 

The pressures of titanium tetrachloride vapor in equilibrium with pure solid K2TiC16 
are represented by the equation 

which is valid for the temperature range between 350" C and 550" C. 
The heat of formation of KzTiC16 from solid potassiunl chloride and titanium tetra- 

chloride vapor can be calculated from the slope of the pressure curve by using the van't 
Hoff equation, and is -27.1f  0.4 kcal/mole, which is in good agreement with -26.4 
f 1.3 kcal/mole obtained previously (4). 

The pressures of titanium tetrachloride in equilibrium with various mixtures of K2TiC16, 
and of the eutectic melt, were then measured a t  temperatures between 350' C and 525" C. 
The results are given in Fig. 4. 
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MU1 AND FLENGAS: PROPERTIES OF KzTiC16 

TEMPERATURE PC) 
FIG. 4. Equilibrium decomposition pressures of KzTiCls in ICCI-LiCI eutectic melts: 

Run 
Symbol No. 

For the purpose of con~parison, curves A and B represent respectively the results with 
pure K2TiCl6 and with the various mixtures. The decomposition pressures of the saturated 
solutions of K2TiCl6 in the eutectic melt are given by the continuous part of curve B. 
The horizontal branches of curve B represent the completely nliscible systems. The 
corresponding mole fractions of I(zTiC16 are given also in the diagram. 

The temperature of complete miscibility, that is, the liquidus temperature of the 
ternary, is found from the intercept of the horizontal and the vertical parts of curve B, 
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and the composition of the mixture a t  this temperature is the liquidus cornpositioi~. The 
region to the left of curve B thus represents the two-phase systems of col~stailt activity, 
and the region to  the right of curve B represents the co~npletely miscible one-phase 
system of changing activity. The pronounced change in slope between any two parts of 
the same curve reflects the sharp decrease of the activity of I<2TiC16 with increase in 
temperature, when K2TiC16 becomes completely soluble. 

From Fig. 4, i t  is seen that  a t  a given temperature a saturated solution of KzTiCla 
has a higher decomposition pressure of titanium tetrachloride than the corresponding 
pure solid. Solutions, on the other hand, in the range of complete miscibility have lower 
decomposition pressures than pure solid K2TiC16. 

The pressures of titanium tetrachloride in equilibriuln with the saturated solutions 
are well represented by the linear equation 

is valid for the temperature range between 350" C and 500" C. 
The behavior of the systein of the eutectic melt in contact with titanium tetrachloride 

vapor can also be predicted from the pressure curves in Fig. 4. Thus, a t  a given tempera- 
ture of the melt, it should be expected that titanium tetrachloride would dissolve until 
the deconlposition pressure of the solution becomes equal to the applied pressure of the 
vapor. If the applied pressure is maintained constant while the temperature ol the melt 
is reduced below the corresponding liquidus temperature of the ternary, then solid K2TiCI6 
should be precipitated. The reaction under these conditions should be a driven reaction, 
and should continue indefinitely, provided that  the composition of the eutectic does not 

and that the supply of melt is unlimited. When the available amount of eutectic 
lllelt is limited, the formation of &Tic16 should take place and the composition of the 
melt should change until i t  reaches the liquidus composition of the binary mixture of 
potassium and lithium chlorides a t  the temperature of the experiment. Any further 
precipitati~il of K2TiCls would then be followed by the codeposition of solid lithium 
chloride and the composition of the melt would thus remain unchanged until the com- 
pletion of the reaction. These conditions have been simulated in the experiments described 
in the first part of this paper. 

The solubilities of titanium tetrachloride a t  various temperatures were obtained from 
the intercepts of the horizontal and the vertical parts of curve B in Fig. 4. The results 
are given in Fig. 5 as weight percent soluble titanium tetrachloride against temperature. 

For the purpose of calculation, the conlposition of the melt was corrected for the amount 
of titanium tetrachloride in the gas phase, assuming that  the system obeys the ideal gas 
laws. The  correction factor was particularly significant for nlixtures containing less than 
1% titanium tetrachloride, and the solubilities in this range could not be obtained 
accurately. I t  was also found that,  a t  temperatures above 500" C, the decompositioll 
pressures of the nlore concentrated solutions exceeded 1 atm and could not be nleasured 
with the existing apparatus. However, the results obtained within the temperature and 
the composition ranges allowed by the systeln were well reproducible, and the average 
deviations which are shown in Fig. 5 represent the expected error which is introduced 
when the composition of the melt is corrected for the amount of titanium tetrachloride 
present in the gas phase of the non-isothermal system. 

I t  is seen in Fig. 5 that  the solubility of titanium tetrachloride in the eutectic melt of 
potassium and lithium chlorides is rather limited and increases with temperature from 
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MU1 A N D  FLENG.I\S: PROPEKTI1':S O F  K?TiCls 

=6 

TEMPERATURE (OC) 
FIG. 5. Solubilities of Tic11 in ICCI-LiCI eutectic melt. 

about 1.5% a t  420" C to 57' a t  500" C. These results are much higher than the solubilities 
found by Smolinski and Leach (8) by the chenlical analysis of a melt that had been pre- 
viously saturated with titanium tetrachloride. 

ACTIVITY CALCUWTIONS 

The activities of potassiuill chloride in the melt of potassiuln and lithium chlorides a t  
the eutectic co~npositioil (0.41 111ole~~ KCI, and 0.59 mole% LiCI) were calculated usiilg 
equation [4], and the pressure data given by equations [GI and [7]. The results obtained 
regarding the activities are given in Fig. 6 ,  and the experimental data are suinn~ariz~d 
in Table I. The excess partial molar properties of the solutions which are calculated frolll 
the data are given i l l  Table 11. 

I t  is seen that, in the temperature range between 3.50" C and 500" C, the activity 
coefficients deinonstrate slight positive deviatioils from ideality. However, the existence 
of a rather large excess partial molar entropy of mixing also indicates that the syste111 
cannot be treated as a regular solution. These results are in disagreenlent with the 
activities calculated by Aukrust et al. (9) from the phase diagram of the binary system of 
potassiun~ and lithium chlorides. The latter calculations indicated rather siuall negative 
deviations froin ideality, and that a t  the eutectic conlposition the system approaches 
regularity. 

The derivation of activities froin phase diagraills has been criticized by Kubaschewslii 
and Evans (10) on the grounds of the inany assumptions involved in the calculation, and 
the present work supports this view. 

The activities, and the other thermodynamic properties of the solutions of IC2TiCl6 
in the eutectic inelt of potassium and lithium chlorides, were calculated by using equation 
[5], and the data given in Table I. In order to calculate the activities of IC2TiClG for 
telllperatures as high as 550" C, for which the pressure data were available, it was neces- 
sary to extrapolate the activities of potassiuin chloride for about 50" C, as shown in 
Fig. 4. The results of the calculations are given ill Fig. 7, and the excess partial molar 
properties of the solutions are listed in Table 111. Despite the scatter of the points in 
Fig. 7, the activity coefficients are reasonably constailt for each temperature. Also, due 
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TEMPERATURE ("C) 

FIG. 6. Activities of ICCI in the eutectic melt of ICCI-LiCI. 

TABLE I 

Summary of data 

Sol~tbility Equilibrium pressures 
- -- of Tic14 (cm Hg) Activities 

Temp. Wt% Mole% 
(OC) TiCI.4 IC~T~CIG (IC2TiC16),,, K?TiC16 (s) a r i c l  ~ K , T ~ C I .  

490 3.99 1.27 72.6 40.0 0.736 1 .O 
500 3.99 1.27 74.4 50.6 0.730 0.784 
525 3.99 1.27 78.9 85.6 0.723 0.482 
550 3.99 1.27 83.5 144.1 0.718 0.299 

*Melting point of the eutectic mixture of KCI. LiCI. 

to the limited amount of data available, the excess partial molar properties cannot be 
regarded as particularly accurate. An estimate of the error in the excess partial molar 
heat of solution of KzTiCls is A2.0 kcal/inole. The data in Table I11 indicate pronounced 
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MU1 A N D  FLENGAS: PROPERTIES OF RzTiCls 

TABLE I1 

Excess partial molar properties of potassiu~n chloride 
in the eutectic melt of ICC1-LiC1 

- - - 
t ("C) A F x S  (cal/mole) A H  (cal/mole) assS (e.u.) 

TABLE I11 

Excess partial properties of Ii?TiClC in the eutectic melt of ICCI-LiC1 

- - 
t ("C) AFSS (cal/niole) AH (cal/mole) AS-YS (e.u.1 

M O L E  % 

FIG. 7. Activities of IC2TiC16 in the eutectic melt of ICCI-LiCI. 

positive deviatioils from ideality, as expected from the tendency of the system to form 
saturated solutions. The large excess partial molar entropy of mixing, which is usually 
associated with the vibrational energy of the system, indicates a change in the bond type 
of the titanium ion in the melt. The change could be interpreted either in terms of a 
decrease of the coordination number of titanium or in terms of a weakening of the chemical 
bond. The decrease of the activity coefficients with increasing temperature indicates the 
tendency of the system to approach ideality a t  higher temperatures. At constant tempera- 
ture, the activity is proportional to the mole fraction, which indicates that Henry's law 
is applicable to the system. 

CONCLUSIONS 

The results obtained in this investigation may be discussed with reference to electro- 
lytic cells used for the recovery of titanium metal by fused salt electrolysis. The operation 
of experimental titanium cells in the region of 500' C has already been reported in the 
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literature (2). The common features of these cells were, the low operating temperatures 
of about 500" C, tlie use of potassium and lithiunl chlorides as the solvent melt, and the 
use of titanium tetrachloride vapor as the feed material. 

The prerequisite of any high-temperature electrolytic reduction should be the existence 
of a suitable ionic solution. The properties of titanium tetrachloride, as determined in 
the present investigation, however, exclude the possibility of a true electrolytic process, 
a t  least 011 a large scale. 

At low temperatures, that is, a t  or below 400" C, it should be possible to  prepare rela- 
tively stable solutions of tita~iiuiil tetrachloride, but  the solubilities are extreiiiely low. 
Under these conditions, any electrolytic cell \vould reach its limiting current densities 
a t  very low currents. Any attempt to  increase the electrolytic current would lead to  the 
buildup of a concentration overvoltage, and eventually to tlie reduction of the alkali 
metals in the solvent. 

At temperatures higher than 500" C, it  should be possible to prepare concentrated 
solutioi~s of titaniuin tetrachloride. However, a t  such temperatures, the deconiposition 
pressures are quite high, and "stable" solutions can only be realized in a completely 
closed or even a pressurized system by controlling the pressure of titanium tetrachloride 
vapour over tlie solutions. 

I t  is felt that the various titaniunl cells which have been operated so far have not 
satisfied the conditions imposed by the system. I11 all probability, the primary step was 
the reduction of the allcali metal ions, the titaniuin metal being recovered as a by-product 
of the overall cell reaction. 
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ABSTRACT 

By neutralizing sulph~~ric  acid solutions of tetra(hydrogens~11phato)boric acid with various 
metal hydrogensulphates, s o d i u ~ i ~ ,  potassi~ini, a~llmonium, and strontium salts have been 
prepared. From the co~npositions of these salts, and from the results of cryoscopic and conducti- 
metric ~neasure~nents on their solutions in sulphuric acid, i t  is concluded that they are best 
formulated as polysulphatoborates containing the six-membered ring 

I t  is shown that previously described sulphato conlpounds of boron can also be satisfactorily 
formulatecl on this basis. 

Cryoscopic and conductimetric measurements on dilute solutions of boric acid and 
boric oxide in 100% sulphuric acid and in dilute oleuills have been interpreted in terlns 
of the formation of tetra(hydrogensulp1~ato)boric acid, HB(HS04)4, and its hydroniuln 
salt (I). Conductimetric titrations (2) and a coillparison of the electrical conductivities 
of sulphuric acid solutions of HB(HS04)4 with those of disulphuric acid (3) show that  
HB(HS04)4 is a rather strong acid of the sulphuric acid solvent system which is extensively 
ionized in dilute solution according to the equation 

Further confirination of this ionization has been obtained from the observation of lines 
in the Ralnan spectra of solutions of HB(HSOJ)4 in sulphuric acid that may be assigned 
to the H3SOI+ ion (4). The Ranla11 spectra also showed that in concentrated solutions of 
HB(HSO4)% disulphuric acid is formed. 

The earlier worli ( I )  showed that the hydroniun~ salt of tetra(l~ydrogei~sulpl~ato)boric 
acid is forined when boric acid is dissolved in 100yo sulphuric acid: 

and solutions of other salts were obtained by titrating the acid with various hydrogen 
sulphates (2), e.g., 

tlB(HSO4)a + ItEISO~ = I~B(HSO.I)I + H2SO.I. 

I t  was the object of the present work to attempt to isolate solid tetra(hydrogensulphato)- 
borates from such solutions. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1010 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

EXPERIMENTAL 

Preparations 
Solutions of tetra(hydrogensulphato)boric acid were prepared by dissolving the calculated quantity of 

recrystallized "Analar" boric acid in an  oleum which had been prepared by distilling a weighed quantity 
of sulphur trioxide into 1007, acid: 

These solutions were neutralized by adding a sulphuric acid solution containing the equivalent quantity 
of a metal sulphate (I<2SO4, Na?SOd, (NH4)2SOd, BaSOd, SrSOd), or an  organic base (2:4-dinitroaniline). 
White solids separated after a few hours from the solutions ne~~tralized with I<?SOc and (NH4)?S04 but  in 
the case of those neutralized with NalSOd and SrSOd precipitation did not occur until after several days and 
even then in some cases only when the solution was heated to 100" to 200". I t  was not found possible to 
precipitate salts of barium, lead, or 3:4-dinitroaniline. 

The salts were filtered in a dry box through a sintered-glass filter and washed with dry nitromethane to 
remove the last traces of sulphuric acid. Nitromethane was then removed by drawing dry air through the 
filter. The compounds were stored over sulphuric acid in a vacuum desiccator. The salts were white and 
slightly hydroscopic: they evolved sulphur trioxide on heating. 

Analysis 
The salts were hydrolyzed completely to metal sulphate, sulphuric acid, and boric acid on dissolving in 

water. Sulphuric acid was determined by titration with standard sodium hydroxide solution. Boric acid was 
determined by neutralizing the sulphuric acid with the required amount of sodium hydroxide and then 
continuing the titration after the addition of a large excess of mannitol (5). The results of the volumetric 
determinations are expressed in terms of the ratio, u = n~,so , /n~,no, ,  of the number of moles of sulphuric 
acid to the number of moles of boric acid produced on hydrolysis, e.g., 21<B(HSOd)d + 6HzO = K2SOd 
+ 2H3B03 + 7H?S04, r = 3.5. Ammonium and strontium were determined by standard methods. The 

analytical results are given in Table I. 

Cryoscopic and Conductimetric Measurements 
The salts obtained were generally not very soluble in sulphuric acid but in some cases appreciable freezing- 

point depressions and electrical conductivities were obtained. The freezing-point depressions and con- 
ductivities were measured by methods that have been described previously (6, 7). A cryoscopic equivalent 
weight, defined as the weight of substance which, when dissolved in 1000 g of sulphuric acid, gives the 
molal freezing-point depression for a non-electrolyte of 6.12", was calculated from the cryoscopic results (8). 
A conductimetric equivalent weight, defined as the weight of substance which, when dissolved in 1000 g 
of sulphuric acid, produces 1 mole of hydrogensulphate ion, was obtained by comparing the observed 
conductivities with the conductivities of potassiu~n and hydronium hydrogensulphates (9). For example, 

cryoscopic equivalent weight = (molecular weight)/6, conductimetric equivalent weight = molecular 
weight. 

DISCUSSION 

Conlparison of the analytical results with the calculated values given in Table I1 for 
the tetra(hydrogensulphato)borates, MB(HS04)4, and the corresponding sulphates, 
MB(S04)2, shows that  in no case did the salts obtained have either of these simple 
compositions. The observed cryoscopic equivalent weights are smaller than the values 
required for con~pounds with these con~positions and the collductimetric equivalent 
weights are much smaller than the infinite values predicted for MB(HS04)4 or MB(S04)2. 
The analytical results are also not consistent with those expected for any polymeric 
con~pound of intermediate composition formed by the elimination of H2SO4 molecules 
between B(HS04)4- ions. 

Recently several authors (10) have discussed the principles underlying the structures 
of the hydrated polyborates. I t  appears that  the basic structure is the six-membered 
ring I in which one, or a t  most two, of the boron atoms has a tetrahedral four-coordinated 
configuration, while the remainder have a trigonal three-coordinated configuration. Thus 
the ions I1 and I11 and condensed forms in which one or two boron atoms are shared 
between two rings, e.g. IV, V, VI, and VII, have been postulated to account for the 
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TABLE I 
Coinparison of analytical results and calculated coinpositions for sonle sulphatoborates 

Cryoscopic Conductimetric 
Analytical results Calculated compositions equiv. wt. equiv. wt. 

Salt Cation r % B % SOI* O/o cation ? r t  r % B % SOI* % cation Exptl. Theor. Exptl. Theor. 

*This value includes only the sulphate which can be titrated as HZSOI after hydrolysis. 
ttr refers to the general formula M,,B,,O,,/s(SO4)( ,,-I)/?(HSOI),,+?. 
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1012 CANADIAN JOURN.-\L O F  CHEMISTRY. VOL. 40. 1962 

TABLE I1 

Calculated compositions for some sulphatoborates 

Crvo- Conducti- 
S t r ~ ~ c t ~ ~ r e  scopic tnetric 
of anion I. G/o B 7; S04* Q/0 NH4+ equiv. wt. cquiv. wt. 

- - --. 

X I 2.00 3.88 68.85 6.47 93.0 558.1 
XVIII 1.75 3.93 61.00 - 91.9 551.2 
XVIII 1.75 4.25 66.05 7.78 84.9 509.1 

~ ~ B ~ O ; ( S O ~ ) , ( H S O ~ ) S  XIX 1.66 4.05 59.87 - 89.1 534.8 
(NH, )~BF.O~(SOA)~(HSOA~R XI); 1.66 4.39 64.98 7.32 82.1 493.7 

-- 

"This value includes only the sulphate whicll can be titmted as 1-I?S01 after I~ydrolysis. 
fThe values given are the limiting values \vhen 72 becomes very large. 

compositions of a large number of borates. These complex ions either occur as  discrete 
units in the crystal or as  larger polymeric structures in which these basic units are joined 
by oxygen bridges formed by the elimination of water between -OH groups. S - R a y  
diffraction and nuclear magnetic resoilailce studies have provided evidence for the 
existence of some of the postulated anions (10, 11). 

0 1-1 0 0 OH HO 0 OH HO 

B / \ B  \ B /  \ B /  B-0 0 - B  
\ / \ B /  

HO- B- 
\ 

HO I30 OH HO HO OH OH 
\ \-/ \ \ -/ I- 

B-0 0-B 0 - B  
/B-O\-/  \O HO-B 

0-B-0 

0 
/ \ \o 

B- 0 B 
/ \o \ 

B-OH 
\ / \  / 

0-B 
\- / \  / 

B-0 0 -B  
\ -/ / 

/B-O 
0--B-0 

HO 
\ OH HO/ \OH \ 

OH 
I 

OH 
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GILLESPIE A N D  ROBINSON: SULPNURIC ACID SOLVEST SYSTEM 1013 

I t  seemed reasonable, therefore, to attempt to explain the compositions of the sulphato- 
borates in terms of similar structures. 

We first considered as possibilities structures corresponding to I1 to VII bu t  with OH 
groups replaced by -HSO4 groups (designated 11' to VII' in Table 111) and with SOi 

TABLE 111 

Ca lc~~ la t cd  values of the titration ratio 

Structure F o r m ~ ~ l a  structure F o r ~ l l ~ ~ l a  )I 

I I' MB~O~(HSOJ) . I  1.17 
111' RI12B303(HSOi)s 1.33 
I\;' NIBjOr,(HSOd)o 0.70 
V ' MsB50c(HS0.j)5 0.80 
VI' M ~ B ~ O G ( H S O ~ ) G  0.70 

X 
X I  
X I  I 
S I I I  
XI v 
S V  I 
S V I  I 

- - 

11'' &I B303(S04)? 0.50 
111" M.IBcO,(SO,), O.(i(i 
IV" M B , O G ( S O ~ ) ~  0.30 
V" M.~BIO~I? (SO. I )S  0.30 
VI" ~ I ~ B s O G ( S O , ) ~  0.10 

X ' MzB402(S0,), 1.00 
XI '  M ?B?O(SO,), 1 .OO 
X I I f  MB,02(SOd), 0.82 
X I I I f  MJBGO,(SO,)~ 0.82 
XIV' R?3Bj02(S04)a 0.82 
XVI' M?B,O?(SO.l)S 1.00 
XVII'  bI?BzO(SO.j)3 1.00 

groups forming bridges between rings (designated 11'' to VII" in Table 111). These 
polymers may be imagined as being formed by elimination of disulphuric acid from 
simple B(HSO*)r- anions, e.g., 

3B(HSO4).,-+ B3O,(HSOd).,- + 1-12S207 + 2HS207- + 2HrSOd. 

The corresponding values of the hydrolysis ratio r ,  the ratio of the number of moles of 
sulphuric acid to the number of moles of boric acid produced on complete hydrolysis of 
the salt, are given in Table 111: in all cases they are smaller than the observed values. 
Consequently we next considered the possibility that  the six-membered ring unit is 
retained but that one boron atom is replaced by a sulphur atom to give the basic ring 
structure VIII. 

0 
/ \o  

VIII I S  

HSO, 0 HSO, 0 
\E/ \E/ I I 

O=S-0  0-B-HSO, 
/ I  

HSO, 0 
I \ 
0 HSOd 0 

/ \ \o 
B- 

\ S /  
\ / \  / 

H S O c B - 0  0 -S=O 
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0 HSOa 0 HSOa 
I1 -/ 

0-B-HSOI 
I I 

O=S-0 
-/ 

O=S-0 0- B-HSOa 

0 
/ \ \o 

B- 0 
/ / \o 

B- 
\ / \  / 

0-S=O 
\- / \  / 

/B-O 
HSOr-B-0 0-S=O 

HSOj 
I1 
0 HSOa 

/ I I  
0 

XI11 XIV 

HSOr HSO 4 
I 

XVI 

H S O ~  

XVI I 

I t  may be seen from Table I11 tha t ,  of these structures, only X and XI have r values 
which agree reasonably well with the  observed values. However, in order t o  account for 
r values a s  low a s  1.6 i t  is necessary t o  postulate tha t ,  in some cases, further polymeri- 
zation occurs by  elimination of sulphuric acid between the -SOIH groups of the  anions 
X or XI t o  form chains o r  other complex structures with sulphate bridges between six- 
inembered rings. Titration ratios, 7 ,  for salts containing fully condensed polyn~eric anions 
in which elimination of sulphuric acid between all the  -SOIH groups has taken place 
(XI-XVIIf) are given in Table 111. All the observed values of r fall between the  limiting 
values for the  simple anion XI and its fully condensed form XIf b u t  many of the  observed 
values fall outside the linliting values for X and its  fully condensed form Xf. Since the 
observed r values are generally considerably larger than are  required by  the  fully con- 
densed form XI i t  seems reasonable t o  suppose tha t  the  salts consist mainly of polymers 
tha t  contain only a few of the six-membered ring units, e.g. the  "dimer" XVIII and  the 
"trimer" XIX. 

HSOr 0 SOjH I iO\ / 
SOdH 

\E/ \-/ 
B-SO&---B- B- 
I / I  0 HSOj 0 
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I \ 
0 SOaH 
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XVI I I 
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HSO, 0 SOaH 0 SOIH 

\G/ \ I  
B--0 0-B- B--0 

I /  \E/ 
O-B- 

HSOa/ I o I \ s / b  o ' \ s /  o 1 o I \ SO,H 
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GILLESPIE A N D  ROBINSON: SULPHURIC ACID SOLVENT SYSTEM 1015 

Calculated composition for the potassium and ainrnonium salts of these anions are given 
in Table I1 together with similar values for the corresponding "tetramer" and infinite 
polymer (n = 8 and n = in the general formula MnBn0n12(S0~)~,n-4~12(HS04)n+2). The 
analytical data for each of the salts can be explained by assuming that they contain the 
simple anion XI  or its condensed forms such as XVIII and X I X  with n = 2, 4, 6, or 8. 
For comparison the calculated compositions for X and some of its condensed forms are 
also given in Table I1 : the agreement between the observed and calculated compositions 
is not very good. We conclude, therefore, that the salts described in Table I are best 
considered as  containing the anion XI  and its condensed forms such as XVIII and XIX.  
However, i t  is probable that none of the products obtained was actually a pure salt 
containing a single anion, rather i t  is most likely that they were mixtures of salts of the 
simple anion XI  and/or one or more of its condensed forms. 

I t  seems more reasonable to formulate the condensed structures with bridging sulphate 
groups as in XVIII and X I X  rather than with bidentate sulphate groups because of the 
very small size of the boron atom. In this connection it is of interest to compare the 
present structures with that of methylene sulphate, which has been shown (12) to  be 
dimeric in benzene and therefore to have structure X X  rather than XXI .  

XX XXI 

Comparison with triinethylene sulphate is also appropriate. This is inonomeric in 
benzene (12) and can therefore presumably be forinulated as in XXII  with a six-membered 
ring analogous to VIII.  

XXII 

Early workers have reported several compounds as  products of the reactions between 
boric acid or boric oxide and sulphuric acid, oleum, or sulphur trioxide. The reaction of 
BC13 with SO3 has been reported (12) to give sulphuryl chloride and a boron compound 
having the compositioi~ B203.SO3. A product of the saine composition is also given by 
the reaction between BBr3 and So3. The compounds BzO3.SO3 and B2O3.2So3 were 
obtained by Pictet and Karl (14) by heating boric oxide and sulphur trioxide in sealed 
tubes a t  115' and 250°, respectively. Merz (13) obtained a transparent glass having the 

5B203.2S03.2H20 and Schultz and Sellac (13) report a compound which 
their analysis showed to have the composition B203.3S03.H20, which they obtained by 
treating a solution of boric acid in sulphuric acid with SO3 or by dissolving boric acid in 
sulphuric oleuin and then evaporating to  dryness. These coinpounds call all be formulated 
in terms of the six-membered ring VIII as the basic unit. The proposed structure for 
B203.S03 is based on structure I X  and is formed by elimination of HzSzO7 between such 
units to give the infinite polymer XXIII .  The compound B2O3.2So3 inay be formulated 
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as XV or as the infinite polymer XXIV with sulphate bridges between the followillg rings: 

The compound B203.3S03.H20 or B20(SO4)(HS04)2 probably has structure IX ,  and 
the compound 5B2O3.2SOS.2H20 call be forlnulated as the colnplex borate-sulphatoborate 
XXV. 

By heating potassiunl or sodium hydrogen sulphates with boric acid a t  500' or by 
heating a mixture of sodium borate, sodiuln sulphate, and sulphuric acid, con~pounds 
corresponding to the colnpositioll ivI(BO).S04 have been obtained (13). These may be 
formulated as the salts of S X V I  or XXVII. 

dlArcy (15) prepared a colnpound with composition H3B03.3S03 or B(HSOa) from 
the reaction of sulphur trioxide with boric acid. We have also obtained a white, very 
hygroscopic compound corresponding very closely in compositiol~ to B(HS04)3 by dis- 
solving boric oxide in excess sulphur trioxide and then removing escess sulphur trioxide 
under vacuum. Greenwood and Thompson (16) obtained a similar colnpound from the 
reaction of boron trichloride with sulphuric acid : 

BCI, + 3HzS0, = R(HSO4)a + 3HCI. 

They also clailn to have obtained the acid HB(HS04), as a wet solid by the reaction 
between 1 Inole of BC13 and 4 moles of sulphuric acid : 

BC13 + 4H?SO, = HB(HSO,), + 3HC1. 
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GILLESPIE AND ROBIKSON: SULPHURIC ACID SOLVENT SYSTEM 1017 

In  view of the evidence from the Raman spectra of concentrated solutions of this acid 
in sulphuric acid that  elimination of HZS207 occurs to  give B-0-B links (4) and in view 
of the colllplex structures of the salts discussed in this paper i t  seems unlikely tha t  this 
wet solid was in fact the pure acid HB(HSOa)4. I t  is more likely t h a t  the product of this 
reaction is a mixture of polysulphatoboric acids with sulpliuric acid and disulphuric acid 
with the overall con~position HB(HS04)4. 
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THE ACTION OF ANHYDROUS ACIDS ON ATP:CREATINE 
PHOSPHOTRANSFERASE" 

FLOIZXNTE A. QIJIOCHO AND FELIX FRIEDBERG 
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Received December 19, 1961 

ABSTRACT 

Treatment of ATP:creatine phosphotransferase with anhydrous sulphuric acid permits 
transposition of 24y0 of the threonine residues and 69Y0 of the serine residues. Treatment 
with anhydrous phosphoric acid yields siinilar results: 41y0 of the threonine residues and 
GOY; of the serine residues are rearranged. Anhydrous formic acid does not induce an N- to 
0-acyl migration in the protein. 

Non-specific hydrolysis of peptide bonds or destruction of certain amino acids that might 
have occurred simultaneously with rearrangement during the anhydrous sulphuric or anhy- 
drous phosphoric acid appears to be very s!ight. When the protein is treated with anhydrous 
sulphuric acid, however, phenylalanine "d~sappears" almost coinpletely froin the chromato- 
gram. 

Following the suggestion by Berglnann and Miekeley (1) that  serine displays a dis- 
tillctive chelllical reactivity through N-acyl to 0-acyl transformation, Elliott (2) 
rearranged C-peptide bonds involving the beta-hydroxy anlino acids serine and threonine 
with 97.5% anhydrous sulphuric acid. Such a N-0 acyl migration frees the a-amino 
groups of the serine and threonine residues involved. Since nitrous acid reacts with these 
amino groups the difference in amino acid content after nitrous acid treatment in protein 
exposed to  anhydrous acid and protein not exposed can be talten as a measure of trans- 
position. I n  the experiments reported here this lnethod was applied to ATP:creatine 
phosphotransferase (EC 2.7.3.2.).? A study was made of the colnparative efficiency of 
anhydrous concentrated sulphuric acid, phosphoric acid, and formic acid. In addition, 
information was sought on the effect of these reagents on the other amino acids of the 
protein. 

EXPERIMENTAL PROCEDURE 

ATP:creatine phosphotransferase prepared by procedure B of I h b y  et al. (3), crystallized twice, and 
lyophilized, showed a single peak on ultracentrifugation. 

Trealment with Szrlphuric Acid 
T o  100 mg of enzyme dried over P 2 0 e  i n  vacuo a t  GOo, 4 1111 of cold concentrated sulphuric acid were added. 

The flask was securely stoppered to prevent entry of moisture, gently shaken until the protein was dissolved, 
and then allowed to stand for 72 hours in a desiccator. The  solutioil which was originally pale yellow turned 
somewhat darker. At the end of the specified time, the flask was cooled well below -40°, anhydrous ether, 
previously cooled below -40°, was added, and the mixture was thoroughly shaken. The resulting protein 
precipitate was washed several times with cold ether until the washings were free from SOI' (as tested with 
BaCla) and then dissolved in distilled water (6 ml). 

Trealment with Phosphoric Acid 
ATP:creatine phosphotransferase (100 mg) was dried over P2Oe in vacuo a t  60" and transferred to a 

glass-stoppered flask. H3POa (4g, 85%) and PzOs (about 400 mg) were added. After incubation a t  40' for 

*This  work was supported by a grant-in-aid (G-1.4363) from tlte National Science Foundation and a n  eguip- 
ntenl grant f rowt the Charles F.  Kettering Fozmdalion. 

tAccordtng to the "Report of the Co?nmissio?z on  Enzymes of tlte International Union of Bioche,nistry", 
Pergamon Press, 1961,  page 98 ,  tlze name of tlte enzyme i s  ATP:crealine plzosplzotransferase. The associaled 
trivial name i s  creatine kinuse. The oficial number of lhe enzyme i s  2.7.3.2. 

W e  believe that i l  will be useful lo follow these recomvzendations i n  the Report of the E n z y ~ n e  Co)?zmissio?z, i n  
order to achieve a common terminology anzong authors. 
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QUIOCHO A N D  F R I E D B E R G :  ATP:CREATINE PHOSPHOTRANSFERASE 1019 

72 hours, a ~nixture of crushed ice and ice water was added to the flask to  bring the total volun~e to approxi- 
~llately 100 1111, follo\ved by a small excess of CaC03 to precipitate the phosphate. The supernatant liqnid 
was dialyzed against distilled water and then lyophilized. The dry material was resuspended in 6 ml of 
distilled water. 

Treatntenl w i th  Formic Acid  
To 100 nlg of ATP:creatine phosphotransferase dried over P ~ O S  i ~ z  vaczlo a t  60' and placed into a glass- 

stoppered flask 10 ml of 987, fornlic acid was added. After incubation for 72 hours a t  room temperature, 
the resulting solution was lyophilized. The dried protein was dissolved in 6 ml of distilled water. 

Nitrolls Acid  Trealnzent of Prole ins  
The aqueous solution obtained as  described above was dialyzed against 0.5 N acetate buffer (pH 4.0). 

I t  mas then treated with 414 rng NaNO? and incubated for 16 hours a t  room temperature. The resulting 
solution was dialyzed against distilled water and lyophilized. 

Hydrolysis and Arizilzo Ac id  Ana ly s i s  
S o n ~ e  of the dried material (10 mg) was hydrolyzed with 2 n ~ l  6 N HCI for 22 hours a t  110' in evacuated 

and sealed tubes. The hydrolyzate was taken to dryness i n  vaczlo over NaOH pellets, dissolved in sodiu111 
citrate buffer, pH 2.2, and analyzed in the Spinco Amino Acid Analyzer (4). 

Control runs were perfornled on ATP:creatine phosphotransferase hydrolyzed by 6 N HCI without prior 
treatiilent by anhydrous concentrated acid both with and without nitrous acid exposure. 

RESULTS AND DISCUSSION 

Table I shows that  treatment of ATP:creatine phosphotransferase with a~lhydrous 
sulphuric acid pennits transposition of 24y0 of the threonine residues and G9Yo of the 

TABLE I 

Amino acid composition of ATP:creatine phosphotransferase after 
treatment with anhydrous acids 
(g amino acid/100 g of protein)* 

Amino acid Untreated? HONO HzSO, H ~ P O I  HCOOH 

Lysine 
Histidine 
NH31 
Arginine 7.86 
A s ~ a r t i c  acid 12.96 13.45 12.92 

Serine 4.54 4.60 1.45 1 .83  4.24 . -. --  . 

Glutamic acid$ 14.28 15.28 15.63 l 6 . 3 i  14.52 
Proline 5.96 5.32 6.02 5.30 5.30 
Glycine 6.28 6.45 6.24 5.74 5 .98  
Alanine 2.89 2.06 2.49 2.42 2.87 
Valine 6.93 7.25 7.09 6.80 7.02 
Methionine 3 .40 3.07 2.41 2.81 3.11 
Isoleucine 3 .75 3.93 3.95 4.04 4.27 
Leucine 11.34 11.39 11.42 10.67 11.60 
Tyrosine 4.11 0.27 0.31 0.11 0.22 
Phenvlalanine 5.93 6.50 0.75 6.86 6.66 

- - 
*Values given are averages of two determinations. 
?The da ta  here agree with those previously reported (12) except for the amino acids glycine and phenylalanine. 

which are considerably higher in the present paper. We believe that  the automatic assay allows better separation 
of the glycine-alanine and phenylalanine-tyrosine pairs and yields more accurate results. Since the amino acid 
analyses were performed only after a single period of hydrolysis (22 hours) the absolute values for such amino 
acids as threonine, serine, or  valine are not quantitatively reliable. The amount of cystine is small (about 3 moles/ 
molecule), is destroyed by hydrolysis, and can only be determined by special means. 

$The large ammonia content In the hydrolyzates of the  acid-treated protein might be due to ammonia in the  
mineral acids carried througl~ t o  the hydrolysis stage. We have, Ilowever, no explanation for the  high values of 
glutamic acid. The ratios of the height of the glutamic acid peaks yielded by the  570 and 440 mu tracings remain 
constant. There is no evidence for another substance under the glutamic acid peak. 

serine residues. This limited conversion is in agreement with Elliott's study in silk fibroin, 
where GOY0 of the serine residues was rearranged (2). (There are few threonine residues 
in silk fibroin.) In  lysozyme, however, he found nearly all serine residues affected, but 
only one-third of the threonine residues were converted (5). The extent of the induced 
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BUIOCI-I0 A N D  FRIEDBERG: ATP:CREATINE PHOSPHOTRANSFERASE 

O 360 380 400 420 440 
EFFLUENT, ML 

shift was not increased on further standing of the reaction mixture. Wiseblatt et al. (6), 
who applied the inethod to wheat gluten also observed the preferential release of the 
amino groups of serine and Ranlachandran and McConnell (7) reported 60-70% trans- 
position of the peptide bonds of seriile but none of those of threonine in gliadin. Hence, 
one may conclude that such transpositions are usually not complete and that threonine 
residues are lllore resistant than serine residues. The results for the treatment of ATP:  
creatine pl~osphotransferase by anhydrous phosphoric acid are similar: 60% of the serine 
residues and 41% of the threonine residues are rearranged (Table I). Fasman (8) demon- 
strated that concentrated sulphuric acid causes poly-~~-seriIIe to rearrange to the 
polyester, to the extent of 70% of the original number of amide bonds. The reinaining 
hydrosyls of the serine residues beconle sulphonated. Upon hydrolysis of serine-0- 
sulphate under the conditions of our experiments (22 hours hydrolysis) we observed 80% 
recovery of the free serine. Even though this incoillplete hydrolysis of serine-0-sulphate 
could conceivably increase our values obtained for the transpositioil of the peptide bond 
of serine and probably also threonine, such an error should be slight. Whereas Josefsson 
and Ednlall (9) postulated that  the increase in ainino nitrogen during the reaction of 
ribonuclease with anhydrous formic acid is due to N-, 0-acyl migration, more recent 
studies invalidate such a hypothesis (10, 11). Our results support the conclusioil that 
anhydrous formic acid does not bring about an N- to 0-acyl migration a t  the hydroxy- 
amino acid residues of ATP:creatine pl~osphotransferase. 

That  sollle non-specific hydrolysis of peptide bonds or destruction of certain alllino 
acids might have occurred simultaneously with the rearrangement during the sulphuric 
or phosphoric acid treatment, but  oilly to a very slight extent, is indicated by the lower 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1022 C A N A D I A S  JOURNAL OF CHEMISTRY. VOL. 40. 1902 

values for the ainino acids arginine, alanine, and nlethionine after sulphuric acid treat- 
ment, and for alanine and arginine after phosphoric acid treatment. Only one major 
alteration in ainino acid patterns can be deduced froin the data: Wllen the protein is 
treated with anhydrous sulphuric acid, phenylalanine "disappears" almost completely 
from the chromatogram (Fig. IC). The sulphonated phenylalanine, migrating very 
rapidly on the Dowex resin, would be expected to emerge in front of the aspartic acid 
(the first amino acid in the effluent). Tyrosine-0-sulphate, for example, moves ahead of 
the aspartic acid. Anhydrous phosphoric acid treatment has no such effect. 

Nitrous acid, itself, under the conditioils employed in this study, induces nitrosation 
of tyrosine, besides deamination of the epsilon-amino group of lysiile. In the chromato- 
grams tyrosine and lysine are almost coinpletely absent (Fig. 1B). A new peak appears 
in the effluent inidway between leucine and phenylalanine which can also be obtained by 
exposing poly-L-lysine to the nitrous acid treatment (Figs. IB and ID). In addition there 
is a pronounced unidentified shoulder to the right of glycine (Fig. IB). 

REFERENCES 

1. M. BERGMANN and A. MIEKELEY. Hoppe-Seyler's Z. physiol. Chem. 140, 128 (1924). 
2. D. F. ELLIOT. Biochem. J. 50, 542 (1952). 
3. S. A. ICUBY, L. NODA, and H. A. LARDY. J. Biol. Chem. 209, 191 (1954). 
4. S. MOORE, D. H. SPACKMAN, and W. H. STEIN. Anal. Chem. 30, 1185 (1958). 
5. D. F. ELLIOT. The chemical structi~re of proteins. I n  Ciba Foundation Sy~nposium. Edited by G. E. E. 

Wolstenholme and M. P. Cameron. Churchill Ltd., London, England. 1953. 
6. L. WISEBLATT, L. WILSON, and W. B. MCCONNELL. Can. J. Chem. 33, 1295 (1955). 
7. L. I<. RAMACHANDRAN and W. B. MCCONNELL. Can. J. Chem. 23, 1638 (1955). 
8. G. D. FASMAN. Science, 131, 420 (1960). 
9. L. JOSEFSSOX and P. EDMAN. Biochem. Biophys. Acta, 25, 614 (1957). 

10. L. SMILLIE and H .  NEURATH. J.  Biol. Chem. 234, 355 (1959). 
11. J. R.~BINOWITZ. Compt. rend. trav. lab. Carlsberg. S6r. chim. 31, 483 (1960). 
12. F.  FRIEDBERG. Arch. Biochem. Biophys. 61, 263 (1956). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

NEAR-INFRARED SPECTRA OF ALIPHATIC ALDEHYDES 

I t  has been kno~vn for many years that numerous functional groups show characteristic 
absorption in the near-infrared region of the electromagnetic spectrum and that these 
absorption bands are   no st commonly overtones or combination bands involving hydrogen 
(see reference I) .  Their use for the purposes of structural elucidation has been proposed 
in review articles on near-infrared spectra (1,2), but remarkably few practical applications 
have been made to date. We have investigated the spectra of a number of aldehydes and 
wish to point out the utility of measurements in this region of the spectrum for con- 
firming the presence of the aldehyde groupiilg and for providing illformation conceriling 
its environment. 

The bands arising from combination of the carbonyl stretching mode (around 1700 
cm-I) with each of the formyl C-H bands (around 2800 and 2700 cm-l) would be ex- 
pected to appear around 4500 atid 4400 cm-' respectively. I t  has previously been reported 
(1, 3) that aldehydes absorb in these regions, though except for a recent study of aroinatic 
aldehydes (3), the specific basis of this geileralization has not been disclosed. We have 
illeasured the near-infrared spectra of more than 30 aldehydes and find that all of the 
coinpounds show the two expected combination bands. These peaks are norinally coin- 
paratively strong ( E  = 1) and in some of the simplest compounds are the strongest bands 
in the near-infrared spectrum. (Chloral, a possible exception, shows two bands but the 
low-frequency absorption, like the corresponding band in the infrared region, is of much 
lower intensity than the other: it is not certain that this band is due to the aldehyde 
function.) Examination of the near-infrared spectra of a substantial number of other 
compounds shows that absorption due to other functional groups (including saturated 
hydrocarbon units) inay obscure the low-frequency band but that the region around 
4500 cn1-I is comparatively free of absorption by other functions. What interference 
there is stems froin double bonds bearing hydrogen, though these usually absorb a t  
somewhat higher frequencies. 

Though other carbonyl functions may absorb in the region of the C=O stretching 
mode of aldehydes, and other groups (e.g. certain other C-H groups, N-lnethyl groups, 
etc.) in the region of the formyl C-H bands, the combination band is unique to aldehydes. 
I t  would appear that the presence of the 4400 and 4500 cin-I bands together with the 
1700, 2700, and 2800 cin-I absorptions is good circumstantial-if not absolute-proof of 
the presence of an aldehyde. In addition, the absence of the coinbination bands-not- 
withstanding the presence of bands a t  1700, 2700, and 2800 ~rn-~-would appear to 
exclude the possibility of the presence of an aldehyde. 

In Table I are listed the aldehyde bands of a number of "a$-saturated" and a,P- 
unsaturated aldehydes. The combination bands of the saturated aldehydes (excepting 
chloral) were found in the regions 4415-4445 cm-I and 4525-4550 cm-I and those of the 
a,p-unsaturated aldehydes in the regions 4360-4415 CIII-' and 4480-4510 cnl-I, respec- 
tively. The lower limit of the low-frequency band of the a,P-unsaturated con~pounds is 

Canadian Journal of Chemistry. Volume 40 (1962) 
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TABLE I 

Infrared and near-infrared absorption of aldehydes 

Formyl C=O Sun1 Observed Extinction 
C-H bands band (A)+(B), near-infrared coefficient 

(A), cm-I (B), cm-I cm-I bands, cm-I ( e )  Aldehyde 

( a )  "or,o-Saturated" 
1. Acetaldehyde 

2. Propionaldehyde , 

3. Butyraldehyde 

4. Caprylaldehyde (octanal) 

5. Lauraldehyde (dodecanal) 

6. Cyclohexanecarboxaldehyde 

9. Chloral 

10. Phenylacetaldehyde 

(b)  or,o-Unsaturated 
1. Crotonaldehyde 

2. Tiglaldehyde 

3. Cinnamaldehyde 

4. 1-Cyclohexene-1-carbox- 
aldehyde 

5. 1-Cycloheptene-1-carbox- 
aldehyde 

6. 2,4-Hexadienal 

7. Citral 

8. 0-Methoxy-a-phenylcinnam- 
aldehyde (11) 

9. Aldehyde ( I )  from 
helminthosporal* 

*Determined in cl~loroform solution. Control experiments indicate that the position of the  aldehyde peaks is not significantly 
different in chloroform and carbon tetrachloride solutions. 

uncertain because absorption in this region due to other groups makes it difficult to 
determine the precise position of the aldehyde peak; the comparatively high extinction 
coefficient of these bands is almost certainly due to the presence of other absorption in 
this region. Included in the table also are the fundamental C=O and C-H frequencies 
and the sum obtained by adding the C=O frequency to each of the forlnyl C-H fre- 
quencies. Agreement between the near-infrared bands and the sums of the infrared 
frequencies is good, what differences there are being readily ascribable to anharmonicity 
and, to some extent, experimental uncertainty. Recently, Powers et al. (3) have con- 
firmed the assign~nent of the 4500 and 4400 cm-' bands in benzaldehyde as the combina- 
tion of the C=O and C-H bands, by measuring the spectrum of benzaldehyde deuterated 
on the a-carbon. These authors also report the near-infrared frequencies of I1 other 
aromatic aldehydes. We have measured most of these conlpounds and a few other aromatic 
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aldehydes as well and find that all sllow the two conlbination bands. Our values for these 
compounds are in acceptable agreement with those of Powers et al., and need not be 
duplicated here. 

The usefulness of the near-infrared spectra of aldel~ydes has been shown in the study 
of the fungal sesquiterpeile helminthosporal (-1). This compound 011 oxidation yielded 
an acid in which the nature of the third oxygen was not clear. The absorption of the 
carboxyl group obscured the 2700 and 1700 cmrL  regions of the infrared spectrum, and 
attenlpts to reillove this iilterference by esterification of the carboxyl group or to establish 
the nature of tlie oxygen by classical means led to intractable materials. The near-infrared 
spectrum, however, showed bands a t  4480 and 4400 cm-I, clearly indicating an a,P- 

unsaturated aldehyde as in I. The proton magnetic resonance spectrum confirmed the 
presence of the aldehyde group. 

r .  1 he near-infrared spectrum has been ~ ~ s e d  in determining tlie structure of the cr).stalline 
product (111.p. 128") obtained by methylating fori~~yldesoxybeiizoi~l with diazonlethane 
(5). The near-infrared and infrared data (see Table I) together with the i1.m.r. peak a t  
0.36 p.13.m. from tetramethylsilaiie show the structure to be I1 rather than 111. 

EXPERliLIES'rAL 

The ncar-infrared spectra were determined with a Beckman Dl(-J. spectrophotorneter using approximately 
5% solutions in carbon tetrachloride in 1-cm quartz cells. With conve~ltional cells, about 3 ml of solution 
is requirecl; use of a semimicrocell reduces the volume necessary to  less than 1 ml. Calibration indicates the 
error of the measurements to bc less than f 10 cm-I. The values q ~ ~ o t e d  represent the average of three or 
more measurements rounded to  the nearest 5 cm-l. 

Thc infrarecl spectra were determined on a Beclanan 1R-7 grating spectrophotometer equipped with 
sodium chloride optics. The spectrum of each compound in carbon tetrachloride solution was deter~nined 
using 0.1-mrn sod i~~rn  chloride cells. 

Most of the cornpounds i~sed in this s t ~ ~ d y  were commercial lnaterials purified, in the case of solids, by  
recrystallizatio11, and in the case of l i q~~ ids ,  by washing with aqueotrs soclium bicarbonate, drying with 
Drierite, and distilling. 

We are indebted to Dr. J. B. Stothers and Mr. 13. E. Klinck for sainples of l-cyclo- 
hexene-1-carboxaldehyde and 1-cycloheptene-1-carboxaldehyde, and to ivlr. Tony Durst 
for the spectrum of P-methoxy-a-phei~ylcin~~aillaldehyde. 

This work was supported by the Natio~lal Research Council. 
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THE ISOLATION OF A REPRESENTATIVE LIGNIN FRACTION 
FROM WOOD AND STRAW MEALS 

Previous publications (1-3) have described the isolation of a representative lignin 
fraction by the acidolysis in a dioxane-water medium of spruce and aspen wood meals. 
The  application of this procedure gave rise, in good yields, to a readily obtained lignin 
product, which on preliininary examination appeared to be only inoderately changed 
froin the protolignin of the original plant substance and hence quite amenable to funda- 
nlental chemical studies. This report deals with a study of the generality of the applica- 
tion of this procedure to  the isolatioi~ of a lignin fraction froin the sapwood of I 1  deciduous 
and coniferous trees and from the straw of four cereals. The "dioxane-lignins" so obtained, 
were exainined according to their yield (based on the original Klason lignin content of the 
plant materials), methoxyl content, and fundatnental carbon and hydrogen analysis for 
representative samples of each group. 

SOURCE X S D  PREPXRrZ'I'ION 01: I'LXN'l' ~ I t ~ ' l ' E R I A L  

Deciduous woods.--The sapwood of aspen (Populus tremuloides i\/Iichx.), mountain ash 
(Smbus ar~cr~paria L.), willow (Salix sp.), and cherry (Prunus sp.) were separately cut 
first into small chips and then ground in a Wiley mill (ca. 20 mesh).* The milled wood 
meal was air-dried, then extracted continuously for 48 hours with a benzene -ethyl 
alcohol (%yo, 1 : l )  mixture in a large Soxhlet extractor to  remove the extractives. The 
resultant wood nleal was air-dried before storage. 

Coniferous woods.-The sapwood of each of alpine larch (Larix laricina (Du Roi) I<och), 
western red cedar (T11,uja plicata D.  Donn), black spruce (Picea mariana (Mill.) B. S. P.), 
white spruce (Picea glauca (Moench) Voss), jack pine (Pinus banksiana Lamb), and 
balsam fir (Abies balsamea (L.) Mill.) was treated as described for the deciduous woods. 

Cereal straws.-Clean, hand-picked sainples of straw, dry but in a slightly green 
condition, of wheat (Triticum vulgare (Thatcher variety)), oats (ilvena sativa (Exeter 
variety)), barley (Hordeum vr~lgare (Parlsland variety)), and rye (Secale cereale (Prolific 
variety)) were first hammer-milled and then extracted and treated in the same fashion 
as were the wood meals. 

EXTRACTION 01; L I G N I S  

Pre-extracted, air-dry wood or cereal meal (25 g) was used in each case. The general 
procedure of lignin extraction was that  reported earlier by Pepper and Siddiqueullah (2) 
and modified by the same authors (3). 

EXPERIMENTAL RESULTS 

The ligilin sanlple isolated from each of the 15 plant materials was examined for its 
yield (based on the original Klason lignin content), color, and methoxyl content. Sainples 
of the lignin representative of each of the three plant divisions were analyzed for their 
carbon and hydrogen content. These data are summarized in Table I. 

*For one sarnple of aspen, grinding was continued to pass 50 mesh but on subsequent extraction no signijicant 
increase in l ignin yield was obtained. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 1027 

TABLE I 
Analytical data on products of acidolysis of wood and straw meals" 

.- -- 

Residual meal Isolated lignin 
-- --pppp 

Percentage 
IClason of Methosyl 

Plant lignin \Veight Recovery Weight IClaso~i content 
. . . . .  . 

. . . . .  substances (%) (6) (%I (6) lignin Color 
. . . . 

(%It 
. . . .  

Aspen 17.7 16.3 G5.2 1.480: 35.4 Pale tan 2%. 0 
IbIountain ash 19.7 14.7 58.8 1 ,303 28.5 Pinli 22.4 
Cherry 18.2 14.9 59. G 0 .  920 21.8 Maroon 21.1 
Willo\\~ 23.2 16.9 67. 6 1.64s 30.4 Pale tan 21 .0 

28. 9 18.8 -- Alpine larch 1 a . 2  0 .  G!)6 10.3 Pink-grey 15.3 
Balsaill fir 28.4 20.1 80.4 0 .  G95 10.6 Pale tan 15.6 
Blacli spruce 28.1 19.1 76.4 0.814(/ 12.7 Pale tan 15.4 
Jacli pine 27.0 19.5 78.0 0 .  GSSlT 11.2 Tan 15.4 
Tarnaracli 25.7 10.3 77.2 0.707 11.7 Pale tan 15.5 
Western red 

cedar 31.3 19.5 78.0 1.331 18.3 Tan 15.1 
. . . . White spruce 26.4 19 . 3 77.2 13.9 Pale tan 14.6 0.844:'" 

. . . . 
. . 

Barley 17.9 13.5 54.0 1.965 48.2 Darli tan 16.4 
Oats 1.9. 0 14. I. 56.4 I .Yl4 t t  43.9 Pale tan 16.7 
Rye 19.8 14.3 57.2 2.031 44.3 Pale tan 1G.G 
Wheat 21.0 13.3 53.2 2.4921$ 51.7 D;li-li tan 15.G -- -- 

"Basrtl on 25 g of air-dried wood or straw meal. 
?.Average of duplicate analyses. 
XFound: C, 55.31; 1-1, 5.61%. 
$Found: C, 59.48; 1.1, (5.20% 

Found: C. 63.41; H,  6.3770. 
4ound: C. 62.58; 13. 6.84%. iiI- 

**Found: C. 03.91 H 0.27%. 
ttFound: C, 59.20f 1-1: 5.71%; N, nil%. 
tzFound: C, 59.50; 1-1, 5.131%; X, nil%. 

I t  is interesting to note that  during the acidolysis of cherry and nlountain ash ~voocl 
meal, bright red dioxane-water solutions were formed cornpared with the yellow-brown 
soIutio~ls normally obtained; the residual meal was red instead of the i~sual tan color. 
Tile precipitated lignin was also red, the color increasing in intensity by adsorption fro111 
the supernatant solution. 011 treatment with sodium hydroxide or s o d i ~ ~ m  carbonate the 
red color of the solution or the precipitate was changed reversibly to  bright greeil. 

Presumably in these two species leucoantl~ocyanins were present in the sapwood ~ ~ s e d ,  
and were not removed by the 48-hour benzene-ethanol extraction. On treatment with 
the acid dioxane-water solution, conversion to  the colored anthocyanidins occurred, the 
color being in part aclsorbed on the lignin precipitate. The red color of the washed and 
dried lignin persisted, though the centrifugate faded to a yellow-brown color af ter  a 
few days, even in the dark. 

DISCGSSION 

This study has indicated the applicability of the acidolysis procedure for the isolation 
of a representative lignin fraction from the three divisions of lignified material studied, 
namely the deciduous and coniferous woods and cereal straws. By this method it is 
apparent that lignin is most easily isolated from the cereal straws (40-50yo yield) ancl 
least easily fro111 the conifers (10-20yo yield), with the deciduous woods occupying all 
intermediate position (20-33y0 yield). The  known difference in the composition of these 
three species of lignin is supported by the analytical data  of Table I .  The  deciduous woods 
and cereal straws give rise to similar yields (18-23yo) of Iilason liynin as opposed to the 
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much higher yields (25-3170) obtained from the conifers, and the fornler group has a 
carbon and hydrogen content of about 59 and 5.5yo respectively as apposed to about 63 
and 6.3y0 respectively for the latter group. There is, too, a slight but significant difference 
in the methoxyl content of the deciduous and straw lignins, the latter being about lyO 
greater than the former. 
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UREA AND SODIUM CHLORIDE WHISKERS'" 

INTRODUCTION 

The growth of molybdena whiskers on a molybdenum trioside - silicon dioxide substrate 
was reported by Callahan, Petrucci, and Brown (1). Sodium chloride whiskers possessing 
a visible twist and having a mean length of 180 111111 and a t11icl;ness of 1-30 p were ob- 
tained by Jeszenszky and Hartmanil (2). Sodium chloride ~vhislcers have also been reported 
by Fells and Firth (3). Alumina, zirconia, and silica whislters have been observed by 
Cunningham (4). Twists on alumina wllislcers have been described bj- Sears, De Vries, 
and Huffine (5). 

\iVhile the behavior oi finely divided silica in hyclrocarbon oil was 6eing investigated, 
an accidental observation led to the experiments clescribecl below in which urea w11isl;ers 
of the order of 25 c111 in length and very thin sodium chloride crystals of 2-3 cm in length 
were obtained. A few casual experiments suggested that other salts niight be prepared 
in whis1;er form by similar procedures but this was not pursued. 

EXPERIMENTAL 
The silica aquagel \\,as obtained by electrodialyzing solutions of N grade sodium silicate produced by the 

Philadelphia Quartz Co. containing 4-5Yo silicon dioxide. The  system was dialyzed to a pH of about 5. On 
standing, the silica sol sets to a hard, almost transparent silica aquagel. 

About '75 g of urea was added to  500 g of silica aquagel containing about 30 g of S O 2 ,  and thcroughly 
mixed until a syrupy texture \\-as obtained. About 10 g of a semirefined hydrocarbon oil of 174 SUS viscosity 
a t  210" F diluted with about 10 g of varsol \\-as added, and a ~11liforn1 emulsion prepared. About 50y0 of 
the water was boiled off a t  atmospheric pressure while the slurry was being stirred. The pox\-dery residue 

" I s s z~ed  as N.R.C. IVO. 6733. 
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much higher yields (25-3170) obtained from the conifers, and the fornler group has a 
carbon and hydrogen content of about 59 and 5.5yo respectively as apposed to about 63 
and 6.3y0 respectively for the latter group. There is, too, a slight but significant difference 
in the methoxyl content of the deciduous and straw lignins, the latter being about lyO 
greater than the former. 
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was pac1:ed into crystallizing dishes with a spatula and the remaining water was evaporated under the  follow- 
ing experirnental conditions: 

(a )  at room temperature from open containers, 
(b )  in an oven at 110" C ,  
(c )  under reduced pressure at  room temperature, 
( d )  a t  a variety o f  constarlt relative humidities a t  room temerature. 
T h e  details o f  the whisker growth observed are given below. Sodium chloride whiskers were produced 

b y  substituting salt for urea in the silica aquagel - hydrocarbo~l oil mixture. 

RESULTS  

Extremely fine urea whislcers of the order of 10-12 cin in length appeared in various 
areas perpeildicular to the surface of the paclted substrate while it was left to stand over- 
night a t  room temperature. After about G days, a large nuinber of fibers grew to a length 
of about 25 cin. Meanwhile, a very dense fibrous growth of short crystals swelled the 
substrate into a thick soft mat of about eight times its original volume. No further obvious 
change occurred on longer standing. The fibrous growth in the substrate and the appear- 
ance of the urea whislcers can be seen in Fig. 1. Short intertwined urea fibrils were produced 
by heating the inixture a t  110' C. A some\vhat similar type of growth appeared upon 
evacuating a warm suspension. 
11 longer time was required for crystal growth to occur in an enclosed system a t  a coil- 

stant relative humidity a t  room temperature. Portions of the urea substrate were paclced 
in Petri dishes to  a depth of about 1 cm and placed in desiccators containing super- 
saturated solutions of zinc chloride, calciuin nitrate, and ammonium chloride to give 
respective relative humidities of about 10, 51, and 79y0. Each system was closed under 
a slight vacuum. After about 14 days, a sudden fibrous growth interiningled with a large 
number of longer crystals appeared in the desiccator over the ZnC12 solution. This is 
shown ill Fig. 2. The elongated column of fibrous crystals show11 in the right-hand side 
of the photograph was obtaiiled by raising the temperature overnight to about 40" C. 
The upper portion of the column was contaminated with some silica and oil. When 
growth was resumed a t  room temperature the center portion remained white, and virtually 
free of contaminants. There was no evidence of crystal growth i t1  the desiccator a t  about 
79y0 relative humidity even after 4 months. After about 3 weelis, short, rather thick 
crystals appeared where the relative huinidity was maintained a t  51y0. These \irere less 
voluminous than those which appeared a t  lOyo relative humidity. 

I t  was foulld that the long white crystals melted a t  131' C, contained no ash, and gave 
a positive test for ainine. A11 infrared spectrum identified the ~naterial as urea. S -Ray  
diifraction photographs corresponded to  the lillowil urea pattern. When the surface was 
coated with a dye and growth encouraged by raising the temperature of the inaterial 
about 15" C above room temperature, dyed portions were colnpletely lifted upwards by 
the growing fibers. There was no visible evidence of crystal growth above the dye level. 
Soille fibers which hacl bent ends were noted to be a t  different angular positions during 
their early period of growth. 

il.lorplzology oj" tlze W h i s k e r s  

Urea 
The rapidly grown silky fibrils (100-200 p diam.) were found to be looselj- coilnected 

bundles of heavil!. notc11ec1, "ribbon-like" fibers, as frequently curved as straight. 
I~ldividual fibers showed perfect cleavage parallel and perpendicular to the fiber direction. 
The broken ends u sua l l~~  presented a stepped appearailce wit11 the cleavage faces per- 
perldicular to each other. These faces are probably (011) and (001) since these are the 
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known cleavage faces for urea. The X-ray results show that the cleavage perpendicular 
to the fiber must be on (001). X-Ray rotation photographs of the sillcy fibrils gave typical 
fiber diagrams with the fiber axis as [OOl]; the arcing on the photographs correspo~lded to 
a variation of ~ 1 5 "  froin the mean fiber direction for individual fibers. A siinilar rotation 
photograph of a single 20-p fiber, typical of the slowly grown fibers, showed it to be a 
single crystal with (001) as its fiber axis. Such iildividual fibers, which are typically 
uniforin in diameter along their length, show extinctioil parallel to the fiber when exainined 
in a microscope under crossed polars; if the fiber has a bend in it the direction of estiilctio~l 
follows the bend. Examination in an optical goniometer usually reveals continuous or 
strealcy reflections extending over inally degrees with maxima separated by 90". The 
external appearance of these fibers is deceptive but most appear as spiral "ribbons". 
Goniometric ~neasure~nent of the twist gives values in the range 12-20°/mm for long, 
straight fibers. One spiral "ribbon" with a twist of 12"/111111 over a 10-mm length was 
found to be roughly triangular in cross section, rounded a t  the corners, with a single 
re-entrant right-angled notch on one side. The spiralling of this notch was apparently 
sufficient to create the observed spiral ribbon-like appearance. I t  is probable that the 
flat faces boundi~lg the notches are respoilsible for the observed goniometer signals 90" 
apart while the rounded corners yield the continuous or strealcy reflections. Such a 
cross section, though observed a number of times, was not as cornmoil as a strong1~- 
notched cross section, much wider in one cross dimension than the other. In no case was 
a central hole observed in a cross section, although many fibers appeared to be ho1lo.v~ 
on casual inspection. 

Sodium Chloride 
Very thin sodiuin chloride whislcers of the order of 2-3 cin in length were observed 

growing on the surface of a substrate after it had stood a t  room temperature for about 
6 days. Many shorter fibrous crystals slvelled the substrate to a thick soft mat. The 
longer crystals lying almost flat on the surface of the mat can be see11 froin Fig. 3. These 
fibers were identified as sodium chloride fro111 their X-ray diffraction photographs. 

The fibers of sodium chloride were generally fine (20 p), with the thinnest bending 
easily in the draughts present in the room. While geilerally similar to the urea fibers, 
they were not so ribbon-like (diameters seldom differing by inore than 3 :2)  and much 
illore regular in forin. They were distinguished by frequent lci~llis a t  right angles. One 
such fiber was observed with four 1;inks in a short clistance forming a rectangular "spiral". 
X-Ray rotation photographs showed the fibers to be single crystals with [001] (i.e. any 
cubic axis) as the fiber axis. Optical goniometry usually gave faces separated by 90°, 
the most lilcely forin being 1011). An exceptionally good fiber gave four reflections, 
tentatively identified as co~ning fro111 the faces (1 lo) ,  ( I ~ o ) ,  (320), and ($20). Many fibers 
showing a slight spiral twist were so fine that no satisfactory observations of their forin 
could be made. 

CONCLUSIONS 

Although no final conclusions can be given a t  the present time, the evidence suggests 
that the growth proceeds from the base and that the conditions defining the diameter 
and twist of the fiber persist over fairly long periods of time. The forinatioil of the 
whiskers seems to be dependent on some feature of the substrate and the rate of loss 
of water. Curiously, whislcers grew in relative humidities of 10 and sly0 but not of 
'79y0. As the total ainount of water is depleted many surface imperfections occur and 
crystal growth call take place relatively unrestricted in inany directions. The type of 
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FIG. 1. Urea whiskers and fibrous crystals grown a t  room temperature. 
FIG. 2. Urea whiskers and fibrous crystals grown a t  10yo relative humidity a t  room temperature. 
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1:rc. 3. Sodium chloride whiskers a n d  fibrous crystals grown a t  roo111 te~l lpera ture  
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hydrocarboll oil seems to have little influence since very thin urea whiskers of the order 
5-6 cm in length were obtained using medicinal oil instead of the less refined hydro- 
carboll oil.'VWhislters could not be produced using urea and oil alone. I t  may be remarked 
that needle growth of crystals is favored when crystallization is rapid and requires the 
dissipation of a large amount of energy. The factors governing the growth of these 
fibers are not yet unclerstood and a series of experiments to define t h e ~ n  is planned (6). 

ACKNO\VLEDGAlIENT 

The authors wish to thallli Miss M. McLellan for inaking the measurements reported 
here. 

1. J. L. CALL AH.^, I?. H. PETI~UCCI, and C. A. BI~OWX. J. Colloid Sci. 15, 418 (1960). 
2. B. JESZLNSZKP and C. E. HAIYSMAXN. Xature, 189, 213 (1961). 
3. H. A. FELLS and J. B. FIRTH. Proc. Roy. Soc. (Londoi~), A, 112, 468 (1926). 
4. A. L. CUNNIXGH~ZM. Report on Coiltract No. 9onr-2G18(00). April 14, 1960. 
5. G. \V. SEARS, I?. C. DE VIUES, and C. HUFFINE. J. Chern. Phys. 34, 2142 (1961). 
6. R. H. DOI~EMUS, B. \\'. ROBERTS, and D. TURNBULL. Gro\vth and perfection ol crystals. John 1Viley 

and Sons, Inc., Ne\\, Yorl;. 1958. p. 68. 

THE DECOMPOSITION OF n-PENTANE SENSITIZED BY ALLYL RADICALS 

The inhibition of tlie thermal decomposition of paraffin hydrocarbons by propylelle 
has for many years been ascribed to  the removal, fro111 the system, of chain-pi-opagating 
raclicals such as CHB and C?HS by hydrogen abstraction from the inhibitor (1, 2). I t  
was assumed that the allyl radical formed was not sufficiently reactive to serve as a 
chain propagator and hence the rate of tlie overall decomposition was substantially 
reduced compared with the rate in the absence of propylene. The residual rate of the 
so-callecl "fully inhibited" reaction has, in the past, bee11 ascribed to ilon-radical ~nolecular 
processes. 

Interest in the reactivity of the allyl radical has developed during the past few years. 
A reconsideration of its role in organic decompositions inhibitecl by propylene has been 
made necessary by the results of recent investigations (3-6) which have established that 
ally1 radicals are capable of abstracting hyclrogen a t  temperatures above 400" C. I t  can 
therefore no longer be argued that inhibition by propylene a t  these temperatures is a 
consequence of the inability of ally1 to propagate decompositio~~ chains. The role of ally1 
and of nitric oxide in the nlechanism of inhibited decornpositio~ls has been discussed in 
general terms by iVIcNesby and Gordon (5) and by Bryce and Ruzicl;a (6) and has been 
supportecl by recent results (7) on the pyrolysis of normal butane. Detailed theoretical 
treatments ol the 1;inetics of inhibited decompositions have been presented recently 
by Laicllei- ancl Wojciecliowslti (8) and by Eyriilg (9). I t  is assumed in both of these 
discussions that molecular mechanisms play no significant part. 

'%B?l?zdles of crystals 3-4 ciiz i n  lorgt l~,  thick at the base and tapering to a poiitt at the taps, were obt(Li>~cd/rm>~ 
silica aqz~agcl alolie crflcr abed 1 i>7ontl~'s t ime.  

I Canadian Journal of Chemistry. Volume 40 (1962) 
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In an attempt to demonstrate directly the ability of ally1 radicals to initiate the 
decomposition of paraffin hydrocarbons an investigation has been illade of the pyrolysis 
of n-pentane in the presence of varying alnounts of diallyl (1,5-hexadiene). The latter 
compound decon~poses a t  a temperature substantially lower than that required for the 
pyrolysis of n-pentane and the kinetic and analytical evidence (5, 6) indicates that the 
primary dissociation results in the formatioil of two ally1 radicals: 

The effect of the ally1 radicals thus generated 011 the rate of decoinpositioil of n-pentane 
was observed by following the pressure change in the system and by obtaining a complete 
analytical inass balance for the components of the reaction mixture a t  the specified 
reaction time. All analyses were done by gas chroinatography using conventioilal tech- 
niques. 

The overall effect of the addition of diallyl to n-pentane is illustrated by the pressure- 
time curves presented in Fig. 1. I t  is recognized that there are limitations to the reliance 

1 2 3 4 5 6 7  
M I N U T E S  

FIG. 1. The effect of the addition of diallyl on the rate of decomposition of 11-pentane a t  480° C: (1) 
90 lnln wpentane plus 10 mm diallyl; (2) calculated assuming independent decomposition of n-pentane and 
diallyl; (3) 90 111111 11-pentane; (4) 10 nlrn diallyl plus 90 mm I<r. 

one can place on pressure measurements as a means of following gas-phase reactions, 
particularly when polyinerizable materials are involved. However, this technique does 
provide a measure of reaction rate where the illail1 process involves the decoillpositioil 
of a paraffin. I t  is apparent from a cornparisoil of curves 1 and 3 that the decomposition 
of n-pentane a t  90 nlm pressure is sigrlificantly accelerated by the addition of 10 nun of 
diallyl. The pressure change versus time curve for 10 nun of diallyl to which 90 111111 
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of krypton was added to maintain a total pressure of 100 lnnl is given in curve 4. The 
Inore rapid decomposition of diallyl than of n-pentane can be seen from the fact tha t  
the pressure increase for 10 mm of diallyl plus 90 mm Kr  a t  3 minutes is 22y0 while 
the corresponding figure for n-pentane alone is only 2.4y0. If one were to make the 
extrelne assumption tha t  the n-pentane and diallyl were decomposing independently 
the total pressure increase would be merely the sum of curves 3 and 4. The resultant, 
curve 2, falls well below the results shown in curve 1. The effect of the diallyl in initiating 
the decomposition of n-pentane thus appears to  be established. 

Further indication of the initiation of 72-pentane deco~nposition by allyl radicals is 
revealed by the analytical results for propylene and ethylene. These two compounds, 
which are forlned in roughly the same proportions in the pyrolysis of n-pentane, together 
constitute about half of the deconlposition products under normal conditions. In Fig, 2, 

FIG. 2. Propylene yield a t  5 minutes as  a function of square root of diallyl pressure: (1) n-pentane plus 
diallyl; (2) calculated assuming independent decomposition of n-pentane and diallyl; (3) diallyl plus kryp- 
ton. Total pressure, 100 mm. 

curve 1, the partial pressure of propylene in the reaction mixture is plotted against the 
square root of the diallyl partial pressure for a reaction time of 5 minutes. The total 
initial pressure was kept constant a t  100 mm. The temperature was again 480" C. The  
propylene pressure was plotted as a function of (PdlanYl)lJ2 on the assumption that the 
latter quantity was a measure of allyl radical concentration in accordance with an  
equilibrium dissociation of diallyl: 

diallyl 2allyl; 

Curve 3 in Fig. 2 shows the variation of the partial pressure of propylene in the reaction 
mixture a t  5 minutes' reaction time for the decomposition of diallyl in the presence of 
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krypton for the range of partial pressures of diallyl used in this investigation. I f  again 
one were to  make the assumption tha t  n-pentane and diallyl were decomposing inde- 
pendently in the pentane-diallyl mixtures, the partial pressure of propylene would be 
merely the sum of the propyleile produced by each compound. The variation of this 
sum with square root of diallyl concentration is presented in curve 2. The  fact that  
this curve falls well below curve 1 establishes tha t  the decomposition of the diallyl 
sensitizes the decomposition of n-pentane t o  propylene and other products. The overall 
dependence of propylene production on the square root of the diallyl pressure is slightly 
greater than linear. 

Results of the same ltind for the production of ethylene are given in Fig. 3. The  pro- 
duction of ethylene, which must involve secondary deco~nposition processes, is much 

1 2 3 4 5  

( M M  DIALLYL)v2 

FIG. 3. Ethylene yield a t  5 minutes a s  a function of square root of diallyl pressure: (1) TI-pentane p1~1s 
diallyl; (2) calculated assuming independent decomposition of n-pentane and diallyl; (3) diallyl plus kryp- 
ton. Total pressure, 100 mm. 

less dependent on the square root of the diallyl pressure than is the production of propyl- 
ene, as is revealed b y  a comparison of the slopes of curves in Figs. 3 and 2. The 
production of ethylene by the decoillposition of diallyl in the presence of ltrypton is 
shown in curve 3. The C2H4 which would be produced assuming the independent decom- 
position of n-pentane and diallyl is given by curve 2. I t  is thus apparent tha t  the  cle- 
composition of diallyl has sensitized those processes in the n-pentane decomposition 
which result in the formation of ethylene. 

A more complete account of this work will be published a t  a later date. 

We are grateful t o  the National Research Council for financial support. 
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Paper 1\1-64, 

THE SYSTEM LITHIUM SULPHATE - MAGNESIUM SULPHATE - WATER AT 30" C 

INTRODUCTION 

The equilibriunl relationships were studied in the systenl lithium sulphate - inagnesiu~n 
sulphate -water a t  30" C and below in order to find out whether lithium sulphate would 
behave as the other allcali metal sulphates and ammonium sulphate, which are well 
known to form double salts with the magnesium salt. The binary syste~n of the two 
salts is of the si~nple eutectic type and is devoid of ally compounds, according to Bergman 
and Golubova (I). 

EXPERIMENTAL 

The  complexes, comprised of the three components, were prepared by several different methods a t  30' C 
so that the complete nature of the isotherm, inclusive of the metastable regions, if any, and of the kinetics 
of approach to equilibrium could be ascertained. In general, the con~plexes were prepared by the admixture 
of pairs of solid and liquid phases as  follows: (i) lithium sulphate monohydrate and concentrated or super- 
saturated solutions of magnesium sulphate, (ii) anhydrous lithium salt and liquid phase as  in (i), (iii) 
magnesium sulphate heptahydrate and saturated solutions of lithium salt, (iv) partially desiccated mag- 
nesilln~ sulphate heptahydrate (containing 13-15% water by weight) and liquid phase as in (iii), (v) mistures 
of L2i2S04.H?0 and IVlgS04.7H?O crystals and water, and (vi) anhydrous lithium salt and solutions containing 
lithium and magnesium sulphate. Besides the above methods, controlled evaporation a t  30' C of solutions 
containing various proportions of the lithium and magnesium salts was also carried out. The  complexes 
\\,ere well agitated a t  3 0 f  0.02OC for varying periods of time, after which the saturated solutions were 
quickly separated fro111 the wet solid phase by conventional methods. Equilibrium was found to be attained 
within 24 hours in most cases. However, much longer periods of about 15 days or more were required in 
cases where the co~nplexes were made by the method (iv). The scheme of analysis adopted in all cases con- 
sisted of the determination of the percentage of total anhydrous salt by drying to  constant weight and of 
percentage of magnesium by the oxine method, which was found to  give values accurate to  O.lyo. 

RESULTS AND DISCUSSION 

A representative set of results of the experiments obtained under equilibrium con- 
ditions a t  30" C is set forth in Table I. Extrapolation of tie lines in Fig. 1 shows clearly 
that three solid phases exist a t  30°C,  namely, Li2SO?.H?O, MgS0.1.7H20, and 
MgS04.GI-120, the last of which appears under nletastable conditions only. Addition of 
lithium sulphate, in anhydrous or hydrated state, to supersaturated solutions of niag- 
nes i~u~l  sulphate resulted in the crystallization of the magnesium sulphate hexahydrate 
in most cases. Two invariant points were realized, the first related to the cosat~iration 
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TABLE I 
The system Li2SO4-MgSOd-H?O a t  30' C 

Amount contained in Amount contained in 
100 g saturated solution 100 g wet residue Composition 

of solid 
Li?SOd i\iIgS04 LirSOd MgSOd phase 

FIG. 1. The system Li2SO.,-MgSOI-H2O a t  30' C. . 
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NOTES 1037 

of the phases Li2S04. H20 and MgS04.7H20 and the secoild of the phases Li2S04. H 2 0  
and MgS04.6H20. Experi~neilts carried a t  lower temperatures down to 0' C did not 
reveal any new phases apart frorn the above ones. While this study was i n  progress, 
results on the ternary systeln a t  25' C and 75' C were reported by Lepeshlcov and 
Romashova (2, 3). The authors have ~nissed the inetastable existence of the hexahydrate 
a t  25' C. 
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(1960). 

SECONDARY ISOTOPE EFFECT IN THE ADDITION OF HYDROGEN ATOMS 
T O  PROPYLENE-d6' 

In several recent studies the magnitudes and direction of the secondary deuteriuin 
isotope effects on reaction rates have been interpreted in terms of the configuration of the 
reaction centers in the transitioil complex (1-3). In particular Matsuoka and Szwarc (3) 
have found an increase of 7 to 11% in the rate of addition of methyl radicals to a,a,p- 
styrene-dl relative to styrene containing no deuterium, both carried out in isooctane 
solution. Although in the expected direction, the inagnitude of the isotope effect was much 
smaller than that calculated (82%) on the assuinption of a tetrahedral transition state. 
In view of this the authors concluded that the configuration of the transition state 
deviated only slightly from that of the initial state. 

Recent work in this laboratory and elsewhere has shown iinportant differences in the 
trends in reactivities of some free radicals. These are a t  least partly explainable in terms 
of the differences in the electron-seeking properties of the free radicals. The relative rates 
of addition of hydrogen atoms to a number of olefins in the gas phase have been recently 
determined in this laboratory (4, 5) and the trends in the rates are siinilar to those of 
methyl radicals in the corresponding reactions, although both are vastly different from 
the trends shown by oxygen atoms. Neither hydrogen atoins nor inethyl radicals are 
likely to exhibit an appreciable electrophilic character and a sinlilarity in their behavior 
is not unexpected. At the same time, besides a broad similarity, some significant quantita- 
tive differences in the reactivity trends of these two radical species have also been found. 
The latter are perhaps due to different steric requirements of the two reagents, although 
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this point necessitates further study. 111 view of some difference in the behavior of 
hydrogen atoms and nlethyl radicals it was thought necessary to determine experi- 
mentally3 the secondary isotope effect in the addition of hydrogen atoms to an olefinic 
double bond. For this purpose propylene and propylene-d6 have been chosen as a repre- 
sentative pair of a light and a heavy olefin. With sonle modification in the design of the 
reaction vessel, the technique developed previously (4, 5) has been used for determination 
of the relative rate constants. 

Hydrogen atonls are procluced by mercury-photosensitized decomposition of n-butane 
and abstract another hydrogen atom fro111 the n-butane to produce H 2  (reaction 1). When 
smaller amounts of an olefin are added, hydrogen atoms may also add to it  (reaction 2) 
or abstract from it (reaction 3). Reactions have to be carried out with rigorously purified 
12-butane and a t  very small conversions. Under such conditions (4, 5 ) ,  

f(H2) = - 
k:: kl (B) R~,[1+~q2(01)/ql(B)Il  -- 

- +--, RH?*-RH~[~+(~?(~~)/~I(B))I k? k2 (01) 

where RN2:i' and RI12 are the rates of hydrogen formation in the absence and presence of 
the added olefin, respectively, (B) stands for 12-butane and (01) for the olefin, and q,/q, 
is the ratio of the quenching efficiencies of the olefin and n-butane. Since butane is always 
present in huge excess, qz/ql does not have to be known too accurately and the previously 
employed (5) q?/ql value of 8.2 has been also used in the present work. The sanle value 
was adopted for both C1H6 and C3Ds but even an appreciable difference in the quenching 
efficiencies of the two compounds could not have a significant effect on the results. The 
experirne~ltal f(H2) values are plotted against (B)/(Ol) and the slope of the linear plot 
gives kl/k2 and the intercept k3/k?. 

The reaction system consisted of a 13.2-1. pyres flask with a q~lar tz  wiildow 5 cm in 
diameter attached to it through a large graded seal. The flasli was provided with a glass 
stirrer on teflon bearings operated by an external rotating magnet and the gases were 
continuously stirred in the course of the reaction. The reactants were introduced through 
mercury cutoffs; they were then thoroughly degassed by repeated condensation and 
evaporation and saturated with mercury vapor by circulating with an all-glass plunger- 
type pulrrp through a mercury saturator. 

Phillips research grade n-butane was further purified to renlove traces of olefin con- 
taminants by passage through three wash bottles of concentrated H?SOd, over I<OH 
pellets and through an activated silica gel column, followed by degassing and bulb-to-bulb 
distillation under reduced pressure. Phillips research grade propylene and propylene-d6 
obtained from Mercl;, Sharp Sr Dohme were thoroughly clegassed in the usual manner. 
NIass spectronletric analysis of the deuteropropylene indicated 96% propylene-d6 and 4y0 
propylene-d;. Reactions were carried out a t  2 5 f  1' C, using 450 mm n-butane and varying 
snlall amounts of the olefin. The mercury resollance radiation was obtained from a low- 
pressure mercury vapor lamp, operated a t  a constant current of 100 ma supplied through 
a translormer from a voltage stabilizer. Exposure times of 20 minutes were used and 
the fluctuations in the lamp current renlained less than 1y0 in these intervals. Hydrogen 
was collected through two liquid nitrogen traps by means of two nlercury diffusion pumps 
and was nleasured on a constant volunle burette. 

The results of the measurements are given in Table I ,  where "Ratio" represents the 
ratio of the concentrations of n-butane and the added olefin, (B)/(01), and f(H2) is 

31Vo atte?)~pt Jzas bee72 wzade L ~ Z  tlze present work to  est~nzate tlze expected tlzcorct~cal zalries of tlze secondaty 
rsotope effects for dzffcrent configurations of the tra~~sltzo7z state. T h e  experlnacntal -~al l ie  obtaqned is  co71zpared 
wzth tfie val?ics reported Ln reference S f o r  methyl radicals. 
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NOTES 

TABLE I 
The values of f(H2) a t  various n-butane/propylene ratios 

Propylene 
Ratio 689 597 433 294 108 
fwd  1.030 0.908 0.6G9 0.469 0.193 

Propylene-dG 
Ratio 75s 654 587 497 374 284 104 
f ( H ? )  1.108 0.955 0.828 0.660 0.578 0.464 0.209 

defined in equation [ I ] .  In the present worli RH?". has not been corrected for finite con- 
version and residual olefin impurity ( 5 ) .  The values of the slopes and the intercepts of 
the plots of f(Hr) vs. (B)/(01) have been calculated by the method of least mean squares 
and the k2/kl and k3/kz vali~es t h i ~ s  obtained and their probable errors (6) are summarized 
in Table 11. For comparison the previously determined (3) value for CBHG is also given in 
the table and the agreement with the present result is seen to be satisfactory. 

TABLE I 1  
The values of k?/kl and k,/k? 

kdk l  k :~lkl  S o t e  
- - 

Previous result with propylene (5) 695f  16 0 .033 f  0.015 Circulating reaction 
s),stem 

Present result with propylene 6113.3f 3 . 8  0.0410=k0.0037 Static reaction system 
(stirred reactor) 

Present result with propylene-d~ 746 f  25 0 .063 f  0.023 Static reaction system 
(stirred reactor) 

The magnitucle of the secondary isotope effect in the addition of H atoms to C3DG and 
C31-IG is, on the basis of the results in Table 11, ks(D)/k?(H) = 1.078&0.0:37. Thus the 
secondar)- isotope effect seems to be in the same direction as in the case of methyl raclical 
aclclition to styrene and styrene-ds (3) and, as in this latter case, it is quite small. 

The values of ka/kr given in Table I1 indicate that ks(D)/k:i(H) is between 0.9 and 2.1. 
However, in view of the large extrapolations that have to be made, the intercepts of 
the f(Hz)-vs.-(B)/(Ol) plots may be considerably more uncertain than is suggested by 
the estimated limits of error in k3/k2 values in Table 11. Consequently, much quantitative 
significance cannot be attachecl to these values. In agreement with this, direct mass 
spectrometric cleter~ninations of the HD-to-Hz ratio in the hydrogen collected from the 
mixtures of 1%-butane and C3D6 give for ks(D)/kl values of only 0.8-2.2. This would 
indicate sonx 20 times snlaller rates of abstraction of D atoms from C3D6 than would 
have to be assumed on the basis of the mean value of the intercept of the ~ ( H ~ ) - V S . -  
(B)/(C3D6) plot. The discrepancy may be entirely due to the large experimental uncertain- 
ties of the values of the intercepts. An alternative possibility is that a very small fraction 
(a) of the initial interaction of n-butane with the excited mercury atoms results in direct 
formation of H 2  (by molecular detachment) rather than giving H atoms and butyl radicals. 
In view of the exper i~~~enta l  uncertainties and the smallness of this effect further, nlore 
estensive \vorli is necessary to establisli with certainty the cause of the apparent clis- 
crepancy. However, even if it sl~ould turn out that a small amount of molecular detach- 
ment oE H z  does occur in the mercury-photosensitized decomposition of n-butane, i.e. 
a > 0, the present and the previously determined ( 5 )  relative rates of adclition of hydrogen 
atoms to olefins will not be affected. The slope of the J(H2)-vs.-(B)/(O1) plots would in 
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this case be equal to  (1/1 - a )k l / k~  and therefore the ratios of k? values for various olefins 
would remain unchanged. 

The authors are grateful to Dr. A. W. Tickner for the mass spectrometric analysis. 
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A RrZDIOCHEMICAL METI-IOD FOR THE ESTIMrZTION OF THE 
SULPHYDRYL-TO-DISULPHIDE RATIO IN WHEAT GLUTEN 

C. C. LEE AND E.  R. SI~IUELS 

Considerable interest has been shown in our earlier note (1) on S-(N-ethy1succiniinido)- 
I,-cysteine ( I ) ,  the adduct formed between L-cysteine and N-ethylmaleimide (NEM),  
and the possible use of I a s  a carrier for the estinlation of the relative amounts of sulphy- 
dry1 and disulphide groups in proteins containing S3j. Since soine unchanged I can be 
recoverecl fro111 ail acid hydrolyzate after hydrolysis of peptide bonds ( I ) ,  if a S3j-labelled 
protein were allo~vecl to react with NEM and then hydrolyzed, any sulphydryl groups 
originally preserlt as cysteine residues would give rise to  S3j-labelled I ,  which could then 
be isolated with the aid of ordinary I as carrier. The  present coininunication reports 
some preliminary results on the application of this technique in a study with glutell of 
wheat flour in which S3j has been incorporated. 

Gluten was chosen for investigation because of the possible involvement of sulpl~ydryl 
groups in the action of flour improvers (2-4). Minute amounts of oxidizing agents, such 
as  bromate or iodate, are known to have the capability of improving the bread-inalcing 
quality of ilour. Suggestions have been nlacle that such an improver action n1a17 be clue 
to  the formation of disulphide cross-linlages from oxidation of sulphydryl groups of the 
gluten (2), or the inhibition of interchange reactions i l l  the protein network between 
disulphide bonds and sulpllydryl groups, presumably through the oxidative destruction 
of the sulphydryls (3, 4). Because of the very low sulphydryl contents of flour, it has been 
difficult to obtain a clearcut deinollstratioil of a direct oxidation of flour sulphydryls by 
flour improvers (5). The application of the sensitive tracer technique may be of advantage; 
hence the present study was undertalien. 

Carrier-free S35 as  sulphate was injected into the stems of maturing wheat plants of 
the Thatcher variety about 20 days before harvest. The  resulting kernels were nlilled to 
provide a radioactive flour. Fractionation studies (6, 7) showed that the protein iractioils 
obtained do  contain S3j. Dough sanlples were prepared, each from 15 g of active flour, 
'7 1111 of distilled water, and no improver, 50 p.p.m." potassium bromate, or 50 p.p.m. 

Z T h ~ ~ ~ ~ g J z o z ~ t  t h i s  note,  p.p.n7. ~ e f e r s  to parts per ?nillion based o n  the  weight o f fEoz~r .  
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potassiuin iodate. The dough xvas allowed to stand 3 hours, then thoroughly mixed with 
a solution of 400 p.p.111. NEM in 2 ml of distilled water, and then allowed to stand one 
more hour. The gluten was separated by washing off the starch (8) and dried a t  100' C. 
A I-g sample of pulverized, dry gluten was hydrolyzed by refluxing (100-103' C) for 
1 s  hours in 50 1111 of G N hydrochloric acid. The hydrolyzate was concentrated under 
reduced pressure, filtered, and made up to a volume of 25 ml. Twenty-five milligrams 
of ordinary NERII-cj~steine adduct (I) was then added as carrier to aid in the subsequent 
development and separatioil of I by paper chromatography. 

Although one-dimensional ascending paper chroniatogi-aphy was effective in separating 
I from cystine ( I ) ,  it was necessai-y to use two-dimensional ascending paper chroma- 
tography, run a t  right angles to each other, in order to separate I from cystine and 
methionine. The solvent systems employed were I-butanol, pyridine, acetic acid, water 
(BPAW) a t  the volume ratio of 30:20:6:24 and water-saturated phenol (WSP) (454 g 
phenol and 113.5 1111 water). A nuillbei- of 5-X aliquots of each hydrolyzate were chromato- 
graphed on \Whatman No. 1 filter paper, first in the BPAW system for about 1 s  hours, 
air dried, and then in the WSP system for about 20 hours. After air drying again, the 
chromatograms were developed with 0.1% ninhydrin in acetone. The spots corresponding 
to cystine, methionine, and adduct I were the only ones that showed activities significalltly 
above background. The activity of the spot corresponding to cystine was of the order of 
5000 c.p.m. The average values for the ratio of the activity of adduct I to the activity of 
cystine were 4.02:100, 3.67:100, and O.S6:100, respectively, for the chromatograms 
derived from doughs treated with no improver, with 50 p.p.m. potassiun~ bro~nate,  and 
with 50 p.p.m. potassiun~ iodate. These decreases in the ratios of the activity of I to that 
of cystine indicate that some of the cysteine residues of the gluten were destroyed, liliely 
by oxidation, after treatment with broinate or iodate. The data showed that under the 
conditions of the present experiments, the destruction of sulphydryls amounted to about 
10% and SOY0, respectively, when the dough was treated with 50 p.p.111. potassium 
broinate and with 50 p.p.m. potassium iodate. 

For an absolute quantitative cletermination of the sulpl~ydryl content of a protein by 
the measurement of the activity of I ,  it would be essential to have a coinplete recovery 
of I froiv the reaction of NEM with all of the sulphydryl groups of the protein. The use 
of an excess of NER4 in the present experiments should facilitate its reaction with all the 
available sulphydryl groups of the dough. I-Iowever, it is ullcertain whether coinplete 
recovery of I from the gluten hydrolyzate was achieved because some deconlposition of I 
might have occurred during the protein hydrolysis. On the other hand, if the fraction of 
I lost, i f  any, during protein hydrolysis were constant, as might be expected for hydrolyses 
carried out under identical conclitions, relative comparisons of sulphydryl contents, as 
reported in this note, should still be valid. I n  order to demonstrate that the recovery of 
I after hydrolysis was constant, the following experiments were carried out. Radioactive 
adduct I was prepared from reaction of N-eth~7lmaleimide-1-C14 :': with L-cysteine. 
I t  showed a single active spot after paper chron~atography. This adduct was subjected to 
10 replicate hydrolytic treatments in G N hydrochloric acid for IS hours a t  100-103' C, 
either wit11 or without the presence of some ordinary gluten. Each hydrolyzate was 
chromatographed in the usual manner and the spot corresponding to adduct I was 
counted. The recovery of activity was essentially constant, amounting to S l t l y h  of 
the activity of I before hydrolysis. Thus the loss of I during h>-clrol>-sis under our experi- 
men tai conditions is constant and the relative activities of I recovered after hydrolysis 
can be used as a measure of the sulphydryl content. 

*Obtained f ~ o n t  Schu.nrz B i o  Resenrch I ~ z c . ,  Adozl~~t  Iieier?ton, ?Vew Fork. 
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To  further establish the applicability of this radiochernical method, 1.0, 0.7, or 0.5 
mlnole of reduced glutathione in 10 ml of water was treated with 10 1111 of solution con- 
taining 2.0 nllnoles of C1"labelled NEM. The resulting nlixture was allowed to stand 
overnight, concentrated to a sillall volume, hydrolyzed il l  6 N hydrochloric acid, and then 
chro~natographed in the usual way. The spot correspondillg to the recovered adduct I 
showed activities of 293, 211, and 150 c.p.m., respectively, for the original glutathioile 
content of 1.0, 0.7, and 0.5 mmole. The activity ratio of 203:211:150 corresponds to 
1.00:0.72:0.51, in excellelit agreement with the know11 glutathiolie colitents. 
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ABSTRACT 

Thin layer chromatography on silica gel G with benzene-methanol mixtures is a rapid 
rnethod for the analytical or semi~nicro preparative separation of low molecular weight 
carbohydrate acetates. Some mixtures of inositol acetates are also resolved by the same 
procedure. A sensitive spray reagent has bcen developed for the analytical detection of acetates 
on the chro~natographic plates and is based on the formation of the ferric hydrosamate of acetic 
acid. Oligosaccharidc acetates are easily detected on a semimicro preparative scale by spraying 
the chromatographic plates with water, a general, non-destrnctive method for detection of 
hydrophobic compounds. The chro~natogra~ns  can be run in 40 minutes and multiple develop- 
ment can he carried out to iri~prove resolution when necessary. 

Thin layer chromatography has been reviewed in several recent articles (1-4). Its 
application to carbohydrates has SO far been linlited to the free sugars ( 5 ) ,  .rvhich are 
strongly polar and, with the exception of certain specific conditions, are Illore conveniently 
separated by paper chromatographj-. The most spectacular applications of thin layer 
chromatography have been to the separation of slightly polar compounds, which are 
resolved only poorly or not a t  all by paper chromatography. The readily available 
carbohjdrate acetates fall into this category and a study of their behavior on thin layer 
chromatograms was therefore undertaken and is described in the present paper. 

This work constitutes an  estension to thin layer chronlatography of the separation of 
carbohydrate acetates on colu~l~ns  of Magnesol-Celite as described by McNeely, Binkley, 
a i d  Wolfro~u (G). The substitution of silica gel G for iVIagnesol-Celite was indicated when 
preliininary experiments showed the presence of ghost spots froin pure, fully acetylated 
lllonosaccharides on thin layers of Magnesol-Celite after multiple development. Behavior 
of acid-base indicators on thin layer chromatograms of Magnesol-Celite showed that the 
adsorbent was alltaline. I t  was lilrely, therefore, that the ghost spots were a result of 
partial deacetylation of the compounds during the drying of plates between developments. 

Good separations of carbollydrate acetates were obtained on thin layers of silica gel G 
using benzene-inethanol mixtures containing 2-10% (v/v) of methanol. The il~obilities of 
the various components were dependelit on the concentration of methanol, within the 
above limits, and were presuillably related to the strength of hydrogen boxding between 
the silicic acid and the conlpoullds concerned. For exaniple, with two developments, 4% 
of methanol in benzene is sufficient to resolve the acetylated lower members of the 
polymer homologous series of 1 -+ 2 linked P-D-glucose units obtained fro111 laminarin. 

LIssrred ns N.R.C. iVa. 6799. 
2iValional Researcl~ Coll7tcil of Ca7~ada Postdoctoiate Fellow 1960-1062. 
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However, again with two developments, 10% of methanol in benzene is necessary to 
separate the acetates of a si~nilar series of 1 --t 1 linlced 0-D-N-acetylglucosa~nine units 
obtained froin chitin. 

Figure 1 shows the separation of the anomeric acetates of D-glucose, maltose, and 
cellobiose, and of the 0-acetates of the polymer l~on~ologous series of oligosaccharides 
obtained froill laminarin. These separations serve to  illustrate the resolving power of this 
technique; the relative mobilities of anomeric pairs (0 > a )  were the same as given by 
the NIagnesol-Celite proceclure (6) for the compo~~ncls usecl. 

FIG. I .  Thin layer chromatogram of various carbohydrate acetates.'" 
Adsorbent: silica gel G ;  solvent: 4% methanol in benzene (v/v);  double develop~nent ( 2 x 1 7  cm). 
Components in decreasing order of mobility: 

1, 10, 17. (Dyes as controls) Sudan 111, methyl red, m e ~ l i j  I orange 
2. a-D-Glucopyranose pentaacetate 
3, 11. p-D-Glucopyranose pentaacetate 
4. ol-Blaltose octaacetate 
5. p-R,Ialtose octaacetate 
6. 0-Cellobiose octaacetate 
7. p-Cellobiose octaacetate 
8. Conipouncls 2, 4, and G 
9. Compounds 3 ( l l ) ,  5, and 7 

12. p-Lan~inaribiose octaacetate 
13. 0-Larninaritriose undecaacetate 
14. p-Laminaritetraose tetradecaacetate 
15. p-Laminaripentaose heptadecaacetate 
16. Compounds 3 ( l l ) ,  5, 7, 12-15 

Figure 2 shows the separation of the inositol hesaacetates, four of which were com- 
pletely resolved. scyllo-Inositol hexaacetate sholvecl ano:nalous behavior and gave only 

*Trace inzpz~ri t ies  i n  4 a n d  7 were anollzers of the c o ~ ~ ~ p o z ~ ~ z d s  cited. 
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a weak spot that was not resolved from either allo- or muco-inositol. The weak intensity 
of the scyllo-inositol hexaacetate spot was caused, a t  least partially, by the low solubility 
of this compound; heavier applications merely resulted in a streak runiling to  the origin. 
With the exception of scyllo-inositol hexaacetate, the order of mobilities of the inositol 
hexaacetates was re~narliably similar to the inverse order of electrophoretic mobilities of 
the inositol-borate complexes reported by Angyal and McHugh (7). These data are shown 
in Table I and indicate that a coinplex forination similar to that in the borate complexes 
rnay be responsible for the adsorption of inositol hexaacetates in thin layer chroma- 
tography. 

FIG. 2. Thin layer chromatogram of inositol hexaacetates. 
Adsorbent: silica gel G; solvent: 4% methanol in benzene (v/v); double development ( 2 x 1 7  cm). 
Components in decreasing order of mobility: 

1, 13. (Dyes as controls) Sudan I II,* methyl red, methyl orange 
2, 12. dl-, myo-, epi-, and cis-Inositol hexaacetates 
3. cis-Inositol hexaacetate 
4. Blank 
5. epi-Inositol hexaacetate 
6. nzuco-I nositol hexaacetate 
7. scyllo-1 nositol hexaacetate (weak) 
8. allo-Inositol hexaacetate 
9. neo-Inositol hexaacetate 

10. myo-Inositol hexaacetate 
11. dl-Inositol hexaacetate 

Figure 3 shows the separation of a mixture of oligosaccharide acetates on a semimicro 
preparative scale; this particular mixture of oligosaccharides was obtained by partial 
acid hydrolysis of a coruinercial dextran. The bands were detected by  a spray of water 

*This dye is displaced front po~itiolc 1 toward position I becaztse of irregular deuelop?i~ent at the edge of the plate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURh'.AL O F  CI-IEMISTRY. VOL. 40. 1962 

TABLE I 
Relative mobilities of inositol-borate complexes on paper electrophoresis and 

of inositol hexaacetates on thin layer chrorllatogralns 

Distance moved (cm) 
1lfG values in from origin as  

Inositol 0.012 ilf sodium tetraborate (7) hesaacetate" 

cis- 
epi- 
muco- 
allo- 
nzyo- 
Taco- 
dl- 
scyllo- 

*Double developmerlt (2X 17 crn) of t l l i r ~  layer chromatogram 011 silicn gel G using -10;: rnetli~nol in 
benzene (v/v). 

FIG. 3. Semimicro preparative thin layer chromatogram. 
Adsorbent: silica gel G; solvent: 49; methanol in benzene (v/v) ;  double dex.elopment ( 2 x 1 7  cm). 
Compone~its: 0-oligosaccharide acetates obtained by acetylation of partial acid hydrolysis products 

from colllnlercial dextran. 

applied until the plates were saturated; a t  that stage the background became translucent 
and the hydrophobic compounds appeared as white bands. This method of detection 
offers considerable advantages over other procedures, such as spraying guide strips or 
applying an indicating reagent as a streal;. First, 110 ~ i~a ter ia l  is sacrificed for detection 
purposes because the water spray is non-destructive. Second, the separated products 
can be recovered completely and with no mixing of closely neighboring components be- 
cause the full bands are visible and any minor irregularities can be traced. The maximum 
load of the mixture of oligosaccharide acetates that could be resolved was 25 mg on a 
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20-cm plate. When an oligosaccharide acetate was run as a spot the minimum amount 
detectable by the water spray was 100 y. Monosaccharide acetates are not sufficiently 
hydrophobic to be detectable by this technique, which is, however, applicable to an57 
stroilgly hydrophobic compound and has also been applied to lipids in these laboratories. 

High concentrations of carbohydrate acetates iuay also be detected on thin layer 
cl~romatograms by iodine vapor but the sensitivity is of the same order as the water 
spray, i.e. 100 y. Detection of carbohydrate acetates in the range 5-100 y required the 
development of a more sensitive procedure. Demole (1) has mentioned application of the 
ferric hydroxamate reaction to volatile esters and this has now been extended to the 
non-volatile acetates. Factors involvecl in this reaction have been thoroughly investigated 
by Goddu et ad. (8) and have been developed for paper cl~ro~natograpl~ic procedures by 
other worlcers (9, 10). The procedures developed for paper chromatography were not 
directly applicable to thin layer chron~atography and were therefore modified as described 
in the experiille~ltal section. 

Thin layer chromatography thus offers a rapid and convenient method for analyzing 
hydrophobic derivatives of carbohydrates. Other procedures for the analysis of carbo- 
hydrate acetates include reverse phase chromatography oil acetylated paper (11), paper 
chromatography in two-phase organic solvent systems (12), and the Magnesol-Celite 
column procedures (6). The present method offers advantages in speed, simplicity, and 
sensitivity over these other procedures. The method should prove useful for following 
the course of a reaction involving hydrophobic carbohydrates, e.g. acetolysis of poly- 
saccharides or molecular rearrangements in the monosaccharide series, and for isolating 
identifiable amounts of closely related products. 

EXPERIMENTAL 

Analytical Separations 
Smooth glass plates (20X20X0.37 cm) were coatcd with a uniform layer (250 microns thick) of silica 

gel G* (a standardized mixture of silicic acid and gypsum) using a commercial applicator.* The applicator 
was loaded with a \\,ell-mixed slurry prepared by addition of silica gel G (30 g )  to distilled water (GO ml) 
with stirring. After application of the thin layer the plates were dried in an oven a t  110' C for 30 minutes 
and allowed to cool. Samples were applied from a thin wire loop (ca. 1-mm diameter) with the aid of a 
numbered plastic template. Standard solutions of the carbohydrate acetates were made at  2y0 (w/v) con- 
centration in chloroform. Spots were applied in a line 2 cm from one edge of the plate and were spaced a t  
intervals of 1 cm. Marker dyes of Sudan 111, methyl red, and methyl orange were applied to each plate as 
controls. Under the conditions used methyl orange remained a t  the origin, Sudan 111 moved near the solvent 
front, and, depending upon the methanol content of the solvent system, methyl red moved to an inter- 
mediate position approximating the mobility of a fully acetylated trisaccharide. 

Chro~natograms were developed by the ascending technique in rectangular tanlis (25X25X7 cm) lined 
with filter paper for good equilibration and containing the solveilt system to a depth of I cm. The  edge of 
the plate along which the samples had been applied was placed in the solvent, the tank was closed, and the 
solvent was allowed to rise to within 2 cm of the top of the plate; this required approsimately 40 minutes. 
Multiple development was used when high resolution was desired and was especially necessary for the separa- 
tion of anomeric acetates. T o  do this, the developed chromatograms were removed from the tank, dried in a 
current of air, and replaced in the tank for a second development. This process could, of course, be repeated 
as many times as necessary. 

The  solvent system used must be varied in methano! content according to the compounds under investiga- 
tion. Thus, the separations shown in Figs. 1, 2, and 3 were obtained with 4y0 of methanol in benzene. 
Separation of more-polar compounds, such as fully acetylated alnino sugars, required an increase in methanol 
concentration to 10% but resolution of non-polar, low molecular weight acetates required only 2y0 of 
methanol in the solvent system. Solvent in the tank was replaced each day because the methanol content 
was gradually depleted by adsorption onto the silicic acid. 

Detection of Acetates by the Ferric Hydroranaate Reaction 
The solutions used were: 
(A)  10% (w/v) aqueous hydroxylamine hydrochloride; 

*Desaga-Brinknian, Bv inkman Ins t run~en ts  Incorp., Great Neck, New York. 
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(13) 20y0 (w/v) aqueous sodium hydroxide; 
(C)  ferric nitrate.gH?O (40 g), distilled water (600 ml), glacial acetic acid (400 ml); 
(D)  concentrated hydrochloric acid. 
After the final development with solvent the plates were dried in a current of air and sprayed with a 

mixture containing equal volumes of solutions A and B until the surface was uniformly moistened. The 
plates were then heated in an oven a t  100-110° C for 10 minutes, cooled to room temperature, and then 
sprayed with the ferric nitrate reagent (45 ml of solution C plus 6 ml of solution D). The acetates appeared 
as dark purple spots on a yellow bacl;ground; a speclded, pink background indicated that further spraying 
with the ferric nitrate reagent was necessary. The spots reluain visible for a t  least 1 week but gradually 
diminish in intensity after the first hour. For permanent records the plates may be photographed or traced 
on glassine paper. The spray reagents are stable for approximately 48 hours but  for best results should be 
mixed just prior to use. R values have not been recorded because they have no valid significance when 
multiple development is used. 

Se?rti?rzicro P~eparative Sepn~ntion 
The chromatographic plates were prepared a s  described for the analytical procedure. The crude mixture 

of acetates in chloroform (10-3070, w/v) was applied from a capillary or a wire loop as a band of contiguous 
spots 2 cnl from one edge of the plate; each spot was approxinlately 2 lnln in diameter. The plate was 
developed twice ( 2 x 1 7  cm) in benzene containing 47; (v/v) of methanol. After the second developnlent 
the plate was dried and sprayed with water (see Fig. 3) and the bands were circun~scribed with a sharp 
scalpel. The plate was then allowed to dry and individual bands were removed by holding the plate vertically 
on glassine paper and scraping the bands fro111 the surface with a scalpel. The silica gel containing a single 
colllponent was then transferred from the glassine paper to a numbered glass tube which had been con- 
stricted and plugged with cotton wool to form a miniature column. The product \\.as then eluted with a 
n l i x t ~ ~ r e  of methanol:chloroform (1:1, v /v)  and the eluate was evaporated in a stream of air. The plate 
depicted in Fig. 3 yielded the following q~~an t i t i e s :  bands are numbered in order of decreasing mobility: 
band (1) 0.5 mg; (2) 0.3 mg; (3) 1.0 mg; (4) 0.6 mg; (5+6)  1.7 mg; (7) 1.8 mg;  (8)  1.2 mg; (9) 0.9 mg. The 
homogeneity of each band was verified by deacetylation and examination of the products by paper chroma- 
tography in ethyl acetate:pyridine:water, 10:4:3. Under these conditions, components in the weaker bands 
were not resolved from those in the immediately following stronger bands. This result indicated that  the 
pairs of weal; and strong bands were perhaps anomers, although the possibility exists that  they were different 
oligosaccharides that were not resolved by paper chromatography. 

The mixture of acetylated oligosaccl~arides was obtained by hydrolysis of a comn~ercial dextral1 according. 
to the method of Barker ct nl. (13) and acetylation of the products by acetic anhydride and sodiulll acetate. 
The ~llaximum load of this mixture of oligosaccharide acetates \\.as 25 mg/20 cm of plate. The lnaximum 
volume of solution which can be spotted in a single application was approxi~nately 0.06 ml, i.e. 3 pl/cm. 
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ABSTRACT 

2,:~,4,B-Tetra-O-acetyl-~-~I~1cosyl-(X-bis-~-chloroetl1yl)-phosphoramidate and ethyl-u-fruc- 
topyranoside-l-(S-bis-~-~11Ioroethyl)-phospl1ora11idate have been synthesized. The first com- 
pound inhibited Aclenocarci~~on~a 755 to 40-50%. 

Many attenzpts were recently undertalcen in the field of experimental chemotherapy of 
malignant tumors to enhance the selectivity of the chemotherapeutic agents, particularly 
that  of the N-mustards. Ailany types of carriers were used, among then1 carbohydrates 
(cf. refs. 1-3). Other transport Eorllls of "hidden" or "toxagenic" N-mustards were also 
designed, one of the nlost successful among then1 the phosphoramidate esters of the 
Cytoxan type, by -Arnold and collaborators (4). 

I t  seemed promising to conlbine the favorable transport characteristics of carbohydrates 
and phosphoramidate esters, particularly, because the carbohydrate phosphates are 
metabolites, with an already existing plzosphatase and phosphoramidase enzyme systenl. 
I t  might be expected that  the sanle enzyme system would be capable of splitting the 
sugar phosphate - K-mustard combination, liberating the N-mustard from its inactive 
transport form. 

Therefore several series of carbol~ydrate-(N-bis-~-chloroetl~yl)-pl~ospl~orai~~idates were 
synthesized. 

By reacting 2,3,4,6-tetra-0-acetyl-/3-D-glucose (I) (5) with bis-(P-chloroetl~y1)-phosphor- 
alllidic dichloride (6) in the presence of triethylainine, 2,3,4,G-tetra-0-acetyl-1-glucosyl- 
(N-bis-p-chloroethy1)-pl~osphorainidic chloride (11) was obtained, either in 15 hours a t  
room temperature or 45 minutes a t  80'. Usually without isolating the cllloride (II) ,  i t  
was then esterified with benzyl alcohol to  I11 in a quantitative yield. This consunled 
the tlleoretical amoullt of Hn on hydrogellation in etlzanolic solution with Pd-C catalyst, 
yielding 2,3,4,G-tetra-0-acetyl-(a,~?)-~-glucopyranosyl-N-bis-(~-chloroethyl)-phospl~or- 
alllidate (IV), an alnlost colorless, water-soluble, and strongly acidic syrup. 

This behaved, hoxvever, quite peculiarly. I t  failed to  crystallize, and could not be 
distilled. No salt formation could be achieved without splitting off the'bis-(P-chloroethy1)- 
amine group. Organic bases such as cyclol~exylamine, norephedrine, or even the weak 
novocain (pKb 5.13) were able to  decompose the molecule, and bis-(p-chloroethy1)-amine 
hydrochloride could be isolated. This was surprising, because according to kno\vn facts 
(7), the P-N bond in phosphoramidates is acid sensitive and allcali stable, although 
sollle diesters of phospl~oric acid are la~own to  be very unstable in allcali. This sensitivity 
towards bases in polar solvents was, however, a general characteristic in our series. 
Chromatography on acid-washed aluinina caused the saine splitting, basic ionic exchange 
resins in alcoholic solutioll eve11 nlore so, as xvell as attempted catalytic deacetylation 
with sodiuin methylate. 

'Present  address: D e p n r t ~ n e t ~ l  of Cherxistry, Loyola College, dfontreal 28, Que. 
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0 
:HZ O A c  

cl, i ,CH2-CH2-CI 
N ' ~ ~ 2 - ~ ~ 2 - ~ ~  

I  \ C H ~ C H - C I  

O A c  
2 

II 

u o - t - N , C H 2 - C H ~  Cl 
A t  0 

I \ c H 2  CHFCI 

OAc 
OH 

Deacetylation of IV was therefore attempted with cold ethanolic hydrochloric acid, 
which gave a crude, dark oil, with the approximate analysis. Kot being able to purify i t  
satisfactorily, we submitted the acetylated compound (IV) for cancerostatic screening, 
which did not show any activity against Sarcoma 180. I t  inhibitied, however, Adeno- 
carcinoma 755 in doses of 250 ing per kg per day (for 7 days) to an extent of 40-50%. 

The whole reaction sequence, starting from 2,3:4,5-di-O-isopropylidene-P-D-fructo- 
pyranose (V) (8), was repeated. The phosphoramidic chloride (VI) was obtained, and 
subsequent esterification with benzyl alcohol yielded the benzyl-phosphoramidate (VII), 
which, on catalytic hydrogenolysis, furnished the free phosphoramidate (VIII). 

tu3 VII I  C
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Attempted removal of the isopropylidene groups with ethanolic hydrochloric acid 
from VII gave a dark syrup, presumably IX.  This, when hydrogenated, gave ethyl-(a,B?)- 
~-fructo~~ranoside-l-(N-bis-~-chloroetlyl)-p~sphora~idate (X) as  a yellow oil, which, 
however, darkened in a rnatter of hours, and gave inconsistent analyses. The conlpound 
exhibited the same base sensitivity as the glucose derivatives 11-IV, and presented the 
sallle difficulties regarding purification. 

EXPERIMENTAL* 

2 , S , $ , 6 - T e t r a - O - a c e t y l - ( c u , ~ - ~ - g l l ~ c o p y r a n ~ d i c  Chloridc (11) 
N-Bis-(p-chloroethy1)-phosphoramidic dichloride (1.30 g)  (8) and 2,3,4,6-tetraacetyl-glucopyranose 

(1.74 g)  (7) stood with 0.72 1111 triethylanline ill 20 ml benzene a t  room temperature, until the theoretical 
amount of triethylamine hydrochloride precipitated, and the reaction mixture becanle neutral (15 hours). 
After the triethyla~nine hydrochloride was filtered off, the benzene solution was washed once with ice 
water, dried, and evaporated to dryness under reduced pressure, affording 2.85 g (1007;) of yellour syrup. 
[C~]D~O: 3-47.0"; ? L D ? ~ :  1.4791. .qnal. Calc. for C I ~ H ? ~ C ~ ~ N O , ~ P :  C, 37.88; H, 4.77; N, 2.45. Found: C, 37.41; 
1-1, 4.93; N ,  2.36. 

2,S,4,6-Tetra-0-acetyl-(a,B P)-~-glz~co~yranosyl-(iV-bis-~-clzloroet1zyl)-be1~zyI-plzo~plzora11~idate I I I I )  
Freshly prepared I1 (2.85 g) and 0.54 rnl benzyl alcohol were refluxed with 0.72 ml triethylamine in 30 ml 

benzene for 40-60 minutes, until the reaction mixture became neutral. 'Then, the triethylamine hydro- 
chloride was filtered off, and the benzene solution was washed once with ice water, dried, and evaporated 
under reduced pressure, yielding 3.2 g (100%) of yellow syrup. [a]D20: +Y2.0°; ?in2$: 1.4959. Anal. Calc. for 
C25H3rC12NO12P: C, 46.74; H, 5.33; N, 2.18. Found: C, 46.16; H,  5.38; N, 2.26. 

2 , ~ , Q , 6 - T e t r a - O - a c e t y l - ( c u , ~ ? ) - ~ - g ~ u c o p y r a n ~ a t e  ( I V )  
Colnpound 111 (1.28 g), dissolved in 20 1111 ethanol, was hydrogenated in the presence of 0.2 g of 5y0 

Pd-C catalyst. I t  consumed the theoretical 48 ml of H? in 1 hour. After filtration and evaporation, 0.95 g 
(85%) of an al~llost C O ~ O ~ ~ ~ S S  viscous syrup was obtained. [cx]D": $42.9'; nD2k 1.4730. Anal. Calc. for 
C,sH2sC12hrOI?P: C, 39.14; H, 5.11; N, 2.54. Found: C, 39.60; H, 5.16; N, 2.62. 

~,S:~,5-Di-O-isopropylicEe~ze-fl-~-fr~~cto~yranose-l-(N-bis-fl-chloroethyl)-pRospl~o~anzidic Chloride ( V I )  
N-Bis-(0-chloroet11yl)-pI~ospI~oramitic dichloride (1.30 g)  and 2,3:4,5-di-0-isopr~~ylide~~e-~-~-frr~cto- 

pyranose (1.30 g )  were refluxed with 0.72 ml triethylamine in 20 ml toluene for 6-8 hours, until the reaction 
lllixture was neutral. The precipitated triethyla~nine hydrochloride was filtered off and washed with toluene. 
'The co~nbined toluene solutions were washed once with ice water, dried, and evaporated under reduced 
pressure, resulting in 2.35 g (97.5') of yellow syrup. [ff]D20: -18.0'; xdO:  1.4900. Anal. Calc. for CI6HY7Cl3- 
NOiP: C, 39.81; H,  5.64; N, 2.90. Found: C, 39.3; H, 5.8; N, 2.90. 

2,S:~,5-Di-O-isopropy~idene-fl-~-fr~1ctopyran0~e-1-(lV-bi~-fl-clz~o~oetIz~~~)-be?zzyl-pho~plzo~anzidate ( V I I )  
Compound VI (7.42 g)  and 1.67 ml benzyl alcohol were refluxed with 2.22 ml triethylamine in 40 in1 

toluene for 20-24 hours. After \vorl;ing up as above, the yield was 6.32 g (75y0) of a yellow syrup. [aID2O: 
-16.2"; ?zD?j :  1.4982. Anal. Calc. for C?3H3~C12NO~P: C, 49.83; I-I, 6.18; N ,  2.53. Found: C, 49.32; H, 6.26; 
N, 2.73. 

2,~:4,~-Di-0-isopropylide?ze-~-~-frz~ctopyra~~o~e-1-(N-bIs-~-clzloroetl~yl)-plzosplzoramidate ( V I I I )  
Compound VII (1.1 g) was dissolved in 15 ml ethanol and hydrogenated in the presence of 0.2 g of 5% 

Pd-C catalyst. I t  consumed 46 rnl hydrogen (calc. 48 ml) in 50 minutes. After filtration, it was evaporated 
under reduced pressure. The residue was a yellow syrup, 0.90 g (93y0). [ff]D2': -18.0"; I L D ? ~  1.4830. Anal. 
Calc. for C , G H Z ~ C ~ ? N O ~ P :  C, 41.39; H,  6.08; N, 3.02. Found: C, 41.8; H, 6.7; N, 3.10. 

Etkyl-(~,/3?)-~-frz~~topyra~~o~ide-1-(N-bis-fl-c1~oroethy)-hosploram.date ( X I )  
Compound VII (1.05 g)  was dissolved in 3 ml of 16% ethanolic hydrochloric acid. After standing for 2.5 

h o ~ ~ r s  a t  room temperature, the red reactio~i mixture was evaporated to dryness under reduced pressure, 
dissolved again in 10 ml ethanol, and hydrogenated in the presence of Pd-C catalyst. Worlced up as usual, 
the res~rlting yellow syrup weighed 0.67 g (72.5%). [ f f ] ~ ~ ~ :  -8.3"; nD2': 1.493. Anal. Calc. for C1?HrpClzNOsP: 
C, 34.96; H, 5.87; N, 3.40. Found: C, 35.61; H, 6.04; N, 3.39. 
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ABSTRACT 

Reactions of some diketones with thiosemicarbazide have been studied under various 
conditions. Monothiosemicarbazones, dithiosemicarbazones, and cyclization products call 
be obtained. I t  was found that  dithiosemicarbazones form 1:l complexes with Cu(I1) but  
failed to react with Cu(1). Dithiosen~icarbazones in which the Nxhydrogen atom has been 
replaced by Me do not form complexes, conlirining our views about the  irnporta~lce of this 
hydrogen atom in the thione ++ thiol tautomerism necessary for complex formation. 4,4- 
D~methyldithiosemicarbazones behave like the   in substituted parent coinpounds in forming 
1:l complexes with Cu(I1). Infrared spectra provide evidence for the structure of a cyclizatioil 
product, 5,6-diphenyl-3-thio-l,2,4-triazine, which had been erroneously described by various 
authors as  the thiol tautomer, 5,6-diphenyl-3-n1ercapto-1,2,4-triazinc. 

In previous publications (1, 2), the reactions of thiosemicarbazones (tscs) with Cu(1) 
and Cu(I1) ions were reported. A polymeric structure was suggested for the insoluble 
1:l coluplexes obtained froin these reactions (2), and the antifungal activity of both free 
tscs and their copper coinplexes \iras also reported (3). The  present worl; describes the 
reactio~ls of mono- and di-tscs with a number of metals. I t  was found tha t  monotscs which 
form colllplexes readily with copper in allialine or neutral solution fail to react similarly 
with the follo\\ring nletals: &(I), EIg(II), Ni(II),  Mn(II) ,  %n(II),  Sn(II),  Co(II),  Fe(II),  
and Fe(II1). Guha-Sircar ct al. (4) obtainecl solid precipitates fro111 tscs and several of 
these metals a t  pI-I from 3 to 7, and suggested that  this 1-eaction could be used for the 
quantitative deterinination of cations. 111 the present ~ o l - l i ,  precipitates were ol~tained 
with the catio~is mentio~led above but no definite products were isolated. The  high lnetal 
content (approx. 5070) indicated that  these solid matel-ials wei-e inostly inorganic, con- 
sisting probably of the metal sulphides. 

The  fact that tscs for111 definite complexes i~rith copper only, coupled with our previous 
finding tha t  antifungal activity is usually limited to  the free tscs, the complexes being 
inactive (3), is believed to be quite significant in the study of the mechanisnl of antifungal 
action of these compounds. The role and the nature of the metal in biological processes 
involving metal-binding substailces is of great importance (5) and \\70rli is currently 
being carried out along this line and \\?ill be reported elsewhere. 

A number of ditl~iosemicarbazo~~es (clitscs) were prepared froill dicarbonyl compou~lds 
in order to  examine their reaction with metals and eventually to  study their antifullgal 
properties. The  reaction of dicarbonyl compounds with thiosemicarbazide is not simple 
and ll~istures of products are usually obtained. The  separation of these nlixtures is com- 
plicated by the low solubility of the various components and the discrepancies encountered 
in the literature co~lcerning their melting points. 

Clyosal (I)  (R = R' = I-I) and diacetvl (I) (R = R' = CI-Is) gave readily the ditscs 
(III) ,  but benzil (I) (R = R' = CsI-IS) afforded a mixture of monotscs (]I), clitscs (III) ,  
and the cyclization product 5,(i-diphenyl-3-thio-1,2,4-triazine (IV) (R = R' = C6H5). 

'Issued as 1V.R.C. No. 6795. 
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R-C=O R - C = S  
I H,NNHCSNH? 
I __f 

I I 
CH? + mono- or di-tsc 

H?NiXHCSKH? R-C=O 
I 

R'-C=O 

(1) 

In the case of 1,3-diphenyl-1,3-propanedione (V) (R = R' = CGM5), the monotsc and a 
cyclization product, 3,s-diphenyl pyrazole (VI) (R = R' = CGI-Is), were obtained, while 
many attempts to isolate the ditsc were u~lsuccessful. Pyrazoles are ~ ~ s u a l l y  obtained from 
reaction of 1,s-dicarbonyl compounds with hydrazine or semicarbazides ( G ) ,  so it is not 
surprising that thiosemicarbazide should give rise to similar compou~lds. 1-Phenyl- 
1,3-butanedio~le (V) (R = CH3, R' = CGEIS) gave the expected ditsc plus ail unidentified 
product, C?oHlJV5S. 2,s-I-Iexanedione, 2,3-heptanedione, and 2,3-octanedione gave the 
espected ditscs and no other tractable products. We failed to isolate the mono- or di-tsc 
from acetyl acetone, and part of the diketone n1~1st have been broken down since acetyl 
thiosemicarbazide was identified from the reaction mixture. 

The preparation of Cu(I1) and Ni(I1) complexes with a few ditscs (diacetyl, 2,3-  
pentanedione, 2,3-hexanedione, 1-phenyl-l,2-propanedione ditscs) has been previous1~- 
described (7-9). Later, Gdrski et al. (10) obtained metal co~llplexes with the ditsc of 
the diethyl ester of 2,s-dioxobutane-l,4-dicarboxylic acid, but did not isolate the conl- 
pounds. We found that ditscs examined in this work formed 1 : l  co~nplexes readily with 
Cu(II)* but no definite products were obtained using Cu(1) in ammoniacal solutioll, or 
with Fe(II),  Fe(III) ,  Zn(II),  Sn(II) ,  Co(II),  Hg(II) ,  or Ag(1) in neutral or a1l;aline solu- 
tion. 

Substituted ditscs were prepared from 2-methyl and 4,4-dimethyl thiosemicarbazide 
with glyoxal, and their reaction with copper ivas studied. The 2-methyl derivative did 
not form a complex, confirming our previous findings (2) that the NL-hydrogen aton1 is a 
requirement of the tautorneric equilibrium illustrated below, which is necessary for the 
formation of complexes. 

R-C = N 
I > 1 >YH ([V) 

R1-C=N-C=S 

R-C = SKHCSNH, + 

* 2 , 5 - H e s u ~ ~ e d i o n e  u7zd 2,d-heplnnedione dilscs g n w  solid precipilnles w i th  CufII) bz~ l  n o  defiwile p~odricls 
cozrld be identified. 

I 
I<'-C = NSHCSNM? (111) 
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GINGRAS ET AL.: THIOSEMICARBAZONES 1055 

On the other hand, both glyoxal and diacetyl di(4,4-dimethy1)tscs readily formed 1:I 
copper complexes, as did the unsubstituted ditscs. Considering that ditscs contain two 
thiosemicarbazide residues, the 1 :1 complexes described here may be regarded as 2:1 
with respect to the thiosemicarbazide-copper ratio, for the important species here is the 
thioseinicarbazide residue, =N-NI-I-CS-NH?, which aloile is responsible for complex 
formation. On this basis, ditsc-copper complexes are quite different from monotsc-copper 
complexes, in which the ratio of thioseillicarbazide to copper is unity. The structure of 
ditsc-copper complexes is probably best represented by the conventional formula (VII), 
previously suggested by Bahr (7). 

The compounds discussed in this work are listed in Table I together with their infrared 
spectra. Only two regions of the spectrum are of particular interest, the 3500-3000 cm-1 

TABLE I 
Compounds and their infrared spectra in two regions 

Conipounds 3500-3000 cm-1 1700-1500 cm-I 

Glyoxal ditsc 
Glyoxal di(2-methyl)tsc 
Glyoxal di(4,4-dimelhy1)tsc 
Glyoxal ditsc-Cu(I1) 
Glyoxal di(4,4-dimethy1)tsc-Cu(I1) 
Diacetyl dilsc 

Diacetyl di(4,4-dimetl1yl)tsc 
Diacetyl ditsc-Cu(I1) 
Diacetyl di(4,4-dimet11yl)tsc-Cu(I1) 
2,s-Ilesanedione clitsc 
2,s-Heptaneclionc ditsc 
2,3-Octanedione ditsc 
2,3-Octanedione ditsc-Cu(1 I ) 
1-Plienyl-1,s-buta~iedione ditsc 
1 ,S-Diphenyl-l,3-propanedione 

monolsr 
3,s-Diphenyl pyrazole 
Benzil monotsc 
Bcnzil ditsr 
5,G-Dipheny!-3-thio- 

1,2,4-triazlnc ( I iBr)  
(Soln.) 

5-6-Dipheny!-3-0xy- 
1,2,-k-triaz111e ( IiBr) 

(Soln.) 

1650 w, 1605 s 
1685 w, 1675 m 
1575 ni, 1550 ni 
1655 m, 1630 m. 1570 m 
1625 \v, 1570 \v 
1695 w, l G O O  w 

1600 s 
1690 w, l G O O  s 
1615 m ,  1585 111, 1530 111 

1585 s, 1540 w 

1GSO-1G5O b. 1600 m, 
1555 ni, l5G5 s 

1700-1650 b, 1590 s, 1565 s 

3400 111. 3060 \T 1625 \v, l G O O  m 

KOTE: S, strong; in, medium; \v. \ver'k; b, broad. Unless other\\-Ise ilored, the speztra \\'ere rate:? irom KBr !)ellet:. 
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(N-H stretching) and the 1700-1500 cm-l (double-bond region). The spectra of ditscs 
resemble those of monotscs discussed earlier (2). Due to the overlapping of the bands 
in the N-H region, it has not been possible to ascribe the various absorptions to definite 
vibrations. I t  can be seen that the copper con~plexes have one more band in the double- 
bond region than the original coinpouilds and this is in agreement with the suggested 
formula for the complexes. 

As can be seen froin the table, the spectrum of beilzil monotsc shows a broad NH 
absorption a t  3120-3150-1 and the band a t  1555 cm-l is a little low for the free carbonyl 
group. Considering the spectrum of benzil ditsc, which has no carbonyl, the bands in 
the double-bond region due to C=N are a t  lG6O and l G O O  cm-l. The lack of a carboilyl 
absorption in the case of benzil monotsc can be explained by a conjugate chelatioll 
between the carbonyl and the NI-I group of the thiosemicarbazide residue: 

This phenomenon has been observed before with dicarboilyl compounds (11) and the 
preseilce of the broad NI-I band, due to the hydrogen bridge, lends support to this theory. 
This agrees with the findings of Sadler (12) that in a-diketone monotscs, strong intra- 
lnolecular NI-I. . . . . .O=C bonds predominate. 

The spectrunl of 5,G-diphenyl-3-thio-1,2,$-triazine (IVa) is particularly interesting in 
that it shows one sharp NH band a t  3120 cm-I (ICBr), 3380 cm-I (chlorofornl solution), 
and no SI-I band could be observed in either media. This triaziile has been described 
before (8, 13, 14) and its structure was assumed to be (IVb) and not (IVa). On the basis 

of its infrared spectrum, structure (IVa) is to be preferred and the tautomer (IVb) prob- 
ably does not exist in the solid state nor in solution in chlorofori~~. This is in agreement 
with siluilar findings that open-chain tscs exist only in the thiono form in the solid state 
(Is) ,  and 3-mercapto-5-oxo-1,2,4-triazines were recently shown to exist in the lceto and 
thiono forms in neutral solution (16). I-Iowever, there is little doubt that in the presence 
of a base, the thione thiol tautoillerisnl takes place since both tscs and thiotriazine 
dissolve in alliali, and the S-Kc's salt of acetone tsc has already been described (17). As a 
comparison, the analogous 3-oxy-1,2,4-triazine (VIII) was prepared and its infrared 

(VIII) R = I3 
( I S )  R = CH, 
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GINGRAS ET XL.: THIOSEMICXRBAZONES 1057 

spectrum talcen both in the solid state and in chloroform solution. The same behavior 
was found in this case and no OH bands were detected. The weak peak a t  3450 cm-l 
(KBr) and 3350 cm-I (chloroforn~) is due to N-1-1 stretching. Furthermore, there is no 
doubt about the strong carbonyl absorption a t  1685 cm-I, both in KBr and chloroform. 

Chemical evidence also supports the ketonic structure of the oxytriazine, since all 
attempts to inethylate the 0 atom failed, the product being the N-CH3 derivative (IX) 
(18). 

The structure of 3,s-diphenyl pyrazole (VI) (R = R' = C&5) is confirmed by its 
infrared spectrum, which is of requisite character, the lack of NH bands being its most 
significant feature. 

EXPERIMENTAL 
The diltetones and thiosemicarbazide were reagent grade material. Glyoxal xvas a 30% aqueous 

solution. 2-Methyl and 4,4-dimethyl thiosemicarbazides were prepared in this laboratory as previously 
described (19, 20). All melting points were talten on a Fisher-John apparatus and are corrected. 

Glyoxal dilsc 
Glyoxal (30% aq. soln.) (20 g, 0.1 mole) was dissolved in ethyl alcohol (250 ml) and the solution heated 

on a steam bath. T o  this was added a solution of thiosemicarbazide (18.2 g, 0.2 mole) in water (600 rill) 
containing acetic acid (40 1111). A solid precipitated out and heating was continued for 15 minutes. The mix- 
ture was cooled and the solid was collected by filtration and washed with hot alcohol and hot acetone; 
m.p. > 300" C deconlp.; lit. n1.p. > 300" C ( I ) ,  17.2 g, 84.670. 

Glyoxal Di(2-n2elhyl)lsc 
Glyoxal (30% aq. soln.) (20 g, 0.1 mole) was added dropwise to a solution of 2-methyl thiosemicarbazide 

(4.75 g, 0.045 mole) in water (150 ml), and the mixture heated a t  50' C for 10 minutes. A yellow solid 
precipitated out which, after cooling of the mixture, was separated by filtration, washed, and dried; n1.p. 
276" C, 1.83 g, 35%. Calc. for CGI-I~~NGS?:  C, 31.00; H, 5.17; N ,  36.2; S, 27.670. Found: C, 31.20; H, 5.11; 
N, 36.00; S, 27.676. 

Glyoral Di(4,4-di~1~ellzyl)lsc 
Glyoxal di(4,4-dimethyl)tsc was prepared similarly using glyoxal (11.83 g, 0.025 mole) in alcohol (100 ml) 

and 4,4-dimethyl thiosemicarbazicle (5.95 g, 0.05 mole) in water (100 ml) containing acetic acid (10 ml). A 
yellow precipitate was collected and washed with boiling alcohol; n1.p. 203" C, 5.05 g, 77Y0. Calc. for 
CsHlGN6S2: C, 36.9; H ,  6.16; X, 32.3; S ,  24.6%. 1;ound: C, 36.83; H, 6.13; N, 32.45; S, 25.0%. 

Glyoxal dilsc- CZL(II) 
T o  a gently refluxing solution of glyoxal ditsc (2 g, 0.01 mole) in N,N-dimethylformamide (100 ml) was 

added dropwise, with stirring, a hot solution of cupric acetate (2 g, 0.01 mole) in 40 ml of aqueous alcohol 
(50%). Heating was continued for 15 minutes and the black precipitate was collected; m.p. 236" C, 1.9 g, 
71.470. Calc. for C.,HGNGS?.CLI: C, 18.07; 11, 2.26; N, 31.62; S, 24.1; Cu, 23.96Y0. Found: C, 18.77; H, 2.87; 
N, 30.90; S, 24.3; Cu, 23.9Gyc. 

Glyoral Di(4,4-din7ellzyl)lsc-Cz~(II) 
Cupric acetate (3.4 g, 0.017 mole) in alcohol (100 ml) was added to a hot solution of glyoxal di(4,4- 

dimet11yl)tsc (4 g, 0.017 mole) in dimethyl sulphoxide (450 ml), and heating on the steam bath was con- 
tinued for 15 minutes. The resulting purple solution was allowed to cool, and after addition of water, the  
crystals that  formed were collected, washed with water and hydrochloric acid (3%), and recrystallized from 
alcohol. The 1:1 copper complex had m.p. 244" C, 3.86 g, 70y0. Calc. for CsHlJYsS2.Cu: C, 29.78; H ,  4.65; 
iX, 26.05; S ,  19.84; Cu, 19.7%. Found: C,  30.12; I-I, 4.36; N ,  26.10; S ,  19.78; Cu, 19.97i. 

Diacelyl dilsc 
This was prepared by adding a warm solution of thiosemicarbazide (3.6 g, 0.04 mole) in water (120 ml) 

containi~lg 6 ml of acetic acid to a warm solution of diacetyl (1.72 g, 0.02 mole) in ethyl alcohol (200 ml). 
The yellow precipitate obtained was collected and washed with boiling alcohol and acetone; 1n.p. 272" C, 
lit. m.p. 255" C ('J), 4.5 g, 97%. Calc. for CGHI~NGS?:  C,  31.05; H ,  5.18; N, 36.2; S, 27.6%. Found: C, 31.50; 
H, 5.35; N, 36.05; S ,  27.24%. 

Diacelyl Di(4,4-dinzel1zyl)lsc 
This was prepared as above using diacetyl (1.72 g, 0.02 mole) in ethyl alcohol (100 ml) and 4,4-dimethyl 

thiosemicarbazide in  water (100 ml) and acetic acid (8 ml). The compound obtained had m.p. 198" C, 
1.9 g, 32.9y0. Calc. for CloH20N6S?: C, 41.7; H, 6.95; N, 29.2; S, 22.2y0. Found: C, 42.3; H ,  7.5; N,  28.8; 
S, 22.15%. 
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Diacetyl d i lsc-Cu(I1)  
To a hot solution of diacetyl ditsc (2.4 g, 0.01 mole) in dimethylforn~amide (240 ml) was added copper 

acetate (2 g, 0.01 mole) in water (50 ml), and the mixture was heated and stirred for an additional 15 
minutes. A dark colored precipitate was formed which, after cooling of the mixture, was collected and 
washed with hydrochloric acid (30jo), water, hot alcohol, and acetone; m.p. 267" C decornp., 2.09 g, 71%. 
Calc. for c6HloNGsz.C~: C, 24.55; H, 3.41; N, 28.63; S, 21.8; Cu, 21.6%. Found: C, 24.04; H,  3.59; N, 
28.7; S, 21.8; Cu, 21.2%. 

Diacctyl Di(4,4-din7ethyl)lsccCzl(II) 
A solution of cupric acetate (1.04 g, 0.005 mole) in alcohol (100 ml) was added dropwise to a reflusing 

solution of diacetyl di(4,4-di~~~ethyl)tsc (1.5 g, 0.005 mole) in chloroform (150 ml)  and heating was con- 
tinued for 15 minutes, during which time a solid precipitated out. After cooling of the mixture, the pre- 
cipitate was collected, washed, and crystallized from acetone; n1.p. 300" C, 0.32 g, 17.4y0. Calc. for 
CIoH19NaS2.C~: C, 34.25; H,  5.43; N, 23.05; S, 18.25; CU,  18.12%. Found: C, 35.17; H, 5.25; N, 24.2; 
S, 18.6; Cu, 17.93%. 

2,5-Hexa?~edione dilsc 
This was prepared by adding a warm solution of thiosemicarbazide (3.6 g, 0.04 mole) in water (120 ml) 

containing acetic acid (1G ml) to a solution of 2,5-hexanedione (2.28 g. 0.02 mole) in alcohol (200 ml). The 
whitc precipitate obtained had m.p. 2'72" C, 4.5 g, 8G.5y0. Calc. for CsHIGNGSz: C, 36.95; H, 6.15; N, 32.3; 
S, 24.6%. Found: C, 37.13; H, G.54; N, 32.0; S, 24.5%. 

2,3-Heptanedione dilsc 
This was obtained as above using 2,3-heptanedione (12.8 g, 0.1 ~nole) ill alcohol (200 rnl) and thioselni- 

carbazide (18.2 g, 0.2 mole) in water (600 ml) containing acetic acid (40 1n1). The product, after recrystalliza- 
tion from aqueous ethyl cellosolve, had m.p. 218" C; lit. m.p. 222" C (9), 10.5 g, 40%. 

2 , s -Oc taned io?~~  dilsc 
This was made by the usual method starting with 2,3-octanedione (4.26 g, 0.03 mole) in alcohol (200 ~ n l )  

and thiosemicarbazide (5.47 g, 0.06 mole) in water (200 n ~ l )  and acetic acid (10 ml). The product, 4.75 g, 
55y0, had m.p. 230' C. Calc. for CloHzaNcS2: C, 41.7; H,  6.94; N, 29.15; S ,  22.20%. Found: C, 41.93; H, 
7.28; N, 28.6; S, 22.10%. 

2,s-Octanedione ditsc-Czl(I1) 
Copper acetate (2 g, 0.01 mole) in water (80 rill) was added dropwise to a reflusing solution of 2,3-octane- 

dione ditsc (2.88 g, 0 01 mole) in S , S - d i ~ ~ ~ e t h y l f o r ~ ~ i a n ~ i d e  (100 nil). The mixture was stirred and heating 
\vas continued for 15 minutes, during which time a brown precipitate \\.as formed. This was collected, 
washed with \vatcr, and recrystallizecl from alcohol; m.p. 225" C, 0.65 g, 18.G%. Calc. for CloMlsNGSs.Cu: 
C, 34.38; I-I, 5.16; S, 24.01; S, 18.3; CLI, 1S.17~0.  Found: C, 31.81; H,  5.75; N, "3.95; S, 17.02; Cu, Ii.!)L-/o. 

I-Plzenyl-1,3-01rla?1edioilc dilsc 
The usual procedure of adding an aclueous solution of thiosemicarbazide to the diketone in alcohol 

afforded only an unidentified product of m.p. 10G0 C:  C?OHI~N;S. The rcquired ditsc was obtained by using 
the following method: 

Thiose~liicarbazicle (1.9 g, 0.02 mole) in boilil~g alcohol (150 ml) was adcled to the previously lllolten 
l-phenyl-1,3-butancdione (1.62 g, 0.01 ~nole). The resulting solution was reflusetl for 30 minutes and 
aliowecl to cool. The ditsc crystallized out and, after recrystallization from n-liesane, had 111.p. 131° C, 
0.39 g, 12.G94. Calc. for CI~HIGXGS:: C,  46.7; H,  5.2; N, 27.28; S, 20.78%. Found: C, 46.85; H, 5.23; N ,  
37.20; S, 20.40%. 

Reaclio?~ of l ,Y-Dipl~enyl- l ,3-propn~ze~Z~io~tc  7uilh Tltioserr~icarbazide 
r\ solution of thiosemicarbazide (1.8 g, 0.02 mole) in water (60 1111) and acetic acid (S 1111) was aclcled to 

the diketone (4.49 g, 0.02 mole) in alcohol (110 ml), and tlie resulting misture \vas lieatetl for 15 ln i l l~~tes  
on thc steam bath and allowed to cool. 3,5-Diplienyl pyrazole crystallized out, and after liltration, it was 
recrystallized fro111 belizene-hesane; 111.p. 197' C, 1.55 g, 35.47;; lit. m.p. 197-200" C (21). Calc. for 
C1:,HlrNr: C, 81.8; H, 5.45; N ,  12.7'7;. Found: C, 82.0; I-I, 5.45; N, 12.55'j.i. 

'The mother liquor, after addition of water, yiclded the monotsc (0.85 g, 14.3%), which, after recrystalliza- 
tion frotn benzene-liesane, and from alcohol, had 1n.p. 128' C. Calc. for ClsHI3NaOS: C, 64.6; 13, 5.05; 
S,  14.13; S, 10.7S70. P o ~ ~ i c l :  C, 64.57; H,  5.38; N, 14.78; S ,  10.583;. 

Rerrction of Uenzi l  will2 TItioseti?icai.bazide 
*\s tlic colivelltiol~al  neth hod of condcnsation gave mixtures of proclucts, the following moclihccl procedure 

was used : 
Benzil (2.1 g, 0.01 11101~) ancl thiosemicarbazide (1.8 g, 0.0'2 mole) \verc clissol\-ecl in N,N-dimethyl- 

formamide, and concentratecl hyclrocl~loric acicl ( :3  1111) was adcletl. After being licated 011 tlie steam bath for 
4 hours, the solution \\,as allowed to evaporate slo\vly until benzil ditsc had prccipitatecl out. The product 
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was collected and washed with water followed by hot alcohol. I t  had 1n.p. 217" C, 1.15 g, 42.4%. Calc. for 
C16H16N6S2: C, 53.9; H, 4.49; N, 23.6; S, 17.99%. Found: C, 52.98; H, 4.58; N, 23.4; S, 17.40%. 
5,6-Diphenyl-3-thio-1,2,4-triazine was obtained in a 677, yield by a method described previously (22). 

The compound, after recrystallization from acetone, had m.p. 220" C;  lit. n1.p. 233" C (2'2), 226" C (23). 
Calc. for CljHIlN3S: C, 67.9; H, 4.15; N, 15.84; S, 12.08%. Found: C, 67.31; H, 3.92; N, 16.12; S, 12.28%. 

A small arnount of benzil monotsc was identified as a by-product, and after recrystallization from acetone, 
had 1n.p. 190°C; lit. m.p. 188" C (23). Calc. for CljHlaN30S: C, 63.7; H, 4.6; N, 14.84; S, 11.3%. Found: 
C, 64.14; H, 5.48; N, 14.50; S, 10.93%. 

5,6-Diplzenyl-3-lltio-1 ,d,4-triasinc- Czi(II) 
A small amount (200 mg) of copper coniplex was obtained from the addition of copper acetate (10 g, 

0.05 mole) in water (200 ml) to a boiling solution of the triazine (13.8g, 0.05 mole) in a large excess of acetone 
(500 ml). The colnplex precipitated out and was separated by filtration, washed s~~ccessively with water, 
hydrochloric acid (3%), alcohol, acetone, and finally recrystallized from pyridine, m.p. 302O C. There was 
not sufficient material for further purification, but the elementary analysis is in fair agreement with the 
calculated values. Calc. for CIQH~ON~S.CU: C, 54.9; H, 3.06; N, 12.82; S, 9.77; Cu, 1'3.3870. Found: C, 
53.2; H, 3.12; N, 13.19; S, 10.02; Cu, 18.1%. 
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ABSTRACT 

The electron spin resonance of an X-ray-irradiated single crystal of dl-alanine hydro- 
chloride indicates that the radical formed is probably the same as  that produced by X-  and 
?-rap irradiation of alanine. The components of the hyperfine interaction tensor for the radical 
have been evaluated. 

INTRODUCTION 

The electron spin resonance (e.s.r.) spectra of X-ray-irradiated single crystals of 
a-alanine was first studied in detail by Miyagawa and Gordy (1). They identified the 
radical as CI-In-CH-R. The odd electron was found to have a nearly isotropic hyperfine 
interaction with the three methyl protons, and an anisotropic hyperfine interaction with 
the a-proton. 

Alanine crystals have orthorhoinbic synlinetry and the unit cell contains four molecules. 
There are, therefore, four non-equivalent molecular sites for each crystal orientation. 
Only when the external field is parallel to a crystal axis do the four site spectra become 
coincident. This ineails that for the principal element, say A1 of the hyperfine interaction 
tensor A, there are four different sets of values for the direction cosines. Neither the 
signs of these direction cosines nor those of principal values of A can be determined 
convenientl>- from the experimental data. Miyagawa and Gordy (1) made use of observed 
second-order effects to analyze their spectra, and calculated values for the components of 
the interaction tensor, which have been corrected recently by RlIorton and Horsfield (2), 
who inade further studies on single crystals of alanine. 

We here report the results we have obtained in studies of the e.s.r. spectra of irradiated 
single crystals of dl-alanine hydrochloride. The advantage of studying this compound is 
that the crystals are monoclinic and there are not so nlaily co~nplications as in the case of 
alanine. There are only two non-equivalent sites in such crystals. When the b axis of this 
type of cr3-stal is placed vertical in the magnetic field, the two sites become equivalent. 

EXPERIMENTAL 

The crystals of dl-alanine hydrochloride were grown from aqueous solution. An idealized diagram of the 
monoclinic crystals of dl-alanine hydrochloride is shown in Fig. 1. The relevant crystallographic data (Dr.  J. 
Trotter, personal communication) are: monoclinic, space group P2,/c, a = 9.20k0.02 a, 2, = 9.04f0.02 4, 
c = 7.31k 0.02 -A, 0 = '35°21'f5'. There are four molecules per unit cell. Suitable specimens were irradiated 
a t  room temperature with 50 l;v X rays for several hours. After irradiation the crystals were studied in 
our 9 Gc/sec e.s.r. spectrometer with 10 I;c/sec modulation and using a 6-in. Varian magnet with pole shiins 
to provide a homogeneous magnetic field (3). The error in measuring the angular rotation of the crystals 
alas about &So, and the hyperline splitting constants are probably correct to about f 0.5 gauss. 

RESULTS AND DISCUSSIOK 

The energy levels of an oriented radical in a single crystal (with orbitally quenched 
electron angular momentum) in external field can be calculated from the I-Iamiltonian 

C;~na?.i:n Journal  of Cl~cmistry.  Volume -!O (1962) 
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LIK A S D  McDOWELL: ELECTRON SPIK RESONAXCli 

FIG. 1. An idealized sketch showing the relation of the form of the monoclinic crystals of dl-alanine 
hydrochloride to the crystal axes and the experimental reference axes. 

and our data have been interpreted in terms of these levels. 
The spectra observed were very similar to those of X-ray-irradiated alailine except 

for certain rather minor differences. In the example showil in Fig. 2 it will be seen that 
there is a further splitting of the lines into triplets with intensity ratios of 1:2:1. The 
main pattern in Fig. 2 is regarded as being a five-line spectrum with intensity ratios of 
1 :4:6:4:1, and that in Fig. 3 an eight-line spectrum with intensity ratios of 1 :1:3:3:3: 
3 : l : l .  In Fig. 4 is shown a spectrum correspollding to the c axis I 130 and an orientation 
with direction cosines of 43/2,1/2,0, with respect to Ho. This illustrates the separation 
of the two separate spectra due to the two non-equivalent radicals in the unit cell. 

Using the hyperfine interactions measured from the spectra we have calculated the 
T-electron - u-proton interaction tensor A, and the a-electron - inethyl proton iilteractioll 
tensor A,, with respect to an orthogonal system of axes a ,  b, c. The crystallographic b axis 
has been taken as our b axis but the a and c axes are chosen arbitrarily. Our c axis is along 
the elongated direction of the crystal. The components of the calculated tensors, in 
gauss, are: 

The direction cosines of the principal values of these tensors with respect to the a,b,c 
system of axes are given in Table I. In recording these data the principal values of the A, 
tensor have been written with the correct negative sign (4); the A,, tensor is linown to 
be positive in sign ( 5 ) .  

TABLE I 
Direction cosines of principal values of interaction tensors A, and A,,, 

with respect to the n,b,c, sys ten~ of ascs 
-- 

Ao A m, 
- 

Direction cosines Direction cosines 
Principal -- Principal 

values 1 nz n values 1 117. n 
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2 6  gauss 

2 6  gauss 

2 6  gauss 

I;~G. 2 Elcctron spin resonance spectrunl of all S-ray-irracliated single crystal of dl-alanine EICI 
(M direction cosincs: 0,1,0). 

FIG. 3. Electron spin resonance spectrum of an  2-ray-irradiated single cr)rstal of dl-alanine HC1 
(H;lirectios cosines: l/l,O, - 4 3 / 2 ) .  

IG.  4. Electron spill resonance spectrum of an 2-ray-irradiated single crystal of dl-alanine HCL 
(H clirection cosines: 43/2,1/2,0). 

The values in Table I agree well with those given for the radical produced by X-ray 
irradiation of alanine (2). The principal values for A, are quite siinilar to  those for the 
.CI-I(COO1-I)z radical (4) and indicate that the ~~npairecl electron density a t  the a-carbon 
atoll1 in the radical is approxinlately 0.0. The  values resulting for the electron -methyl 
protons interaction tensor give an isotropic contribution of 24.6 gauss, which is quite 
close to the value of 25 gauss estimated for a freely rotating methyl group (3." Tile 

.,. , +flris  onlzle also agrees well . i d h  the recenll?~ ?r:port::d rcszllt for a freely rot(ctilzg ~laetlzyl grorlp i ? ~  tlze 
CMFi. C(COO1-I)? icid,icnl (see C. Heller, J. Clrc111. P1zy.r. 36, 175 (1963)). 
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principal values for anisotropic portion of A,, namely, +3.7,  -0.9, -2.8 gauss, are not 
axially symmetric. Plotting the angular variatioii of the hyperfiile splitting corlstarlts for 
the methyl group on polar diagrams indicates that they are nearly syillinetrical (seeTable I).  
There may be a sinall asyn~nletry;  but in this crystal it is extremely difficult to resolve 
the sinall differences between the two nearly isotropic nlethyl proton hyperfiile splittiilgs 
corresponding to two 11011-equivalent sites and so one cannot readily determine the degree 
of anisotropy. This means that calc~~lations of the angle between the C-CE13 bond and 
the C-1-1 bond are subject to large errors and for these reasons such calculatioils are not 
given here. 

Earlier we mentioiied that where the lines could be resolved, triplets with intensity 
ratios of 1:2:1 were found to have a separat io~~ of up to 4 gauss. I t  is likely that this 
triplet splitting is caused by interaction with protons belonging to a neighboring molecule 
in the host crystal. 

We wish to thank the Xational Research Couilcil of Canada and the Defense Research 
Board for generously providing grants in aid of this work. 
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ABSTRACT 

The ionization of nitrogen dioxide by photons has been studied using a photoionization 
mass spectrometric technique and also by the ordinary electron impact method. The photo- 
ionization results show a large variation in the relative ionization efficiency within the energy 
range 9-14 ev, and help to explain the differences between previously reported values for the 
first ionization potential of this compound. The photoionization efficiency curve indicates 
the first ionization potential to lie a t  9.8 ev and inner ionization potentials to lie a t  about 
11.1 and 12.7 ev. 

The electron impact ionization efficiency curve for the NO?+ ion exhibits a low ion intensity 
near the threshold. This confirms the viewpoint that previous determinations of the first 
ionization potential have employed threshold energy measuring techniques not properly suited 
for the type of molecule such as nitrogen dioxide which radically changes sy~nmetry  on 
ionization. 

INTRODUCTION 

The  values reported ill the literature for the first ionization potential of nitrogel1 dioxide 
show a reinarkable variation. Electron i~npac t  studies have led to  the values of 11 ev ( I ) ,  
11.3 ev (2), and 11.0 ev (3). Kandel (1) deduced a value of 9.91 ev from his studies on 
the ionization a i d  dissociation of nitromethane. Spectroscopic studies by Price and 
Simpson (5) led to a value of 12.3 ev for an inner ionization potential based on the extra- 
polatio~l of two probable Rydberg bands in the far-ultraviolet absorptioil spectrum of 
nitrogen dioxide. Further work by Weissler, Sampson, Ogawa, and Cool; (6) using a 
coinbinatioil of a photoionization monochro~nator and a mass spectrolneter yielded a 
value of 11.3 ev for the first ionization potential. More recently, photoionization studies 
carried out by Nal~ayanla, Icitamura, and Watanabe (7) have yielded a value of 9.78 
*O.Oo ev for the first ionization potential of nitrogen dioxide, and suggested the occur- 
rence of a second ionizatio~l potential a t  11.62 ev. I t  should be pointed out  tha t  \T7eissler 
et al. did not investigate the region below 11 ev in much detail and for this reason missed 
the first ionization potential of this compound. The  work to be described, which included 
both electron impact and photoionization studies using a lnass spectrometer, co~lfirms 
the previous value obtained from photoionization ~neasuren~ents  for the first ionization 
potential of nitrogen dio~icle and also indicates why the other workers may have obtained 
some of the results quoted. 

The apparatus, to be fully described elsewhere, basically consists of a 60-deg sector field 6-in. magnetic 
radilts mass spectrometer designed so that it can be used with an electron or a photon ionizing source. The 
light source was a gas discharge t~lbe ,  containing mixtures of rare gases and 112 or D., excited a t  a lnicrowalre 
frequency of 2460 Mc/s. X Seya-Namioka type monochromator was used to provide ionizing radiation. The 
resolution of the monochromator is about 6 a, which means the photon energy spreacl is 0.07 ev a t  13 ev. 
After traversing the mass spectrometer ion chamber, the radiation strilres a sodium-salicylate-coated 
photomultiplier, the o u t p ~ ~ t  of which is talzen to be proportional to the radiation intensity. Thc optical 
system is windowless, and the pressure is kept low t h r o ~ ~ g h  eficieilt differential p~~mpiilg.  An ion-electron 
~nultiplier is ilsed to measure the resolvecl ion currents. The ratio of ion cirrrent to photon intensity is 
determined a t  as Inany wavelengths as possible and then plotted against photon energy (see refs. G and 8 
for a description of similar instrunlents). The NO? was prepared by reacting oxygen with nitric oxide which 
had been p~~rified by low-te~nperature distillation. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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FROST ET AL.: PHOTOIONIZATION OF NOS 1065 

DISCUSSION 

As mentioned in the Introduction, values reported in the literature for the first ioniza- 
tion potential of NO1 show remarkable disagreements, and it is the purpose of tliis paper 
to present new measurements which help to explain the apparent discrepancies. 

Figure 1 shows the photoionization efficiency curve for NOz+. I t  is seen that the thres- 
hold energy ( 9 . 8 0 ~ 0 . 0 5  ev) agrees with the adiabatic value (7). However, the ion intensity 

PHOTON ENERGY 

FIG. 1. Photoionization efficiency curve for nitrogen dioxide. 

remains low (compared with that a t  much higher energies) and fairly constant up to 
about 10.5 ev. Mere, an inner adiabatic ioilization potential is indicated since the curve 
begins to rise. The photon energy a t  the point of greatest slope in tliis region, about 
11.1 ev, should equal the corresponding vertical ionization potential provided ionization 
is occurring only through this second process. The electron impact measurements of 
Steuckelberg and Snlyth (I),  and Colliil ( 2 ) ,  seem to be associated with our vertical 
ionizatioll potential a t  11.1 ev. 

Figure 2 shows the electron impact ion efficiency curves for NO2+ and I<r+, which we 
obtained using a conventional ion source. Clearly the curved portioil of the NO2+ ioniza- 
tion efficiency curve extends over a much greater energy range than that of I<r+, and it 

ELECTRON ENERGY (UNCORR.) 

FIG. 2. Electron impact ionization efficiency curve for nitrogen dioxide. 
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is difficult to decide the threshold energy for NOz+ formation. I t  would seen1 therefore 
that  in the case of nitrogen dioxide there is likely to be considerable uncertainty as to the 
interpretation of the first ionization potential from electron i~iipact studies. We find this 
value to be about 10.3 ev, using the initial ~ ~ p w a r d  brealc method, and, since it lies between 
the first and second adiabatic ionization potentials, it should decrease as the ion current 
detector sensitivity is increased. 

At photon energies greater than 12 ev the ion efficiency for NO2+ shows a slight de- 
crease. Why this should be so is not clear, unless preionization is responsible for the 
maximum. The io~lizatio~l increase a t  about 12.4 ev call be correlated with Price and 
Simpson's Rydberg series limit a t  12.3 ev. The vertical ionization potential here woi~ld 
normally correspond to the photon energy where the photoionization curve has the 
greatest slope, but it is difficult to account for the peak a t  13 ev i~nless preionization is 
involved. 

We find no evidence to support the proposed ionization potential which i\'akayama 
et al. clai~n to have observed a t  11.62 ev. In view of the marked increase in ion current 
which we observe just below 11 ev, i t  may well be that the rise in total ionizatio~i seen 
by Nakayama ct al. a t  10.83 ev is only partially due to formation of the ion pair NO+ 
+ 0- (theoretically formed a t  a minimum energy a t  10.89 ev). We attempted to clarify 
this point by studying the formation of NO+ from nitrogen dioxide by photoionization. 
I t  was extremell. difficult, however, to obtain satisfactory results. Even with very pure 
nitrogen dioxide as a starting material there seemed to be more NO+ present than would 
have been expected from the process under discussion. This extra nitric oxide could 
probably have been produced by the photolysis of the nitrogen dioxide in the ion chamber. 
Light of wavelength less than 4000 A is tvell l;nown (9) to cause the following reaction: 

I 

I t  is possible that  the occurrence of this reaction caused our experiments to be indefinite 
on this particular point. 

Closer examination of the basis on which Nnkayama et al. evaluated the second ioniza- 
tion potential of 11.62 ev makes it apparent that it may not be SO well established as it 
might a t  first sight appear. Those authors assigned six absorption bands as  Rydberg 
bands and fitted them to the Rydberg series 

v,, = 93,69.5-2/(n+0.21)2, 

with n = 3, (?), 4, 5, 6, 7, 8 . . . . In  Table 2 of their paper they compare the calculated 
and observed positions of the bands. The agreements for bands with n = 4 to 8 are 
fairly good but in the case of the band with n = 3 a discrepancy of 6334 cm-I was found 
between the observed and the calculated frequencies. Presumably for this reason the 
authors labelled this band, n = 3, as being doubtfully assigned. 

The electronic structure of the nitrogen dioxide rnolecule has been considered by many 
authors (9-14). Recent work has confirmed the earlier views that the unpaired electron 
can be regarded as being localized mainly on the nitrogen atom. This would meall that 
the first ionization potential a t  9.8 ev would refer to  the renloval of an electron from the 
4al molecular orbital. As the nitrogen dioxide n~olecule is bent in its ground state, it is 
expected that on ionizing to for111 NOz+ by the rernoval of an electron fro111 the 4a1 orbital, 
this ion would be formed in its linear ground state. There is evidence that the NO2+ 
ion is, in fact, linear (15). None of the theoretical values for the ionization potentials 
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FROST ET AL.: PHOTOIONIZATION OF NO2 1067 

agree well w i t h  the exper imenta l  results.  I n  this connect ion w e  m a y  n o t e  that NIcEwen 

(12) has  po in ted  o u t  that the NOz+ ion c a n  be formed in s inglet  a n d  t r ip le t  exci ted states. 
I t  is i i l lportant  to realize t h a t  both the radical  (NO?)  ground  state a n d  the t h r e e  lowest 

s inglet  configurat ions of t h e  positive ion a r e  s t rongly  s tabi l ized by interact ion w i t h  

low-energy doubly  excited configurations. The correspondiilg in te rac t ions  w i t h  t h e  

'B2 a n d  3A2 t r ip le t  configurat ions of the ion a r e  m u c h  smaller.  The difficulty in a d e q u a t e l y  

t a k i n g  these  fac tors  illto a c c o u n t  in  t h e  calculatioils ~ n a k e s  the theoret ical  resul ts  less 

sa t i s fac tory  t h a n  m i g h t  h a v e  been expec ted .  
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LYCOPODIUM ALKALOIDS 
XII. FLABELLIFORMINE 
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ABSTRACT 

Evidence is furnished which establishes the structure of a new allcaloid isolated from 
Lyro)odiz~nl flabellifornze. 

In the present publication we wish to report evidence which enables the assignment of 
structure I to a new allialoid obtained froin Lyco;bodiz~mJEabelliforme. 

The alkaloid, for ivhich the name flabellifornline seenls appropriate, is sparingly soluble 
in cold ether. Advantage was taken of this property in its isolatioil from the bases obtained, 
after the separation of lycopodine from the crude alkaloid mixture. 

Analysis of flabellifonnine, I ,  fits the formula C161-12j02N. The infrared spectrunl of the 
allialoid, measured in chloroform solution, shows lietonic carbonyl absorption a t  1705 
cm-I and a hydroxyl band a t  3560 cm-l. Reduction of the carbonyl group with sodium 
borohydride affords the diol 11, C16H270?N. The  hydroxyl group appears to be attached 
to a tertiary carbon atom, since flabelliforinine is recovered unchanged after treatment 
with chromium trioxide and its i1.m.r. spectrunl shows no absorption below a T-value of 6.5. 

Treatment of the allialoid with hydrogen iodide replaces the hydroxyl group with 
hydrogen; the reaction product is identical with lycopodine, I11 (1-4). Flabelliformine, 
therefore, is formally derived from lycopodine by replacement of a methine hydrogen by 
a hydroxyl group. 

Dehydration ol I ,  effected by both phosphoric acid and ;b-toluenes~~lphonic acid, affords 
a non-crystalline product, IV, which was converted to a crystalline methiodide, V, 
C17f1260NI. Compound IV has the properties of an a,p-unsaturated ketone. The ultra- 
violet spectrum of this substance shows I ~ ~ X ~ I ~ L I I ~  absorption a t  245 mp and the infrared 
spectrum, measured in carbon tetrachloride solution, has bands of equal intensity a t  
1685 and 1617 cm-l. The i1.m.r. spectrum of IV has a triplet a t  a T-value of 3.01 which 
is attributed to a proton on the p-carbon of the a,p-unsaturated carboilyl system ( 5 ,  6). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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CURCUMELLI-RODOSTXMO A N D  MACLEAN: FLABELLIFORMINE 1069 

Compound IV is formed without alteration of the carbon slieleto~l present in the alkaloid, 
since on hydrogenation, over a plati~lunl catalyst, it yields lycopodine. The double bond 
must occupy the 8,9 position, as shown. A double bond in the alternative conjugated 
position would result in a very large distortion of boncl angles. The hydroxj.l group in I 
is therefore attached to Cg. 

The conversion of flabelliformine, I ,  to lycopodine, I I I ,  proves that both allialoids 
have the sallle co~lfiguratio~l a t  Cq, Cg, Cl?, and C1.i. 

The configuration a t  C8 can be deduced from spectral data. The absorption a t  3560 
cm-I, in the spectrunl of flabelliformine, shows that the hydroxyl group is hydrogen 
bonded. The bonding is intramolecular, for the peal; is not displaced on dilution. A 
comparison of the infrared and ultraviolet spectra of lycopodine and flabellifor~ni~le 
indicates that the hydroxyl is not hydrogen bonded with the carbonyl oxygen. The infrared 
spectru~ll of lycopodine (chloroform solution) shows carbonyl absorption a t  1693 cm-l, 
while that of flabelliformine has a band a t  1705 cnl-l. Their ultraviolet spectra have 
maxima a t  284 and 303 n ~ p  respectively (7). The hydrogen bonding appears, therefore, to 
involve the nitrogen lone pair. Structure I ,  alone, fulfills the spatial requirements for such 
ail interaction. 

ESPERIhIENTAL 
Isolat io?~ of Flabellifornziv~e 

The cruclc alkaloid misturc was obtained from L.$abellifor?ne by the method of Manslce and Marion (8). 
Lycopodine was isolated by column chromatography as  described by Barclay and MacLean (9). The other, 
more strongly adsorbed, alkaloids were eluted with chloroform and combined. The mixture of bases was 
shaken with cold ether and the ether-insoluble residue crystallized from acetone-~nethanol. The material 
obtained was dissolvcd in acetone and treated with 48% hydrobromic acid. Flabelliforn~ine hydrobromide 
separated im~nediately. From the mother liquors dihydrolycopodinc (2, 10) was obtained. Recrystallization 
of the hydrobrornidc from acetone, containing a small quantity of water, gavc crystals melting over 337" 
with decomposition. The allcaloid (I)  liberated from the hydrobromide salt ~ncl ts  a t  210-211'. A change 
in ~ r ~ s t a l l i t ~ e  form occurs a t  150". Calc. for CIGI-I?:O?N: C, 72.96; H,  9.57; N, 5.:<'27* Found: C, 73.04; 
13, 9.68; N, 5.33%. 

The infrared spectrum of flabelliformine, determined in chloroform, shows hyclroxyl absorption a t  3560 
cm-I, carbonyl absorption a t  1705 cm-I, and a band a t  1415 cm-I attributed to a nicthylene group adjacent 
to the carbonyl. The ultraviolet spectrum has  at 303 ~ n p  ( E ,  50). The n.m.r. spectrum of the alkaloid 

shows 110 absorption below a T-value of 6.5, indicating thc absence of thc group CI-1-OH. > 
Flabelliformine, when treated with methyl iodide in acetone solution, gavc a crystalline methiodide which 

melted over 335' with decomposition. Calc. for CliI-I?sO?NI: C, 50.37; 13, 6.93; S, 3.45%. 1;ouncl: C, 50.75; 
1-1, 7.08; N, 3.35%. 

PrePamtiolz of Conzpoz~nd I I  
A solution of sodiuin borohydride (0.20 g) in ethanol was added slowly to  a stirred ethanolic solutiorl of 

flabellifor~nine (0.15 g). After addition of the hydride solution, the mixture was stirred for 2 hours and then 
left to  stancl overnight. Excess reagent was destroyed with acetone and the reaction mixture evaporated to  
dryness. Water was added to the residue. The mixture was acidified with hydrochloric acid and heated 
briefly on a steam bath. I t  was then basified with ammonia and extracted with chloroform. From the chloro- 
form extract a crystalline product (compound 11) was obtained (0.12 g) which, on recrystallization from 
ether, afforded crystals melting a t  217-217.5'. Calc. for C~F,I-I?~O?N: C, 72.41; 13, 10.26; N, 5.28%. Found: 
C, 72.41; H,  10.28; N, 5.28%. 

The infrared spectrum (Nujol mull) of co~npound I1 shows no carbonyl-group absorption but has tivo 
bands in the hydrosyl region a t  3610 and 34GO cln-l. 

Treatrri.e?zt of FlabellQoroinzine tuitlz Clzronziu?~z Trior ide  
A solution of chromium trioxide (0.10 g) in water iiras added dropwise over a period of 1 hour to  a stirred 

solution of flabclliformine (0.040 g) in 10% aqueous acetic acid. The  temperature was maintained a t  -5 to  
- 10' during the addition, and the mixture was stirred a t  this temperature for a further 5 hours. The oxidant 
was destroyecl with methanol and the reaction mixture kept in a refrigerator overnight. The solution was 
the11 concentrated, made strongly acidic with hydrochloric acid, and extracted with chloroform. I t  mas then 
basified with amn~onia and again extracted with chloroform. From the last extract flabelliformine (0.033 g) 
was recovered. 
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Treat?itent of Flabellifounlitte with Hydriodic Acid 
Flabellifor~nine (0.05 g) was dissolved in hydriodic acid (4 ml, 47%). The solution was refluxed for 17 

hours, then made basic with arnmonia and extracted with chloroform. The compound isolated (0.03 g) from 
the chloroform extract mas found to be identical mith lycopodine: the melting point of the product was not 
depressed 011 admixture with an  authentic sample of lycopodine and the infrared spectra of the two samples, 
measured both in Nujol m~l l l  and carbon tetrachloride, were superimposable. 

Dehydration of I by Treatment with PItospItoric Acid 
A solution of flabelliformine (I)  (0.11 g) in 88% aqueous phosphoric acid (7 ml) was heated on a steam 

bath for 12 hours. The mixture mas cooled, made basic with potassium hydroxide, and extracted with chloro- 
form. Evaporation of the chlorofor~n left an  oil (IV) (0.09 g) which could not be induced to crystallize. 

The infrared spectrum (film) of compound IV shows absorption a t  1614 cm-' (conjugated double bond) 
and 1678 cm-' (conjugated carbonyl); the two bands are situated a t  1617 and 1685 cm-I when the spectrulu 
is ~neasured in carbon tetrachloride solution. Compound IV has X:ZoH a t  245 mp. The n.m.r. spectrum (in 
CDC13) exhibits a triplet a t  a .~- \a lue  of 3.01. 

Dissolution of compound IV in acetone and treatment with an excess of methyl iodide afforded a crystalline 
methiodide, V, which melted over 285" with decomposition. Calc. for CITH2sONI: C, 52.71; H ,  6.77; N, 
3.02%. Found: C, 52.40; H ,  6.86; N, 3.55%. 

The infrared spectrum (Nujol mull) of compound V shows bands a t  1620 and 1688 cm-1. 

Detydratiott of I by Treatntenl zvitlt p-TolzienesziLpkonic Acid 
X solution of flabelliformine and p-toluenesulphonic acid in o-xylene was heated under reflux for 12 

hours. Thc reaction mixture mas extracted with \\later. The extract mas shaken with ether to remove 
completely the xylene, basifed with ammonia, and extracted mith chloroform. The product obtained from 
the chloroform solution was identical with con~pound IV described in the preceding section. 

FIydroge?zatio?t of Conlpolntd I17 
X solution of compound IV in methanol nras shaken with hydrogen (35 p.s.i.g.) and platinum oxide for 

16 hours. 
The catalyst mas removed by filtration and the solvent evaporated. The residue was dissolved in acetone 

and treated with methyl iodide. A crystalline ~nethiodide separated which rnelted mith decompositio~l a t  
315-318". The methiodide mas shown to  be identical with lycopodine methiodide by a mixed melting point 
determination and comparison of infrared spectra. 

ACI<SOWLEDGhlIENTS 

We wish to express our thanks to the National Research Council of Canada, and to the 
Ontario Research Foundation, for financial assistance. We are indebted to Mr. J. C. F. 
Young, who isolated the flabellifonnine. 

REFERENCES 

1. M7. A. HARRISON and D. B. MACLEAK. Chem. & Ind. (London), 261 (1960). 
2. \\I. A. HARRISON, M. CURCUMELLI-RODOSTA~~,  D. F .  CARSON, L. R. C. BARCLAY, and D. B. MACLEAN. 

Can. J. Chem. 39, 2086 (1961). 
3. F. A. L. ANET. Tetrahedron Letters. No. 30. 13 (1960). 

7. R. C. COOKSON and S. H .  DANDLGAONKER. J. Chem. Soc. 352 (195! 
8. R. H .  F. MANSICE and L. MARION. Can. J. Research, B, 20, 87 (1942). 
9. L. R. C. BARCLAY and D. B. MACLEAN. Can. J. Chenl. 34, 1519 (1956). 

10. D. B. MACLEAN, R. H. F. MANSKE, and L. MARION. Can. J. Research, B, 28, 460 (1950). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NUCLEAR MAGNETIC RESONANCE STUDIES 
PART I. THE CHEMICAL SHIFT OF THE FORMYL PROTON IN AROMATIC ALDEHYDES' 

R. E. KLINCK AND J. B. STOTHERS 
Depa~tnlent of Clzenzistry, U?ziversity of PVestern Ontario, Londo~z,  O?ztario 

Received February 7 ,  1982 

ABSTRACT 

Chemical shift data for the formyl proton in some 30 aromatic aldehydes are reported. 
I t  was found that 111eta- and para-substituted benzaldehydes exhibited this peal; in the 
range 9.85-10.20 6, while ortho-substituted compounds appear a t  lower held, 10.20-10.50 6 ;  
the former shifts show an approximate correlation with the Hammett sig-nla parameter. Evi- 
dence for steric inhibition of resonance is presented for some ortho-substituted compounds 
and some interesting solvent effects are discussed. 

IXTRODUCTION 

Although it is well l<nown (1, 2) that the aldehyde protoil absorbs in a characteristic 
region of the N.M.R. spectrum (i.e., 9-11 p.p.m. from tetrainethylsilane), no extensive 
survey of its resonance position has so far  been reported. The present study was under- 
taI;en to deterilli~le those structural f ea t~~res  which influence the chemical shift of this 
proton. \Vhile our investigation has included esamples from the aliphatic, alicyclic, and 
aromatic series, only the latter is discussed in this paper. The results from the other series 
will be reportecl in the near future. 

On the basis of the present theories of magnetic shielding (3) one can suggest the major 
structural features which would be expected to coiltribute to the chenlical shift of the 
fornl).l proton in all aromatic aldehyde. The sl~ielcling of n specific nucleus is considered 
to be determined by two major factors: (a) the electroil dens it)^ about that nucleus, and 
( b )  the presence of magnetically anisotropic groupings within the molecule. In this series 
of compounds, the anisotropic carbony1 group and the aromatic ring woulcl be expected 
to have pronounced effects 011 the chemical shifts, as would variations in the electron 
density about the formyl proton. 

For protons, the electroil distributioil about the nucleus is essentially isotropic and the 
local effect, (a) above, is dianlagnetic and directly dependent on the electron density. 
Therefore, the greater the electron density, the greater will be the shielding, due to the 
circulatioils of the electroils surrounding a specific proton. I n  an aldehyde molecule, the 
electrophilic character of the carbony-1 carbon will tend to polarize the C-1-1 and C-C 
bollds attached thereto. The polarization of the C-1-1 bond will reduce the electron 
density about the form).l proton and SO I ~ I U S ~  coiltribute to the low shielding observed 
for it. Electron-releasing groups bo~lded to the carbonyl group will reduce the electro- 
philic nature of the carbon)-1 carbon and so decrease the polarization of the bond. 
Thus, it is suggested that formyl protons in conjugated systems would be shielded 
relative to those in analogous saturated cases. Support for this hglpothesis is provided 
by the observation that,  as a rule, carbonyl groups conjugated with ethylenic or phenyl 
groups are less reactive towards nucleopl~iles than are simple carbony1 compounds. The 

lT11ese ~eszilts were prese?zted as part of a paper at the 44th Annzlal Co?zference of tlze Clzei~rical Institute of 
Canada, ~l[o?ztreal, August 3-5, 1961. 

C a ~ ~ a d i a n  Journal of Chemistry. Volume 40 (1902) 
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C13 chemical shifts of the carbonyl carbon in a number of aldehydes also furnish evidence 
for this view, since the carbonyl carbons in aromatic and alp-unsaturated aldehydes 
appear a t  significantly higher field than those in related saturated cases (4). This shift 
is presumably due to the increased electron density about the carbon atom in the con- 
jugated systems. Sinlilar correlations have been presented for C13 chenlical shifts and 
electron densities in aromatic molecules (5-7). Sin~ilarly, any other factors which affect 
the polarization of the carbonyl carbon could be expected to be reflected in the chemical 
shift of the formyl proton. 

Pople (8) has shown that a major contribution to the low shielding observed for the 
forlnyl proton in aldehydes arises froin the anisotropy of the carbonyl grouping. I t  has 
been show11 that this group has a large diainagnetic anisotropy arising from electron 
circulations occurring when the applied field is normal to the plane of the trigonal carbon 
atom (9, 10). Since a detailed discussion of the influence of this grouping on neighboring 
nuclei has appeared (2) in terms of the point dipole approxin~ation due to i\iIcConnell 
(].I), it is sufficient to note that protons in the plane of the trigonal carbon would be sub- 
jected to a strong deshielding effect. The orientation of the proton in the forinyl grouping 
cannot change relative to the carbonyl bond in any aldehyde, and so it seems reasonable 
to assume that this strong effect will be approximately constant in a series of aldehydes. 

A third important factor in this series of conipounds will be the contribution to the 
shielding by the aromatic nucleus whose ring current effects are well established (12-15). 
The anisotropy of the aromatic ring is such that the field induced by the circulation of 
the a electrons around the ring serves to accentuate the applied field in the plane of the 
ring and thus to deshield nuclei in this plane. This effect is maxiinal in the plane of, and 
close to, the ring and decreases as the orientation of a specific nucleus is changed there- 
fronl. In the aromatic series, it is evident that the formyl proton will not be far removed 
from this plane at  any time and so would experience a strong deshielding effect. In the 
case of polycyclic aromatics, this effect will be enhanced since the ring current contribu- 
tions are larger (13). 

From these considerations, it is suggested that the important factors which deterinine 
the chemical shift of a formyl proton in an aromatic aldehyde include the contributions 
by the anisotropic carbonyl bond and aromatic ring and the degree of polarization of 
the formyl C-H bond. I t  is found that this rather simple model accounts qualitatively 
for the observed results, although a quantitative evaluation of the relative contributions 
of these factors is not yet possible because of their interdependence. 

EXPERIMENTAL 

A Varian V-4302 spectrometer operating a t  60 Mc/sec was employed for all measurements. The peak 
positions were determined using the usual audio side-band technique (16) by interpolation between two 
side bands of the reference signal placed on either side of the desired peak. An audio oscillator whose output 
was continuously monitored with a Hewlett-Packard 5223 frequency counter was used throughout. In 
most instances, the compounds mere examined in 20, 10, and 5% (w/v) solutions in carbon tetrachloride. 
If the  compound was sparingly soluble in this solvent, a similar range of concentrations in deuterochloroform 
was measured. A few aldehydes were studied in both solvents to determine the effect of changing the solvent. 
Some substituted benzaldehydes were examined in acetone, methanol, cyclohexane, and benzene solutions 
as well. The tabulated data are those obtained for the most dilute solutions (5%) and are given in p.p.m. 
(6) relative to  internal tetramethylsilane with an estimated precision of f 0.01 p.p.m. Each value is the 
mean of a t  least 10 separate measurements. 

The compounds used in this study are commercially available and were purified by distillation qr re- 
crystallization before use. Spectrograde carbon tetrachloride (Fisher Scientific) was used throughout and 
the deuterochloroform mas obtained from Merck, Sharpe and Dohme (min. 99% '0). 
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KLINCK AND STOTHERS: N.M.R. STUDIES 

RESULTS 

The chemical shift data are collected in tabular form as follows: Table I ,  meta- and 
para-substituted benzaldehydes; Table 11, ortho-substituted benzaldehydes and poly- 
cyclic aromatic aldehydes. For comparative purposes, the data for a few other aldehydes 
are given in the text below. 

TABLE I 
Chemical shifts of the forrnyl proton in some meta- and para-substituted benzaldehydes 

(in p.p.m. from tetramethylsilane; 5Yo solution (w/v))  

Aldehyde CCII* CDCI," 

Benzaldehyde 
172-Tolualdehyde 
p-Tolualdehyde 
p-r\nisaldehyde 
112-Nitrobenzaldehyde 
p-Nitrobenzaldehyde 
111-Hydrosybenzaldehyde 
p-Hydroxybenzaldehyde 
in-Chlorobenzaldehyde 
p-Chlorobenzaldehyde 
2,4-Dichlorobenzaldehyde 
in-Bromobenzaldeh yde 
p-Dimethyla~ninobenzaldehyde 
711-Flt~orobe~~zaldehyde 
p-Fluorobenzaldehyde 
p-Cyanobenzaldehyde 
IIZ-Benzyloxybenzaldehyde 
p-Acetamidobenzaldehyde 
3,5-Dimethoxybenzaldehyde 
3,4,5-Trimethoxybenzaldehyde 
Piperonal 
Vanillin 

*The bracketed quantity is the shift (in p.p.m.) observed upon dilution of 20% solutions 
tThis is the center of the observed doublet. J=1.8 cycles/sec. 

TABLE 11 
Chemical shift data for the formyl proton 

in some ortho-substituted benzaldehycles and some 
polycyclic aldehydes (5yo solutions (w/v)  in p.p.m. from tetra~nethylsilane) 

Aldehyde CCI,* CDCI," 

Salicylaldehyde 
Benzaldehyde 
o-Tolualdehyde 
o-Nitrobenzaldehyde 
o--4nisaldehyde 
o-Chlorobenzaldehyde 
Mesitylaldehyde 

9 - ~ n i h r a l d e h ~ d e  
Phe~~a~lthrene-9-carboxaldeh yde 

"Bracketed quantity is dilutiol~ shift for 20-5% solution. 
tThis is the center of the observed doublet. J = 0.8 cpcle/sec, due to  coupling with one of the ring protons. 

This splitting has been noted previously (17). 
12.5% solutions. 

Although spin coupling of aldehydic hydrogen with the ring protons has been observed 
in a number of heterocyclic cases (17), it can be noted that,  in general, the aromatic 
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foriiiyl protons appear as  singlets and spin coupli~lg with the beiizeiioid protons is not 
resolved. I11 the present series, two exceptions were fouiid: o-anisaldehyde exhibits a 
coupli~ig constant of 0.8 cycles/sec for the foriiiyl proton while m-fluorobeiizaldehyde 
shows a splitting of 1.8 cycles/sec, but which other nucleus is iilvolved was not established 
in either case. 

DISCUSSION 

General Considerations 
For aromatic alclehydes, it has been suggested above tha t  the chemical shift of the 

formyl proton will be deteriiiined by the relative magnitudes of two opposing factors 
since it may be assumed tha t  the deshielding effect of the carboliyl group will be approxi- 
mately the same in all cases. The  local shielding contribution which depends on tlie polar- 
ization of the C-H bond will be opposed by the deshielding influence of the aromatic 
ring current. Since acetaldehyde absorbs a t  0.73 6 aiid benzaldeliyde a t  9.96 6 (both in 
CC14 solution), i t  appears tha t  the ring current effect outweighs the conjugative shielding. 
For comparative purposes, it inay be noted that  acrolein and crotonaldehyde absorb a t  
9.53 and 9.43 6,  respectively. I11 these two compounds, a coi~jugative effect niould be 
opposed bj- the desliieldiiig due to the ailisotropic olefinic bond which tends to desliield 
in its plane, and since the shifts are to higher field relative to acetaldehyde one can con- 
clude that  tlie effect of conjugation is the stronger. Other evidence in support of a shielding 
effect by conjugation is provided by the CL3 results mentioned above. 

A further indication tha t  tlie ring current contribution is a major factor affecting tlie 
shielding of the forlily1 proton in benzaldehyde is provided by the chemical shift of this 
proton i l l  cinnnmaldehyde, which absorbs a t  9.64 6 (i.e., 0.32 p.p.111. to high field relative 
to  benzaldel~~.de). There should be a substantial reduction in tlie ring current effect 
since tlie foriiiyl proton is farther removed fro111 the aromatic nucleus and, to a first 
approsimation, the conjugative contribution may be consiclered t o  be coinparable to tha t  
in benzaldeliyde. Altllough this view may be oversimplified, the observed shift is con- 
sistent with the argument. 

I n  a series of substituted benzaldeliydes changes in tlie magnitudes of each of the 
shielding factors could be expected. As a first approsimation, however, i t  seeills reasonable 
to  assume that  the ring current effect remains virtually constant. Abraham (18) has 
suggested tha t  the magnitude of the ring current in a given system is related to the 
resollance energy of that  system and since large clianges in the resonance energies of tlie 
members of tliis series are not expected, tliis assuniption woulcl appear to be rational. 
Variations in the polarization of tlie C-1-1 bond therefore should be more important and 
tlie electronic effects of substituents should influence the formyl shifts in a predictable 
manner. Similar correlations have been discussed for a number of other systems (7, 19-22). 
Since an electron-releasing substituent would tend to decrease the positive nature of the 
carbonyl, the shift of the formyl proton in such a s).stem ivould be expected to be towards 
higher field, while electron-withdrawing groups would tend to  produce the opposite 
effect. One can consider the results in detail on the basis of these assumptions. 

Meta- and Para-sl~bstit~~ted Benzaldehydes 
T h e  clata in Table I show tha t  tlie forniyl proton in tliis series absorbs in tlie region 

9.65-10.18 6, and that  these shifts depend markedly on tlie substituent. Qualitatively the 
trend is as expected for the simple niodel and tlie observed shifts appear to be a measure 
of the electron supply to, or  withdrawal f ron~ ,  the cnrbonyl grouping. Thus,  one might 
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KLINCK AND STOTHERS: N.M.R. STUDIES 1075 

expect a linear correlation between the chemical shifts and the Harn~nett sigma par- 
ameter of the various substituents. Only a rough correlation, however, is observed, as 
shown in Fig. I ,  which was plotted using the sigma values listed by RiIcDaniel arid Brown 

FIG. 1. Correlation of the formyl proton chemical shifts of 712- ant1 p-substituted benzaldelipdes by 
Hanilnett's u. The shifts are gixen in cycles/sec ( a t  00 iVIc/sec) from the peal; position of the formyl proton 
i n  benzaldeh) de. ( 0 indicates p-isorncr; indicates nl-isomer.) 

(23) and the chemical shifts relative to beilzaldehyde. Since some of the samples are in- 
sufficiently soluble in carbon tetrachloride to allow measurements over the usual con- 
centration range, the values obtained in deuterochloroforrn solution were conlpared to  
the chemical shift of benzaldehyde in that solvent. No better linear correlation could be 
obtained t~sing the Taft  parameters, u,, and u1 (24). The line indicated in Fig. 1 was 
obtained by a least-squares analysis of the data, considering the shift of benzaldehyde 
no more reliable than the others. 

The largest deviation (ca. 5 cpcles/sec) was found for benzaldehyde while other sig- 
nificant deviatioils (ca. 3.5 cycles/sec) are evident for the m-hydrox).-, m-bromo, and 
p-acetamido derivatives. I t  is interesting to find that the para-substituted examples 
appear to give the closest approach to a linear relation. This could be an indication that 
the ~ n e t a  substituents exert a small effect through space on the formyl proton. Since 
rather precise linear free-energy correlatio~ls have been obtained for fluorine chemical 
shifts in nz- and p-substituted fluorobeilzenes (19, 20), these results suggest that for~nyl 
protons, owing to their lack of inner shell electrons and hence a more exposed nucleus, 
are more susceptible to the effects of anisotropic rneta substituents. 

The influence of inductive effects on the chemical shift of the formyl proton is clearly 
demonstrated by the strong electron-withdrawing cyano and nitro groups, both of which 
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produce significant shifts to lower field. Presumably this is a result of polarization of the 
C-H bond via the strong inductive effect on the carbonyl carbon atom. 

Ortho-snbstituted Benzaldehydes 
The formyl proton in ortho-substituted benzaldehydes appears a t  lower field (10.18- 

10.49 6) than the m- and $-substituted examples, with one exception, salicylaldehyde. 
This compound is a special case because of intra~nolecular hydrogen bonding of the 
ortho-hydroxyl group with the carbonyl oxygen atom. The observed shift for the aldehydic 
proton a t  9.89 6 may be compared to that of the $-substituted isonler a t  9.86 6. In these 
two co~llpounds the conjugative effect and the ring current contributions would be similar 
and, thus, i t  appears that the effect of hydrogen bonding is small. (It  can be noted that a 
change in solvent f ro~n CC14 to CDC13 results in a s~naller shift (2 cycles/sec) than in 
other examples.) I t  would appear, therefore, that hydrogen bonding involving the for~nyl 
oxygen produces a small shift to lower field, which is in the expected direction. (The effect 
on the chemical shift of the carbonyl carbon, however, is significant and is also to lower 
field.) Another factor which will contribute to the shielding of the formyl proton but which 
is difficult to esti~nate is the effect of the anisotropic hydroxyl group itself. This could 
conceivably mask the effect of hydrogen bonding (however, see below). 

The other exanlples in this series do not show any correlation of chemical shift with 
substituent polarity. These observations indicate that the conjugative effect is nlarkedly 
reduced. Other evidence bearing on this point has been provided by Wolfenden and 
Jencks (26) fro111 a colnparison of the reactivities of a series of ortho- and para-substituted 
benzaldehydes. These authors have concluded that electron donation by resonance is 
Inore effective from the para position than froill the ortho for the methoxyl, methyl, and 
chloro groups. In  the present series, since the shifts are all to lower field than benzaldehyde 
itself, the results indicate that the conjugative shielding contribution by the ring is also 
reduced. These observations suggest that the ortho substituents force the forlnyl group 
out of the plane of the ring and thus reduce the shielding effect due to conjugation. This 
would result in an increased polarization of the C-1-1 bond and a reduction in the local 
shielding contribution. The net effect would be a shift to  lower field. Since the formyl 
proton cannot be far from the plane of the aromatic ring even in the extreme (ca. 1 A), 
the ring current effect would still be relatively strong. Inductive effects could still be 
operative and so the relative shifts of o-tolualdehyde and o-nitrobenzaldehyde appear 
to be reasonable. Again, the effect of the anisotropic substituents would be difficult to 
estimate, but it is interesting that these ortho-substituted compounds absorb over a rather 
narrow range. 

An alternative explanation for these shifts would i~lvolce a possible hydrogen bonding 
of the for~nyl proton with the polar ortho substituents. In  fact, this interpretation has 
been advanced to account for the observed infrared absorption maxima for a number of 
ortho-substituted benzaldellj.des (27, 28). One would have consiclerable difficulty, how- 
ever, defending this view as a rational explanation for the observed chenlical shifts for 
both 0-tolualdehyde and mesitylaldehyde, which absorb a t  10.18 and 10.49 6 ,  respectively. 
Since hydrogen bonding would be comparable in these cases, onc would expect the chenlical 
shifts to be similar. For comparison, $-tolualclehyde appears a t  9.89 6. 

Polycyclic Aromatic Aldehydes 
Four polycyclic compounds were included in this survey and the data are given in 

Table 11. I t  is to be expected that the ring current effects of these larger aromatic systems 
would be greater than in the benzaldehydes, and the observed shifts are in qualitative 
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agreement with this expectation. Bernstein, Schneider, and Pople (13) have shown the 
effect of larger ring systems in a series of polycyclic aroinatic hydrocarbons and were 
able to account for the enhanced shifts in a quantitative fashion. More recently, Abraham 
has applied the method to an analysis of the cheillical shifts in porphyrins (18). In the 
present series, a similar approach appears worthwhile. 

As a model for the evaluation of the ring current effect first used b y  Pople (12, 13) and  
since illodified by Waugh and Fessenden (14) and,  inore recently, b y  Johnson and Bovey 
(15), the aromatic nucleus is considered to provide a closed loop around which the a 

electrons circulate under the influence of an applied field, Ha, normal to  the plane of the 
ring. The  circulatioil of these electrons produces an induced magnetic field which accentu- 
ates Ha in the plane of the ring (i.e., deshields nuclei in this orientation) and opposes 
Ho over the ring (i.e., a shielding effect). Between these two extreines the effect is inter- 
mediate. Johnson and Bovey have provided tables of the magnitude of this effect 
calculated for all orientations about a benzene nucleus (29), in terms of the distances a 
given nucleus is from the center of, and from the plane of, the ring. Using Dreiding models, 
these distances were i~~easured  for the formyl protons in benzaldehyde, 1- and 2-ilaph- 
thaldehydes, 9-anthraldehyde, and phenanthrene-9-carboxaldehyde. As a first approxima- 
tion, only planar conformations were considered and,  in those cases in which there are  
two, equal populations in each were assumed. Furthermore, only the effect of the ring(s) 
in addition to that  to which the forilly1 group is bonded is considered in order to compare 
the  enhanced ring current with tha t  of benzaldehyde. T h e  additional deshielding con- 
tributions for the four exainples are found to  be (p.p.111.): +0.15, 2-naphthaldehyde; 
+0.38, 1-naphthaldehyde; +0.53, phenanthrene-9-carboxaldehyde; +0.75, 9-anthralde- 
hyde, while the observed shifts relative to benzaldehyde are $0.12, +0.36, 3-0.37, and 
+l.51 p.p.m., respectively. A direct comparison of these figures, of course, assumes tha t  
the relative shifts are due entirely to  the larger ring current. Differences in the electron- 
releasing characteristics of these aromatic groupings a t  the various points of attachment 
of the formyl groups will also be a factor which would tend to  oppose the  ring current 
contribution. This  probably accounts in part  for the differences observed in the first 
three examples. Furthermore, since the contributions of the additional ring(s) is not 
necessarily equal for both conformations, a difference in populations could also be reflected 
in the observed shifts. In  the case of 9-anthraldehyde, however, the observed shift is 
much larger than tha t  calculated. A steric effect of the two peri-hydrogens could be re- 
sponsible for this result. If the formyl group were hindered froin attaining coplanarity 
with the anthracene nucleus, the deshieldiilg influence of the aromatic system would not 
be greatly reduced while the conjugative shielding factor would be substantially 
diminished. 

Although evidence for steric inhibition of resonance in the case of 1-naphthaldehyde 
has been reported (25), the N.M.R. data  do  not definitely substantiate this point since the 
relative contributions of the various operative factors cannot be established.+ 

I t  is interesting that  the contribution calculated for the aromatic nucleus by the 
method of Johnson and Bovey is +0.58 p.p.in. and since benzaldehyde absorbs a t  0.23 
p.p.111. to  low field relative t o  acetaldehyde the conjugative contribution may be estimated 
t o  be -0.35 p.p.m. for this molecule. For comparative purposes, the value for the  ring 
current effect on a formyl proton for a confor~nation in which the plane of the carbonyl 

* I t  can be noted that the proton spectra cozild be zlsed as a n  a~znlytical nzetltod for nzixtzwes of 1-  and 2-naph- 
thaldelzydes since the forntyl protons are well separated (0.24 #.p.m. in CDCla), whereas the carbonyl stretcJting 
modes are reported (SO)  to abso~b  at 1700 and 1702 cm-l, respectively. 
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group is a t  90' to the ring is estimated, as above, to be +0.44 p.p.111., which indicates 
that the deshielding effect is still strong, while a conjugative effect would be ~narliedly 
reduced. 

Solvent Effects 
As the data in Tables I and I1 show, there are no large shifts observed on dilutioil in 

either carbon tetrachloride or deuterochloroform solutio~ls for most of the aldehydes. 
Usually the dilution shift is less than 2 cycles/sec (ca. 0.03 p.p.m.). Since some of the 
aldehydes could not be studied in CC14 solution, a few were examined in both solvents 
to determine whether or not an association was involved in CDC13. There is a small, 
but significant, shift to lower field of ca. 0.07 p.p.m., which is presumably due to hydrogen 
bonding of the carbonyl group with the solvent. Support for this conclusion is provided 
by the observation that salicylaldehyde exhibits a s~llaller shift to low field for this 
solveilt change (0.03 p.p.m.). The effect of hydrogen bonding on the formyl shifts, there- 
fore, appears to be small. 

In two cases, however, the shift 011 dilution is marlied. Both of the tricyclic aromatic 
examples undergo shifts to lower field upon dilutioil i11 CDC13 in the following way: 
9-a~lthraldehyde: 30y0 solution, 11.18 6 ;  20%, 11.27 6 ;  lo%, 11.41 6 ;  5y0, 11.47 6 ;  2.5%, 
11.51 6; 1.25%, 11.53 6 ;  phenanthrene-9-carboxaldehyde: 30y0, 10.15 6; 207701 10.22 6; 
lo%, 10.31 6 ;  5y0, 10.37 6 ;  2.5y0, 10.39 6. These results indicate that the tricyclic aldehydes 
tend to associate with each other in chloroform solution. I t  is interesting to note that the 
dilution shifts for these compounds in acetone or in benzene solution are much sillaller 
(ca. 4 cycles/sec for a concentration range of 20-5%) and are comparable to the results 
discussed above. Further work is required to clear up the question of self-association in 
these two cases and this study is in hand. 

T o  investigate solvent effects on the che~uical shifts of formyl protoils in inore detail, 
a few substituted benzaldehydes were examined in cyclohexa~~e, methanol, acetone, and 
benzene solutioils as well. These results are presented in Fig. 2. For comparative purposes, 
propioilaldehycle and crotonaldehyde were included in this series of experiments. The 
shifts are presented relative to those obtained i ~ z  CCld solution and a correctioil of -0.07 
p.p.m. has beell used for the nitro derivatives which mere exailliiled in CDC13. A slight 
inaccuracy in this correctiorl ~vould be without effect 011 the conclusio~~s drawn below. 

From these results, the following i~nportailt general features call be noted: (1) Relative 
to carboil tetrachloride, the signals are shifted to lower field in acetone and higher field 
in benzei~e solution. (2) The solvent shifts in acetone are virtually independent of the 
substituent on the aromatic ring, while those in beilzeile are markedly clepe~ldeilt on it. 
(3) iVIetllailo1 solutio~ls do not exhibit appreciable shifts relative to carbon tetrachloride 
solutions. This observation provides further evidence that hydrogen-bonding effects are 
small. (4) Steric hindrance of the formyl group by bulliy ortho substituents does not 
appear to produce a significant change in the solvent effects, as show11 by the data for 
mesitylaldehyde. Points (1) and (2) are similar to observations reported by Schaefer and 
Schneider (31) fro111 a study of solvent effects 011 aromatic proton shifts in some sub- 
stituted toluerles and fluorobenzenes. Since these authors have presented a detailed 
discussion of the various factors iilvolved it is sufficie~lt to note that strong evidence for a 
specific solute-solvent association was presented for these two solve~lts. A similar conclu- 
sion appears to be justified in the present series. 

The nlost striking effects are observed in benzeile solution. For most cases the shift is to 
higher field and, i11 coiltrast to the trend observed i11 acetone, is 111arkedly dependent on 
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Benzcldehydes I Ln" -' ' , 'CHO 

I;IG. 2. Shifts of the forrnyl proton of various aldehydes in dilute benzene, acetone, methat~ol, and 
cyclohesanc solutions relative to their resonance position for a dilute carbon tetrachloride solutiot~. The 
shifts are given in  p.p.111. and in cyclcs/scc for a fixcd radio frequency of GO AIc/sec. 

the substituent. I t  is interesting that the shifts to higher field decrease with change ill  

the substituent in the order NO?, I-I, CHR, CHJO, (CH3)2x. These data indicate that  the 
substitutecl benzaldehydes are associated with solvent molecules in a rather specific 
Ilxtrlner. I t  appears that this interaction depends markedly on the polarizatioil of the 
molecule, such that the solvatiilg benzene molecule(s) is most strongly associated with 
the relatively electron-deficient portion of the aldehyde molecule. One possible interpreta- 
tion of these results is that  the solvating molecule(s) tends to lie over the relatively 
planar solute molec~~le, as indicated in Fig. 3(a and b) ancl the variatio~ls i l l  cheillical 
shifts may be interpreted in terms of the benzene ring anisotropy, as discussed above. For 
example, in the case of p-nitrobenzaldehyde, it is suggested that the interaction i~lvolves 
the formj.1 grouping (Fig. 3(a)) while in the case of the p-dimethylamino derivative, the 
associatioll iilvolves the substituent (Fig. 3(b)). Further tests of this suggestion include a 
study of the solve~lt dependence of the cheiuical shifts of all protoils in the solute molecule 
and this approach is being actively pursued. 
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FIG. 3. Schematic representations of a possible solute-solvent interaction for substituted benzaldehydes 
in benzene: (a) e!ectron-withdra\\ri11g s~rbstituent, (b) electroil-releasing substituent. 

CONCLUSIONS 

T h e  resu l t s  of t h i s  s u r v e y  i n d i c a t e  t h a t ,  in addi t ioi l  to t h e  s t r o n g  desh ie ld ing  effect of 
the carboi lyl  g r o u p ,  coi l t r ibut iol ls  by the a r o m a t i c  r i n g  c u r r e n t  effect a n d  c h a n g e  in  t h e  

polar izat ioi l  of t h e  ca rbony1  g r o u p  c o n s t i t u t e  t h e  i n a j o r  f a c t o r s  control l ing t h e  chemica l  

sh i f t  of the for lnyl  p r o t o n  in a r o m a t i c  aldehydes. A t  t h i s  s t a g e ,  however ,  o n l y  a q u a l i t a t i v e  

discussion of t h e s e  effects is possible in t h e  absence of q u a l l t i t a t i v e  e v a l u a t i o n s  of t h e s e  

va r ious  factors a n d  s ince s o m e  of the a s s u ~ n p t i o l l s  m a y  be va l id  o n l y  as first  approxirna-  

t ions. A l tnowledge of the chemica l  sh i f t  of t h e  for lnyl  p r o t o n ,  however ,  cou ld  ass i s t  in a 
s t r u c t u r a l  e luc ida t ion ,  pa r t i cu la r ly  fo r  disti i lguishillg o r t h o - s u b s t i t u t e d  a ldehydes .  

Re la t ive ly  millor effects are n o t e d  in hydrogen-bonded  s y s t e m s ,  a n d  an i so t rop ic  n i e t a  

subs t i tue l l t s  a p p e a r  to affect t h e  chemica l  s h i f t  of t h i s  p r o t o n  s l ight ly .  I n  a i lurnber  of 
cases i n  which  a b u l k y  ortho s u b s t i t u e n t  cou ld  h i n d e r  the for inyl  g r o u p  froin a t t a i n i n g  

c o p l a n a r i t y  w i t h  the r ing ,  ev idence  for a s te r i c  inh ib i t ion  of resonance  was o b t a i n e d  for 
0 -methy l ,  o-methoxyl ,  o-chloro, a n d  o-ni t ro  g roups .  Solute-solvent  i i i teractioils are 

in a c e t o n e  a n d  benzene  so lu t ions  a n d ,  in t h e  latter case ,  d e p e n d  upoil the 
of t h e  a r o i n a t i c  r ing.  

W e  wish to express o u r  t h a n k s  to t h e  N a t i o n a l  R e s e a r c h  Counc i l  of C a n a d a  for t h e  

f inancial  a s s i s t ance  which  made t h i s  p ro jec t  possible.  
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THE REACTIVE SPECIES IN  ACTIVE NITROGEN1 
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Upper Att~rospl~ere CI~e117islry Resea l~k  Group, ilfrGill Unioersity, i\&ontreal, Qaie. 

Received Sovember 9, 1961 

ABSTRACT 

X study has bee11 made of the discrepancy between the X-atom content of active nitrogen 
as inferred from the maximum IHCN production from the reaction of many hydrocarbons, and 
that indicated by the extent of NO destruction. The IHCX production from several hydro- 
carbons was similar a t  high reaction temperatures in a spherical reaction vessel, and was 
independent of reaction t empera t~~re  in a cylindrical reaction vessel. The ratio (NO destroyed)/ 
(HCN produced) was found to be independent of the mode of excitation bf the molec~rlar 
nitrogen ancl of the N-atom concentration, and to  be ~~naffectecl by the addition, upstream, 
of N?O or CO?. Although NH:, was found to be a minor product of the hydrocarbon reactions, 
HCN accounted for a t  least 96% of the N-atom content of the products under conditions 
where its formation is co~~sidered a measure of the K-atom concentration. The NO "titration" 
value, the maximum extent of HCN production fro111 C2M,, and the destruction of XH3 after 
different times of decay of active nitrogen gave evidence that  part of the NO reaction occurred, 
as does the NH:, reaction, xvith excited nitrogen molecules. The long lifetime of the N2* 
species capable of reaction with S O  or NH3, as calc~~latecl from the abo\:e data,  strongly 
favors its identification as low vibrational levels of the S2(A3Z,,+I molecule. A consideration of 
the values for the NO/HCN, NH3/HCN, and i\;H:,/i\;O ratios, after different times of decay, 
for poisoned ancl unpoisoned systems, suggested that the N?* responsible for the NH:, reaction 
is formed only during homogeneous recombination of N atoms, while the NY* responsible for 
reaction with NO might be produced by \\call recombination as ~vell. I'ossible reactions of 
excited molecules present in the active nitrogen - NO system that might lead to clecon~positio~i 
of XO without consumption of N atoms are discussed. 

INTRODUCTION 

Although the chemical activity of active nitrogen appears to be due mainly to ground- 
state atoius (I) ,  recent work indicates that  excited molecules (2-5) might be important 
in a t  least some active nitrogen reactions. For example, there seenis little doubt that the 
reaction of active nitrogen with NH3 involves excited molecules (6-8). Verbeke and 
Winkler have also suggested (9) that  the greater nitrogen atom content of active nitrogen 
indicated by the NO titration (lo),  in comparison with that inlerred from the maximum 
production of HCN froill ethylene, ruaJr be due to reaction of KO with excited nitrogen 
molecules, in addition to its very rapicl reaction wit11 nitrogen atoms. On the other hand, 
the discrepancy between the two estimates of nitrogen-atom concentration has been 
attributed (11, 12) to the complexity of the l~yclrocarbon reaction. 

The destruction of NHa in measurable amounts has only been detectecl in active nitrogen 
produced by a condensed discharge (6, 9, 13) and i t  has been suggested (14) that this 
reaction occurs with a species that is produced oilly b37 this mode of excitatioil of the 
molecular nitrogen. I t  has been reported (14) that ,  in active nitrogen produced by a 
microwave discharge, the maximum yield of HCN and the NO titration technique both 
indicate the same nitrogen-atom concentration. 

The purpose of the present work was t\vofold: (i) to examine more closely the dis- 
crepancy between the two chemical methods of estimating the nitrogen-atom concentration 
of active nitrogen, (ii) to  study the relative extents of reaction of active nitrogen, after 

' T h i s  work received fcnancial assistatzce fronz the Geophysics Research Directorate of the A i y  Force Canlbridge 
Iiesearch Laboratories, A i r  Force Rescarclz Divisiolz; the Defence Research Board of Cc~nada; and the National 
Research Colincil of Ca71.ada. 

2Postdortoral Fellow. 
3Postdortoral Fellow. Present address: Depart/ue?~t of Clzenzistry, Brat~d&s Lrniversity, Boston, il&ass., U.S.A. 
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WRIGHT ET AL.: REACTIVE SPECIES 1083 

different times of decay, with reactants that appear to involve mainly nitrogen atoms 
(e.g. C2Hj1), excited molecules (e.g. N H S ) ,  or both (e.g. NO). Some of these interrelations 
have been examined previously as a function of pressure (13) and, in a preliminary way, 
as a function of decay of active nitrogen (9), but not as a function of time of decay of 
active nitrogen under controlled reaction conditions. 

A11 investigation was first made of the effect of the shape of the reaction vessel on the 
temperature dependeilce of HCN productioil from hydrocarbons, in the region where 
this was iildependeilt of flow rate of the hydrocarbon, in active nitrogen produced by a 
condensed discharge and by a microwave system. Many of the preliminary results of the 
present investigation were reported a t  the Symposi~im on Some Fundamental Aspects of 
Atomic Reactions held a t  McGill University, Montreal, September G and 7, 1960. 

EXPERIMENTAL 

Iiitrogen, nitric oxide, ammonia, and the hydrocarbons used were purilied by methods similar to those 
described in previous papers from this laboratory. Nitrous oside and carbon dioxide were freed from water 
by distillation a t  -750 C. 

The products of the reactions with hydrocarbons were trapped a t  liquid air temperature and distilled 
into an  absorber that contained ice a t  liquid air temperature, and the aqueous solution a~lalyzed after the 
absorber had been allowed to warin to room temperature. The  aniount of NIl3 in the products was estimated 
by titration with standard sulphuricacid, and this was followed by analysis for hydrogen cyanide by standard 
silver nitrate titration, in the presence of added atnmonia, with potassium iodide as indicator. Am~nonia 
was also qualitatively identilied anlong the reaction products by infrared spectroscopy. Cyanogen has been 
shown, by previous workers, to be present in relatively insignilicant quantities. 

Excess NH3 from the an~monia reaction was analyzed in the same way as the ammonia content of the 
products from the hydrocarbon reactions. 

The products from the nitric oxide reaction consisted of nitric oxide and nitrogen dioxide (generally 
present as N?03)  and these were trapped quantitatively a t  about -210" C, using liquid nitrogen under 
reduced pressure. Nitric oxide was separated, with a Toepler pump, fro111 the nitrogen dioxide, maintained 
a t  -64' C, and the aniount of each gas \vas measured by pressure-volume nlethods a t  constant t e ~ n p e r a t ~ ~ r e .  
This technique gave good agreement with that used by Verbelce and Winkler (9). The reaction of nitric 
oxide with active nitrogen was also followed by the gas phase titration method (10). 

The reactions of active nitrogen with nitro~is oxide and carbon dioxide were followed by trapping unreacted 
nitrous oxide, or carbon dioxide, a t  liquid air temperatures and estimating their amounts by pressure- 
volume methods a t  constant te~uperature. No other products were observed, even with a trap a t  -210' C. 

The experi~uents described in this paper werc made in two different types of apparatus, ( I )  and (11). T o  
increase the reproducibility in the esperinlents, both types of apparatus were equipped with a stopcoclc 
between the reaction vessel and products trap. This minimized co~ltaniination of the reaction vessel and 
discharge regions by reaction products. I<el-F stopcock grease was used and was unal'fected by active 
nitrogen. To obtain reproducible res~llts, it was also necessary to operate the condensed discharge, in either 
apparat~ls,  for a t  least 15 minutes prior to initiating a reaction. 

A p p a r a t ~ ~ s  (I) was similar to that used by previous worlcers (6, 9, 13). The reaction vessels were of 
unpoisoned pyrex and the dimensions were varied in several of the experiments. Condensed and microwave 
discharges were used as alternative niethods of obtaining active nitrogen. The condensed discharge operated 
between aluminum electrodes, 45 cm apart, and a t  a flash rate of about 10 sec-'. The microwave discharge 
operated a t  2450 Mc/sec and was s~~pp l i ed  from a Raytheon 125-watt generator. The flow rate of molecular 
nitrogen, a t  a pressure of 2.45 111111 Hg, was 133X mole/sec. 

Apparatus (11) utilized a condensed discharge to produce a high concentration of nitrogen atoms, to  
facilitate the study of possible reactions of escited nitrogen molecules, which are probably produced by the 
recombination of nitrogen atoms (13). A large bulb was incorporated into the center of the discharge tube 
to reduce "pulsing" in the active nitrogen stream. The reaction vessel was a straight, pyrex tube of 25-nlm 
diameter, which contained t\vo fixed reactant jets, about 14 and 14.5 cm below the discharge tube. I t  was 
also provided with a mobile reactant jet that could be moved from 0.1 to 45 cm below the lower of the two 
fixed jets, by a stopcoclc arrangement (15) that provided a friction drive on the lower part  of the mobile 
jet colun~n. This column contained a glass-encased thermocouple, which perniittcd a measurement of 
teinperature 3.0 cnl below the outlet of the  nob bile jet. Both the lixed upper jets, and the mobile jet, contained 
six small holes placed syniinetrically around their bulbous ends to produce an even flow of reactant into the 
active nitrogen stream. 

All experiments in apparat~ls (11) mere made in an unheated reaction vessel and a t  a pressure of 3 mm 
of Hg. The flow rate of molec~~lar nitrogen was 37SX10-6 mole/sec, corresponding to a linear flow rate of 
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478 cm/sec. Experiments were made in both an  unpoisoned reaction vessel, and in the reaction vessel poisoned 
by water vapor (<0.03X10-G mole/sec), introduced through a capillary leak into thc ~llolecular nitrogen 
before the discharge. This minute amount of vapor apparently has no n~easi~rable erfect (16) on the course 
of the active nitrogen reactiolls but does poison the walls of the apparatus effectively against the decay of 
nitrogen atoms. 

RESULTS 

A Comparison of the I l f a x ~ n z z ~ m  Extent  of R e a c t ~ o n  of Active Nitrogen zvith Ni t r ic  Oxide 
and w i t h  Iiydrocarbons 

The extent of the reaction with KO was talcen as the initial flow rate of NO minus the 
flow rate of total nitrogen oxides (i.e. NO+N02) ai~alyzed in the products. I-Iydi-ogen 
cyanide productio~l was talcen as a measure of the reaction of nitrogen atonls with ethylene, 
ethane, 7z-butane, and but-2-ene. At the ~ n a x i ~ n u ~ n  extent of these reactions, the total of 
ammonia and cyanogen in the products never exceeclecl of the hydrogen cyanide. 

I n  Table I are shown the data obtained, using apparatus ( I ) ,  when variations were 
made in reaction temperature, di~ileilsio~ls of the reaction vessel, and type of discharge 

Reaction of active nitrogen n i th  nitric oxide comparetl nit11 procluc-tion of 
I-ICN rrom hydrocarl~ons 

-- 
3Ias.  HCN N a s .  XO 

Total  
7 .  

psoclucctl, cor~surnccl, 
Reactio~l press., 1 e ~ n p . ,  rnole,'sec molc/sec Ratio 

vessel Discharge mnt Hg "C I-lyclrocarbon ( X  109 (x  109 NO/HCN 

A. Sphere, 
55 mnl i.d. 

Sphere, 
85 I ~ I I I  i d .  

B. Cylinder, 
20 mm i.d. 

C. Sphere,. 
110 mnl 1.d. 

D. Sphere, 
110 mm i.d. 

E. Sphere, 
85 mm i.d. 

F. Cylinder, 
20 mm i.d. 

G. Cylinder, 
20 mm i.d. 

"he HCN yie ld~f rom~et l~ane  a t  50' C never reached a true limiting value. 

used to produce the active nitrogen. Values for NO consumptio~t obtained by product 
analysis agreed well with results obtained by the gas phase titration with NO a t  the 
lower atom concentrations, but a t  higher atom concentrations (systems A and 13) the 
titration gave results that were 10-20% lower than those reported in the table. 

T h e  Prodz~ct ion of A m m o n i a  f r o m  the Reaction of i4cti.de h'itrogen wi th  Ethylene and  E t l u n e  
The relative amounts of HCN and NH3 produced in these reactions in a spherical, 

unpoisoned reaction vessel, with a condensed discharge, are shown in Table 11. Production 
of ammonia from n-butane and but-2-ene was found to be similar to that  from ethylene 
a t  both temperatures. 
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obtained in apparatus (I) indicate that the HCN plateau values are illdependent of 
reaction teinperature in a cyliildrical vessel, and this has recently been confirmed by 
other workers (17) for the ethylene reaction, these values are considered to be a ineasure 
of the maxiinurn HCN production from ethylene. Good linear relations, of which those 
in Fig. 1 are typical, were obtained between the plateau values for the reactioils and the 

0ll0 2'0 3'0 4'0 5'0 6'0 7'0 8'0 9'0 
T E M P E R A T U R E  I N C R E A S E  PRIOR T O  R E A C T I O N  - O C  

FIG. 1. Plot of HCN produced from ethylene against the temperature of the active nitrogen, above room 
temperature: 0, poisoned system; a, unpoisoned system. 

temperature increases i n  the active nitrogen in both the poisoned and unpoisoned systems. 
Unfortunately, the possibility of estimatiilg the relative concentrations of active nitrogen 
from such relative temperature increases is applicable only to a given apparatus and 
given operating conditions. For example, for a temperature increase of 46" C prior to 
reaction, the destruction of NH3, or productioil of HCN froin C2H4, in the poisoned 
system, was more than double, while NO destruction was slightly less than double that  
observed in the uilpoisoned system. Presumably, the condition of the system determines 
the N-atom coi~centration up st re an^, hence the extent of formation of excited nitrogen 
inolecules, and both of these, in turn, may be reflected in the observed teniperature 
increases and plateau values for the reactions. 

A plot of NH3 destroyed against HCN produced from CZH4, a t  the different levels in 
the reaction tube, is linear for both the poisoned and unpoisoned systems (Fig. 2). Extra- 
polation of the line for the unpoisoned system to zero HCN production gives an intercept 
on the axis of NH3 destruction of 0.2 X lopG mole/sec, while a similar extrapolation of the 
line for the poisoiled system gives an intercept on the axis of HCN production of 11 X 
m~le/sec:~ 

The ratios (NHS decomposed/HCN produced), (NO decomposed/HCN produced), and 
(NH3 decoinposed/NO decomposed), illore simply referred to hereafter as the ratios 
NH3/HCN, XO/HCN, and NHs/NO, all decrease, a t  co~lstailt pressure, with time of 
decay of the active nitrogen in the poisoiled system, while in the unpoisoned systerl~ the 
ratio NO/HCN increases inarltedly, and the ratio NH3/HCN increases slightly. Verbeke 

4Extrnpolation to  zero aalzre of HCN prod7rction yields aalzres corresponding to  reaction corzditions w/zere the 
N-at on^. co?tcentration / /as  fa l le~t  to  a aery low ualzre, i.e., to  long distances dozv~tstrenii~.. Of cozrrse, t/ze extrapolated 
aaC7res are applicable o?tly to  t/ze present sys tem,  ciil~erci?~ a large 5 - a t o m  conce?zti.atio?z esisted zrpstrenrn, a n d  a 
relabioely higlz concentratiolt of excited nitrogen ~rzolecrrles m a y  t/zen exist  a t  e dis tavt  posit,ion downstream, as  a 
reszrlt of N-a tom recombination 7rpstrea1ll. 
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WRIGHT ET XL.: REACTIVE SPECIES 

HCN PRODUCED - M O L E / S E C  X lo6 

1 2. Plot of NMJ destroyed against HCN produced fro111 C?HA a t  the different levels: 0, poisoned 
system; a, ~11lpoiso11ed system. 

and i47inl;ler (9) hacl some indication of an increase in the NO/HCN ratio with decay 
time ill a poisoiled system. 

Reasonably good straight lines are obtainecl if plots are made of NH3/HCN against 
HCN (Fig. 3A), NO/HCN against HCN (Fig. 3B), and NH,/NO against NO (Fig. 4) 

/ 
/ . 

1.0 I I I I I 

0 4 8 I 2  16  2 0  2 4  
HCN PRODUCED - MOLE/SEC X lo6 

FIG. 3. (A) I'lot of ratio KHa destroyed/HCK produced; (B) plot of ratio KO destroyed/HCN produced: 
0, poisoned system; a, unpoisoned system. 
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I I I I I I I 
0 8  16 2 4  3 2  4 0  4 8  

NO TITRATION - MOLE/SEC X lo6 

FIG. 4. Plot of ratio NIia destroyed/NO destroyed against NO titration value a t  the dilfercr~t levels: 
0, poisoned system; 0 ,  ~~npoisoned s).steln. 

for different levels in the reaction tube. Extrapolation of these, as indicated in the figures, 
are certainly not accurate, but it is apparknt that  the lines of Fig. 3 are of opposite slopes 
for the poisoned and unpoisonecl systems, and extrapolate to widely different intercepts, 
while the lines in Fig. 4 are of sinlilar slope and extrapolate to sinlilar values for the two 
systems. The significance of these relations will be discussed later. 

Effect of A d d i n g  NH3 Upsfiream f ~ o m  NO, C2H.1, or NH3; a n d  C2H.i above NH3 
The experiments were nlade in apparatus (11). 
( a )  B f e c t  of z4dd ing  NH3 above NO 
Since both the reactions of NO and XH3 inay be due, a t  least in part, to  the reaction 

of excited nitrogen molecules, the addition of one upstream might be expected to decrease 
the extent of the reaction of the other. However, when KH3 was introduced a t  a flow rate 
of 4.0X10-G mole/sec through the fixed upper jet, the change in the end point of the NO 
titration was negligible in the poisoned system a t  all levels down to 45 cm. If anything, 
there was a slight increase in the end point, especially a t  the 45-cin level. In the un- 
poisoned system, the increase in the end point was inore significant, e.g., 3.7 X lopG 
mole/sec a t  the 30-cm level, \vhen NH3 was added a t  a flow rate of 2 .2Xl04  mole/sec. 

( b )  Effect  of -4 dd ing  IVH~ above C2H.I 
If the reaction of NI13 with active nitrogen involves N atoms in any way, the HCN 

prod~~ction from C2H4 might be expected to decrease when NH3 is added upstream. In 
fact, adclition of KHz a t  the fixed upper jet slightly increased the HCN production from 
C2H4 over that obtained a t  the various levels anel flow rates when no NH3 was added 
upstream. This increase was larger in the uilpoisoned system. The results are given in 
Table IV. 

In  the poisoned system, the C2H.1 reaction temperature a t  the 4.5, 30-, and 15-cin 
levels, in the presence of NH3, was about 3" C higher than in its absence, while, in the 
unpoisoned system, the corresponding increase was about 8" C a t  all three levels. In the 
uilpoisoned system, an increase in the intensity of active ilitrogen afterglow was observed 
a t  the lower levels, upon the introductio~l of the NH3. 

The addition of C2H4 do\vnstream fro111 NH3 was found to  decrease the extent of NH3 
decoinpositioil and this decrease became larger as the C2H4 was added closer to  the NH3 
jet. Since the addition of an excess of C2H.& below NH3 appeared to terminate the NH3 
active nitrogen reaction, this method has been used (18) to  obtain a rate constant for 
the NHB reaction. 
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TABLE IV 

Effect of addition of NHI on HCN production fro171 C2Ha 

LC\ el a t  \vhich Increase in HCN 
CZI-1, adcled, C?H, flow rate, NHI flow rate, production, 

CIU niole/sec ( X  LOG) mole/sec ( X  106) mole/sec (XlOG) 

Poisoned system 
52 2 . 5  
GO 

Unpoisoned system 

(c) Effect of Adding CeHl above NH3 
In the poisoned system, no decomposition of NHJ was observed, after accouiiting for 

the slight NH3 production from the CZH4 reaction, when 8.0X mole/sec of NH3 was 
added a t  the 15- and 30-cm levels and 4GX mole/sec of CZH4 added a t  the fixed upper 
jet. The extent of HCK productioil from the C2H4 reaction was sliglitly decreased. I t  inay 
be noted that,  a t  the 15-ciii level, NH3 was added in the region of tlie active nitrogen - CZHI 
reaction flame, while a t  the 30-cm level, 110 reaction flame was visible. 

(d )  Efect of d d d i l t g  1VH3 above 1VH3 
A~iimoiiia was added through the fixed upper jet a t  flow rates lower than those corre- 

sponding to tlie plateau for destruction of KH,. Most of the iYH3 that was added was 
therefore destroyed above the 30-cm level. If excited molecules, capable of destroying 
NH3, were formed only during the decay of nitroge~i atoms, in the presence of NHa, the 
additioli of excess NH.{ a t  the lower positions should result in a total NH3 destructioil 
aliliost equal to that obtairied wlieii the excess is added a t  the fixed upper jet. However, 
for successive additioiis in the poisolled system, the combined extent of NH3 clestr~~ct io~l  
was 0.5 X 10-%mole/sec less a t  the 30-cm level, and 1.0 X mole/sec less a t  the 45-cii1 
level, tlian when a flow rate of NH3 in the plateau region, e.g., 8.0X10-G mole/sec, was 
adcled a t  tlie fixed upper jet. 111 tlie unpoisoned system, the total extent of NH3 destruction 
was approximately the same (1.5 X 10pG iiiole/sec) whether the reactant was introduced 
a t  the upper level only, or a t  both upper and lower levels. 

DISCUSSION 

Essentially equal yields of HCN from hydrocarbons have been obtained in apparatus 
(I), as follows: ethylene, 12-butane, but-2-ene, and ethane a t  elevated temperatures in a 
spherical reaction vessel, and ethylene and n-butane in an unheated cylindrical reaction 
vessel. The maximum HCN production from tlie hydrocarbons, except from CSHG, does 
not vary, to  any extent, with reaction temperature in a cyli~idrical vessel, with active 
nitrogen produced by either a co~idensed or nlicrowave discharge. Consequently, any 
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uncertainty about having reached an HCN plateau that is independent of reaction 
temperature is eliminated, and there appears to be added justification for assuming that 
this value of HCN production corresponds to the N-atom concentration in the system. 
The reasons for the temperature dependence of HCN production observed in the present 
work, and in many previous studies (see, for example, ref. 13), in a spherical reaction 
vessel are not obvious, and further study of this problem is in progress. 

The observed discrepancy between the estimations of active nitrogen concentration 
from NO destruction and from maximum HCN production, as reflected in the NO/HCN 
ratios of Table I ,  agrees well with that obtained previously (9) a t  similar reaction pressures, 
for active nitrogen produced by a microwave discharge: a value of about 1.7 a t  2.45 mm, 
compared with a previous value of 1.6 a t  2 m m ,  and a value of 2.0 a t  3.7 mm, co~npared 
with the earlier value of 1.9 a t  4.0 111111. Contrary to recent assumptions (19), the present 
data confir~n the previous conclusion (9) that the NO/HCK ratio does not change 
appreciably with active nitrogen concentration a t  a constant total pressure, nor does it  
depend upon the mode of excitation of the nitrogen. 

The lower N-atom concentration indicated by the extent of HCN production from 
hydrocarbo~ls apparently cannot be due to the fo rma t io~~  of N-containing products, 
other than HCN, in these reactions, since the total content of K a t o ~ n s  in the form of 
NH3 or (CN)2 recovered from the hydrocarbon reactions, under conditions of maximum 
HCN production, is less than 4y0 of that recovered as HCN." 

Similarly, it seems unlikely that the discrepancy between the NO and HCN estimates 
of atomic nitrogen concentration is due to catalyzed recombination of N atoms on the 
parent hydrocarbon, after initial formation of a complex of relatively long life (20), 

since the NO/HCN ratio would then be temperature dependent, and possibly also 
dependent on the N-atom concentration (13). No dependence of the ratio on temperature 
was observed in a cylindrical reaction vessel (Table I ) ,  while, in the u~lpoisoned system 
of apparatus (11), the ratio increased (Fig. 3B) with decreasing N-atom conce~~trations 
after longer decay times of the active nitrogen. 

Again, the suggestion of Zinman (11) that the formation of a conlplex of a substantial 
lifetime might explain the pressure dependence (9) of the NO/HCN ratio also appears 
untenable. In modified form, his scheme may be represented by 

M 
[N.RII]';- [N.RH] + $N? + RH. Pk I 

Reaction [3'] is necessarj7 since the reaction of N atoms with free radicals, which may 
conserve spin, is probably faster (21) than the N-atom reaction with the parent hydro- 
carbon. If it is assumed that  the NO titration measures the N-atom concentration, this 
mechanism gives 

[NO consunled] - - [N] nk3+k4[i\/I] 
[HCN produced] [HCN] - nka 

5Tl1e yield of NH3 f rol t~  tlze C:Hc, re(~ctiotz i?~ the rtnlzeated sphericul rec~ction vessel (Tab le  1 1 )  w a s  a considerable 
fraction of the sligllt HCX yield. Ilotoeser, there i s  considerable evidei~ce,  a s  wi l l  be discztssed i?z a later paper, 
tlzat tlzis reactiotz involves excited nitrogen t~zoleczlles at l ow  reaction to~zperc~ t z~ ie s .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



WRIGI-IT ET AL.: REACTIVE SPECIES 1091 

where n = number of carbon atonis in the hydrocarbon. 011 this basis, the NO/HCN 
ratio sl~ould depend on the molecular weight of the hydrocarbon, which is not borne out  
by the experi~ileiits described in Table I .  Furthermore, experi~iients in apparatus (11) 
indicated that the NO/HCN ratio increased with time of decay of the active nitrogen in 
the unpoisoned system. Since the ratios involved plateau values for HCN procluction a t  
the various levels for constant pressure conditions, an explailatio~l for the discrepancy 
represented by the NO/HCN ratio iiiust i~ivolve more than its pressure dependence. 

Finally, it sl~oulcl be emphasized, perhaps, that  a discrepancy, similar to that given by 
the NO/HCN ratio, has been observed when the active nitrogen concentration, estiillatecl 
by the NO titration, was compared witli the extent of reaction of active nitrogen witli 
NO2 (9) and, more recently, by the extent of its reactioii witli 0 2 ,  as given b) the pro- 
duction of 0 atoms (22).G Ainong the widely different chemical methods studied, therefore, 
the NO reaction, whether followed by gas phase titration or by analytical methods, 
appears to be unique in indicating an exceptionally high atomic nitrogen concentration. 

The observation that the NO/HCN ratio does not have a fixed value, eve11 a t  a given 
pressure, but depends on the time of decay of the active nitrogen, suggests (since the 
HCN data are based on plateau values) that the extent of the NO reaction does not vary 
directly with the N-atom conceritration, but iilvolves excited molecules derived from 
atom recombination or directly from the discharge tube. This is suggested also by the 
similarity in the plots of XH3/HCiX and NO/HCN against HCN yield for the poisoned 
and unpoisoned systems (Fig. 3), since the KHB reaction is l<nown to involve escited 
molecules. Again, the similarities ill slopes of the NH3/N0  plots against NO (Fig. 4), 
for both the poisoned and unpoisoned systems, and in the extrapolation of the lines to a 
similar low value, strongly suggest that both reactions occur, a t  least in part, with species 
produced by a similar mechanism. 

Since the NO/HCN ratio may increase with time of decay of the active nitrogen, it is 
not lilcely that NO reacts with sonie species of long life, other than N atoms, that may 
be produced ill a particular type of discharge. NIoreover, most of the escited species that 
might be produced during the excitation process are lcnown to be of short life (2, 23), and 
can be expected to decay rapidly with time. If an excited molecular species is responsible 
for part of the NO reaction, it is probably formed during the recombination of N("S) 
atoms. The decrease in the NO/HCN ratio with decay of the active nitrogen in the 
poisoned system may then be explained if  the disappearance of N atoms in this system, 
which occurs a t  about twice the rate of the homogeneous recombination, is considerably 
slower than that of any N2" which migl~t  have beell produced, mostly upstrear11 in the 
region of relatively high N-atom concentratioi~.~ The same seeins also to be true for the 
N2"' that reacts with NH3 in a poisoned system, since it  appears, froin the extrapolation 
in Fig. 2, that the decomposition of NH3 falls to zero a t  rather high values of the N-atom 
concentration in such a system. I11 contrast, in the unpoisoned system, the extrapolated 
value for KH3 destruction a t  zero HCN production suggests a considerable concentration 
of N 2 :,: in this system, even under conditions where the N-atorn concentration has fallen 

to a low value. The small lirniting extent of NH3  destruction suggests further that N2" 
is produced during the relatively s111all l~omogeneous part of the overall decay of T\J atoms 
in the unpoisoned system. 

GIt  ~rrigllt be noted, Aowezlei., tlzc~t tlre a7zalysis of 0-at on^. co7zcenlralio7t i n  this reaction by tlre NO? tityation 
recently i?tdi!:ated a N-atonr co7rcelztrntio7z sintilar to  tlzat inferred fronr the NO titrcrtio71 (13). 

'Tlvis e.vpla~tation sziggests tlzat a systelll. poisoned zoitlz nletaphosplroric acid (9 )  rorrespowds ,170i.e closely 
w i th  ( ~ 1 1  unpoiso?~ed xystenl tJra7r w i th  a systeltr poisoned wit11 HyO vapor. For 0 atonrs, at least, snlall a n ~ o l ~ ~ r t s  of 
water anpoi lzare beex slrown ($4) to  be a n ~ o s t  qffectioe poisox agai7rst szrrface recon~bilzation. 
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The difference in slopes and intercepts (Fig. 3A) when the NH3/HCN ratios are plotted 
against HCN, for the poisoned and unpoisoned systems, lnay also be explained if the 
N~'Vesponsible for NH3 decomposition is formed by homo~eneous recombination and 
persists in significant concentrations, i l l  the unpoisoned system, into the regions where 
the N-atom concentration has fallen to low values. The much higher extrapolated value 
of 2.6 for the plot of NO/HCN against HCN (Fig. 3B) in the u~lpoisoned system suggests 
that some N?": capable of NO destruction nlay be formed by wall decay of N atoms. 'The 
correspondi~lg extrapolated value of 1.1 in the poisoned system indicates that the concen- 
tration of N," respoilsible for NO destruction beco~lles negligible when the N-atom concen- 
tration has decreased to a very low value in this system. 

In view of the preceding discussion, i t  seerns reasonable to conclude that NO is destroyed 
not only by N atoms, but also by an excited molecular species of considerable lifetime 
produced by both homogeneous and surface decay of N atoms. The destruction of NH3, 
on the other hand, appears to be due only to an excited lnolecule produced during homo- 
geneous decay. 

Nat2~re of t kc  Excited -1Jolecular Species that might React with N O  
A vibrationally excited, ground-state nitrogen molecule nlight contain sufficient energy 

to cause dissociation of NO during a collision process, and, a t  least in the lower vibrational 
levels, would be expected to be of long life (23, 25, 26). Quite high vibrational levels of 
the ground state may be populated directly by homoge~leous recombination of N atoms, 
as pointed out by Polanyi (27) for atomic association reactions of this type. T o  contain 
sufficient energy to  cause dissociation of NO after a collision of the Second ICind, the 
molecule would have to be in a t  least the 27th vibrational level (9). There is some experi- 
mental evidence (28) for the presence, in active nitrogen, of Nn(XIZ,+) in vibrational levels 
as high as the 27t11, but they would presumably be cleactivated readily by collision 
processes because of their small vibrational level spacing. I t  is improbable, therefore, that  
such molecules ~voulcl be present in sufficient concentration to account for the NO/HCN 
ratios. 

Another possibility is that such inolecules are prodllced in the excitation process. 
Icaufman and Iielso (25) found that the addition of N 2 0  or C 0 2  removed energy fro111 
certain species, probably ground-state lllolecules in low vibrational levels, in active 
nitrogen emanating from a microwave discharge. I11 the present studies, the addition of 
either gas to discharged nitrogen made little difference to the NO/HCN ratio (Table 111). 
Moreover, there was negligible temperature increase when these gases were introduced 
into active nitrogen formed in a condensed discharge, compared with that observed (25) 
in active nitrogen from a microwave discharge. This suggests that microwave excitation 
may be more effective than a condensed discharge i l l  producing excited ground-state 
inolecules of low-energy content, and that,  i f  NO reacts with excited nitrogen molecules, 
as well as atoms, the N2'" are certainly of higher energy than those removed by collision 
with NrO or COr. 

Productioil of vibrationally excited, ground-state molecules might be expected to be 
favored, through spin coupling (29) with the paramagnetic NO molecule, in the reaction 

in a inanner allalogous to that fouild for other reactions of atoms with inolecules (e.g. 
ref. 30). In fact, there is evidence that this reaction does produce nitrogen in low-lying 
levels of the ground state (25). However, it is exothermic only to the extent of about 75 
kcal, and the lnaxirnum energy that might be expected to reinain as vibrational energy 
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IVRIGIIT ET AL.: REACTIVE SPECIES 1093 

in the newly formed bond would be between about 53 lccal, corresponding to v = 8 (31), 
and 7 3  lccal, corresponding to v = 12 (27). Hence, although reaction [6] occurs a t  allnost 
the bimolecular collisioil rate (12, 32), and would provide vibrationally excited illolecules 
almost immediately after the introduction of NO, such illolecules could not directly 
decompose KO. 

0 1 1  the other hand, N2(AYZ,+), in the first or second vibrational levels, would have 
sufficient energy to deconlpose NO in a collision of the Second Kind. Such a molecule 
may be formed directly by reco~nbinatioil of N atoms, or by a cascade process after the 
N atoms reco~ubine into a higher state. Since its transitioll to the ground state, the only 
lower-energy state available, involves a change in spin (the forbidden Vegnrcl-I<aplan 
bands), it has a relatively long radiative lifetinle, recently estimated (33) to be between 
0.2-1 and 50 second. I t  has also been shown (23) that,  a l t h o ~ ~ g h  vibrational levels of the 
21 state higher than v = 1 lose their energy in a nu~nber of collisions much less than los, 
the v = 1 level can survive 10Qollisions. Moreover, there is the possibility of a resonance 
energy transfer between low vibrational levels of the --1-state nlolecule and S O ,  as pointed 
out previously (9). For tliese several reasons, it is suggested that NO  night be cleco~llposed 
in the follorving process, which inay coilserve spin: 

I t  should be noted that,  although the A-state molecule has recently been observed in  
absorption (34, 35), no direct eviclence is available that its co~lcentratioil in active nitrogen 
is sufficient to account for tlie NO/HCN discrepancy. There is little question, however, 
that its concentration is much greater than tliat of the B-state ii~olecule, or other triplet- 
state molec~~les such as the precursor of the 'Y' bands in active nitrogen (36, s$), tile 
YJZ,,- (perhaps better referred to as the Uf3Z,,- (38, 30)) state, or of the Uu state, all of 
which probably have very short lifetimes (33, 8). Process [i] is therefore iavored over 
tlie analogous process, for wliich evidence has been obtainecl by Heath (40), 

Heath observed tliat the active nitrogen afterglow, especially  rans sit ions froill v = 5 ,  6 ,  
and 7 levels of the B state, was wea1;ened a t  higher pressures (10 to 760 111111) in the 
presence of KO. He suggested, therefore, a resonance energy transfer in process [S], 
\vliich conserves spin and may lead to the dissociatio~l of NO, to explain the disappearance 
of the First Positive group in high-pressure air discharges. The "2- st:lte for NO correlates 
with the dissociation liinit (41, 42) for NO into N ( 5 )  + O('D). 

T h e  Li1etim.e~ of the Excited il.lolec~iles Involved i??. the iVO and  NH3 Reactions 
The plateau values for NO and NH3 destruction, after different times of decay of the 

active nitrogen, permit calculation of lifetimes for the excited molecular species that 
appear to be involved in these reactions, provided the rate constant of surface decay of 
the N atoms is known for the given experimental conditions. This was obtained, for the 
present stud)., from the equation 

where kl[N] represents the rate of heterogeneous decay, and k 2 [ N ] T  represents the rate 
of homogeneous decay of N atoms. The value of k2 nlay be taken to be 3X10-33 cc2 
molecule-? sec-l (43, 44).8 Values of [N] were inferred from inaximum HCN yields in the 

8 T l ~ i s  ~ e l t l e  w a s  bused o n  a N-atonz cont:entretio?z deduced f rom H C N  prodi~ct ion fio71z C2H.i or C:He a t  l z i t l~  
 eart ti on tenzpeiattrres, e n d  conseqtrenbly rozrld be too h igh  if r~alzies of [S]  so obtained mere too low. 
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C2H4 reaction a t  various levels, and values of d[N]/dt were obtained as slopes of the 
straight-line plots of HCN production against decay time of the active nitrogen a t  the 
0-, 15-, and 30-cm levels (-  1.57 X 10l6 and - 1 .OO X 10IG lnolecules cc-I sec-I respectively 
in the poisoned and uiipoisoned systems). The followirlg reasonable values of kl (sec-l) 
were obtained :" 

1-evel, cm Poisoned system Unpoisoned systcm 

The rate of decay of the iVz*  species, assumed capable of causing the decomposition of 
NO in reaction [7], may be represented by 

d[N2'"]/dt = +ak2[Nl2P+ $bkl[N] -k3[N2'"], 

fro111 which, 

The first tern1 011 the right-hand side of equation [lo] represents the rate of production 
of N2* by homogeneous recombination, the second term its rate of possible production 
by heterogeneous recoinbination, and the last term its decay. The coilcentration of 
molecular nitrogen is approximated by the total pressure, P, il l  the system. Equation 
[ l l ]  is derived by arbitrarily taliing the values of the coilstants a and b to be unity. This 
is a reasonable value for a i f ,  for example, N2' represents the -4 state of nitrogen, since 
this state may be populated directly during the volume decay of N atoms, as  well as 
from the end result of light emission in the First Positive system. Although the value of 
b is inuch inore uncertain, the recent worli of Hartecli, Reeves, and Manilella (4, 48) 
supports the possibility that an excited molecular species inay be formed during surface 
recombination. 

Values of d 111 [N?*]/dt were obtained from plots of 111 +(NO-HCN) against time, oil 
the assumption that [N?"] = +(NO,,,ctcd-HCNproduced). Values of kl, k2, and [N] were 
talreil as outlined previously, and the following values for k3 were obtained: 

k3 = 7.9 sec-l, poisoned system a t  0-cm level; 
= 9.7 sec-l, poisoned system a t  15-cm level; 
= 8.3 sec-l, unpoisoned systein a t  15-cm level. 

Accordingly, the excited state of Nz, assumed capable of reacting with NO, is calculated 
to have a half-life, assuming its decay to be a first-order process, of about 8.4X lo-? second. 
This value is somewhat higher than the n~inimum lifetiine of lo-? second observed by 
Lichtin (49) and the value of 2.6X10-? second recently observed by Wilkinsoil and 
Mullilren (SO), bu t  less than the value of 0.15 secoild inferred by Carleton (34), for the 
v = 0 level of the N2(A3Z,,+) molecule. (The -4 state contains 142 lical/mole of excess 
energy and low-lying vibrational levels of this electronic state ivould contain sufficient 
energy, 150 kcal/mole, to cause reaction 171.) 

gIf ualzres for k l  are siilzilarly ca1:zrlated fronz tlzc NO data, i t  i s  fozrrzd that tlze vallle for the z~lzpoisolzed system 
(2.1 sec-') agrees well witlz that (2.6 see-') pieuiozlsly reported (45) for sc~clz a systenz, bz~ t  a larser, not a slrzaller, 
value is obtairzed for tlzc poisolzed systeni.. I f  the larger valz~e of k:! obtained by  other inoestigators (46, 47) fronz 
the KO titratiolz are sz~bstituted into eqz~c~tio17. [O] ,  along with tlze firesent N O  data, tlze arzornaly i s  accentz~ated. 
T h i s  szrggests tlzat the N-at on^ co~zre~ztratiorzs i ~ ~ f e r r c d  froln the NO titiation are too lzigh. 
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The extents of NH3 destruction a t  different levels enable a similar calculation of the 
rate constant, k4, for the decay of the Nz'" species capable of destroying NH3. However, 
recent measurements (18) on the rate of the active nitrogen - NHB reaction have give11 
further indication that the Nz' respo~lsible for the NH3 reaction is formed only during 
l~omogeneous decay of N atoms, in which case b = 0 in equations [I01 or [I l l .  The values 
obtained for k4 (sec-I) are then: 

-- -- 

12evel, cm Poisoned system U~lpoisoned system 

The average value in the poisoned system of 10.1 sec-I indicates a half-life for the N2* 
species of 6.9 X lo-? second. 

I t  is interesting, perhaps, that there is a definite trend towards higher values of the 
ratio of Ns* respoilsible for NO destruction, given by $(NO-HCN), to N2* responsible 
for NH3 reaction, given by the extent of NH3 destruction, a t  greater tiines of decay of the 
active nitrogen in the unpoisoiled system: 

Level, cm Poiso~led system Unpoisoned system --- 
0 2 .24  2 .53  

15 2.35 3.15 
30 2.32 3 .24  
45 2.23 3.58 

This gives further evidence that NO may react with a Nz" species produced a t  the wall 
as well as in volume decay of N atoms. 

The Be/zavior of Reactio?zs in the Presence of NHB, NzO, and COs 
Herron et al. (14) have observed that the addition of NH3 to active nitrogen produced 

by a n~icrowave discharge, in which the destruction of NH3 was immeasurably small, 
did not affect the value of the NO titration. The sigilificant increase in the NO titration, 
observed in the present studies, when NHa was added to the unpoisoned system, may be 
attributed to a slower decay of N atoms in the presence of the polar NH3 molecule, which 
lnay serve as a poison against the wall recomlsination of N atoms. Consequently, if NO 
reacts with NZ*, it would seen1 that the N?" involved is different from that responsible 
for the decomposition of NH3, or, that  the products of the NH, decoiupositioil react 
rapidly with NO. The latter alternative is quite possible, since Bamford has shown (51) 
that NO rapidly scavenges NH1 radicals, even a t  room temperature, according to 

Moreover, the reaction 
NH?  f NO -+ N? f H2O 

occurs (52) during the photolysis of NH3 in the presence of NO, and in NH3 flames (53), 
together, perhaps, with the reaction 

NH f i Y O - + N ? + O H .  [I31 

Since the addition of NH3 upstream from CzH4 did not decrease the extent of HCN 
productioil (Table IV), the reaction of NH3 with active nitrogen apparently does not 
consume N atoms. The slight increase in HCN production in the poisoned system is 
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difficult to explain, bu t  might be due to additional wall poisoiling by NH3. The greater 
increase, proportion at el!^, in HCN procluction in the unpoisoned system is al~liost 
certainl). clue to the efficient wall poisoning by small arnounts of NH3 in this system. 
The increased temperature of thc C2H4 reaction, in both systems, in tlie presence of added 
NH3, ma)r then be esplained by more extensive reaction in thc presence of the higher 
I$-atom concentration promotecl by the poisoni~lg effect of NH:,. The poisoning effect of 
NH3 might also account for tlie visual increase in tlie aftergloxv intensity dozw?~streccnz 
wheil small amounts of NI33 xverc added upstream in the unpoisoned system. A decrease 
in light intensity in the region where a low flow rate of N H j  is added, accompanied by 
an increase a t  points further downstrekm in the unpoisoned system, has recently been 
confirmed quantitatively by measurements (54) with a photomultiplier tube. Since tlie 
total destruction of NH3  was not affected by addition of small amounts of NH3  upstream 
in the unpoisoned system, the slower decay of N atoms, clue to S H 3  absorption on the 
lvalls, appears to compcnsate for any loss of Ns:" effective for the NH3 reaction resulting 
from a low NH3 concentration in the region betxvec11 tlie fixed and mobile jets. 

The small increase i l l  I-ICN production from C?H.&, and in thc extent of NO clecom- 
position, in tlie prcsencc ol SZO or COz (Table I I I ) ,  miglit also be attributed to poisoning 
of the xvalls against atom recombination by these niolecules in thc unpoisoned system of 
apparatus (I). This \\.all effect might also provide an  explanation for the enhanced after- 
gloxv intensity obsei-ved down st re an^ by I<aufman and I<elso (25) \\rI~eil NsO uras added 
upstream. These authors attributed the higher N-atom concentration clo\\~nstream to a 
decreased rate of lion~ogcneous recombination of N atoms in the region of higher tenipera- 
ture produced upstream by the al~sorption of energ)- by X 2 0  from excited nitrogen mole- 
cules of relatively low energ). content. However, the rate of hon~ogeneous recombinatio11 
of N atoins has a small temperature dependence (IS), and, although the temperature 
coefficient of this association reaction has generally been coilsidered to liave a negative 
value (55), there liave been soinc indications (43, 44) that  it may even have a small 
positive value. 

Since no NH3  clecoti~position was observed when C2I-I.& was added upstream, i t  is 
apparent tha t  C2H1 may remove the N2" respo~lsible for the N H 3  reaction. This is not 
surprising, in vie\v of tlie many degrees of freedo~ll of the ethylene molecule. Hoxvever, 
although an excited C2FIzI molecule formed during a collision of the Second Kind with 
N2:5might suffer some decomposition, such fragments would cons~ume N atoms (I) before 
producing HCN.  In the opinion of the authors, the direct for~llation of HCN from hydro- 
carbons through chemical reaction with N?" is considerably less probable than the 
decomposition of NO induced by N2'k. 
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A PROTECTED ANGIOTENSIN I1 
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ABSTRACT 

The preparation of an  octapeptidc, carbobenzosy-(8-benzyl ester)-L-aspartyl-nitro-~-arginyl- 
~-valyl-~-tyrosyl-~-isoleucyl-(im)benzyl-~-histidyl-~-prolyl-~-phenylalanine methyl ester, a 
derivative of angioteusin 11, is described. 

We would like to report the synthesis of a protected ailgiote~lsi~l 11, carbobenzoxy- 
(p-benzyl ester)-~-aspartyl-nitro-~-arginyl-~-valyl-~-tyrosl-~-isoleucl-(im)benz~l-~-his- 
tidyl-~-proly1-~-phenylalanine methyl ester (VIII). The octapeptide was built up  one 

Asp Arg Val Tyr  Ileu 1-1 is Pro Phe 

Z ~ O H  H OCH, (I)  
Bz ( .HBr) 

2 '  OCH, 
Bz 

z-OH I-1 I OCH3 (11) 
Bz ( .2HBr) 

Z- I -- OCM, 
2 B z 

I 2-OH H- I OCH, 
Z Bz 

2 '  I -- OCM, (111) 
Bz 

Z-OH H I OCH, 
Bz 

Z 1 0 C H 3  (IV) 

Bz 

H I OCH, (V). 

NO? (.2HBr) Bz 
I Z-OH 1-1 I OCH: (VI) 
NO? Bz 

2 '  --- 1 - OCH, (VII)  

ORz NO? Bz 
I 2-OH H I I OCH, 

OBz NO? Bz 

Z I I I OCHa (\:111) 

0 

Canadian Journal ot C l l e~n i s t r~ .  \7olume 40 (1962) 
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unit a t  a time beginning froin the C-terminal end in order to i ~ ~ i n i n ~ i z e  racemization (1). 
The ready purification of the intermediates and the final product indicated the absence 
of anj7 substantial quantity of diastereomers. At each stage dic~~clol~exylcarbodiimide (2) 
was used to effect coupling. The synthesis was not carried through to angiotensin I1 
itself as this inaterial has already been reported (3, 4, 5) and also because our choice of 
protecting groups proved not to  be especially felicitous fro111 the standpoint of ready 
removal. ~ h u s ,  we had expected to be able to debenzylate the imidazole ring of histidine 
by hydrogenation and, in fact, the reaction has been recently reported (6). In our hands, 
however, hydrogenolysis was erratic and unpredictable and usually stopped after partial 
debenzylation. Renloval with sodium in liquid all~inonia is undesirable as the powerful 
reducing systelu seems to  cause side reactions with complex peptides (7, 8). 

I t  might be anticipated that the C-terininal methyl ester would be difficult to remove 
without rearrangement in the presence of N-terminal aspartic acid. a-Aspartyl peptides 
in the presence of either strong acid or base gave mixtures containing varying aniounts 
of p-aspartyl peptides,' presumably througl~ a succinimide intermediate. This difficulty 
has been largely overcome recently by the introduction of the p-nitrobenzyl ester (10, 
11, 12), which is reasonably stable to hydrogen bromide in acetic acid and can be removed 
by catalytic hydrogenation. 

The structure of our angiotensin I1 derives from the method of synthesis and was 
confirmed by total hydrolysis of the product. 

EXPERIMENTAL 

We \vould like to thank R. T .  Dillon and associates for analyses, rotations, and spectra. The rotations 
were carried out a t  2 5 f  2 O  C. We are especially grateful to S. Eich and D. h,Ialik for determination of the 
amino acid ratios. Certain pepticle derivatives seemed to hold solvent tenaciously. The analytical samples 
were dried initially overnight a t  room temperature and approximately 100 mm pressure. When water of 
crystallization was indicated, the analysis was repeated after drying 4 hours a t  100' under high vacuum. 

L-prolyl-L-plre,i.ylalanilre Methyl Ester I-Iydrobro~iaide ( I )  
L-Phenylalanine methyl ester hyclrochloride (13) (54.0 g, 0.25 mole) and carbobenzosy-L-proline (1-1) 

(61.5 g, 0.247 mole) were suspended in GO0 ml methylcne chloride, and 35.0 ml (0.25 mole) triethylamine 
was aclded. The clear solution was stirred in an  ice bath and 53.5 g (0.26 mole) dicyclohesylcarbodiimide 
in 200 ml methylene chloride added. The mixture was allowcd to stand overnight a t  5'. The dicycloliexylurea 
was removed by filtration and the methylene chloride washed s~rccessively with 1 iV hyclrocliloric acid, 
10yG sodium sulphate, and 1 iV potassium bicarbonate. The organic phase was dried over sod i~~rn  sulphate 
and concentrated to give 109 g of a viscous l i q ~ ~ i d .  

The crude product was dissolved in 400 ml 2 iV hydrobromic acid in acetic acicl and allo\ved to stand 14 
hours a t  room temperature. The solution was concentrated to a small volume a t  4 j0  and the ester hydro- 
bromide precipitatecl with ether. Purification was effected by dissolving the ester hydrobroniicle in 75 rnl 
methanol and 750 ml ethyl acetate and concentrating until crystallization began. L-Prolyl-L-phenylalani~~e 
methyl ester hydrobromide was obtained as  rect:uigular prisms, 57.7 g (GGyG), m.p. 171-l'i';Zo, [ cY]D?~  -36O 
(c  2, water) (lit. (6), m.p. 169.5-1i0.5", [CY]D'":~~" (c  2, water)). 

Anal. Calc. for CljH?IBrNzOs: N, 7.84; Br, 22.37. 1;o~uicl: N, 7.84; Br, 22.26. 

( I ~ ~ ? , 1 . ) B e ~ z e ~ l - ~ - h i s t ~ i d y l - ~ - ~ o l ~ l - ~ - l z e ~ 1 . a 1 i . i r e  JTetlzyl Ester Dihydrobronride ( I I )  
Carbobenzoxy-(in1)benzyl-L-histidine (15, 16, 17) (31.0 g, 0.0815 mole) was dissolved in 100 ml dimethyl- 

forrnan~ide containing ll.G ml (0.083 mole) triethylamine ancl the solution diluted with 300 ml ~nethylene 
chloride. Finely powdered I (29.4 g, 0.082 mole) was added, followecl by 17.3 g (0.08-4 mole) clicycloliesyl- 
carbodiiniide in 100 1111 methylene chloride. The mixture was stirred in an ice bath for 1 hour and allo\ved 
to stand overnight a t  5". After removal of the clicyclohesylurea by filtration, the methylcne chloride \vas 
washed successively with 1 N hydrochloric acid, 107G sodiu~n sulphatc, ancl 1 iV potassi~un bicarbonate, 
dried over sodiurn sulphate, and the solvcnts clistillecl under vacuum. 

The residual oil was dissolved in 300 ml 2 iV hpdrobrornic acid in acetic acid and allowed to stand 1 hour 
a t  room temperature. The solution was concentrated nearly to dryness a t  45" and the residue slurried with 
ethyl acetate to  yield 48.9 g (90.5YG) tripepticle, m.p. 211-214". Crystallization from methanol - ethyl 

*For a rece~zt reoiew oj the problet~ts associated zilith the sy~ztlzesisof aspaltyl and glzltanzyl peplides,see refere,rce 9. 
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acetate gave (im)benzyl-L-histidyl-L-prolyl-L-phenylain methyl ester dihydrobronlide as long silky 
needles, m.p. 217-219"; [ f f ] ~ ' ~  +26" (c 1, methanol), +2S0 (c 1, water) (lit. (6), m.p. 199-201°, [ a ] ~ ~ ~  
-23" (c 3, water)). 

Anal. Calc. for C?3H?~Br?N.i03: N, 9.86; Br, 28.12. Found: N, 10.22; Br, 27.98. 

0,iV-Dica~bobe~~~o.~y-~-tyiosyl-~-isolez~cyl-(in~)benzyl-~-histidyl-~-pi.olyl-~-phenylala~zi~ze ~Vetlzyl Ester (111) 
Compound I1 (53.2 g,  0.080 mole) was clissolved in 100 ml water, layered with 250 1n1 ethyl acetate, and 

8.9 g (0.16 mole) potassiun~ hydroside in 15 ml water added, follo~ved by 500 ml cold 50% potassium carbo- 
nate. The misture was shaken vigorously, the ethyl acetate layer separated, the aqueous layer extracted 
with 100 ml ethyl acetate, and the co~nbined estracts dried over sodiun~ sulphate and concentrated. The 
total cr i~de ester in 300 ml methylene chloride \\-as addcd to 20.9 g (0.079 mole) carbobenzosy-L-isoleucine 
(3) in 150 ml methylene chloride. The solution mas stirred in an ice bath and 17.1 g (0.083 mole) dicyclohexyl- 
carbodiimide in 100 ml nlethylene chloride added. The mixture was allowed to stand overnight a t  5'. The 
usual work-up >.ielded 55.0 g (937c) carbobenzosy-~-isole~~cyl-(im)benzyl-~-histidyl-~-prolyl-~-~l~en~l- 
alanine methyl ester, a glass-like material. 

The above crude protected tetrapeptide (15.02 g, 0.02 mole) in SO ml 2 iVhyclrogen bromide in acetic acid 
was allo~ved to stand 13 hours a t  room temperature and the solution co~lcentrated to dryness a t  45". The 
residue was dissolved in 15 rnl water and the solutio~l extracted with ether to remove benzyl bromide. The  
aqueous layer was neutralized with 2 equivalents of ~ 1 0 7 ~  potassiuln hydroxide, basified with 200 rnl 50% 
potassium carbonate, and the crude ester cxtractcd into ethyl acetate. The cthyl acetate mas dried over 
sodium sulphate and distilled to  yield 12.40 g (100%) ~-isoleucyl-(in~)benzyl-~-l~istidyl-~-prolyl-~-phen~l- 
alanine methyl ester, a glass-like material. 

The above crucle ester (0.02 mole) and 11.20 g (0.025 mole) 0 ,N-d ica rbobcnzosy -~ - t~os ine  (18, 19) in 
150 ml ~nethylene chloride were stirred in  an ice bath and treated with 5.15 g (0.025 mole) dicyclohexyl- 
carbocliimide in 50 rnl ~nethylenc chloride. The mixture was allowed to stand overnight a t  5" and, on worliing 
up as  usual, gave 30.0 g of an  oily residue. 'The total material lvas purified by countercurrc~lt distribution in 
methanol - water - chloroform - carbon tetrachloride 37:10:26:27, 40 1n1 phases, 136 transfers. The peaks 
were located by ultraviolet absorption a t  278 mp. The main product had a partition coefficient I< = 0.09. A 
by-product with I< = 0.37 was also present. From tubes 3-25 was isolated 15.2 g (i2yo) ol amorphous 
O,N-dicarbobenzosy-~-t~osyl-~-isoleucyl-(im)benzyl-~-histidyl-~-prolyl-~-pl~e~ylalanie methyl ester, sin- 
ter from 90°, liquefy 146-151". Crystallization from methanol gave circular plates, lose shape 89-90", liquefy 
above 160°, [ f f ]~ '"  -43" (c 1, methanol). 

Anal. Calc. for Cj~HcjNiOll:  C, 67.60; H, 6.25; K, 9.36. Calc. for CGSHG~N;O~~. I - I ?O:  C, 66.46; I-I, 6.33; 
N, 9.20. Found: C, 66.57; H ,  6.53; N, 9.05. After drying a t  100°, found: C, 66.91; H ,  6.18. 

Carbobenzory-~-i~alg~-~-t~~rosyl-~-iso~cz~cy-(ii)be?~z~~1-~-Ir~~tidyl-~-fir0ly~-~-pI~e?~y~alaniNe JCet11,yl Estei. ( I V )  
Compound I11 (21.0 g, 0.02 mole) in 150 ml 2 N hydrogen bromide in acetic acid was allowed to stand 

14 hours a t  room temperature. The solution was concentrated to clryness a t  G o ,  the residue dissolved in 
150 ml 337; ;,methanol, benzyl bromide removed by ether extraction, and the aqueous layer treated with 
50 ml each of saturated potassium bicarbonate and saturated potassii~nl carbonate. The basic ester was 
talcen up in ethyl acetate, the ethyl acetate driecl over sodium sulphate and clistilled to yielcl 15.6 g (100%) 
~-tyrosyl-~-isole~~cyl-(i~n)benzyl-~-listidyl-~-prolyl-~-ple~ylalani~e nlethyl ester, a glass-like material. 

Total crude base (0.02 mole) and 5.78 g (0.023 mole) carbobenzoxy-~-vali~~e (14) in 100 ml ~nethylene 
chloride were stirred in an ice bath and 4.75 g (0.023 g) dicyclohexylcarbodiiinide in 50 nll methylene chloride 
was added. The mixture was allo\ved to stand oxwnight a t  5'. The ilsual ~vorlc-up yielded 18.8 g of a glass 
which ~ v a s  purified by countercurrent distribution in methanol - water - chlorofornl - carbon tetrachloride 
37:10:26:27, 40 ml phases, 250 transfers. 'The peaks were located by ultraviolet absorption a t  278 mp. 
Two materials (Kl = 0.16 and I<? = 0.50) proved to be present. The desired product was the one tvith the 
lower partition coefficient, and from tubes 20-55 was obtained 13.4 g (66Y0) of carbobenzoxy-L-valyl-L- 
tyrosyl-~-isoleucyl-(im)benzyl-~-histidyl-~-prolyl-~-phenylalani~e methyl ester as  a white powder, m.p. 
188-191'. Crystallization from methanol - ethyl acetate by concentration to the cloud point gave circular 
plates, n1.p. 192-194", [ f f ] ~ ' ~  -66" (c 1, methanol), X~{;:,O" 252, 258, 264, 268, 278.5 mp, ~ ~ 7 s . j  1490. The  amino 
acid composition (except for (im)benzyl-histidine) was determined by Stein-i\/Ioore (20) analysis. Found: 
Val, 1.04; Tyr,  0.98; lieu, 1.03; Pro, 1.00; Phe, 1.10. 

Anal. Calc. for C56HGsN8010: C, 66.38; H, 6.77; N, 11.06. Calc. for C~GHGSN\T~O~O.H?O:  C, 65.22; H, 6.84; 
N, 10.87. Found: C, 65.08; H ,  6.58; N, 10.61. After drying a t  100°, found: C, 66.06; H, 6.80. 

Carbob~~zzosy-~-z~alyl-~-tyro~y1-~-i~ol~z~cy1-(~ir)benzyl-~-lzistidyl-~-prolyl-~-plze~zylala~zi~ze 
Compound IV (5.15 g, 0.005 mole) in -15 ml methanol was cooled in an  ice bath and 5.0 ml 4 N lithitun 

hydroxide added. 'The solution was allowed to stand 3 hour a t  room temperature and treated with an  amount 
of ca. 4 iVhydrochloric acid esactly equivalent to the allcali present. The mixture was diluted with 50 n ~ l  
water, the product filtered, washed with water, and dried to yield 5.05 g (98Yo) of the carbobenzoxy-hexa- 
peptide acid, n1.p. 171-174". Crystallization from methanol - ethyl acetate by concentration to the cloud 
point gave a white povvder, m.p. 176-179", [ f f ] ~ ' ~  -50" (c 1, methanol). 

Anal. Calc. for c j j H ~ ~ N 8 0 1 0 :  C, 66.11; H, 6.66; N, 11.22. Calc. for CjjI-IGGNsOlo.Ii?O: C, 64.94; H, 6.74; 
N, 11.02. Found: C, 64.32; H ,  6.72; N, 11.19. After drying a t  100°, found: C, 64.72; H,  6.54. 
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L- ValyL-~-tyi0~yl-~-i~0le~~~1-(i~1z)be~z~~l-~-lzi~tidyl-~-prolyl-~-phetzylala~i1e iMetl~yl Ester Dil~ydrobroinide ( V )  
C o m p o ~ ~ n d  IV (1.03 g, 0.001 mole) in 10 ml 2 N hydrobro~nic acid in acetic acid was allowed to stand 

1 hour a t  room temperature and concentrated to dryness a t  50'. The residue was precipitated from methanol 
with ethyl acetate and gave the desired hesapeptide ester dihydrobromide as  a white powder, 0.79 g (76y0), 
m.p. 220-223". Crystallization from methanol - ethyl acetate by concentration to the cloud point raised 
the melting point to 224-225', [a]~': -20" ( L  1, methanol). 

Anal. Calc. for CtsHorBr&sOs: C, 55.36; HI 6.20; N, 10.77. Calc. for C1sfIGiBrrssOs.I-I?0: C, 54.44; 
H ,  6.25; K, 10.58. Found: C, 53.83; H, 6.24; N, 10.44. After drying a t  100°, found: C, 54.02: I-I, 5.08. 

~-Valyl-~-ly~o~yl-~-isolez~cyl-(iiii)be~zzyl-~-Aislidyl-~-P,.Olyl-~-pI2enylalati1ze ll/lethyl Ester ( V I )  
Crude dihydrobromide, obtained as  described above from 6.56 g cornpo~~nd IV, was dissolved in 25 rnl 

water and the solution washed with ethyl acetate. Addition of saturated potassiunl carbonate solution 
resulted in a precipitate, which was re~noved by filtration and washed thoroughly with water and ethyl 
acetate. The white poxvder proved to be hexapeptide ester, 3.45 g (GI%), m.p. 216-219", [a]o2G -52" ( c  1,  
methanol). 

Anal. Calc. for ClaHa?XsOs: C, 65.58; H ,  7 11; N, 12.75. Calc. for C4sH~LV80s.H?O: C, 61.26; H, 7.19; 
N, 12.49. Found: C, 63.85; I-I, 7.33; N, 12.50 lifter drying a t  100°, found: C, 65.06; H, 7.29. 

Ca~bobe~zzon.y-1zitro-~-~~igi~zyl-1~-~~a1y1-~-ty~o~~~l-~-i~olez~cyl-(i~in)benzyl-~-1zi~tidy1-~-pro1yl-~-plze1z~lala1~i1~e -iCethyl 
Ester (1'11) 

Compound VI (3.25 g, 0.0037 mole) and 2.12 g (0.006 mole) carbobenzoxynitro-~-nrgi11i11e (21) were 
dissolved in 17 1111 ditllethylfornlamide, the solution was cooled in an  ice bath, and 1.3G g (O.OOti6 mole) 
die,-clohesylcarbodiir~~ide was added with stirring. The mixture was allowed to stand overnight a t  5'. The  
dicyclohexyli~rea was filtered, washed with ~nethanol, and the combined Liltrates were diluted with a large 
volume of water. The resulting white solid was purified by countercurrent distribution in methanol -water - 
chloroforn~ -carbon tetrachloride 37:10:2G:27, 40 ml phases, 200 transfers. The pealis were located by 
~~l t raviole t  absorption a t  270 mp. The major product had K = 0.34 with an impurity a t  I i  = 0.02. Fractions 
24-82 yielded the desired protected heptapeptide, 4.43 g (98y0), m.p. 220-221'. Crystallization from 
methanol gave a granular solid, m.p. 224-225O, -6'7' (c 1, methanol), x$,BP" 270 I np, e 16,700. 

Anal. Calc. for C G ? H ~ ~ X I ~ O ~ ~ :  C, 61.32; fI ,  6.56; N, 15.00. Found: C, 60.80; 13, 6.80; S, 14.96. 

Dibenzyl-L-Aspaitate p-Tobz~enesulpho?zale 
L-Aspartic acid (13.3 g, 0.1 mole) and 20.9 g (0.11 mole) p-toluenes~~lphonic acid ~nonohydraie were 

dissolved in 108 g (1.0 mole) benzyl alcohol and the solution diluted \vith 200 1n1 carbon tetrachloride. The  
solution was heated overnight under retlus (continuous water separat:or). Dilution of the coolecl solution 
with 1 I. ether precipitated the dibenzyl ester toluenesulphonate as white needles, 47.5 g (0S%), lll.p. 156- 
158'. Crystallization froill 1 : l  isopropanol- ethyl acetate raisecl the melting point to  159-161°, [a]oZG -2" 
(c 1, methanol) (lit. ('22), m.p. 158-160'). 

Anal. Calc. for C ~ ~ H Z ~ N O ~ S :  C,  61.84; H ,  5.61; N, 2.80. Found: C, 61.58; 13, 5.52; N, 2.73. 

Dibellzyl Caibobenzosy-L-aspaitate 
Dibenzyl aspartate toluenesulphonate (4l.G g, 0.0858 mole) was suspended in 400 1111 chloroform, the 

mixture stirred in an ice bath and treated successively with 215 ml (50% excess) 1 dI potassium carbonate 
and 18.3 1111 (0.0945 illole) 4.9 M carbobenzoxy chloride in toluene. The mixture was stirred very vigorously 
for 2 hours a t  0'. The chloroform layer was washed with 1 N hydrochloric acicl and 10% sodium sulphate, 
dried over sodium sulphate, and the chloroform distilled. The residue was crystallized fro111 cyclohesane to 
yield, in two crops, 36.7 g (%yo) dibenzyl carbobenzosy-L-aspartate, m.p. 67-68.5" (lit. (23), 1n.p. 66.5"). 

p-Beneyl Carbobe~~zosy-1.-aspartate 
The procedure of Bryant et al. (24) was followed. Fro111 22.4 g (0.05 mole) diester was obtained 11.8 g 

(66yo) of the desired monoester, thicli needles from 1: l  benzene-cyclol~exa~ie, m.p. 107-109"; [a]D'G 0" 
(c 1, ~nethanol), +loo (c 1, acetic acid) (lit. ('24), m.p. 107-109"). 

Carbobenzosy-(0-benzyl esler)-~-aspartyl-wit~o-~-arginyl-~-ualyl-~-tyrosyl-~-isolez~cyl-(i~~~)be~zzyl-~-l~istidyl- 
L-prolyl-L-phenylalanine Methyl Ester ( V I I I )  

Heptapeptide VII (1.95 g ,  0.0016 mole) in 20 m12 N hydrobro~nic acid in acetic acid was allowed to stand 
1 hour a t  room temperature. The solution was concentrated a t  45' to about 10 ml and diluted with 200 ml 
dry ether. The resulting precipitate was isolated by filtration, redissolved in 10 tnl dry methanol, and pre- 
cipitated with 200 mi dry ether, yielding 2.24 g (slightly over theory) of a non-hygroscopic white powder, 
decornp. above 19j0, no m.p. 

The above product was suspended in 4 1111 dimethylformamide, and 0.50 ml triethylainine added and the 
rn ix t~~re  stirred until the peptide dissolved. The inixture was cooled in an  ice bath, the precipitate filtered 
and \vashecl with 4 ml cold dimethylformamide to yield 0.50 g (100yA) triethylamine hyclrobromide. 

The filtrate \\,as stirred in an  ice bath and treated successively with 0.71 g (0.002 mole) (3-beiizyl-carbo- 
benzoxy-I,-aspartate and 0.45 g (0.0022 mole) dicyclohexylcarbodiimide. The  mixture mas allowed to stand 
overnight a t  5', dicyclohexylurea removed by tiltration, and the filtrate diluted with water and extracted 
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with chloroform. The product which remained suspended in the aqueous dimethylforn~amide was filtered, 
11-ashed with ethyl acetate, and dried to yield 2.06 g of a white powder, m.p. 168-173'. Reprecipitatio~l from 
methanol -ethyl acetate yielded 0.87 g (39%) of the  protected octapeptide VIII,  111.p. 193-196'. Slow 
evaporation of a solution of this material from methanol - ethyl acetate gave circular plates, m.p. 206-208°, 
[0ID2' -65' (c  0.5, methanol), A:::'' 270 mp, E 17,700. 

Anal. Calc. for C73Hg0914016: C, 61.7G; H, G.39; N, 13.82. Found: C, G1.27; H ,  G.51; N, 13.82. 
A sample (5.0 rng) in 6 1111 acetic acid and 0.1 ml conc. hydrochloric acid was hydrogenated overnight over 

50 mg palladium on barium sulphate (25) in order to remove the protecting groups from aspartic acid and 
arginine. The residue, after removal of the catalyst, was analyzed for amino acid ratio (except for (im)- 
benzyl-histidine) by the Stein-Moore method (20). 

F O L I I ~ ~ :  Asp, 1.15; Arg, 0.96; Val, 1.17; Tyr,  0.95; I ~ ~ L I ,  0.94; Pro, 1.00; Phe, 1.24. 
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COORDINATION COMPOUNDS OF OLEFINS WITH 
SOLID COMPLEX SILVER SALTS 

I. COORDINATION COMPOUNDS WITH ANHYDROUS SILVER FLUOBORATE1 

H. W. QUINN AND D. N. GLEIV 
Esplorato~y Rcsearrh Laboratory, Dozv Chenzical of Canada, Lintited, Sarxia, 0~1tario 

liecei\,ed February 15, 1962 

ABSTRACT 

Interaction of solid silver fli~oborate with the gaseous olehns ethylene, propylene, and the 
four butenes has been observed to provide 12 new stoichiometric solid coordination compounds 
(silver Huoborate - olefin con~plexes) of high stability. Esperimental investigation of the 
univariant press~lre-temperature stability lines for the complexes has been made and the 
thermodynamic functions calculated: the heat content change for complex dissociation is 
between 9 and 13 l~cal/mole of olefin liberated. Infrared spectra of the complesed olefins 
indicate that the strength of the silver-olefin bond is primarily dependent upon the basicity 
of the olefin and a comparison of the thermodynamics of clissociatio~i shows anomalous 
behavior on the part of isob~~tylene and lrans-2-b~rtene as  compared with the regularity 
displayed by the other f o ~ ~ r  olelins. 

INTRODUCTION 

Although a number of studies have been reported on the argentation of olefins in 
solution (1-lo), there are relatively few data on the corresponding solid silver salt - olefin 
complexes, probably since these are not readily formed on exposure of the silver salts to 
the olefin. Of those silver salts which complex directly with olefins, silver perchlorate 
fornls complexes with c1clohexene and the pinenes which are solids a t  room temperature 
containing 2 moles of olefin per mole of silver perchlorate, whilst silver nitrate forms with 
c>clohexene a complex which is a liquid a t  room temperature, crystallizing a t  0' C (11). 
Presently, no structural data have been reported for the silver salt - monoolefin complexes, 
although the structures are available for the related silver salt - cyclic polyolefin complexes 
AgC1Oi.CGHG (12) and AgSOa. CsHs (13). 

The lower olefin complexes of silver salts are apparently not readill- formed and 
generally exert high dissociation pressures, as observed by Francis (14), \vho formed the 
liquicl complexes silver nitrate - propylene and silver nitrate - l-butene, using the olefins 
under pressure, but was unable to obtain similar complexes with ethylene, isobutylene, 
and 2-butene. Similar solid complexes of the cuprous halides with the lower olefins 
CuC1. C.?H4, CuCI . C3H6, CuCI . iso-C4HS, and CuBr. C2H (15), ~\-hich probably involve 
copper-olefin interactions analogous to those of the silver-olefin compleses, are relatively 
unstable, CuCI . C3HG decorl~posi~lg a t  20' C and CuCl . iso-C4Hs a t  - 18' C. Surprisingly, 
no reference has yet been made to solid complexes between silver perclllorate and the 
lower olefins. 

In  1nar1;ed contrast to the difficulty of formation and lack of stability of the known silver 
and copper salt - lower olefin complexes, silver fluoborate readily absorbs e thy l e~~e ,  
prop) lene, and the four butenes a t  low pressures a t  room teinperature to yield stable 
solid silver fluoborate - olefin complexes, for which the stoichiometries, pressure- 
temperature stability lines, and infrared absorption spectra are reported. Also i~lcluded 
for co~uparisorl is a limited investigatio~~ of the solid propylene complexes of silver per- 
chlorate (this salt being isornorpl~ous with silver fluoborate) and of silver hexafluoro- 
antimoilate (which has a similar, but larger, perfluoriilated anion). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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EXPERIMENTAL 

Anhydrous sil\.er fluoborate was prepared from silver fluoride and boron trifluoride according to  the 
method of Olah and allinn (IG). 

Anhydrous silver l~exafluoroantimonate was prepared by reaction of antimony pentafluoride with silver 
fluoride in anhydrous liquid hydrogcn fluoride; the solid silver hexafluoroantimonate was precipitated and 
the hydrogen fluoride removed by pumping. Both salts mere very hygroscopic and were stored under normal 
pentane until required, when the paraffin was removed by pumping. 

Anhydrous silver perchlorate, purchased from A. S. LaPine and Co., was ground in a mortar under 
pentane to  give a smaller particle size. 

Ethylene, propylene, cis-2-butenc, and trans-2-butene \\.ere Matheson C.1'. Grade with a 99.5y0 minirnum 
purity. 

1-Butene and isobutylene were Phillips Purc Grade niaterials of 99% minimurn purity. Before use, all 
olefins were dried by passage through a col~umn containing phosphorus pentoside and \\,ere freeze-degassed 
a t  liquid nitrogen temperatures. 

Deterli~i?tatiow of Co?nplem Stoiclzionzetry 
The stoichio~lletry of the silver salt - olefin co~nplexes was determined by measure~nent of the weight 

increasc attending complcx formation of 250-400 mg of silver salt contained in a quartz buclcct suspended 
fro111 a quartz spiral of sensitivity 5.577 mg/mm, after admission of the gaseous olefin to  the thermostated 
spiral chamber. The spiral extension was measured to  f 0.02 ~ u ~ n  wit11 a cathetometer by observi~lg the dis- 
placement of the tip of the lower 11001~ of the spiral. Temperature control \\?as maintailled to  fO.1° C by 
pumping fluid from a thermostat through an outer jacket of the spiral chamber. 

In order to  detect all the stoichiometric complexes, the olefin pressures applied t o  the silver salt were 
gradually increased and the temperature of the spiral chamber gradually lowered. When olefin ceased to  
be taken LIP ~111der a given set of conditiol~s, more pressing conditions were applied until, with the exception 
of ethylene, the olefin attained its liquid saturation value. 

Cornples Dissociation Pressure llleaszsrement 
Although the approximate locations of the pressure-te111perat:~lre stability lines for the various silver 

salt - olefin equilibria were obtained from the stoichiometric studies using the quartz spiral, these olefin 
pressure data  were insuflicier~tly precise for determination of the corresponding therrnody~~amic functions. 
H more accurate determination of the complex stability lines (complex dissociation pressures) was therefore 
conducted as  follows. Approxi~nately 2 g of silver salt contained in a 25-1111 glass vapor pressure cell was 
evacuated and then exposed to the olefin a t  650 illm H g  pressure a t  between 20 and 30" C until no further 
pressure decrease was observed. The temperature of the cell was then decreased t o  between -5 and 0" C 
and the systenl allo\ved to  react until no further pressure drop was detectable; in this manner, the colnples 
with the highest olefi11 content was obtained. The cell systcnl containing the cornplex was then allowed to 
equilibrate with its lower comples or solid silver salt a t  a series of preselected temperatures, and the equili- 
brium olefin pressures \\;ere measured on a mercury manometer to f 0.01 mm using a cathetometer. After 
measurement of the pressure-te~~lperature equilibrium line for deco~~lposition of the highest olefin complex, 
gaseous olelin was removed lrorn the system to furnish the complex of nest-lower olefin content, which in 
turn was in\restigated in the same manner. Temperatures between -5 and 55" were controlled to  f 0.1' C 
by immersing the vapor pressure cell in a liquid thermostat, while lower temperatures were maintained 
using freezing nlonochlorobenzene and chloroform baths. 

I?zfrared Spectra 
Samples were prepared by exposing the silver salts to  the olefin a t  pressures such that only the silver 

salt:2 oleli11 conlplex was produced. Nujol and fluorolube ~llulls of these 1 :2  complexes \\.ere prepared in a 
dry box and the infrared spectra recorded with a Perkin-Elmer 221 spectrophotolncter equipped with . 
NaCl optics. 

RESULTS 

Complex Stoichiometry 
In Table I are presented the experimental values for the stoichiometry of the silver 

fluoborate - olefill colnplexes as determined by the quartz spiral method, together with 
the integral ratios considered to represent their exact stoichiometry. 

Of the olefins studied, ethylene is exceptional in forming complexes with silver fluo- 
borate:ethplelle ratios of 1:1, 2:3, 1 :  2 ,  and 1 :  3, of which the 1:1 and 2: 3 coillpleses are 
peculiar to ethylene alone. Furthermore, it is observed (vide infra Dissociation Presszire 
Data) that the 2: 3 and 1: 2 ethylene coimplexes undergo phase transitions to yield two 
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QUINN A S D  GLEW: COORDIN.4TION CO-MPOUNDS 

TABLE I 

Stoichiornetry of solid silver f l~~obo ra t e  olefinntes 
-- 

Olefin Observed stoichiometry Exact stoichiormetry 

Ethylene AgBF.l. 0.960 +0. 022C1I-1.1 AgBF,. C?I-II 
AgBFr .  1.480+0.014C?I-I.t AgBFI.  1.5CzI-1.1 
AgBf.'.,. 1.993+0.011C?I-I.i .'IgBFr. 2C?I-I4 
~ I ~ B I ; ,  . ~ . ~ S C I + ~ . O O ~ C ~ E I . I  AgBF,. 3C.I-1.1 

lligIler-tenlperature modifications, giving a total of six distinct silver fl~~oborate - ethylene 
complexes. For propylene and the four butenes the lowest complexes, yielding solid silver 
fluoborate and olefin on decomposition, maintain a 1:2 silver fluoborate:olefin ratio, as 
reported for the silver perchlorate conlplexes of cyclohexene and the pineries (11). The 
1 :2 complexes of isobutene and trans-2-butene were observed not to for111 1 :3 colnplexes 
even a t  high olefin pressures and low temperatures, which behavior contrasts with that 
of the other olefins. 

The striltiilg one-to-one correspondence of the silver fluoborate:ethylene colllplex 
fornlulae with the 1 :  1, 2:3, 1 :2, and 1 :3 series of silver iodide arn~noniates observed by 
Biltz and Stollenwerlr (17) suggests isomorphism with similar volume ratios for ethylene 
molecule : fluoborate lattices and ammonia molecule : iodide lattices. I t  is, therefore, 
suggested that the ability of ethylene to lorrn a graded series of silver fluoborate coinplexes, 
as opposed to the higher olefins which form, a t  most, only two complexes, is dependent 
mainly upon its slnall size, which permits its incorporation into lattices with only s~nal l  
lattice energy differences. The fewer complexes forlned by the other olefins \vould indicate 
that in order to  incorporate the larger olefins, the necessary lattice expansions are such 
that only specifically oriented sites call be occupied by olefin nlolecules to stabilize the 
co~nplex lattice. The lack of stability of any 1:3 complex between silver fluoborate and 
isobutylene or trans-2-butene probably arises fro111 a bloclting ot the sites available for 
such complex for~nation by the allryl groups of those olefin molecules already complexed. 

Dissociation Pressz~rs Data 
In Table I1 are presented the series of solid silver salt - olefin complexes, values of the 

constants ,4 and B, with standard errors, for the dissociation pressure equation log P 
(mm) = --I -B/(273.16+t0 C) for complex dissociation to a lower complex or to the 
silver salt and gaseous olefin, the temperature ranges of experimental i~lvestigation, and 
the complex dissociation pressure (International lnln of Hg) conlputed a t  25O C. The 
constants A and B,  together with their standard errors, were derived from the least- 
squares fit of four to nine experinlental pressure-temperature measurements over the 
indicated tenlperature ranges. Investigatioll of the solid AgBFA.2(1-butene) complex mas 
limited to an upper temperature of 37.5" C by fusion of the complex, whilst the AgBF,. 
3 olefin colnplexes were necessarily investigated a t  te~nperatures below 10" C where the 
complex dissociation pressures were less than 1 atm. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1106 CAhTADIAhT JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

TABLE I1 
Dissociation pressure eq~~atiolls for silver salt olefinates 

Vapor pressure constants Ternperat~~re Vapor pressure 
- - range at  25' C 

Com~les  A B ("C) (mm 1-IF) 

- - . . - - - .A-  
A ~ B F ; .  1 . 5 6 2 ~ 4  (a) 6 .4(363k0.0013 1:455,lf 19.9 9.8-25.3 41.32k0.29 
AgBFa. 1.5CrH4 ( P )  8.8755Zk0.0010 2,165.1Zk14.2 25.3-49.8 
A ~ B F . I . ~ C ? H ~  (a) 6.7095 k0.0003 1,309.3Zk6.6 5.2-27.3 208.10k0.60 
AgBFa .2C?H, (8) 7.323610.0004 1,493.515.3 27.3-50.3 
AgBF., .3CyH4 10.8567Zk0.0001 2,250.712.1 -0.3- 8 .0  2032.510.8" 

AgBF., .2C,Hs-1 9.789810.0013 
AgBFr .3C,Hs-l 11.2211k0.0005 

AgBF., . 2kC,Hs 9.113410.0024 

AgBF,. 2ris-CIHs-2 10.060210.002'3 
AgBF4.3cis-C,H8-2 11 .5610~0.0018  

A~BF.l.'7trnns-C,Hs-2 10. 6698k0.0016 
- 

*Vapor pressures at 25' C from eqoatiou 

The relative positio~is of the linear log P vs. 1 / T  dissociatioil lilies for the six silver 
fluoborate -ethylene complexes are illustrated in Fig. 1, in which tlie lines represent tlie 
higher complex undergoing dissociation to the next lower complex and gaseous ethylene, 
the lowest complex yielding silver fluoborate and ethylene. The complexes AgBF4.1.5C2H4 
and AgBF4.2C2H4 are observed to display breaks in their dissociation lines occurring a t  
25.3 and "7.3" C respectively, indicating phase transitio~is from a lower-temperature a 
form to a higher-temperat~~l-e /3 modificatio~~ in each case; the dissociatio~i eqtiatio~i 
constants, -4 and 8, for both oc and /3 fornis of each complex are included in Table 11. 

A comparison of the propylene dissociation pressures a t  25' C for the pairs of complexes 
AgC10.1.2C:iHG-AgBFF1.2c:II-I~ and AgBF4.3C3HG-AgSbFG.3C& i~ldicates increasing pro- 
pylene complex stability with these salts in the order AgC104 < AgBF, < AgSbFG. 
Since the silver salt - olefin complexes, as represented by De~var (IS), result from direct 
interaction of olefin with the silver ion and do not involve any large olefin-anion inter- 
actions, it is suggested that these observed differences in propylene complex stability 
arise fro111 differences between the lattice structures of the complexes due to the changing 
silver ion -anion interactions with changes of anion composition, size, and geometry. 
The considerably increased stability of tlie silver i l~~oborate  - propylene complex over 
that of tlie perchlorate is unexpected since fluoborate and perchlorate salts are generally 
iso~l~orphous with similar lattice spacings (19, 20); we are, therefore, forced to conclude 
that although these complexes may be isomorplious, the energy required for lattice 
expa~lsion permitting i~icorporation of propyle~ie is greater for the perchlorates. The even 
greater stability of the silver hexafluoroantimo~late complex most probably arises fro111 
the larger raclius of tlie SbFG- anion, which increases lattice spacings (21), reduces cation- 
anion crystal energy terms, and leads to reduction of repulsive energy attending the 
relatively smaller lattice expansion for incorporation of propyle~ie into the complex. 

Tlzermodynam~Lc Data 
I n  Table I11 are presented values for the changes of the standarcl thermodynamic 

functions with standard errors a t  25' C for complex dissociatioil to tlie next-lower complex 
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QUINN AND GLEW: COORDINATION COMPOUNDS 1107 

FIG. 1. Stability lines for the solid silver fluoborate - ethylene complexes. 

and 1 mole of gaseous olefin a t  1 Internatiollal a tm pressure, as represented, for example, 
by the equation 

2(AgBF4.1.5C?Hd) + 2(AgBF,.CzHI) + C2H.i. 

These thernlodynamic functions, designated by the subscript E, have been derived fro111 
the dissociation equatioil constants in Table I1 and are expressed in thernloclle~nical 
calories (1 cal = 4.1840 joules). 

In Table IV values are presented for the standard thern~odynamic fuilctio~ls a t  25' C, 
designated by subscript D, which represent complex dissociatioll to  solid silver salt and 
1 mole of gaseous olefill a t  1 Interilatioilal atm pressure, as exeinplified by the equatioil 

The occurrence of tra~zsitions a t  so nearly the saine teinperature in both the 
AgBF4.1.5C2H4 and AgBF4.2C2H4 complexes, for which the enthalpy change differences 
AHD0 (1.5p)-AHD0 (1.5~1) = +lo83 and AHDO (2P)-AHD0 (2a) = +I023 cal/mole of 
ethylene are both positive of the saille magnitude, is indicative of siinilar coilstitutional 
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1108 CANADIAN JOURKAL OF CHEMISTRY. VOL. 40, 1962 

TABLE I 1 1  
Thermodynamic functions for silver salt olefnate equilibria a t  25O C 

-- 

Complex AHEO (cal/mole) ASEO (cal/mole deg) AFEO (cal/mole) 

TABLE IV 
'Thermodynamic functions for silver salt olefinate dissociation a t  25O C 
-- -- -- 

Complex AHDO (cal/mole) ASno (cal/mole cleg) A F T , ~  (cal/mole) 

AgBFd. C2H4 
AgBFr . 1 .5C?H4 (a) 
4gBF4. 1 .  5C?H,i (8) 
A ~ B F ~ .  2C2H.t (a)  
.AgBFr. 2C2H.i (8) 
AgBF, .3C:H.i 
. I \ ~ B F . ~ .  2C3I-IF, 
AgBF1 .3C3Hc : : 

AgBF.l. 2C4I-10-1 . 
AgBF.1. 3CrIls:l 
AgBF4 .21-CJHs 

changes occurring in both complexes a t  the transition points and ol probable isomorpl~ism 
of the ionic lattices of the 1.5a and 2a forins and of the 1.5P and 2/3 forms. This conclusion 
is supported by the good correlation with the ASDO/AFIl,O regression line for the 1:2 
complexes b i d e  ,i7?fra) shown by the ASD0 and AFIDO functions of both the 1.5P and 2P 
ethylene complexes and the almost equal deviatioils iron1 that regression line exhibited 
by the functions for the 1.5a and 2a modifications. 

111 Fig. 2 are shown the two linear ASDO/AHDO correlatiolls furnished by the thermo- 
dynamic functions for the silver salt.2 olefin and silver snlt.3 olefin complexes, from which 
i t  is seen that the 1 :3 col~lplexes invariably present higher ASDO and slightly lower AIIDo 
values than the corresponding 1 : 2 complexes. The ASDO/AIl,' regression line for the 1 :2 
complexes, if ineaningful, extending over the wide stability range fro111 AgC104.2C3H6, 
AgBF.$.3C2H4 (p ) ,  AgBF4.1.5C2Ht (/3) to AgBF4.2 cis-2-butene suggests a similar ionic 
lattice type for all these complexes with sufficient spatial extellsion to accommodate 
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QUINN A N D  GLEW: COORDINATION COMPOUNDS 1109 

35 - I :  AgBFq . 2 e t h y l e n e  (/3) 
2 :  ACIBF~ . 2  propylene 

3 :  AgBFq . 2  I-butene 

4: Ag B F 4 . 2  isobutene - - 
b 

5: AgBFq .2cis-2-butene 

: 
E 3 0  - 6: AgBF4.2trans-2-butene 
0 - 
0 - 
0 
E - 
0 0 - 
on 7 :Ag BF4.1.5 ethylene (4) * 1:3COMPLEXES ' 2 5 -  8 :AgC104.2 propylene 

1 :  2 COMPLEXES 
9 :AgBF4. 3ethy lene 

10 : AgEF4+3 propylene 

l 1 : AgEF4.3 I -butene 

FIG. 2. Entropy-enthalpy plot for the silver salt olehnntes. 

olefins as  large as  1-butene and cis-2-butene. The generally increasing ASDo and AHD0 
values exhibited by  the larger olefins arise from increasing Agf-olefin attractive energies, 
which progressively limit the olefin freedom. trans-2-Butene, however, with a normal 
AHD0 value equal to tha t  of cis-2-butene, presents an anomalously high ASDO value, which 
is most reasonably attributed to i ts geometrical i~lconlpatability with its lattice environ- 
ment leading to additional severe configurational restrictions. The lower values of ASDo 
and AHD0 for AgC1O1.2C3H6, compared witli the isomorphous AgBF4.2C3HG, arise fro111 
increased repulsive perchlorate ion - olefin interactions (as compared with fluoborate 
ion - olefin interactions) which diminish the attractive orienting constraint of tlie silver 
ion - olefin bond. The source of these increased perchlorate lattice repulsioi~s, leading to 
the enthalpy change reduction of 4000 cal/mole propylene, probably lies in the increased 
energy of perchlorate lattice expansion and anion displacement required to  extend or 
break the donor-acceptor contacts of the perchlorate oxygen atonls witli tlie electrophilic 
silver cation. This explanation is similar to that  proposed by Sharp and Sliarpe (21) for 
the aromatic complexes of silver fluoborate and perchlorate, except t ha t  the donor- 
acceptor bonding suggested by us is considered to approximate energetically more nearly 
to hydration and ammination (17) rather than to strong covalent bond formation. 

The  ASDo/AHDo regressio~l line for the 1 :3  coillplexes is indicative of a cornmon lattice 
type in which increases of silver ion - olefin bond strength, reflected in higlier AHDO 
values, are associated with increasing olefin restrictions and increased ASDo values. The 
general displacemeiit to higher entropy values of the ASDO/AHDO line for tlie 1 :3  coniploxes 
almost certainly results from the more severe orientation linlitations of the olefin imposed 
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by the higher coordination of the silver cation; the lack of 1:3 complexes with isobutylene 
and trans-2-butene reflects their geometrical inability to pack within the space adjacent 
to the silver ion. 

Infrared investigation of the fluorolube mulls of the AgBF4.2 olefin complexes revealed 
absorptioil bands perturbed to lower frequencies for the olefin double-bond stretch 
vibratioils in all coinplexes froin ethylene to trans-2-butene. Although the band intensity 
for the ethylene complex was very low, that for the other olefins, including trans-2-butene, 
was moderate, indicating a small perturbation from central symmetry for co~nplexed 
ethylene, but considerable non-central distortion of the co~nplexed trans-2-butene, with 
non-symmetric ion fields a t  the double bond in both cases. 

In Fig. 3 is illustrated the linear correlation of Av (vunc,,,le,ed-v,o,,,e,~), the olefin 
double-bond stretch frequency perturbation due to complex formation, with the olefin 

1 I I I I I I 1 1 
9.2 9.6 10.0 10.4 

IONIZATION POTENTIAL ( eV) 

7 0  

FIG. 3. Corl~plexed olcfin double-bond stretch perturbation - olefin ionization potential correlatio~~. 

I : AgBF4. 2 ETHYLENE 

- 2: Ag 6 5 . 2  PROPYLENE 

ionization potential for the six solid 1 : 2 complexes. Values for v,nco,,le,d were determined 
fro111 the infrared stretch frequencies of the olefins dissolved in carbon tetrachloride, 
except for the infrared-inactive ethylene and trans-2-butene, for which the Ramail values 

3: Ag BF4. 2 I-BUTENE 

4: Ag BF4. 2 ISOBUTENE 

5 : Pg BF4. 2 CIS-2 - BUTENE 

6: AgBF4 .2  ~~nw-2-BUTENE 

40 - 

3 0  - 
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QUINN AND GLEW: COORDINATION COMPOUNDS 1111 

were used (22). The ionization potentials were taken from the work of Watanabe (23). 
The correlation shows that,  with decreasing ionization potential, i.e. with increasing 
olefill basicity, the electrophilic silver cation effects increasingly larger perturbations of 
the olefin double-bond stretch frequency through the formation of stronger Ag+-olefin 
bonds. This reinarkably smooth linear correlation, involving the stretch frequency 
perturbation of olefins coillplexed in a solid ionic lattice and the ionizatioil potentials in 
the unperturbed gaseous state, indicates that the silver ion - olefin bonds within the 
con~plexes must be fully formed or saturated and that other steric and lattice factors 
dependent upon olefin geoinetry are smaller and do not sensibly affect the Ag+-olefin 
bonds. This point is further supported by the substantial agreement of the infrared shifts 
65 and 66 c111-~ for cis- and trans-2-butene in the solid silver fluoborate complexes with 
the 62 and 65 cm-I Raman shifts (24) for complex formation of these same olefins in 
aqueous silver nitrate solution, for which the silver cation environment differs con- 
siderably. 

FIG. 4. Enthalpy - double-bond stretch perturbation plot for silver fluoborate.2 olefinates. 
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Since the Ag+-olefin interaction energy in the solid silver fluoborate.2 olefin coinplexes 
will be some continuous function of Av, and the correlation of Fig. 3 indicates that geo- 
metrical and steric factors little effect Av, and thus the Ag+-olefin bond energy, i t  is to  
be expected that the value of AHDo for complex forination would be predominately 
deterinined by the Ag+-olefin bond energy and should, therefore, correlate with the 
observed Av values. That  this is so is illustrated in Fig. 4, where the AHDo values for the 
1:2 coinplexes are seen to be linearly related to the corresponding AV values. The AHDo 
functions for the ethylene, propylene, 1-butene, and cis- and trans-2-butenes deviate 
from the regression line by less than 250 cal/inole of olefin, which is within the 95% 
confidence liinit of error for the AHDO values, whilst the AHDO for the isobutylene complex 
deviates significantly by some 1500 cal/inole of olefin below that  predicted from its Av 
value. In so far as isobutylene exhibits no deviation in Fig. 3, the low AHD0 value must 
be considered a real effect resulting froin steric repulsions between the ionic lattice and 
the isobutylene inolecule in its particular geometrical configuration. Since the AHDO and 
ASD0 for the isobutylene complex correlate in Fig. 2, the reduced AHDo value due to lattice 
repulsion must arise in such a manner that the coinplexed isobutylene is less severely 
restricted by the repulsion; this behavior sharply contrasts with tha t  of the trans-2-butene 
complex, which presents a normal AHD0 but a large ASDO. 

X-Ray diffraction studies now being pursued should aid in the elucidatioil of the 
difference between the various solid complexes since a knowledge of the lattice structures 
could perinit a better estimation of the contribution to AHD0 effected by lattice changes. 
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ABSTRACT 

Crystals of o-phenylenediarsine oxpchloride, CaH.IAs2C1?0, are monoclinic with four mole- 
cules in a unit cell of dimensions a = 14.50, b = 8.38, c = 7.66 A, 0 = 105.S0, space group 
C2/c. The structure has been determined fro111 projections along the b and cases.  Each mole- 
cule is situated on a 2-fold symnletry axis and is planar except for the chlorine atoms, which 
lie one on either side of the plane of the other atoms. The values of the bond lengths and 
valency arigles have been obtained. Abnor~nal valency angles a t  the arsenic and oxygen atoms 
are the result of their presence in the live-membered ring, and the unusual stability of the 
n~olecule in spite of these angles can be interpreted in terms of aromatic character, involving 
dr-pr bonding. The intermolecular separations correspond to nor~nal van der \\Taals inter- 
actions. 

0-Phenylenediarsine osychloride (Fig. 1) was prepared by reducing a solution of o-phenylenediarsonic acid 
in concentrated hydrochloric acid with sulphur dioside (1). The diarsonic acid was prepared by the reaction 

FIG. 1 LIeasured bond lengths (A) and valency angles (degrees). 

of sodium arsenite solutioi~ with diazotized o-aminopl~enylarso~~ic acid. The crude oxychloride was purified 
with charcoal and by recrystallization from carbon disulphide. The final product consisted of colorless 
plates, m.p. 146-149' (lit. value, 14S0), with the (100) face developed. 

The unit cell dimensions and space group were determined from rotation and oscillation photographs of 
crystals rotating about the b- and c-axes, and l~Ol,hll ,  and hk0 Weissenberg films. The density was determined 
by displacing carbon tetrachloride from a density bottle. 

The crystal data are: C~HIAS?CI?O; ill, 312.8; m.p. 146-149'. Monc$inic, a = 14.50%0.05, b = 8.38% 
0.02, c = 7.66% 0.02 A, 0 = 105.8% 0.5". Volume of the unit cell = 896 A3. dc (with Z = 4) = 2.31, dm N 2.4 
g cmP3. Absorption coefficient for S rays: X = 1.542 A, p = 143 cm-I. Total number of electrons per unit cell 
= F(000) = 592. Absent spectra: 1~kl when ( l~+k)  is odd, 1~01 when 1 is odd. Space group is either CsJ-Cc 
or C?hG-C~/C. 

The intensities of the 1~01 and 1~kO reflections were recorded on Weissenberg films for a crystal rotating in 
turn about the b- and c-axes: with Cu K, radiation, the multiple-film technique being used to correlate strong 
and weak reflections. The range of intensities measured was about 5000 to 1, the estimates being made 
visually. The crystal cross sections perpendicular to the rotation axes were 0.5X0.1 mm, but no absorption 

'Part I: W. R. Cz~llen a d  J .  Trotter. Can. J. Chen~. 39, 2602 (1961). Part  11: J.  Trotter. J. Cl~em. Soc. 
I n  press. 

Canadian Journal of Chemistry. \Jolume 40 (1962) 
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corrections were applied; there may, therefore, be some inaccuracies in the measured structure factors as  a 
result of absorption errors. The structure amplitudes were derived by the usual formulae for a mosaic 
crystal, the absolute scale being established later by correlation with the calculated structure factors. Sixty- 
three independent h01 reflections and 70 hkO reflections were observed, representing 91% and 83% respec- 
tively of the possible numbers observable with Cu K, radiation. 

Slrziclz~re Analysis 
Projection down [OIO] 
Space group C2/c requires that the 0-phenylenediarsine oxychloride molecule possesses a 2-fold symmetry 

axis which is coincident with the space group symmetry axis, while Cc imposes no restrictions on the rnolec- 
ular symmetry. The As-As vector was clearly resolved on the b-axis Patterson map, coordinates were 
obtained for the As atoms, and structure factors were calculated with the origin taken midway between 
two arsenic atoms. A Fourier series was then summed, using as  coefficients measured structure amplitudes 
and calculated signs. Since the phases were based on arsenic contributions only, the resulting electron- 
density map was necessarily centrosymrnetric. Good resolution of the chlorine atoms indicated that space 
group C2/c was the correct one (absence of a center of symmetry would have resulted in four half-chlorine 
peaks, the true ones and another two centrosymmetrically related ones). Coordinates were obtained for all 
the atoms in the molecule, those for the carbon atoms by assuming C-C = 1.40 A, and structure factors 
were calculated for all the h01 reflections, using the scattering factors for arsenic, carbon, and oxygen of 
Berghuis el al. (2), that for arsenic being corrected for anomalous dispersion (3), and Tomiie and Stam's (4) 
scattering curve for chlorine. A second F, synthesis was computed, and the resulting electron-density map 
(Fig. 2) indicated small shifts in some of the atomic coordinates. Structure factors were recalculated, and 

FIG. 2. Electron-density projection along the b-axis, with contours a t  intervals of 2 e A-2, starting a t  
4 e a-2, except a t  the arsenic atom, where contours above 10 are a t  intervals of 5 e k2. 

a s  no reflections had changed sign refinement was complete. Best agreement between measured and calculated 
structure factors (discrepancy factor = 0.16 for the observed reflections )was obtained by using a temperature 
factor of the form 

exp - (3.7 sin2 B / X 2  + 0.015212]. 

This corresponds to anisotropic thermal vibrations with the direction of maximum vibration parallel to  
the c-axis. This is probably a real effect, which does not appear to be due to  the omission of a correction for 
absorption, as  no thermal anisotropy was indicated for the 11.kO zone, although the crystal cross sections for 
both zones were similar. Measured and calculated structure factors are listed in Table I. 

Projection down [001] 
Coordinates for the As atom were derived from the Patterson projection, and further analysis proceeded 

by successive F, syntheses. The  final electron-density projection along the c-axis is shown in Fig. 3, and 
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CULLEN AND TROTTER: STEREOCHEMISTRY OF As 
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0 7" 
FIG. 3. Electron-density projection along the c-axis; co~ltours a t  arbitrary intervals. 

measured and calculated structure factors are included in Table I. No thermal anisotropy was indicated, 
an isotropic temperature factor with B = 3.7 a? giving a discrepancy factor of 0.16 for the observed 
reflections. 

Coordinates and il[olecnlar Dinzensions 
The final positional parameters are listed in Table 11, x, y, and z being fractions of the unit cell edges. 

TABLE I1 
Final positional parameters 

-- 

A torn li Y 

The bond distances and valency angles in the molecule, calculated from the coordinates of Table 11, are 
shown in Fig. 1. The best plane through the As, 0, and C atoms has equation 

0.5178X1-0.8555Z1+1.6383 = 0, 

where X' and Z' are coordinates in A units referred to  orthogonal axes a', b, and c, and there are no significant 
deviations of As, 0, and C atoms fro111 this plane (rnaxilnurn A = 0.01 A). The chlorine atoms, however, lie 
one above and one below the plane a t  perpendicular distances from it of 2.14 A. 

The standard deviations of the atomic positions (5) are u(x) = ~ ( y )  = ~ ( s )  = 0.006 A& for As, 0.014A 
for CI, and 0.04 A for C. For the oxygen atom, the x- and z-parameters are fixed by symmetry, and g(y) = 
0.03 A. 
Interntolecular Distances 

All the inter~nolecular contacts correspond to  normal van der IVaals interactio~ls. The perpendicular 
distance between molecular planes is 3.28 A, but no atoms overlap directly, the shortest contacts being 
C-C = 3.87, As-C1 = 4.04,O-0 = 4.38 A. In the b-direction, the shortest separation is 0-C = 3.86 A. 

DISCUSSION 

The molecule is colnpletely planar within the limits of experiinental error, except for 
the chlorine atoms, which lie one on either side of the plane of the other atoms. 

Differences between chen~ically equivalent bond lengths and valency angles are not 
significant, the mean values being (with standard deviations) : 

As-C1 = 2.21f0.015 A 
As-0 = 1.692~ 0.01 A 
As-C = 1.9941 0.04 A 
C-C = 1.40% 0.03 A 
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CULLEK A N D  TROTTER: STEREOCHEMISTRY OF As 

L C1-AS-0 = 104f +" 
L CI-AS-C = 97f lo 
L 0-AS-C = 77f 14" 
L AS-0-AS = 151f lo 
L AS-C-C = 120h4" 
L C-C-C 120% 3". 

The As-Cl bond distances are only slightly greater than those reported for arsenic 
trichloride (6) (2.16 A), and chlorodimethylarsine (7) (2.18 A) and the As-C distances 
are very similar to  those in trimethylarsine (8) (1.98 A) and brornodiplienylarsine (9) 
(1.90 A). The only As-0 distances which are available for comparison are those in 
arsenic trioxide, As4O6 (10, 11) (1.78 A), and in the arsenate ion (11, 12) (1.75 A); the 
corresponding bond lengths in o-phenylenediarsine oxychloride are shorter than tliese. 

The general configuration around the arsenic atoms is similar to the arrangement in 
other trivalent arsenic compounds, with three bonds directed pyramidally, and the lone 
pair completing a tetrahedron. The  angles between the bonds are usually in the range 
95-105", and in o-phenylenediarsine oxpchloride the angles which are external to  the 
five-menlbered ring have values in this range, L C1-As-0 = 104" and C1-As-C = 97". 
The formation of the five-membered ring, however, results in a considerable reduction 
in the L 0-As-C valencp angle (77"). I n  addition, the oxygen valency angle (151") 
is very much larger tlian the normal value of 105" (in As406 tlie As-0-As angle is 
128"). These abnormal valency angles are made more remarkable by  the fact that  the 
compound is unusually stable, the As-0-As unit being unattacked by hot concentrated 
acid, although the bonds can be broken by tliionyl chloride to  give tetrachloro-o-phenyl- 
enediarsine (13). The stability, planarity, and unusual valency angles of tlie five-membered 
ring suggest that tliis systenl might have some degree of aromatic character. The  large 
oxygen vale~icy angle suggests that the oxygen is approaching a state of sp  hybridization, 
and that the two lone pairs on the oxygen are in approximately fia orbitals. If tliis is 
the case, then da-pa bonding co~rld occur using unoccupied -Id orbitals on the arsenic 
atoms, accounting for the shorter As-0 distance in tlie oxychloride i ~ i  comparison with 
the oxide and with the arsenate ion. This da-pa bonding might also be expected to  occur 
between tlie arsenic atoms and the phenylene a-electrons, resulting in a n  exteiidecl 
aromatic system. No shortening of the As-C bonds below norinal values has been 
observed, but  tliese clistances have been determined with rather less precision tlian the 
As-0 length. 

We are indebted t o  tlie National Research Council of Canada for financial support. 
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THE CHEMICAL COMPOSITION OF THE WOOD EXTRACTIVES OF 
SORBUS DECORA (SARG.) SCHNEID.1 
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ABSTRACT 

The wood of the showy mountain ash was found to contain about 3y0 acetone-soluble 
material. The major constituents of the extract were a polymorphous xyloside of (+)-di- 
methoxyisolariciresinol, the recently discovered hydroxy diphenyls aucuparin and methoxy- 
aucuparin, and fatty acid esters of P-sitosterol, another phytosterol, and of untractable 
phenolic material. Small amounts of free 6-sitosterol and a mixture of hydrocarbons as well 
as traces of a n  unknown leucoanthocyanidin were also isolated. The xyloside predominated 
in the sapwood, whereas the aucuparins were found mainly in the heartwood. Gas-liquid 
chromatography was instrumental in the detection and separation of the aucuparins. 

The wood extractives of the showy mountain ash (Sorbus decora (Sarg.) Schneid.) 
have been investigated as part of a continuiilg study of the chemical composition of the 
wood and bark of trees and shrubs found in the Prairie provinces. I t  is a small- t o  mediurn- 
sized tree found from the Atlantic coast westward into Manitoba. The wood is not used 
commercially and the literature has no references to  its cheillical composition. Professor 
H. Erdtman (I) is studying the heartwood coilstituents of the European inountain ash 
(Sorbus aucz~paria L.) and i t  was a t  his suggestioil that  the North American species was 
investigated. Recently, Erdtinan et al. (2) have isolated froin S. aucuparia two new 
hydroxy diphenyls, aucuparin (4-hydroxy-3,5-dimethoxy diphenyl, 1n.p. 101' C) and 
methoxy aucuparin (4-hydroxy-3,5,2'-trimethoxy diphenyl, n1.p. 122' C). The two 
aucuparins, and a xyloside* of melting point 163.5-164" C, [aID+4l0, obtained from the 
same wood, were kindly given to  us and were instrumental in the ideiltification of the 
same constituents in S. decora. 

The freshly milled wood of S.  decora was found to contain about 3% of acetone-soluble 
material. The extract was fractionated illto petrol-, ether-, ethyl-acetate-, and water- 
soluble constituents. When further fractionation was carried out ,  considerable difficulty 
was encountered because the hydroxy diphenyls could not be extracted quantitatively 
into aqueous alliali and were present in all but the water-soluble portion. A sparingly 
soluble sodiuin salt was obtained from which the two aucuparins were obtained as a 
mixture. Chromatography gave only partial separations and distillation in  vacz~o also 
gave only a mixture. The two diphenyls could be separated by fractional crystallization, 
but since their inixed melting points did not show a true depression it  was difficult to 
determine their degree of purity. Therefore, their separation by meails of gas-liquid 
chroinatography (GLC) was investigated, when i t  was found that  the free pheilols, their 
methyl ethers, or their acetates could be separated on a 3-ft SE-30 silicone polymer 
colun~n a t  230' C. This technique was used in all subsequent work to analyze the various 
fractioils for their content of the aucuparins and also to isolate sillall ainounts of the 
pure compounds. The properties of the pure colnpounds thus obtained agreed in all 
respects with those reported by Erdtman et al. (2). 

'Issued as N.R.C. No. 6826. 
2National Research Council of Canada Postdoctorate Fellow, 1960-1961. Present address: Hindustani Anti- 

biotics Ltd., Pinzpri, Poona, India. 
*ADDED I N  PROOF: 6-xyloside of ( +)-dimetlzoxyisolaricire~i~tol ( H .  Erdtnzen et al. Acte Cltern. Scend. In press). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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NARASIMHACHARI AND VON RUDLOFF: WOOD EXTRACTIVES 1119 

The neutral conlponents of the petrol- (and ether-) soluble fractions were found to  
consist mainly of a mixture of fat ty acid esters and free p-sitosterol. The ester fraction 
was saponified and from the non-saponifiable portion p-sitosterol, a small amount of a 
phytosterol, 1n.p. 162-163' C, and a hydrocarbon mixture were isolated. The saponifiable 
portion was acidified, methylated, and analyzed by GLC (3). Peaks corresponding to  
myristic, palmitic, palmitoleic, stearic, oleic, and linoleic acids in the area ratio of 
1:9.2:1.0:1.8:2.8:1.4 were recorded. 

The water-soluble portion deposited white crystals on standing. Recrystallization gave 
a product, m.p. 164-165' C, [aID+4l0. The mixed melting point with the xyloside sent 
by Erdtinan was undepressed and hydrolysis with dilute acid gave an amorphous aglycone 
and xylose (paper chromatography). The infrared spectrum of the aglycone corresponded 
to  those of lignans. When the wood extract from an immature tree having no heartwood 
was fractionated, a xyloside of melting point 120-121' C, [a],+41°, was isolated, but  by 
seeding with the xyloside, n1.p. 165' C ,  i t  was converted to the higher-melting inodifi- 
cation. Recently, Freudenberg and Weiilges (4) reported the isolation of the xyloside of 
(+)-dimethoxyisolariciresinol (I), n1.p. 122' C, [a]D?5+380, from the wood of Alnz~s 
glz~tinosa, and this compound, kindly made available by Dr. Weinges, did not depress 
the melting point of the low-melting modification. The aglycones of these xylosides had 
infrared spectra which agreed in all respects. The polymorphous xyloside from the Sorbus 
species is, therefore, (+)-dimethoxyisolariciresinol xyloside. The  xyloside lyoniside, 
isolated recently by Yasue and Kato (5) from the wood of Lyonia ovafolia Sieb. e t  Zucc. 
var. elliptica Hand.-Mass, is also polymorphous (m.p. 123.5/165.1° C, [aID+26.7O), which 
these authors believed to  be identical with the above compound. This has been confirmed 
by Weinges (6), and more recently by Erdtman (I),  who has determined the configuration 
of the xyloside linkage. 

Besides the two aucuparins, the phenolic or acidic fractions were found to contain 
traces of leucoanthocyanidin and an anlorphous phenolic ester fraction. The spectra and 
chromatographic behavior of the former showed it  to be different from either leucocyanidin 
or leucopelargonidin. The amount isolated was insufficient for characterization by alkali 
degradation. The ainorphous ester gave, on saponification, a mixture of long-chain fatty 
acids and a mixture of phenolic alcohols. The phenolic material was not obtained pure. 
Thin-layer and paper chron~atography gave two spots differing from either dimethoxy- 
isolariciresinol or coniferyl alcohol. 

The substitution pattern found in ring A of the aucuparins is the same as  that in 
dimethoxyisolariciresinol, and this suggests a close biogenetic relationship. The finding 
of these three compounds in both the European and the North American mountain ash is 
of interest in taxonomic correlations. Other Sorbz~s species are being investigated t o  
determine whether these con~pounds are characteristic constituents of the mountain ash. 
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EXPERIMENTAL 

I<nown compounds were identified by mixed melting point and comparison of infrared spectra with those 
of authentic specimens. Melting points mere measured on a Leitz hot-stage microscope. Molecular weights 
were determined by means of a thermometric vapor pressure osmo~neter (Model 301 Mechrolab Inc.). The 
GLC experiments were carried out with an  instrument of conventional design which mas built in this labora- 
tory (7, 8). I t  has a thermal cond~ictivity cell and helium was used as carrier gas. The 3 f t x ;  in. O.D. 
(91X0.6 cnl) stainless steel column was packed with SE-30 silicone polymer (Dow Corning) on Chrornosorb 
W (40-60 mesh) in the ratio of 1 to 6. The column temperature was 230' C, that of the injector 280-270" C, 
and the flow rate mas 120 ml per minute. The  analysis of the methyl esters of the fatty acid mixture mas 
carried out on a 6 f tXf  in. O.D. poly(ethyleneglycol phthalate) colurlln a t  215' C and 60 ml He per minute. 
The percentage compositions of mixtures were obtained by measuring the area under the peaks by the 
triangulation method. Retelltion times (RT) were measi~red a t  the initial emergence of the pealcs. 

The mood of a mature tree of S. decora was obtained frorn the ICenora district, northern Ontario. The  
wood was cut and separated into sap and heartwood. The milled heartwood (4.0 kg) was extracted with 
acetone in a Soxhlet extractor for 24 hours. The acetone extract was evaporated to dryness. The residue 
(120 g) was extracted \vith petrol (b.p. 40-6;)" C, 1 liter) under reflus. The clear extract was decanted from 
the viscous residue. The residue was then similarly extracted with ether. The insoluble residue was talcen 
up in boiling water (1 liter) to give a turbid solution and this mas extracted under reflux with three portions 
(0.5 liter) of ethyl acetate. The  aqueous residue was reduced in volu~ue by evaporation on a rotary evaporator 
and kept a t  2-5O C for several weelcs. In other experiments the sapwood and wood of a young tree were 
lnilled and extracted in the same manner. 

Petrol-solz~ble K a c t i o t ~  (15% of Total E,~tract)  
Evaporation of the petrol solution gave a viscous oil (18 g). An aliquot (10 g) was chromatographed on 

silicic acid (100 g) using petrol (b.p. 40-60" C),  petrol-ether (9:1), chloroform, and chloroform - 2-butanone 
(9:l) as eluants. 'The fractions collected (100 ml) \\!ere tested for homogeneity by thin-layer chromatography 
(TLC) on silica gel G with benzene-ether (7:3) as  developing solvent. 

Fatty Acid Esters and Hydrocarbons (6.0 g)  
The fractions eluted by petrol showed on 'I'LC two fast-moving and overlapping yellow spots. The infrared 

spectra showed a strong carbonyl absorption (1740 cm-I). The combined fractions were saponified with 
potassi~lln hydroxide (1070) in aqueous ethanol (5070), and the non-saponiliable components (3.0 g) were 
extracted with petrol ether. The  saponifiablc portiorl was worked LIP ill the usual manner to give the free 
acids (3.0 g). An aliquot was methylated with diazomethane and analyzed by GLC (polyester column), 
when pealcs corresponding in retention time to  myristic, palmitic, palmitoleic, stearic, oleic, and linoleic 
acids were recorded with areas in the ratio of 1: 9.2: 1.0: 1.8:2.8:1.4. 

A small aliquot of the non-saponiliable portion was analyzed by TLC, using p-sitosterol (XI = 0.28) as  
reference standard. Three distinct spots with XI values of 0.95, 0.28, and 0.26 respcctively \vcre obtained. 
'The m i x t ~ ~ r e  was chromatographed 011 a column of silicic acid. Petrol eluted a yellow band (I+ 0.95) which, 
on evaporation of the solvent, gave an oily residue (0.6 g). 'The infrared spectrum corresponded to that  of 
hydrocarbons. The material was distilled i ? ~  oaczlo (3 mm I-Ig), \vhen practically all distilled a t  about 180" C 
(air bath). Found: C, 86.50y0; H ,  12.5SyO; molecular weight, 309. Analysis by GLC (SE-30 column, 230" C) 
showed it to be a mixture of a t  least six components (relative retention time 0.8-2.0, 12-docosane 1.00) 
which could not be resolved. 

Further elution of the silicic acid column with petrol-ether (9:l) gave impure p-sitosterol (2.1 g). Recrystal- 
lization from methanol gave crystalline p-sitosterol, m.p. 138-139" C, XI 0.28. Elution with chloroforn~ 
gave a s~nall  amount (0.1 g) of an  oily resiclue (XI 0.26) which crystallized from ~nethanol, m.p. 162-163" C. 
The infrared spectrum was similar to  that of p-sitosterol. The compound could thus be a-sitosterol. 

p-Sitosteiol (0 .5  g )  
The fractions eluted with petrol-ether (9:l)  fro111 the original column was composed mainly of p-sitosterol 

(TLC). The pooled fractions were evaporated to dryness and the residue was crystallized from methanol 
to give p-sitosterol, m.p. 138-139" C. 

Azrcupavi~t and dlethoxyazrczrparix (3.2 g) 
The fractions eluted with chlorofor~ll gave a viscous oily residue on evaporation, which solidified slowly. 

'The material was triturated with a little methanol and filtered, when crude crystals of m.p. 112-114" C 
\\rere obtained (3.0 g). Fractional crystallization from methar~ol gave a small amount (0.1 g) of colorless 
crystals, m.p. 118-120" C, corresponding in all respects with methoxyaucupari~l. The residual material was 
a mixture of aucuparin and methosyaucuparin (1:1, GLC, R T  = 2.1 and 2.9 minutes) from which the 
pure components were obtained in mg amounts by preparative GLC (see below). Aliquots of the mixture 
were methylated and acetylated in the usual manner and GLC analysis gave peaks corresponding to  the 
derivatives of authentic aucuparin and methosyaucuparin (see below). 

Ether-solztble Fraction (21 %) 
The ether-soluble material (25 g) was talcen up in ether (1 liter) and then extracted with aqueous sodium 

hydroxide (lo%, 50 ml). A copious precipitate of an  insoluble sodium salt formed, which was filtered off 
and washed with cold water. The aqueous and ether layers were separated and the alkali extraction of the 
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ether solution was repeated. Evaporation of the ether layer gave only a trace of residue which, on GLC 
analysis, gave only peaks corresponding to the two aucuparins. The combined aqueous alkaline solutions 
(A) were investigated further (see below). 

Az~cz~parin and ilfethoxyazrcz~pari~t (10 g) 
The insoluble s o d i ~ ~ m  salt was suspended in cold water, acidified with dilute hydrochloric acid, and 

extracted with ether. The pale brown residue from the ether extract failed to crystallize from methanol or 
ethanol. Distillation of an aliquot i 7 2  vaczro (3 rnm Hg) gave a distillate, b.p. about 140" C, which crystallized 
on standing. TLC, using chloroform containing 10% acetic acid, and paper chromatography (n-butanol- 
acetic acid - water, 4:l:l.g) showed only one spot (ultraviolet light, permanganate spray). However, GLC 
once again showed the two peaks of aucuparin and methoxyaucuparin in a 1:l ratio (RT = 2.1 and 2.9 
m i n ~ ~ t e s  respectively). Preparative runs on a lng scale on the same column (glass traps cooled in acetone -dry  
ice mixture) gave as the first fraction crude crystals, 1n.p. 05-98" C,  which on recrystallization had m.p. 
100-101" C. Its  properties agreed with those of aucuparin in all respects. The second fraction had m.p. 
116-118" C,  recrystallized from methanol, m.p. 119-120' C, and was identical with methoxyaucuparin. 

Larger amounts of the two diphenyls were obtained by chromatographing the mixture (1.0 g) on a silicic 
acid column (30 g), eluting with chloroform (25 ml fractions), and checking the contents of each fraction, 
after evaporation to a low volume, by GLC. The fractions containing mainly aucuparin were pooled, 
acetylated (acetic anhydride - pyridine method), and the acetate fractionally crystallized. The pure acetate 
(GLC, R T  = 2.3 minutes) formed thick, rhombohedra1 plates, m.p. 148-149" C. Found: C,  70.34y0; H, 
5.95y0. Calculated for CisH,sOn: C, 70.57%; H, 5.92%. Deacetylation with alcoholic hydrochloric acid 
(1:l) gave pure aucuparin, n1.p. 100-101' C. Found: C, 72.72%; H, 6.24y0. Calculated for Cl.iHlkO3: 
C, 73.02%; H, 6.13%. Methylation with dimethyl sulphate and potassium carbonate in anhydrous acetone 
gave the methyl ether as a colorless liquid, b.p. 110" C a t  3 nim pressure (RT = 1.5 minutes), which crystal- 
lized on standing for a long time, m.p. 68-70" C. 

In the same manner, from the pooled fractions containing mainly methoxyaucuparin, the acetate was 
obtained pure (GLC, R T  = 3.4 minutes), m.p. 119" C. Found: C, 67.48y0; H, C1.097'~; OAc, 15.50%. Calcu- 
lated for C17H1805: C, 67.54%; H ,  6.00%; OAc, 14.3%. Deacetylation gave pure methoxyaucuparin (GLC, 
R'T = 2.9 minutes), m.p. 120-1'51' C. Found: C, 69 .44~0 ;  H, 6.22y0; OCH3, 31.55y0. Calculated for 
CljHlG0k(3XOCH3): C, 69.21%; H, 6.20%; OCH3, 34.20%. The methyl ether crystallized on standing for 
a long time, m.p. 65-66' C (RT = 2.2 minutes). Found: C, 69.88y0; H ,  6.37%; OCH3, 42.30y0. Calculated 
for CiaHi~Oa(4X0CH3): C, '70.05%; H, 6.61%; OCHS, 45.26%. 

Other Phenols from the Ether-soluble Fractio7t 
The ether-extracted aqueous allialine solution A was acidified with dilute hydrochloric acid and extracted 

with ether. The ether extract gave a darlc brown viscous material (14 g). An aliquot (5 g) was chromato- 
graphed on a silicic acid column. Elution with chloroform gave first impure aucuparin, m.p. 100-101' C, 
and then impure methoxyaucuparin, m.p. 119-120' C. Elution with chloroform - 2-butanone (4:l) gave a 
darlc brown viscous material which solidified into a glass. Estensive drying gave an amorphous powder 
which could not be crystallized. The material (4.0 g) was dissolved in methanol (25 ml) and placed onto a 
polyamide powder column (9). Elution with water removed most of the material as a brown, turbid solution, 
which did not yield any crystalline material. Elution with aqueous methanol (50%) gave a brown, amorphous 
solid on evaporation to a small volume. I t  was filtered off and washed with water. The compo~~nd  gave a 
positive ferric chloride reaction (green), was soluble in aqueous alkali, and its infrared spectrum had strong 
adsorption bands in the hydroxyl (3420 cm-I) and carbonyl (1700 cm-') region. Attempts to obtain it 
crystalline, or to prepare a crystalline methyl ether or acetate, failed. 

Saponification gave a ~ i l i s t ~ ~ r e  of fa t ty  acids and phenols, but  only traces of neutral alcol~ols. The free 
fatty acids were separated from the phenols by chromatography on silicic acid and elution with petrol 
(b.p. 40-60" C). These were ~nethylated with diazomethane (in ether) and then analyzed by GLC. Pealcs 
corresponding to lauric, ~l~yristic,  two ~rnlcno\\~n, palmitic, palinitoleic, stearic, linoleic, and linolenic acids 
were recorded in a ratio of 5:1.4:1:'5.8:24:2:1.6:10.7:25.2:1. The phenolic fraction was eluted with chloro- 
form, when a brown solid material was obtained. The phenolic character was confirmed by the infrared 
spectrum, which also showed a strong CH2 band in the 2900 cm-I range, and by a positive ferric chloride 
reaction. TLC analysis gave two partially separated spots R, 0.66 and 0.72 (coniferyl alcohol 0.37) when 
chloroform -acetic acid (9:l) \\-as used. Paper chromatography gave two overlapping spots R, 0.87 and 0.91 
(dimetl~oxyisolariciresinol 0.44) with n-butanol - acetic acid - water (4:l:l.g) as solvent. Further a t t e~up t s  
a t  separation failed to yield pure components. 

Ethyl acetate solz~ble Fra~tio7a (29%) 
Evaporation of the ethyl acetate under reduced pressure gave a viscous material (35 g) which did not 

crystallize. I t  gave a positive leucoanthocyanidin color reaction (violet) with n-butanol and hydrochloric 
acid. GLC showed the presence of aucuparin and methoxyaucuparin. II1hen the mixture (0.2 g) was methyl- 
ated with dimethyl sulphate in the presence of anhydrous potassium carbonate and a n h y d r o ~ ~ s  acetone a 
product was obtained which gave four individual pealcs on GLC analysis (RT 0.8, 1.5, 2.0, 2.2 minutes). 
Three components (RT 0.8, 1.5, 2.2 minutes) could be isolated in mg amounts, two of which corresponded 
to the methyl ethers of aucuparin and 111ethox)aucuparin (RT 1.5 and 2.2 minutes respectively). Attempts 
to isolate the unl;nowns and the leucoanthocyanidi~~ in larger arno~unts failed. 
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Water-soluble Fraction (33yo) 
The aqueous solution was concentrated in  vacuo to about 250 ml and was extracted exhaustively with 

ethyl acetate. On leaving the aqueous solution a t  0 to 3' C for several weeks, a crystalline white solid (4.0 g) 
separated. I t  was filtered off and recrystallized twice from methanol to give colorless needles, m.p. 164- 
165" C, [a]~+41.0" (c, 0.7y0, acetone-water), undepressed melting point in admixture with the xyloside 
sent by Professor H. Erdtman. Found: C, 57.01%; H, 6.79y0; OCHS, 20.77%; loss on drying, 3.06%. 
Calculated for C?7Ha601?.H?O: C, 56.84%; H,  6.60%; OCHJ, 21.77%; H?O, 3.16y0. The xyloside was 
hydrolyzed enzymatically with hemicellulase (commercial sample) and the hydrolyzate was analyzed by 
paper chromatography (xylose as reference standard), when a spot corresponding to xylose was obtained. 
The xyloside was methylated with dimethyl sulphate and anhydrous potass i~~m carbonate in anhydrous 
acetone to give the dimethyl xyloside, m.p. 58-60' C. Found: OCHS, 31.47%. Calculated for C?9H4~012- 
(6XOCH3): OCH3, 32.08%. This was hydrolyzed with methanolic sulphuric acid (4%) and the methylated 
aglycone was isolated in the usual manner, m.p. 158-160' C, [a]n+31.9" (c, 1.14y0, acetone). Yasue and 
Kato (5) report m.p. 158-160" C, [a]~+30.1", whereas Weinges (6) reports n1.p. 152" C. Found, after 
drying in  vacuo a t  100° C: C, 60.04y0; H ,  7.19%; OCHS, 41.11%; molecular weight, 449. Calculated for 
C24H3208: C, 64.27%; H, 7.19%; OCH3, 41.52%; molecular weight, 448.5. An aliquot of the mother liquors 
from which the xyloside was obtained was hydrolyzed with sulphuric acid (4y0). A deep red solution resulted 
which, on boiling, deposited a deeply colored polymeric amorphous solid. The material was not investigated 
further. 

In other experimellts the sapwood and the wood of the young tree were extracted with acetone and the 
residual extracts were fractionated by solvent segregation as above. The major portion of the extract was 
water soluble, and from this fraction the same xyloside crystallized to give a low-melting modification, m.p. 
121-122" C, [a]~?~+41.0'. The melting point was not depressed with the xyloside of (+)-dimethoxyisolari- 
ciresinol, m.p. 122-124' C, sent by Dr. K. Weinges. Found for the vacuum-dried sample: C, 58.60%; H, 
6.55y0; OCHS, 21.9%. Calculated for C27H86012: C, 58.74%; H,  6.57%; OCHI, 22.49%. Methylation and 
hydrolysis gave the same aglycone, m.p. 158-160" C, as described above. When a solution of this xyloside 
was seeded with the high-melting form, crystals of m.p. 163-164" C were obtained. An equal mixture of the 
low- and high-melting modification dissolved in a little water deposited crystals of m.p. 163-165" C. Thus, 
the high-melting modihcation appears to be the more stable form. 
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ABSTRACT 

Gas-liquid chromatography of the methyl ethers of 36 flavones, flavanones, isoflavones, 
and chalkones, 2 chromones, and 9 hydroxy diphenyls was carried out,  using SE-30 silicone 
polymer as liquid phase. The results obtained show that this technique can be used for the 
separation, isolation, and identification of milligram amounts of these compounds. The 
influence of methylation, acetylation, and hydrogen bonding was demonstrated and is dis- 
cussed. Dehydration of a 2-hydroxyisoflavanone to the corresponding isoflavone and isom- 
erization between some flavanones and chalkones were encountered. No linear relationship 
between the number of substituents and retention time was obtained, indicating that  sub- 
stituents a t  different positions of a flavonoid nucleus influence the retention characteristics in _ a different manner. This was especially noticeable with some 3- and 5-substituted flavones, 
but in other instances the difference in retenti011 times was also sufficient to differentiate 
between position isomers. 

INTRODUCTION 

The successful separation of simple phenols by ineans of gas-liquid chromatography 
(GLC) has been reported by several authors (1-12), but does not appear to have been 
achieved with more con~plex phenols. Recently the authors (13) were able to separate 
and isolate the two hydroxy diphenyls aucuparin and rnethoxyaucuparin (4-hydroxy- 
3,5-dimethoxy- and 4-hydroxy-2',3,5-trimethoxy-diphenyl) and their methyl ethers and 
acetates by GLC. I t  was of considerable interest for our studies of wood extractives to 
determine whether flavonoid cornpoullds could also be chrornatographed satisfactorily. 
Since most flavonoids, or a t  least their methyl ethers and acetates, can be distilled in 
vacuo, this seemed possible in principle. This paper describes the results obtained with 
a representative variety of flavones, flavonols, isoflavones, chalkones, flavanones, flava- 
nonols, chromones, and hydroxy diphenyls, or their methylated and acetylated 
derivatives. 

As the flavonoid compounds have high boiling points, only liquid phases suitable for 
use above 200' C could be considered. Polyesters of the Craig type and bis-(m-phen- 
oxyphenoxy)benzene had been used by one of us (12) for the separation of eugenol, 
isoeugenol, and anisole. These liquid phases proved to be unsuitable for the chrorna- 
tography of flavonoids. However, as with the hydroxy diphenyls aucuparin and rnethoxy- 
aucuparin, many flavonoids could be eluted as fairly symmetrical peaks froin a 3-ft 
column containing SE-30 silicone polymer as liquid phase. This substrate was first used 
in the successful separation of steroids (at 220-265' C) by VandenHeuvel et al. (14). 
Columns containing this liquid phase in 15, 10, and 570 amounts on Chromosorb W, 
and in 0.5y0 amount on micro glass beads, were made up and with these columns satis- 
factory chron~atography of the flavoiloids and diphenyls listed in Tables I and I1 was 
obtained. The first three columns allowed the separation and isolation of milligram 
amounts, which proved particularly useful for identifying the isomerizatioil products of 
challiones and flavanones. 

'Issued as N.R.C. No. 6800. 
ZNational Resea~ch  Council of Canada Postdoctorate Fellow, 1960-1961. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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TABLE I 

Relative retention times (with respect to 7-methylflavone) of hydroxy diphenyls and simpler flavonoids 
a t  235" C 

Group Substitution 15% SE-30* 0.5% SE-30t 

Diphenyl 2-H ydroxy 
3,2'-Dihydroxy 
4,4'-Dihydroxy 
4-Hydroxy-3,5-dimethoxyf 
3,4,5-Trimethoxy 
4-Acetoxy-3,5-dimethoxy 
4-Hydroxy-3,5,2'-trimethoxy$ 
3,4,5,2'-Tetramethoxy 

Chromone 

Flavone 

Isoflavone 

C11all;ones 

Isoflavanones 

3,5,7-Trimethoxy-2-methyl 
Khellin (furano chromone) (32) 

None 
3-Hydroxy 
3-Methoxy 
3-Acetoxy 
7-  illetlzoxy 
5-Hvdroxv-7-methoxv 

*I:luu r:ltc.: 120 tnl I ~ c ' l i ~ l i ~ .  11li11; K T  7 - ~ ~ ~ e t h o s ~ r ' n v o n c :  8.1 ~nillrttes. 
tl'low rate: 150 1411 l~elil~rtt t l l i r t ;  K T  7-rt1etl1us?.fl~vone: 1.1 rd~itttitej. 

I t  is coin~noll practice to report the retention times (RT) of individual co~~lpounds as 
relative retention time (RRT) with respect to a suitable standard substance. Initially 
flavone itself was used for this purpose, but this was found to have too low a retention 
time on the 0.(iY0 coluin~l to give accurate I iRT values. Therefore, 7-methoxyflavone 
was chosen, being readily synthesized and more suitable as regards retention 
characteristics. 

EXPERIMENTAL 

The gas-chromatographic unit was of conventional design and built in this laboratory (1.5, 16). The column 
and thermal conductivity cell were controlled a t  the same temperature. The injector could be heated 
separately by means of a variac control. The columns were constructed of 3-ft lengths of $in O.D. stainless 
steel tubing, which was coiled (5- to  8-in diameter) to fit into the heating oven. In preparative runs the exit 
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TABLE I1 

Relative retention times of tetra- and penta-substituted flavonoids 
on the 3-ft 0.5y0 SE-30 column a t  235O C 

Group Substitution R R T  

Flavone 

Isoflavone 

Flavanone 

Chailcone 

gases xere  led into glass traps which \\.ere externally cooled in a dry ice - acetone mixture. Chromatogra~ns 
were recordecl on a 1-mv Honeywell recorder using a chart speed of 6 min/in. The  carrier gas was heliunl, 
which was introduced a t  40 to 60 p.s.i. a t  the colunln inlet. The outlet was a t  atmospheric pressure and the 
gas Row rate was measured by means of a moving soap bubble. Samples were introduced as solutions (0.5 
to 2 p l ,  30-50% in acetone or chloroform) with a hypodermic syringe. Retention times were measured a t  the 
initial emergence of peaks (12) and these were reproducible within 1 0 . 1  minute for individual colnpounds. 
The peaks were of regular shape and no sign of decomposition was detected. Recovery of isolated samples 
was not quantitative (approx. 50 to 75%). 

MATERIALS 

The simple hydroxy diphenyls were commercial samples. Aucuparin and ~nethoxy- 
aucuparin were isolated from the wood of Sorb~is  decora (13); the methyl ethers and 
acetates were prepared by standard proceclures. 

Flauones 
7-~~Ietl~osyflavone, m.p. 110-1 11 C, was prepared by dchydrogenation with selenium 

dioyicle of 2'-1~ydroxy-4'-1~~et1~oxycha11~011e (17). Flavone, 3-hydroxyflavone, kaempferol, 
fisetin, and quercetin \irere com~nercial sanlples (chromatographically pure), from \vhich 
the fully methylated derivatives \\-ere obtailled by methylation with excess dimethyl 
sulphate and anhyclrous potassiulll carbonate in anhydrous acetone: 3-methoxyflavone, 
111.p. 10T°C (18); 1;aempferol tetramethyl ether, 111.p. 163-166" C (19); fisetin tetra- 
methyl ether, m.p. 130' C ;  quercetin pentamethyl ether, 111.p. 144-143' C (20). Chrysin 

F v dimethyl ether, m.p. 13-76" C, was similarly obtained from chr>-sin (21). Galangin 
tri~nethyl ether, m.p. 19tj-1970 C,  was obtailled from galangin-3-metl~yl ether prepared 
accordillg to the method of Icalff and Robinson (22). 

The partial methj 1 ethers with the 5-hydrosyl group free were prepared by methylation 
with diazomcthane in ~nethanol-ether: galangin-3,7-dimethyl ether, m.p. 145-146' C (22) ; 
kaempferol trimethyl ether, m.p. 154-135" C (23); quercetin tetramethyl ether, m.p. 
136-157" C (24). Tectochrysin was obtainecl fro111 natural sources (21). 

Isoflavo~zes and Isojlauanones 
,"-Hydrosy-5,7-d~imetIzoxyiso~avanone, 5,7-dimeti~oxy- and 5-llydroxy-7-mdho.vy-iso- 

flavones 
2-I-Iydroxy-4,6-di1nethoxy pl~enyl benzyl ketone (25) (1 g) was dissolved in ethyl 

for~llate (10 1111) and the coolecl solutio~l was added to ice-cold powdered sodium (1 g). 
After being left a t  O0 C for 24 hours the mixture was poured into ice water. The solution 
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was acidified to  pH  2-3 with cold dilute hydrochloric acid and the sticky solid which 
separated out  was filtered, washed with water, and crystallized from methanol to give 
rectangular prisms, m.p. 145-146" C. I t  agreed in its properties with those reported for 
2-hydroxy-5,7-dirnethoxyisoflavanone as  reported by Narasimhachari et al. (26). Dehy- 
dration with acetic anhydride (26) gave 5,7-dimetl~oxyisoflavone, m.p. 121" C (26). 
5-Hydroxy-7-methoxyisoflavone was obtained by controlled dernethylation of the 
dimethoxy con~pound with hydroiodic acid a t  120" C according to Aghoralnurti et al. (27). 
5,7-Dihydroxy-2-methylisoflavone, m.p. 228-229" C,  and 5,7-dihydroxy-4'-methoxy- 

2-methylisoflavone, m.p. 208-209" C,  were prepared according to the method of Baker 
and Robinson (28). Partial methylation of these dihydroxy compoul~ds with 1 nlole of 
dimethyl sulphate and anhydrous potassium carbonate in anhydrous acetone gave 
5-hydroxy-7-n1ethoxy-2-n1ethylisoflavone, m.p. 186-187' C (28), and 5-hydroxy-4',7- 
dimethoxy-2-n~ethylisoflavone, n1.p. 197-199" C (28). Complete methylation with excess 
dilnethyl sulphate gave the corresponding fully methylated derivatives, m.p. 98-100" C 
and 175-176" C respectively. 

5,Y-DimethoxyisojZavanone 
5,7-Dimethoxyisoflavone (0.2 g) was hydrogenated in the presence of palladium-on- 

charcoal catalyst (25 mg) for 24 hours (29). The  product was crystallized from ethyl 
acetate containing petrol, m.p. 151-152" C. Found: C,  71.73y0; H ,  5.72%. Calculated 
for C17H1604: C ,  71.82%; H, 5.67%. 

Chalkones and Fluvanones 
The  2'-hydroxychalltones were obtained by the standard procedure. The  appropriate 

0-hydroxyacetophenone (1 mole equivalent) and the substituted benzaldehyde (1.5 mole 
equivalent) were dissolved in alcohol and to the mixture was added potassium hydroxide 
(2 g/g ketone). The  mixture was left in a stoppered flask a t  room temperature for 48 
hours. I t  was then diluted with water and extracted with ether. The  aqueous layer was 
separated and acidified, when the chalkone was precipitated. I t  was filtered, washed with 
dilute aqueous sodium carbonate solution and water, and crystallized from alcohol. 
2'-Hydroxy-4'-methoxychalkone, m.p. 104-106" C ;  2'-hydroxy-4',4-dimethoxychalkone, 
m.p. 110" C ;  2'-hydroxy-4',6'-dimethoxychalkone, m.p. 91-92" C ;  2'-hydroxy-4,4',6'- 
trimethoxychalkone, m.p. 113-114" C were thus obtained. 

The  fully methylated flavanones were obtained from these 2'-hydroxychalkones by 
heating under reflux with alcoholic sulphuric acid (4y0). These could also be obtained 
practically pure fro111 the ether extract of the challtone condensation (see above) by silicic 
acid chron~atography. 7-Methoxyflavanone, m.p. 89" C ;  7,4'-dimethoxyflavanone, m.p. 
95" C ;  5,7-dimethoxyflavanone, m.p. 144-145" C ;  4',5,7-trimethoxyflavanone, m.p. 
128" C were obtained. 

Naringenin-7,4'-dimethyl ether, m.p. 114-116" C,  and hesperetin-7,3'-di1nethyl ether, 
m.p. 136-137°C, were obtained by  partial methylation of naringeniil and hesperetin 
(commercial samples) respectively according to  the method of Narasimhachari and 
Seshadri (30). Similarly, pinocembrinnlonomethyl ether, m.p. 110-112" C,  was obtained 
from pinoceinbrin (21). Sakuranetin was a sample from natural sources (31). 

GLC of some of the flavanones and chalkones gave two peaks in varying proportions. 
Each component was isolated in preparative runs (10 mg) and identified by mixed lnelting 
point and comparison of ultraviolet spectra. Re-injection of each colnponent confirmed 
that  thermal isoinerization between these flavanones and chalkones took place. The  
amounts of each formed were determined by measurillg the area under the peak (error 
= =t3% to 10%). 
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Chromones 
Khellin (32) was obtained from comn~ercial sources. Complete methylation of 

3-methoxy-5,7-dihydroxy -2-methylchromone (33) gave 3,5,7-trimethoxy -2 -methyl- 
chromone. 

RESULTS AND DISCUSSION 

The relative retention tiines of the hydroxy diphenyls and the simpler flavonoids with 
reference to 7-methoxyflavone as obtained on the 15% and 0.3y0 SE-30 colun~ns are 
shown in Table I.  No noteworthy difference in these RRT values was obtained on the 
10yo and 5y0 columns, although the actual retention times decreased accordingly. Thus, 
the R T  values for 7-methoxyflavone were 8.1, 5.3, 3.8, and 1.1 minutes on the 15, 10, 
5, and 0.5y0 coluinn respectively. As expected, a fairly regular increase in the R T  was 
observed when the number of substituents in the parent con~pound was increased. 
Conversion of a free hydroxyl group to the methyl ether decreased the RT, whereas 
acetylation increased it to a value above that of the free phenol. These findings hold only 
for compounds in which no intramolecular hydrogen bonding of free hydroxyl groups call 
take place. Where hydrogen bonding can occur, the R T  of the free pheilol is very inuch 
lower than expected for a corresponding non-hydrogen bonded con~pound. Thus the 
value obtained for 2,2'-dihydroxy dipheilyl is practically that of a monohydroxy diphenyl. 
4,4'-Dihydroxy diphenyl gave a retention time expected for the dihydroxy analogue. The 
effect of hydrogen bonding is especially noticeable with 5-hydroxy-flavones, -flavanones, 
and -isoflavones; e.g., the 5-hydroxy-7-methoxy compound has a much lower R T  than 
the corresponding 5,7-dimethoxy derivative (see Table I). This marked effect was also 
found with the higher-substituted compounds (see Table 11). 

Compounds with more than two free hydroxyl groups or three methoxyl groups were 
not eluted within practical tiines froill the 15, 10, or 5% SE-30 columns a t  230-235" C. 
The use of higher temperatures to shorten the R T  values seeiued undesirable, not only 
because of shorter colunln life, but because the chance of thermal deconlposition of 
injected coinpounds would be very much enhanced. Decoinposition of hydroxy and 
acetoxy steroids a t  220-260° C on the SE-30 substrate was reported by VandenHeuvel 
et al. (13) (see also below). Therefore, 0.5y0 SE-30 polymer on inicro glass beads a t  230° C 
was used for the chromatograpl~y of the higher-substituted flavonoids. The relative 
retention times of tetra- and penta-substituted flavonoids with respect to 7-methoxy- 
flavone are shown in Table 11. 

Substitution a t  the various positions of the flavonoid nucleus appears to affect the 
retention characteristics differently. Thus, 3-methoxyflavone has a much lower retention 
time than 7-methoxyflavone. The finding that even 3-hydroxyflavone has a lower reten- 
tion time than the standard indicates that substituents a t  this position- are so~nehow 
shielded and do not increase the retention time by an expected increment. Such increases 
are obtained by substitution a t  the various positions of the aromatic nuclei (except for 
the 5-hydroxy and other hydrogen-bonding substituents), but the increnlents were not 
regular for each additional group added. This is fortunate, since it leads to different 
retention times for position isomers and thus facilitates their separation; e.g., 3,5,7,4'- 
and 3,7,3',4'-tetramethoxyflavone had RRT 5.90 and 4.72 respectively. Whether the 
lower value for the latter compouild is due to the proxi~uity of the 3' and 4' substituent 
or a n1arl;edly different behavior between 3'- and 5-substituted flavones cannot be 
deduced froill the present data. 5-Hydroxy-7,3',4'-trimethoxyflavanone (Table 11) had 
a considerably higher RRT than 5-hydroxy-7,4'-dimethoxyflavanone (Table I). This 
suggests again that no general conclusion in this direction can be drawn. 
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The differences in retention times between the various groups of compounds studied 
are sufficient to be of value in their separation and isolation. For example, 5,7-dimethoxy- 
flavone, -isoflavone, -flavanone, and -isoflavanone had RRT 1.95, 1.50, 1.10, and 0.90 
(0.60) respectively. The double bond in the heterocyclic ring of the flavones causes a 
longer retention on the SE-30 columns, and the iso con~pounds are retained a noticeably 
shorter time than the corresponding flavones or flavanones. The conjugation of the 
B-ring with the double bond anrl carbonyl group in flavones may account for the higher 
RRT values. The different retention times of different groups of compounds with the 
same substitutio~l pattern is especially useful in view of the co-occurrence of such groups 
in plants. 

The increase in retention times with increasing number of substituents is much nlore 
marked with flavones than wit11 isoflavones (see Table I) .  A sinlilar conclusion could 
not be drawn for flavanones and isoflavanones because too few of the latter group were 
available for study. In  general, the RRT values obtained on the 0.5y0 colunlll were the 
same or slightly higher than those recorded with the 15% column. However, the value 
of 5,7-dimethoxyisoflavanone was much lower on the fornler column (0.6 as against 0.0). 
Repeated runs a t  different times, or in consecutive runs, did not change this result. 
Possibly some minor influence due to the solid support Chromosorb W plays a nlore 
significant role in the chromatography of this particular compound. 

Two chemical reactions due to the high temperatures necessary for chrolnatography 
were encountered. Several of the flavanones and chalkones gave two distinct peaks on 
the chromatogram (see Table I). The former usually gave a large peak followed by a 
smaller one whereas some of the chall<ones gave two peaks in the reverse order of size. 
When the RRT values obtained for 7-methoxyflavanoile, for example, are compared 
with those for 2'-hydroxy-4'-methoxychall<one these were found to be the salne (within 
an error f0.03) for both pealcs. These effects were shown to be due to isonlerizatio~l 
between flavanones and the corresponding chalkones by isolating both coinpone~lts and 
comparing the ultraviolet spectra with the starting materials. The component with lower 
RRT illvariably corresponded to the flavanone and that with higher RRT to the chalkone. 
011 re-injecting 7-metl~oxyflavanone the two pealcs were obtained in the ratio of 7 to 1, 
whereas with 2'-hydroxy-4'-methox~~challco1~e it was 1 to 3. This s l ~ o ~ s  that an equilib- 
rium mixture is not obtained during chromatography and different operating conditions 
may result in different ratios. The finding that 2'-hj~droxy--l-',6'-din1ethoxy- and 3,7- 
dimethoxy-flavanone gave only a single peak corresponding to the flavanone structure 
indicates that certain substituents may stabilize the flavanone structure. 

Another type of reaction was encountered with 2-hydroxy-5,7-din~ethoxyisoflavanone. 
This compound gave on chromatography the retention time of 5,7-din1ethoxj~isoflavone 
(see Table I). Isolation confirmed that the 2-hydrosyisoflavanone had been dehydrated 
conlpletely to the isoflavone. This is to be expected, since this dehydration is obtained 
by cl~ernical means (26, 34, 33). Whalley (35) proposes a trans configuration @(a)- 
hjxlroxyl, 3(a)-hydrogen) for the elinlinated elements. On the other hand, for unimolec- 
ular thermal decompositions giving rise to olefins, Barton (36) proposes cis elimination. 
This aspect requires further study. During the preparation of 5,7-dimethoxyisoflavo~~e it  
was noted that with sodium and ethyl formate the reaction product was the 2-hydroxy- 
isoflavanone. The formation of this i~lter~nediate was reported earlier by Narasimhachari 
~t al. (26), methyl formate being used, by Whalley (34, 37) in the synthesis of 2'-substi- 
tuted isoflavones, and by Baker et al. (38) in the condensation of phenyl benzyl lcetones 
with ethyl osalyl chloride. The infrared spectrum confirms the 2-hydroxyisoflavanone 
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structure assigned to the intermediate. 2-Hydroxy-4,6-dimethoxy phenyl benzyl ketone 
was also chromatographed (cf. Table I) to demonstrate that GLC can be readily used 
to identify unreacted starting material. 

Since GLC permits the isolation of practically pure conlpounds in nlilligranl amounts, 
and thus allows confirmation of identity by infrared and ultraviolet spectroscopy, this 
technique appears to be eminently suited for the investigation of mixtures of complex 
phenols found in plant extractives. This should prove especially useful in surveys of 
related species for the occurrence of the same, or closely related, flavonoid constituents. 
The technique is now being applied to current investigations of phenolic fractions in wood 
and other plant extractives. The results described above also show that GLC can be 
used with success in the study of chemical changes and reactions of flavonoid conlpounds. 
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REARRANGEMENT STUDIES WITH C14 

XII. THE REACTION OF NITROUS ACID WITH 2-CK- OR 2-!j-NAPHTHYLETHYLAMINE-1-C" 
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ABSTRACT 
On treatment with sodium nitrite, 2-a-naphthylethylai~line-1-Cu in aqueous hydrochloric 

acid or glacial acetic acid gives rise to  the corresponding alcohol, which shows rearrangement of 
C14 from the C-1 to the  C-2 positions to the extent of 32-35%; the 2-P-naphthyl isomer exhibits 
26-28% rearrangement. The significance of these results is discussed. 

INTRODUCTION 

Isotope positioil rearrangement in the reactioil of 2-phenylethylamine-l-Cl.i with 
nitrous acid in both aqueous and non-aqueous nledia has been reported and the results 
discussed in terms of possible reaction mechanisms (1, 2). The percentage of rearrange- 
ment was approximately 20%, considerably more than the 1.5% rearrangement observed 
for the reaction of nitrous acid with ethylamine-1-CL4 (3), thus strongly suggesting 
anchinleric assistance by the phenyl group and the probable i~lvolve~llent of the non- 
classical ethylenephenoniu~n ion IVor  a t  least part of the reaction. This paper reports 
the degree of rearrangement during the same reaction of the analogous naphthyl deri- 
vatives. 

RESULTS AND DISCUSSION 

2-P-Naphthylethylamine-l-C14 was prepared from 0-naphthoic acid by reduction t o  
the corresponding carbinol, which was converted to the chloride by means of thionyl 
chloride; the resulting 0-chloromethylnaphthalene was treated with potassium cyanide-C14 
to  give the nitrile, which was reduced with lithium aluminum hydride to give the desired 
ainine. Analogously, 2-a-naphthylethyla~nine-1-C14 was prepared starting from a-chloro- 
methylnaphthalene. That  no rearrangement had occurred during any step of the syntheses 
was denlonstrated by permanganate oxidation of either of the anlines to give the corres- 
ponding inactive a- or p-naphthoic acid. 

The reaction of the ailli~les with ilitrous acid was carried out in dilute hydrochloric 
acid and in glacial acetic acid, yielding, respectively, 2-a- or 2-0-naphthylethanol and 
2-a- or 2-0-naphthylethyl acetate. The acetates were saponified with sodium ethoxide in 
95% ethanol. To  delllonstrate that the saponification of the acetates did not affect the 

'Holder of a National Research Council of Canada Studentship, 1961-1962; on leave from the Department 
of Clzentistry, Carleton University, Ottawa, Ontario. 

2Previozisly we ltave used "ethylphenonizim" as the name of this ion. I n  analogy with other "oniunz" ions,  
sz~clz as "ethyleneoxonium" ion,  we will zise the terms "ethyleneplzenoniunt" and "ethylenenaphtltonizlm" i n  this  
paper. Instead of "pltenonizim" ion,  the na?lze "benzenocarbo?tizi?n" ion  has also been recorded in the literatzire. 
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degree of rearrangement, 2-a-naphthylethyl acetate was isolated in one experiment and 
this ester was treated with lithiunl aluminum hydride to give the alcohol. The purified 
alcohols were assayed for radioactivity and then oxidized with alkaline permanganate 
to the corresponding naphthoic acids. A conlparison of the molar activities of the alcohol 
and corresponding acid gave a direct measure of the degree of rearrangement of Cl4 from 
the C-1 to the C-2 positions. The results are tabulated in Table I. 

TABLE I 
Rearrangements in the reaction between nitrous acid and 2-a- or 2-p-naphthylethylamine-1-Cl4 

Activity* 
(c.p.m./nlnlole) % rearrangement 

Reaction medium Compound assayed Run I Run  I1 Run I Run I I  

H20-HCl 

HOAc 

H2O-HCl 

HOAc 

*Radioactivity was measured in a liquid scintillation counter. Each sample. xveighing about 10 mg, was dissolved in 20 ml of 
toluene containing 4g/l. of DPO and 100 mg/l. of POPOP and then counted for sufficient length of time t o  give at least 10.000 
counts. Under these conditions, use of toluene-C1.l as an internal standard showed that there was no quenching by the compounds 
assayed. 

tIn this experiment, the acetate was treated with LiAlH4 to  give the alcol~ol. 

From Table I ,  i t  may be noted that  practically the same degrees of rearrangement 
were observed in both aqueous and acetic acid media. Similar observations were made by  
investigators of the reaction of nitrous acid with 2-phenylethylamine-1-C14 (1, 2). Several 
attempts were made to  carry out the reaction of the naphthylethylamines in anhydrous 
formic acid in order to  determine whether a greater amount of rearrange~~lent would 
result in this more ionizing medium. However, these attempts were unsuccessful due to 
the rapid formation of a polymeric tar. Even when the temperature of the reaction 
mixture was maintained a t  the freezing point of formic acid, no ester could be isolated. 

The observed rearrangements may be regarded as the result of some net 1,2-naphthyl 
shifts in these reactions. Possibly, one may visualize these reactions as  proceeding to  
some extent through the bridged a- and P-ethylenenaphthoniun~ ions I1 and 111, and 
the remainder through the classical naphthylethyl ions IV and V. On the other hand, 
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i t  may be more accurate to consider I1 and IV or I11 and V as contributing structures 
of the actual transition states. Should IV be formed during the reaction, one might 
predict the possible forlnatio~l of sollle acenaphthene through internal electrophilic 
substitution, i.e. 

The crude products fro111 reaction of the a-isomer were examined by gas-liquid chroma- 
tography and conlpared with known acenaphthene. No trace of the hydrocarbon was 
found. 

The average degree of rearrangenlent for the reaction with 2-a-naphthylethylamine- 
1-C14 was 34y0. Should the reaction proceed via the ethyle~le~laphtho~lium ion 11, this 
higher degree of rearrangement, as cornpared to about 20yo rearrangement for the reaction 
with the phenylethyl derivative (2), lnay be due to greater positive-charge delocalizatior~ 
in I1 as compared to I. The sonlewhat lower extent of rearrangement of about 2'7y0 for 
the @-naphthyl isomer is to be expected because of less electron localization a t  the 
@-position of the naphthalene nucleus, as evidenced by the well-known preference for 
formation of the a-isomer in electrophilic substitution, and as predicted bj7 valence bond 
and ~nolecular orbital theory (4). 

EXPERIMENTAL 

Preparation of 2-a-iVaplztlzy1- alzd 2-8-iVaplztlzy1-etlzylamine-l-C" 
8-Naphthoic acid was reduced with lithium aluminum hydride according to  the general method of 

Nystro~n and Brown (5). Average yield of 8-naphthylcarbinol, m.p. 79.5-80.5" C (lit. (6) n1.p. 80-81" C), 
was 91%. This product was converted to 8-chloromethylnaphthalene, m.p. 46-47" C (lit. (7) m.p. 47.5- 
48.5" C), in 77% yield by the method of Gilman and Icirby (8). The or- and 8-chloromethylnaphthalenes 
were converted to the corresponding nitriles according to Wislicenus and Elvert (9) in 80% yield. 2-or- 
Naphthylacetonitrile-1-C" was obtained as  an  oil, b.p. 165-170" C a t  2 mm (lit. (9) 183-187' C a t  13 mm); 
2-4-naphthylacetonitrile-1-C14 crystallized from cyciohexane a s  a pale yellow solid, m.p. 85-86' C (lit, (10) 
m.p. 85.5-86' C). The nitriles were reduced to  2-or-naphthylethylamine-1-Cl4 and 2-8-naphthylethylainine- 
1-C", respectively, by means of lithium aluminum hydride, according to  the inethod of Arnuildsen and 
Nelson (11). The yields were about &yo. The acetyl derivatives of the a- and 8-isomers melted a t  90-91' C 
and 109-110" C, respectively (lit. (12) n1.p. 91' C and 110" C). 

Reaction of A?nines with Nitrous Acid in Acetic Acid 
Sodium nitrite (12 g, 0.17 mole) was added portionwise, with stirring, to a solution of 10 g (0.14 mole) 

of 2-01- or 2-gnaphthylethylamine-1-Cfi in 50 ml of glacial acetic acid. After co~nplete addition, stirring 
was continued for 3 hour and the mixture was then poured into ice water. The  resulting material was ex- 
tracted with ether, and the combined extracts were washed with saturated sodium bicarbonate solution and 
with water and then dried over magnesium sulphate before the ether was removed. A solution of 8 g of 
sodium in 250 in1 of 95% ethanol was added and the mixture refluxed for 8 hours and then poured into cold 
hydrochloric acid. The  resulting mixture mas extracted with ether, and the extracts were washed and dried 
as  described above. The  products were collected a t  136-142' C a t  0.12 mm and 159-166" C a t  4 mm for 
the a- and 8-isomers, respectively. Both alcohols solidified on being cooled and were recrystallized twice 
from petroleunl ether. Average yields of twice-recrystallized 2-or- and 2-8-naphthylethyl alcohols for the 
various runs were 20%. The  or-isomer melted a t  61-62' C (lit. (6) 1n.p. 60.5-61.5° C), the (3-isomer melted a t  
67-68" C (lit. (13) m.p. 67.5-68" C). 

In  another experiment with 2-or-naphthylethyla~mine-1-CL4, 2-a-naphthylethyl acetate was isolated in 
57% yield and then reduced to the alcohol with lithium aluminum hydride by the method of Lee and Spiilks 
(2). 

Reaction of Amines with ~Vitroz~s Acid in Aqueous Mediwn 
2-or-Naphthylethylamine-1-C14 (log, 0.14 mole) was placed in a 1-liter flask and 800 in1 of water added. 

Sufficient concentrated hydrochloric acid was introduced to bring the pH of the solution to 5. The solution 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



FORMAN A N D  LEE: c14 REARRANGEMENT STUDIES 1133 

was then frozen to a slush, and stirred while 8.0 g of sodium nitrite in 20 ml of water was added portionwise. 
With continued stirring during the next hour, small amounts of sodium nitrite were added, together with 
sufficient hydrochloric acid to  maintain a pH of 5. The mixture was stirred for an  additional 2 hours, heated 
to boiling, removed from the heat, and then stirred overnight. I t  was then extracted with ether and the 
combined extracts were washed with dilute hydrochloric acid, sodium bicarbonate solution, and distilled 
water. After drying and removal of the ether, the residue was distilled under reduced pressure. 

The reaction with the 8-isomer was carried through in the same manner, except that about 1600 ml of 
water was used for 10 g of amine. Even a t  this dilution, the amine hydrochloride was almost insoluble and 
the reaction was carried out with the hydrochloride in suspension. 

Although crude yields of the 2-a- and 2-8-naphthylethyl alcohols were comparable to those obtained i11 
acetic acid medium, there was greater contamination by a yellow impurity, necessitating four to five recrystal- 
lizations to give the pure products in overall yields of about 5-10%. 

Oxidatiott of 2-01- or 9-8-Naphtlzyletlzyl Alcohol or Amifze 
One gram of the alcohol or amine was placed in 50 ml of distilled water containing 2.5 g of potassium 

per~nanganate and 1.0 g of sodium hydroxide. The mixture was heated on the steam bath until con~plete 
discoloration of the permanganate occurred (15-20 minutes). The manganese dioxide was removed by 
filtration and the filtrate washed twice with ether before i t  was acidified with sulphuric acid. The  crude 
a- or 8-naphthoic acid was collected by suction in yields of 30-40%. The use of larger amounts of perman- 
ganate and sodium hydroxide and a longer reaction time resulted in decreased yields. 

The crude a-~iaphthoic acid was recrystallized three times from cyclohexa~le, the 8-naphthoic acid re- 
crystallized once from cyclohexane and twice from ligroin, giving pure acids, 1n.p. 161.5-162' C and 184.5- 
185" C, respectively (lit. (14) m.p. 162' C and 185" C). 
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ABSTRACT 

The reaction of isopropanol vapor with Hg 6 ( 3 P ~ )  a t o ~ n s  has been investigated under static 
conditions a t  25' C under continuous and intermittent illumination. The effect of added inert 
gas and isolation of the 2537 A Hg resonance line were also studied. 

The products of the reaction are H ?  (0.72), CH3COCH3 (0.25), CO, CHI, C?Hc, CH3CH0, 
and H10, with the numbers in parentheses representing the quantum yields a t  zero exposure 
time. The non-volatile product remaining in the cell was a mixture of C8-glycols, containing 
98.6% pinacol, 1.2O;/, 2-methyl-2,4-pentanediol, and ca. 0.2% or less of 2,5-hexanediol. 

Under intermittent illumination, the quantunl yield of hydrogen production, measured as  
a function of light period, t ~ ,  rose linearly with log t ~ ,  and had a constant value of unity for 
t~ < 0.45 msec. A mechanism is proposed involving the primary formation with perfect 
efficiency of isopropoxy radicals and H atoms. 

INTRODUCTION 

Recent investigations of the reactions of alcohol vapors with Hg 6(3P1) atoms have 
shown that for nlethanol (1, 2, 3) and ethanol (4) the primary process is an alrllost 
exclusive split into an alkoxy radical and hydrogen atom. Utilizing intermittent-illumi- 
nation techniques, values for the primary quantum yield, +", of hydrogen atoll1 production 
of at least 0.89 for methanol (3) and 0.96 for ethanol (4) have been found. The corre- 
sponding values, as determined by extrapolation to zero extent of reaction, under steady 
illumination, were 0.45 and 0.53 respectively. The lower values for +(H2) under continuous 
illumination were ascribed to a rapid back reaction between hydroxyalkyl radicals and 
hydrogen atoms competing with Hz formation by abstraction from the substrate. As the 
light period was made progressively shorter the meall radical concentration decreased, 
favoring the abstraction reaction, with a resulting increase in the hydrogen yield. Thus 
for ethanol, where the a C-H bond energy is presumed to be lower than for methanol, 
the abstraction step competes more effectively with the back reaction, and higher values 
of +(Hz) are observed under both steady and intermittent illumination. In isopropanol, 
which has a tertiary C-H bond, still higher yields of Hz  would be expected under 
conlparable conditions. Furthermore, since the tertiary C-H bond energy in isopropanol 
would be considerably lower than that of the 0-H, demonstration of an exclusive 0-H 
bond scission would give strong evidence in support of the generality of preferential 
quenching of Hg 6(3P1) atoms a t  the oxygen site, in the alcohol series. 

In the present investigation, the studies carried out in this laboratory on the alcohols 
(2, 3, 4) have been extended to isopropanol. The reactions of this alcohol with Hg 6(3P1) 
atoms, under continuous and intermittent illumination, have been examined. 

The details of the investigation follow. 

EXPERIMENTAL 

The apparatus used for the continuous-illumination experiments was essentially identical with that 
e~nployed for the methanol reaction (2). The  techniques and equipment used for the intermittent-illumination 
studies have also been described previously (4). 
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KNIGHT AND GUNNING: ISOPROPANOL VAPOR REACTION 1135 

The isopropanol was Nichols reagent grade. After degassing and trap-to-trap distillation, rejecting large 
head and tail fractions, the reagent was stored in a quartz trap connected to the reaction system. Gas 
chromatographic analysis showed no detectable impurities other than ca. 0.05% water. Mass spectrometric 
analysis proved the absence of any triisopropylborate in a sample of the alcohol which had been stored in a 
pyrex vessel for 48 hours. The neon (Airco assayed reagent) was used without further purification. 

The analysis of the reaction products was carried out by gas chromatography and mass spectron~etry. 
Products condensable in liquid nitrogen were separated by a 2.5-111 8% didecylphthalate-on-Fluoropak 
column, operatingat 35', with a hydrogen flow of 80 cc/min. Carbon monoxide and methane were determined 
on a n~olecular-sieves column, and by mass spectrometric analysis of the total non-condensable yield. 
Hydrogen was obtained from the difference between the total non-condensable gas and the yield of CO + 
CHI. Mass spectrometry was also employed for hydrogen analyses in the runs with added neon. 

For the analysis of the involatile products, which formed as  a deposit on the  cell walls, two 10-hour 
runs were performed, and the cell deposit was dissolved in acetone and analyzed for glycols by the same 
procedure as used in the ethanol investigation (4). The  presence of pinacol was confirmed by the sodium 
metaperiodate titration of Dal Nogare and Oemler (5). Here the cell deposit formed in a 3-hour run was 
analyzed by carrying out the titration on a n  aqueous solution of three washings of the reaction vessel. 

The condensable products of the reaction were identified by their colun~n retention times and the identi- 
fication was confirmed by mass spectronletric analysis of each peak trapped from the chronlatographic 
effluent. 

In the experiments with filtered light, one reaction was performed with the light beam filtered by a solution 
of trans,trans-1,4-diphenyl-1,3-butadiene in a 1-c~n path length cell (6). The  solution had a narrow trans- 
mission band centered a t  ca. 2600 A, with 39% transmission a t  2537 A. In  the comparison run, using the  
same geometry, the light beam was attenuated by several quartz plates arranged to give 40y0 transmission 
of the 2537 A line. 

Light intensities were determined with propane as  actinometer (7), using the differential method of Back 
(8) to determine the steady-state value of dHp/dt. Four light intensities were e~nployed in the experiments 
and the values, in peinsteins/min, were (a) 1.25 (double sector); (b) 1.43 (single sector); (c) 1.78 and 1.35 
(continuous illumination). 

RESULTS 

All experiments were carried out a t  a pressure of 40.0 mm isopropanol a t  room temp- 
erature, 25f lo C. The products of the reaction were found to be H2,  CO, CHI, CzH6, 
MeCHO, h~le~(CO) ,  HzO, pinacol, 2,5-hexanediol, and 2-methyl-2,4-pentanediol. 

The results of the investigation of the reaction as a fuilction of exposure time are 
presented in Figs. 1 and 2 as follows: Fig. 1 @(Hz), @(MezCO); Fig. 2 @(CO), @(CHI), 
@(CpH6), and @(MeCHO). In these and subsequent figures for continuous-illuminatiou 
work, the points given usually represent the mean value for two runs. Water was not 
determined, but a semiquantitative estimate showed it to be a lllinor product of the 
reaction. Glycol formatioil was not studied as a function of exposure time, but gas chroma- 
tographic analysis of the cell deposit gave a distribution anlong the three glycols of 98.6% 
pinacol, 1.2y0 2-methyl-2,3-pentanediol, and ca. 0.2y0 or less of 2,5-hexanediol. 

The effect of intermittent illumination on the reaction was also investigated, and the 
yields of hydrogen and acetone, as a function of light period tL, for dark periods, tD, of 
0.102 and 0.160 sec and a net exposure time of 1 minute, are presented in Fig. 3. No 
separate study was lllade on the effect of varying tD, but as for lnethanol and ethanol, 
the quantum yield appeared to be independent of tD a t  values greater than 100 msec 
(cf. Fig. 3). I t  lnust be pointed out here that,  although the actual value of @(Hz) on the 
plateau of the curve is 0.08, this should be considered to be unity within experimental 
error on an absolute scale. 

Two runs were carried out a t  a reaction time of 10 nlinutes with added neon, with 
substrate pressure of 40.0 nlm. The yields of MezCO, Hz,  C?HG, and MeCHO, uncorrected 
for competitive quenching by neon, are presented in Table I ,  along with the same results 
for a neon-free run a t  the same exposure time. 

T o  assess the importance of light of wavelength other than 25:37 A on the secondary 
decomposition of acetone, two reactioils a t  approxiinately the same absorbed intensity 
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"1 HYDROGEN 

0.01 I I I I 
0 5 10 15 2 0  25 3 0  

EXPOSURE TIME, MIN 

z 
a 
3 
0 ACETALDEHYDE 2 - 

I -  , 
// /' ARBON MONOXIDE 

./ <" i 
0 5 10 15 2 0  25  3 0  

D(P0SURE TIME, MIN 

FIG. 1. Q~la~l tu l l l  yield of hydrogen, 0; and acetone, Q, as  a function of esposrlre time for pure iso- 
propanol, a t  a pressrrre of 40 I n n .  

FIG. 3. Q ~ ~ a n t ~ i ~ n  yield of ethane, 0; methane, 0 ;  acetaldehyde, A ;  and carbon monoxide, Q, as  a 
function of exposure time for pure isopropanol, a t  a pressure of 40 mm. 

a t  2537 A were carried out,  with In calculated to be 0.G peinstein/min. In one of these 
experiments only the 2537 line was adnlitted using the filter described above. The  
results of the two esperilllellts a t  exposure times of 30 illi~lutes are given in terms of ratios 
of moles of products formed, in Table 11. 
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STEADY ILLUMINATION VALUE HYDROGEN (A) 1 

i-i,"", ILLUMINATION VALUE 

(I3' 1 
LIGHT PERIOD, SEC x lo4 

FIG. 3. Quantum yield of hydrogen, curve A, and acetone, curve B, a s  a function of light period, for 
dark periods of 160 msec, open sy~llbols, and 10'3 msec, half-closed symbols, for pure isopropailol a t  a pressure 
of 40 mm. The % values obtained by extrapolation of the steady ill~umination data are indicated on the 
ordinate. 

TABLE I 

Effect of added inert gas on the reaction of isopropanol with I-Ig 6(3P1) 
atoms a t  a substrate pressure of 40 mm 

P (neon), %(MeCIIO) +(C'HG) 
mm *(Hz) O(Me?CO) X lo2 X 10' 

*No analysis made 

TABLE I1 

Effect of filtered light on the secondary 
decomposition of acetone 

Ratio of ~noles formed in 30 minutes 

Product Filtered light Unfiltered light 

DISCUSSION 

In Part I1 of this series it will be demonstrated that the primary process is a scission 
of the 0-H bond, leading to  the production oE an isopropoxy radical and a hydrogen 
atonl. Including this reaction as the initial step, the following mechanism is proposed to  
account for the salient features of the isopropailol reaction: 
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Abstraction from the a-carbon atom in reactions [2] and [3] is indicated by the formation 
of pinacol as the predominant non-volatile product, and is in agreement with several 
investigations of radical abstraction reactions from alcohols (9, 10, 11, 12). Trotman- 
Dickenson and Steacie (13) estimate the activation energy for methyl abstraction from 
isopropanol to be 7.3 kcal/mole. I t  appears unlilcely that EaCt for reaction [3] would exceed 
this value. From the observed yield of the two glycols other than pinacol, reactions [2] 
and [3] must also result in a small but finite yield of the ~ H ~ C H ( O H ) M ~  radical. 

Reaction [4], as the mode of acetone production, is proposed in preference to the 
alternative routes: 

or 

MezCOH + H + Me?CHOH*, 

both being followed by 

Me2CHOH* + Me2C0 + Hz. 

If an excited molecule were the precursor for acetone, then at high pressures of added 
inert gas, where collisional deactivation would be the predominant fate of Me2CHOH*, 
a decreased yield of both acetone and hydrogen would be observed. The data in Table I 
indicate, however, that apart from a slight decrease due to competitive quenching of the 
resonance radiation by the neon, the yields of these products are independent of pressure 
of added neon. Furthermore, in Part I1 of this series it will be shown that a t  short exposure 
times in the presence of nitric oxide, there is not the equivalence of @(Hz) and @(Me2CO) 
which would be expected if reaction [4'] were an i~nportant step in the reaction sequence. 

The other possible route to acetone formatio~l would be fro111 the disproportio~lation 
of isopropoxy radicals. However, the low stationary-state concentration of this species, 
as indicated by the absence of hydroxy ethers among the products, would suggest that 
this reaction is unimportant in the present system. 

The increase in @(Me2CO) a t  progressively shorter light periods under intermittent 
illumination, shown in Fig. 3,  also favors reaction [4]. Certainly it appears reasonable to 
assume that the lifeti~ne of H atoms in the system is considerably shorter than that of 
M ~ ~ ~ O H ,  and hence there should be a major segment of the darlc period during which 
the H-atom concentration is essentially zero, and co~lsequently the sole fate of M ~ ~ ~ o H  
would be reactions [4] and [ 5 ] ,  resulting in the observed increase in acetone production. 

Figure 2 indicates that ethane, methane, and carbon monoxide have primary quantum 
yields of zero, indicating that these products are not of primary origin. I t  is lilcely that 
these products arise from the secoildary decomposition of acetone. The experiments with 
filtered light, given in Table 11, in which the secondary clecon~position of acetone is 
shown to be unaffected by isolation of the 2537 A resonance line, suggest that the acetone 
is reacting with Hg ~ J ( ~ P ~ )  ato~ns  or with the resonance line itself. Steacie and Darwent 
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KNIGHT A N D  GUNNING: ISOPROPANOL VAPOR RE,\CTION 1139 

(14) have given evidence of the close similarity between the sensitized reaction and the 
photolysis a t  2537 -4. The overall result of the secondary decomposition of acetone can 
be represented as: 

and accounts for the appearance of methane, ethane, and carbon monoxide as reaction 
products. 

Whether the yield of the minor product, acetaldehyde, does in fact extrapolate to  
zero a t  zero extent of reaction remains uncertain, but it appears likely that  a t  least sonle 
of this minor product may be arising from the decomposition of isopropoxy radicals by 
the reaction 

Me2CHO + NIeCHO + CH3, 181 

as observed by Wijnen (15) in the photolysis of isopropyl propionate. 
Finally, our data for the reaction under intermittent illumination require comment. 

The observed increase in the yield of hydrogen, as  the light period is made progressively 
shorter, indicates that as the mean radical concentration is reduced, the importance of 
reaction [6] as a fate of hydrogen atoms produced in the primary process is diminishing, 
and, in the plateau region of the curve of Fig. 3, the exclusive fate of hydrogen atoms is 
step [2], resulting in the observed quantum yield of unity. 

CONCLUSIONS 

The overall features of the reaction are similar to those of the n-chain alcohols previously 
investigated. The presence of a particularly weak C-H bond in isopropanol, however, 
leads to some important differences. In particular, +O(HZ) is 0.72 for isopropanol, compared 
to  0.46 for methanol (2) and 0.53 for ethanol (4). In the intermittent illumination studies, 
a similar effect is observed. Here a t  t L  = 0.15 msec, the shortest light period studied, 
values for @(Hz) are 0.89 for methanol (3);  0.96 for ethanol ( A ) ,  and 1.0 for isopropanol. 
I t  111a~7 be coilcluded that for ethanol and isopropanol and likely for methanol, H atoms 
are produced with perfect efficiency in the primary process. 

The authors take pleasure in expressing their thailks to Mr. R. K. Taylor of this 
laboratory for perforining the mass spectrometric analyses. 

This research was supported in part by the National Research Council under Blocl; 
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ABSTRACT 

A synthetic sequence leading to  new and inaccessible 3,4,5-trialliylated pyridines has been 
developed. The nature of the synthesis allows the preparation of v i r t~~a l ly  any t ~ ~ p e  of 
3,4,5-trialliylated pyridiile by simple, straightforward variations a t  the appropriate stage. 

Recently, in connection with the structural elucidation of a new alkaloid, we became 
involved in the developing of a synthetic sequence to new 3,4,5-trialkylated pyridines. 
In Part I of this series (1) we described a general approach to  this goal and, in particular, 
indicated that  the substance 3,4-dimet11yl-5-c~~i~~10pyridine (I)  \vas a valuable inter- 
mediate for the synthesis of various new trialliylated pj-ridines of this type. \Ire now wish 
to describe some of our results which support this view. 

There are nuinerous possible inodifications of the cj,ano group and we have already 
indicated (I)  the conversion of this group to an ester function to provide an internlediate 
for the preparatioil of pyridines of the type A. In order to provide entry into ailother 
series of branched-chain pyridines (type B) we reacted 3,4-dimethyl-5-cyanopyridine 
with methylmagnesiun~ iodide to obtain 3,4-dii~~ethyl-5-acetylpyridine (11). The success 
of this reaction was readily evident froin the infrared spectruin of the product, which 
indicated a virtual disappearance of the absorption due to the cyano functioil (4.48 EL) 
aild the appearance of the characteristic carboilyl band (5.94 EL). This ketonic substance 
was subsequently treated with ethylmagnesium iodide, and the expected alcohol, 111, was 
obtained as a light yellow viscous liquid. This substance resisted all attempts to crystallize 
-a rather surprising behavior since the analogous substance, 3,4-dimethyl-5-(2-hydroxy- 
2-propyl)-pyridine, reported previously (I) ,  was a crystalliile material. Nevertheless, 
characterization of the substance established, beyond doubt, that it possessed the expected 
structure. The infrared spectrum possessed a typical hydroxyl absorption and the nuclear 
magnetic resonance (11.m.r.) spectrum was particularly instructive. The presence of a 
triplet a t  high magnetic field (9.22 T) indicated a meth).l group flanked by a methylene 
carbon which in turn was indicated by a quartet centered a t  8.16 T. Another signal a t  
8.5 7 was assigned to a methyl group attached to an oxygen-bearing carbon and a weal< 
signal a t  4.6 T was attributed to a proton on oxygen. This evidence established the presence 
of the 2-hydroxy-2-butyl group attached to the pyridine nucleus. The remaining signals- 
two sharp spikes a t  7.85 and 7.58 T characteristic of methyl protons attached to the 
pyridine ring (I),  and a doublet a t  low field (2.08 T) attributable to a protons on the 
pyridine ring (1, 2)-served to establish, beyond doubt, the structure 111. 

The removal of the 11)-droxyl function had been successfully accomplished in our 
previous work by ineans of red pl~osphorus and hl.driodic acid and we atteinpted to 
utilize this reaction in this series. In contrast to the successful conversion of 3,4-dimethyl- 
5-(2-hYdroxy-2-propj-1)-pyridine to 3,4-dimethyl-5-isopropylpyridine by conductiilg the 
reaction a t  the reflux temperature for 24 hours, the corresponcling conversion of I11 to 
the desired 3,4-dimethyl-5-s-butylpyridine (V) did not proceed to completion. Even 
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KUTNEY AND TABATA: TRIALKYLATED PYRIDINES 1141 

under more drastic conditions (48 hours' reflux), the reaction product always consisted 
of a mixture, the olefinic substance IV and the desired V. The greater resistance of the 
olefinic bond to reduction was further indicated by catalytic hydrogenation studies. 
When the hydrogenation of IV was performed under conditions previously used for 3,4- 
dimethyl-5-isopropenylpyridine (Adams catalyst, atmospheric pressure, and room 
temperature), inconlplete reduction was observed, as  evidenced by an olefinic signal in 
the n.m.r. spectrum. However, the desired pyridine, V, was obtained when the reduction 
was allowed to proceed a t  more stringent conditions (Adams catalyst, 32 p.s.i.). The 
ultraviolet spectrum of this product was characteristic of an alkylated pyridine and the 
n.m.r. spectrum provided strong support for this structure. 

For the preparation of 3,4-dimethyl-5-ethylpyridine, which was necessary for further 
studies in this area, we considered the direct reduction of the acetyl function in I1 to an 
ethyl group. The most convenient nlethod appeared to be the Wolff-I<ishner reduction, 
a reaction frequently enlployed in the pyridine series (3). Indeed, reaction of 3,4-dimethyl- 
5-acetylpyridine under the Huang-NIinlon nlodification of the Wolff-Kishner reduction 
(4) provided the expected 3,4-dimethyl-5-ethylpyridine. The n.nl.r. spectrum was in 
complete agreement with the assigned structure. I t  indicated a triplet a t  high field 
(8.84 T) and a quartet a t  lower field (7.42 T), to provide strong evidence for the ethyl 
group. The intense signal a t  7.86 T, characteristic of methyl protons attached to the 
pyridine ring, and a weak signal a t  low field, typical of ol protons, accounted for the 
remaining hydrogen atoms. 

- 
" \ 
I I \ 

\ 
\ 
\ 

CH a CH2CH3 CH 3 \ CI-I 3 

\ 
CH3 I CH3 I 

- [ j cE12cI-13 
N N N N 

COOR CIl=CI-IC&Ij 1 

VII, R = H VI 
VIII,  R = CH3 
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The successful synthesis of 3,4-dimethyl-5-ethylpyridine allowed us to consider the 
steric effects of the substituents attached to carbon atonzs 3 and 5 on the reactivity of 
the methyl group a t  the 4 position. We became interested in this aspect of the problem, 
since some of our previous worlt has already indicated that this steric effect could be 
substailtially important in certain reactions. For example, we had indicated previously 
(1) that 3,5-dirnethyl-4-acetylpyridi11e possesses a very unreactive carbony1 group to 
organometallic reagents, a factor which must be attributed, a t  least in part, to the steric 
iilfluence of the neighboring methyl groups. I t  appeared to us that solne rnore inforrnatioil 
regarding this point could be deduced fro:n the aldol-type corlde~lsation reactions of 
3,4-dimethyl-5-etl1ylpyridine ivith such aldehydes as benzaldeyde. This reaction has been 
utilized in pyridine cheinistry on numerous occasioils and has proved to be of considerable 
synthetic value (5, p. 200). When 3,4-dimetl1yI-5-ethgilpyridine was reacted with benzal- 
dehyde under rather drastic conditions, the corresponding 3-methyl-5-ethyl-4-styryl- 
pyridine, VI, was formed in inoderate yield. The success of the reaction was easily 
recognized from consideration of the spectral data. The infrared spectrum, with a weak 
band at  6.12 p, was consisteilt with the presence of a new olefinic bond and the i1.m.r. 
spectrum was particularly informative. The characteristic signals for the ethyl group 
were still present and, in particular, the intense signal due to the Ca- and C4-methyl 
groups in the starting material was considerably reduced and consistent with the presence 
of only one inethyl group. The olefinic proton region exhibited a characteristic A B  
splittiilg pattern with a separation of 17 c.p.s., suggesting a trans orientation of the olefiilic 
bond, and the appearance of the usual aromatic signals served to further confirin the 
4-~t~rylpyridine structure. The ultraviolet spectruin was very interesting in that it was 
considerably different froin the spectra reported previously for compounds of this type 
(6, '7). The main absorption band a t  278 mp represented a small bathochromic shift 
from the usual alltyl pyridi~le absorption (263-268 mp) but this absorptioil is nevertheless 
sigllificalltly lower than that of such c o i ~ ~ p ~ u n d s  as 4-styrylp>~ridine (307 mP), and the 
intensity of the absorption of VI is lower. We believe that this rather anomalous spectru~n 
is due to the fact that the neighboring alltyl substituents a t  the 3- and 5-positions cause 
the styryl moiety to lie out of the plane of the pyridine ring, thereby reducing the effect 
of the additional conjugation. Froill the above results it call be coilcluded that although 
the 4-methyl function is soinewl~at hindered it is still capable of entering into condensation 
reactions with carbonyl co i~ip~unds .  The yield in this reaction is, however, somewhat 
lower than reported in other series (8). 

The isolation of 3-methyl-5-ethyl-4-styrylpyridine from the condei~sation reaction was 
useful in providing a syntl~etic intermediate for the synthesis of pyridine derivatives 
possessiilg different functions a t  the 4-position. We therefore considered several methods 
to convert the olefinic linltage to a carboxyl function. This type of reaction has been used 
in pyridine chemistry for the synthesis of pyridine carboxylic acids or aldehydes (5, p. 207). 
The reaction of choice involved ozonolysis, and we subjected 3-methyl-5-etI1yl-4-styryl- 
pyi-idine to this reaction. The product of this reaction was the expected carboxylic acid, 
VI I ,  obtained as a high-melting, crystalline substance. Recently the ozoilolysis of vinyl- 
pyridiiles has been shown to yield, under similar conditions, the corresponding pyridine- 
carboxyli~ acids (9). This material was readily converted to the methyl ester VIII by 
treatment with an ethereal solution of diazomethane. The structure of the ester was 
established, beyond doubt, by the n.1n.r. spectrum of this substance. Apart from the 

signals for the presence of the ethyl and methyl groups attached directly 
to the pyridiile nucleus, a sharp signal a t  6.21 T confirnied the presence of the ester 
methyl. 
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In conclusion, we would like to  point out tha t  these studies have provided intermediates 
which can be used to  prepare virtually any  type of 3,4,5-triall~ylated pyridine. Firstly, 
i t  is obvious that  any  Grignard reaction on 3,4-dimethyl-5-cyanopyridine, followed by  
the appropriate steps, provides numerous variations to  the type of group attached a t  C5. 
Secondly, the appropriate ester analogous to  VIII  provides entry  into various possibilities 
a t  C4 and finally the nature of the alkyl group a t  C3 can be lilcewise varied. I t  is pertinent 
to note that  in the original Guareschi cyclization, which provides the starting material 
for the above work, the nature of the alkj7l group a t  C3 is deterlllilled by the nature of the 
acetoacetic ester molecule used in the cyclization. Consequently appropriate variations 
in the synthetic sequence will yield numerous new and otherwise difficultly accessible 
3,4,5-triallcyl pyridines. 

EXPERIi\lIENrrAL 
All melting points mere deterlnined 011 a Fischer-Johns apparatus and are uncorrected. The ~~l t raviole t  

spectra were recorded in ethanol on a Cary 14 recording spectrophotometer. Infrared spectra were 
recorded on a Perkin-Elmer nlodel 21 spectrophotorneter. The n.m.r. spectra were taken a t  60 Mc 011 a 
Varian AGO instrument. In all cases integration of areas under the signals was carried out and the n ~ ~ m b e r  of 
protons corresponding to each signal is indicated in parentheses. Values are given in the Tiers T scale with 
tetramethylsilar~e used as the external standard, set a t  10.0 T units. The solvent used was carbon tetra- 
chloride. The analyses were performed by Dr. A. Bernhardt and his associates, Mulheirn (Ruhr), Gerniany, 
and by Mrs. 1%. Aldridge, University of British Colunlbia. 

3,4-Dinzetky1-5-ncetylpyridine (11) 
-4 solution of 3,4-dimethyl-5-cyanopyridine (I, 22.2 g) in anhydrous ether (350 ml) was added slowly to a 

stirred solution of ~nethylmagnesi~lnl iodide, prepared in the usual manner (48.5 g Mg, 385 g nlcthyl iodide) 
in dry ether (630 1111). After the addition was conlplete, the reaction mixture was refluxed for 4 hours and then 
allowed to stand overnight a t  room temperature. The excess Grignard and the complex were destroyed by 
the addition of dilute ammonia until there was no further reaction. The resulting mixture was saturated 
with sodium chloride and extracted exhaustively with ether. The ether extract was dried over anhydrous 
magnesium sulphate and the solvent evaporated to yield a liquid prod~rct. Distillation of this material a t  a 
bath temperature of 120-130" a t  2.5 nlnl provided a clear liquid product (10.9 g). This material was suitable 
for subseql~ent reactions although it contained traces of the starting cyano compound, which was very 
difficult to remove by distillatio~l. 

Chromatography of a small portion (3.8 g) of this liquid on alumina (250 g) provided a good separation. 
Elution with petroleun~ cther -ethyl ether (4:l) yielded a mixture of the acetylpyridine and the cyano- 
pyridine in the initial fractions, and then the pure 3,4-dimethyl-5-acetylpyridine (1.2 g) mas obtained in 
the later fractions. Elution with pure ether rcmoved the remaining material. 

An analytical sample of thc acetylpyridine distilled a t  144' a t  '72 111111; 1z020 1.4166; infrared: 5.94 p; ultra- 
violet: A,:,, 231 mp (log E 3.73), A,,, 271 nlp (log e 3.40), Amin 254 mp (log e 3.24). Foulld: C, 72.43; I-I, 7.38; 
0 ,  10.74; N, 9.39. Calc. for C9MIION: C, 72.45; H ,  7.43; 0, 10.72; N, 9.39. 

A picrate, m.p. 162-163", was prepared in ethanol and recrystallized several times from ethanol. Found: 
C, 47.82; I-I, 3.81; 0 ,  33.52; S,  14.90. Calc. for CljHM08N4: C, 47.62; H ,  3.73; 0 ,  33.84; N, 14.81. 

S,4-Din7ethyl-5-(2-hydro.~~~-2-b~~1yI)-yridie (111) 
i\ solution of 3,4-cli11iethyl-5-acetyIpyridil1e (0.81 g) in anhydrous ether (14 ml) mas added slowly to  a 

stirred solution of ethyl~nagtiesium iodide (1.8 nil ethyl iodide, 0.52 g big turnings) ill ether (20 ml). After 
the addition was complete, the reaction tllixture was refluxed for 12 hours and then allowed to stand over- 
night a t  room temperature. The mixture was cautiously treated with dilute ammonia and the resulting 
basic mixture \\.as saturated with sodium chloritle. T h e  reaction mixture was then extracted several times 
with ether and the ethereal layer dried over anhydrous magnesium sulphate. Removal of the solvent yiclded 
a viscous liquicl (1.07 g). This material was taken up in a small amount of chloroforn~ and placed on a column 
of alumina (100 g). Elution with pet role~~m ether - ethyl ether (9:l) yielded traces of the starting material. 
Further elution with ethyl ether and chloroform provided the desired alcohol (111, 0.54 g). A small portion 
of this material \vas distilled to yield thc analytical sample of the alcohol, as a light yellow viscous liquid 
(b.p. 144" a t  .O1 mtn); infrared: 2.95-3.2 p, very broad; ultraviolet: A,,, 263 mp (log E 3.36), A,:,, 271 nip 
(log E 3.30), A,i, 236 nip (log E 2.83); n.ni.r. signals: triplet centered a t  9.22 T (methyl of ethyl group, area 
= 3H), 8.5 T (CI-11-C--OH, area = 3H), quartet centered a t  8.16 T (methylene of CHICI-12-C-OH), 
7.85, 7.58 T (methyls attached to ring, area = 61-I), 4.6 T (OH, area = l H ) ,  doublet centered a t  2.08 T 
(-cuH, area = 2H). Found: C,  73.37; H ,  0.40; 0 ,  9.11; N, 8.27. Calc. for CIIHliON: C, 73.70; H,  9.56; 
0, 8.93; N ,  7.81. 

The picrate, prepared in the usual manner, was recrystallized several times from ethanol to yield an analy- 
tical sample which melted a t  13G-137.5'. Found: C, 50.32; H ,  4.40; 0, 31.22; N, 13.73. Calc. for Cl,I-I?oOsN4: 
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Subsequent preparations of this alcohol were carried out very conveniently from the acetylpyridine without 
careful purification of the intermediates. That  is, the crude product from the reaction of 3,4-dimethyl-5- 
acetylpyridine and methylmagnesium iodide was treated directly with ethylmagnesium iodide and this 
product chromatographed as above. An overall yield of 27% of the pure alcohol was obtained. 

S,4-Dinzetlzyl-5-s-butylpyridine ( V )  
A mixture of 5-(2-hydroxy-2-butyI)-3,4-dimethylpyridie (0.85 g),  concentrated hydriodic acid (9.3 ml, 

47%), and red phosphorus (1.1 g) was refluxed for 24 hours. After the mixture had been cooled, the phos- 
phorus was removed by filtration and the filtrate concentrated by distillatioll i n  vacuo. The dark residual 
oil was taken up in water (6 ml) and decolorized by the addition of sodium bisulphite. The mixture was 
made alkaline by the addition of potassium hydroxide pellets and the alBaline lnixture was then extracted 
thoroughly with ether. After the ethereal extract had been dried over anhydrous sodium sulphate, the 
solvent was relnoved and the residual liquid was distilled using a bath teinperature of 60-100" a t  0.07 mill. 
The yield of the colorless liql~id product was 478 mg. This product was a mixture of the desired material and 
solne olefin resulting from incomplete reduction (n.nl.r. signal a t  4.5 7). This olefinic material was present 
in small quantities even if the reflus period was increased to 48 hours. Consequently, it was found most 
collvenient to carry out the reduction under catalytic hydrogenation conditions. A portion of the distilled 
liquid product (102 mg) was dissolved in glacial acetic acid (14 1n1) and catalytically hydrogenated over 
Adam's catalyst (100 mg) a t  room temperature with a hydrogen pressure of 32 p.s.i. After 5 hours, the 
catalyst was filtered and the solvent removed on a steam bath i n  vacuo. The residue was treated with water 
(3 ml), and made alkaline by the addition of sodium bicarbonate and the resulting mixture was extracted 
exhaustively with ether. After the ethereal extract had been dried over anhydrous magnesium sulphate, 
the solvent was removed and the residual liquid distilled a t  60-70' (bath temp.) a t  0.05 Inm to provide 
73 lng of a pure liquid. A sinall portion was redistilled for an  analytical sample (b.p. 135" a t  22 mm);  
nD" 1.5078; ultraviolet: A,,,, 264 mp (log e 3.41), A,,, 272 mp (log E 3.33), X,,i, 231 1np (log 2.39); n.m.r. 
signals: triplet centered a t  9.18 T (methyl of ethyl group, area = 3H), doublet centered a t  8.80 T (CHI7 
C-H, area = 3H), multiplet centered a t  8.38 T (methylene of ethyl group, area = 2H), 7.83 T (intense, 
methyls attached to ring, area = GH), nlultiplet centered a t  7.2 T (H-C-CHI, area = l H ) ,  doublet 
centered a t  1.98 T (aH, area = 2H). Found: C, 80.95; 11, 10.52; N, 8.40. Calc. for C11H17N: C, 80.92; H,  
10.50; N, 8.58. 

A picrate was readily prepared in the usual manner, and this upon several recrystallizations from alcohol 
provided a pure sample, m.p. 131-132'. Found: C, 52.07; H ,  5.03; N, 14.43; Calc. for C17H?oNa07: C, 
52.04; 11, 5.14; N, 14.28. 

S,&Dimethyl-5-etlzylpyridine 
The reaction product (11.1 g) resulting from the reaction of 3,4-dimethyl-5-cya1lopyridi11e (20 g) with a 

follrfold excess of methylmagnesium iodide was treated with hydrazine (6.5 ml), potassiun~ hydroxide 
pellets (00 g), and diethylene glycol (13 ml) and heated ill an  oil bath a t  150-170' for 2 hours. The bath 
tenlperature was then raised to  200' and the reaction mixture was kept a t  this temperature for a further 
2 hours. The cooled reaction mixture was treated cautiously with a small portion of water and the resulting 
mixture was distilled. The fraction which came over a t  109-116' was treated with more water (250 ml) 
and this aqueous mixture was thoroughly extracted with ether. After the ether extract had been dried over 
a~lhydrous magnesiun~ sulphate, the solvent was removed and the residual liquid was distilled from potas- 
sium hydroxide pellets. A fraction (7.6 g) distilling over a t  50-70' (bath temp.) a t  0.14 111111 was completely 
free fro111 any carbonyl or cyanide impurities and proved to be the desired material. A small portion of this 
liquid \\'as redistilled (b.p. 115-116" a t  22 mm) and provided a n  analytical sample. 1.5151; ultraviolet: 
x ,,,, 263 n ~ p  (log E 3.39), h ,,,, 266 nlp (log e 3.38), A,, 271 mp (log e 3.31), X,i, 238 mp (log E 2.91) ; n.1n.r. 
signals: triplet centered a t  8.84 T (methyl of ethyl group, area = 3H), 7.86 T (intense, area = GH, methyls 
attached to ring), quartet centered a t  7.42 T (methylene of ethyl group, area = 2H), 1.98 T (aH, area = 2H). 
Literature values (10): nD?O 1.5136; b.p. 217" a t  744 mln. Found: C, 79.82; H ,  9.69; N, 10.25. Calc. for 
CgHlaN: C, 79.95; H, 9.69; N, 10.36. 

A picrate of the substance was prepared in ethyl alcohol and after several recrystallizations fro111 this 
solvent an  analytical sample, n1.p 130-13l0, was obtained. Literature (10): 111.p. 133". Found: C, 49.54; 
H, 4.34; 0, 30.88; N, 15.23. Calc. for C L S H ~ ~ N ~ ~ T :  C, 49.45; H, 4.43; 0 ,  30.74; N, 15.38. 

3-A/letlzyl-4-stytyl-6-eth~lpyridine ( V I )  
A ~nixture of 3,4-dimethyl-5-ethylpyridine (2.82 g), benzaldehyde (6.3 ml), potassium acetate (1.95 g), 

acetic anhydride (5.9 ml), and a snlall crystal of iodine was refluxed for 40 hours. The resultant dark brown 
reaction mixture was cooled and treated with aqueous hydrochloric acid until acidic, and the excess be~lz- 
aldehyde was removed by steam distillation. The residue from the steam distillation was extracted with 
ether to remove acidic or neutral materials and the resulting aqueous layer was then made basic by the 
addition of sodium hydroxide pellets. This basic layer was extracted several times with ether, the ether 
extract dried over anhydrous magnesium sulphate, and the solvent removed. The  residual liquid product 
was fractionally distilled and a fraction distilling up to 140" (bath temp.) a t  0.4 mm, which contained a 
considerable amount of starting material, was separated. The subsequent fraction (2.59 g) came over a s  a 
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yellow slightly viscous liquid a t  a bath temperature up to 240' a t  0.45 mm. A small portion was distilled 
again to provide a n  analytical sample (b.p. 153' a t  0.02 mm). Infrared: 6.12 p; nD" 1.6144; ultraviolet: 
A,, 276 mp (broad, log 6 4.20), Xmi, 239 ~nw (log 6 3.73); n.m.r. signals: triplet centered a t  8.84 7 (methyl of 
ethyl group, area = 3H),  7.78 7 (methyl attached to  ring a t  Cs, area = 3H), quartet centered a t  7.37 7 
(methylene of ethyl group, area = 2H), four signals centered a t  3.2 7 (olefinic H ,  area = 2H), multiplet 
centered a t  2.72 7 (aromatic H,  area = 5H),  1.82 7 (aH, area = 2H). Found: C, 85.4'2; 11, 7.52; N, 6.44. 
Calc. for ClGH17N: C, 86.05; H, 7.67; N, 6.27. 

A picrate of this substance was prepared in ethyl alcohol and after several recrystallizations from this 
solvent, an  analytical sample, m.p. 182-183", was obtained. Found: C, 58.23; H ,  4.50; 0 ,  24.50; N, 12.52. 
Calc. for C??H20N407: C, 58.40; H ,  4.46; 0 ,  24.76; N, 12.39. 

3-ilCet/~yl-5-ethyl isonicotinic Acid ( V I I )  
A solution of 3-methyl-4-styryl-5-ethylpyridine (2.32 g, 0.01 mole) ill glacial acetic acid (70 1111) was 

treated with ozone (0.015 mole) a t  room temperature. The  reaction mixture was treated with 3y0 aqueous 
hydrogen peroxide (10 ml) and the ~ilixture was refluxed for 10 minutes. The solvent mas removed in  sacuo 
and the residue washed with ether to  remove the benzoic acid. T o  the ether-insoluble residue water (4 ml) 
was added, and the mixture was warnled in a steam bath until all the material had dissolved. As the solution 
gradually cooled, small, needle-like crystals separated (304 mg). Recrystallization of this s~tbs ta~ice  from 
absolute ethanol provided the pure acid, m.p. 268-369", infrared: 5.88 p. 

An additional 1.51 g of material was recovered from the mother liquors. Although this latter crop was not 
as crystalline as the initial crop, it was shown to be the desired acid since on esterification with diazo- 
methane, in a subsequent experiment, it provided the identical methyl ester. Found: C, 05.29; H, 7.00; 
0 ,  19.09. Calc. for COHl1O2N: C, 65.44; H, 6.71; 0 ,  19.37. 

iVIctkyl S-fiIethyl-5-ethyl-4-p~~ridi~tecarbox.ylate ( V I I I )  
T o  a stirred solution of 3-methyl-5-ethyl isonicotinic acid (1.5 g) in absolute ethyl alcohol (300 n11) a n  

ethereal solution of diazomethane (containing 2 g CII?N?) was added. The reaction mixture was cooled in 
ice and stirred a t  ice-bath temperature for 3 hours. The  reaction mixture was then treated with 2 IV hydro- 
chloric acid (35 ml) and extracted with ether to remove any neutral contaminants. The aqueous layer was 
made basic by the addition of sodiuin bicarbonate and then extracted continuously with ether for 20 hours. 
The ether extract was dried over anhydrous magnesium sulphate and the solvent removed to  yield a liquid 
product. Distillation of this material a t  70-100' (bath temp.) a t  0.2 mln yielded 0.50 g of a clear Iiquid. A 
small portion of this substance was distilled again to  provide an analytical sample (b.p. 135" a t  22 mm); 
taD20 1.5025; infrared: 5.78 p;  ultraviolet: Xmax 274 mp (log 6 3.48), Xmi, 238 mp (log 6 2.85); n.m.r. signals: 
triplet centered a t  8.9 7 (methyl of ethyl group, area = 31-I), 7.85 7 (methyl attached to ring, area = 3H), 
quartet centered a t  7.5 7 (methylene of ethyl group, area = 219, 6.21 7 (-COOCHj, area = 31-I), 1.83 7 
(OH, area = 2H). Found: C, 67.16; H,  7.26; N, 7.90. Calc. for CIoH130?N: C, 67.02; 11, 7.31; N, 7.82. 

'The ester formed a picrate readily and this derivative, after recrystallizing from alcohol, melted a t  151- 
153". Found: C, 47.21; H ,  4.09; 0 ,  35.15; K, 13.43. Calc. for CltHl~OgX(: C, 47.06; H,  3.95; 0 ,  35.27; N, 
13.72. 

I t  should be pointed out that  we foulld it very convenient to convert the entire reaction product into the 
picrate, purify the picrate by several crystallizations from alcohol, and finally regenerate the ester by decom- 
position of the picrate with lithium hydroxide (11). The recovery in this reaction is good and this provided 
an excellellt method for purifying small quaritities. 
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METHYLATION OF SUGAR DITHIOACETALS 
111. D-GALACTOSE DIETHYL DITHIOACETAL1 
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ABSTRACT 
Partial illethylatioii of D-galactose diethyl dithioacetal in tetrahydrofuran with Purdie's 

reagents yielded 2-, 3-, and 8-O-111ethyl-~-galactoses in approximately equal amounts. Poly-0- 
methyl-D-galactoses were not investigated. These three mono-0-methyl ethers were identified 
as crystalline 2-0-methyl-D-galactose, 3-0-methyl-D-galactose phenylosazone, and 6-0-methyl- 
D-galactose phenylhydrazone. Paper chromatographic separation of all monomethyl-D- 
galactoppralloses was achieved by addition of borax to the irrigating so lve~~t .  

As a continuation of our study on the relative reactivity of 11)-droxyl groups in dithio- 
acetals (1, 2) this paper reports the results obtained from the partial methylation of 
D-galactose diethyl dithioacetal. The  dithioacetal was shaken a t  room temperature with 
amounts of silver oxide and methyl iodide adjusted t o  give a reasonable amount of the 
mono-0-methyl ethers. The  methylated dithioacetal was hydrolyzed with acid and the 
deioliized hydrolyzate was examined by paper chronlatography in butanone-water 
azeotrope. When the chromatogram was irrigated for a long period the original compact 
spot of mono-0-methyl ethers (XI 0.08) was foulid to  streal;, indicating considerable 
differences in the mobilities of the mono-0-methyl-D-galactoses. 

I t  has been shown that  the addition of boric acid to  a butanol-water system greatly 
enhances the resolution obtainable in paper chromatography (3) and the use of borate 
with charcoal columns has also been recommended (4). The latter method has been used 
for the separation of 3- and 4-0-methyl-D-galactoses ( 5 ) .  In the original paper (3) 110 

etllers of galactose were mentioned and it is now shown that  all the mono-0-methyl-D- 
galactopyranoses may be readily separated 011 paper when the irrigating solvent is 
butanone-water azeotrope saturated with borax. The  R,,,,,,,,, values of these compounds 
were 3.60 (2-0-methyl-), 2.6'7 (3-0-methyl-), 2.28 (4-0-methyl-), and 3.02 (6-0-methyl-D- 
galactose) (GO hours). The methylation product was then shown to  contain 2-, 3-, and 6-0- 
methyl-D-galactoses. Neither authentic samples nor the methylation product gave clear 
separation of these isomers when they were chroinatographed for 60 hours in butanone- 
water azeotrope in the absence of borax. Paper electrophoresis confirmed the presence of 
2-, 3-, and 6-0-11iethyl-~-galactoses in the methylation product; &I, values of these 
isomers were 0.13, 0.76, and 0.90, respectively (cf. ref. 5 ) .  Absence of 5-0-methyl-D- 
galactose in the methylation product was shown by electrophoresis of the compollents 
in the di-0-methyl area of the cliro~natogralns which gave very slowly migrating spots 
only. In general, monomethylglycofuranose sugars travel on cl~romatogran~s about a s  
fast  as  the corresponding dimethylglycopyranoses (6). The  two groups Inay be readily 
differentiated by the high electrophoretic  nobility of the lormer (7) .  

Colorimetric analysis, by the phenol - sulphuric acid method (8), of the mixture of 
nlono-0-methyl ethers isolated from the methq-lation product gave an approximately 

'Previozis papers ilt t h i s  series kae'e ztsed t l ~ e  t e rm  7nercabtal. T l ~ i s  Iza~ been nltered t o  ditl~ioacetal to accord 
w l t l ~  c ~ ~ r r e ~ z t  cn~boliydrate ~tonzenclntz~re lrzile 32). 

?Present address: Departnzent of Cl~enl is try ,  Qz~ee?z's Lb~i'Llersity, A-zngston. 07~ tar io .  
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DUTTON AND T A N A U :  SUGAR DITHIOACETALS 1147 

equal ratio for these three isomers which was consistent with the weights of these compo- 
nents isolated by paper chromatography. 

The  2-0-methyl ether isolated fro111 the inethylation mixture crystallized as  the free 
sugar. The  3-0-methyl ether was identified as 3-0-methyl-D-galactose phenylosazone, 
and the 6-0-methyl ether as 6-0-methyl-D-galactose phenylhydrazone. 

The  results reported here thus differ from the case of L-arabinose dithioacetal ( 2 )  in 
tha t  there appears to be no selective reactivity of any one hydroxyl group in D-galactose 
diethyl dithioacetal. 

il[etlzylation of D-Galactose Dietlzyl Ditlzioacetal 
D-Galactose diethyl dithioacetal (0.50 g) was dissolved in tetrahydrofuran (150 ml), and silver oxide 

(2.00 g), drierite (3 g),  and methyl iodide (20 ml) were added to the solution. The mixture TTras shaken for 
7 hours a t  room temperature. The inorganic substances were filtered and then mashed with tetrahydrofuran 
(20 ml). The filtrate and washing were evaporated to a sirup, which was redissolved in chloroform (20 ml) 
in order to remove a small amount of inorganic impurities by filtration. The chloroform solution gave on 
evaporation a yellow sirup (470 mg). 

The methylation product (470 mg) was dissolved in ethanol (10 ml), and l8Y0 hydrochloric acid (2 ml) 
was added to the solution, which was refluxed for 5 hours. A yellow sirup (255 mg) was obtained by evapor- 
ation of the neutralized hydrolyzate (Duolite A-4 resin) and treatment with charcoal. 

Paper chromatography in butanone-water azeotrope showed that the sirup was a mixture of mono-0- 
methyl-D-galactoses (RI 0.05 (strong)) and unchanged D-galactose (Rl 0.01 (strong)), plus several fast- 
running components with very weak intensities. 

Clzronzatograplzic Separation of the iltixture of A[etlzylated D-Galactoses 
To  butanone-water azeotrope (100 ml) sodiu~n borate decahydrate (1 g) was added; the mixture was shaken 

and left to stand for several hours. The solution was decanted and used as the developing solvent. 
The mixture of methylated D-galactoses was chrotnatographed in this solvent for 40 hours together with 

standard samples and the mixture was shown to contain 2-, 3-, and 6-0-methyl-D-galactoses. The mixture 
was resolved into its three components by streaking on four 15 cm wide Whatman 3 M1LI sheets and was 
developed for 60 hours in the same solvent. Each component was extracted with water (50 1111x3) and was 
obtained as a sirup on evaporation. These sirups were shown to be electrophoretically homogeneous. 

The separation was repeated on a second mixture of methylated galactoses (529 mg) and the results 
shown in Table I were obtained. The 2-, 3-, and 6-0-methyl-D-galactoses were obtained in yields of 13.2, 
14.7, and 8.1 mg respectively. 

TABLE I 
Chromatography* and electrophoresist of mono-0-methyl-D-galactoses 

i\/Ipvement 
Ether ~n mm R ~ . % I ~ c ~ ~ s o  AI0 

*In butanone-water saturated wit11 borax for 40 hours. 
t In  0.05 iVf sodium borate. 960-1050 v. 25-30 ma, 45 minutes. 

Colorimetric ilnalysis of the Mono-0-nzetlzyl Ethers and Exanzination of Fast-~unning Co~nponents 
A methylation under the salne conditions using 2.0 g of the dithioacetal gave a sirup (1.0 g) of methylated 

D-galactoses, and paper chronlatography in butanone-water azeotrope showed the follo\vil~g Rl values: 
R, 0.34 (weak), 0.17 (weak), 0.12 (~nedium), 0.05 (strong), and 0.01 (strong). 

The sirup (1.0 g) was chromatographed on a cellulose-hydrocellulose colun~n in butanone-water azeotrope 
(rate of flow: 10 m1/10 minutes). In  tubes KO. 80-200 (10-minute intervals) the component of RI 0.05 was 
found and this fraction gave on evaporation a sirup (48.2 1119) which showed three spots (R,,1,,,, 3.37, 2.88, 
and 2.38) by paper chromatography in butanone-water azeotrope saturated with borax. 

A part of this sirup was chromatographed for 60 hours in the same solvent and the ratio of these three 
co~nponents was estimated by the phenol - sulphuric acid method (8), which gave approxinlately 1 : l : l  for 
2-, 3-, and 6-0-methyl-D-galactoses. 
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In  tubes No. 40-70 the components of Rf 0.17 and 0.12 were detected without clear separation. Evaporation 
of these fractions gave a sirup (21.2 mg) which showed two strong spots ( M ,  0.23 and 0.28) by electro- 
phoresis (950-1050 v, 25-30 ma, 50 minutes in 0.05 sodium borate solution). 

Identi$catio?z of the Component R, , I ,~~,  5.46 as  %0-MethyZ-~-galactose 
The  components which were isolated from the methylation mixtures and corresponded to  2-0-methyl-D- 

galactose were combined. An aqueous solution was deionized with Amberlite IR-120 and traces of borate 
were removed as  follows (9). T o  the sirup (18.2 mg) was added methanol (5 ml), and the solution was 
evaporated i n  vacuo without heating. After this procedure was repeated about 20 times, the residue was 
dissolved in a small amount of warm absolute ethanol, and ether was added to turbidity. After seeding 
with a n  authentic sample of 2-0-methyl-D-galactose, colorless crystals were precipitated. The solvent was 
decanted, the crystals were washed with ether and had m.p. 152-154" C. Admixture with a ~ ~ t h e n t i c  2-0- 
methyl-D-galactose (m.p. 153-156" C (5)) gave no depression of the melting point. 

Ide?ztification of the Component R,,I,,~,, 2.34 as  ~ - 0 - l M e t h ~ l - ~ - ~ a b c t o s e  
Since the sirup (23.4 mg) corresponding to 3-0-methyl-D-galactose failed to  crystallize after treatment 

with methanol, it was dissolved in 20% acetic acid (3 ml) and heated for 5 hours in boiling water with 
phenylhydrazine (39.1 mg) in absolute ethanol (0.22 ml) and a little sodium metabisulphite. The yellow 
crystals which precipitated on cooling of the reaction mixture were recrystallized from water and had m.p. 
177-179" C, lit. (10) m.p. 176-179" C, and the melting point was not depressed when mixed with 3-0-methyl- 
D-galactose phenylosazone derived from 2,3-di-0-methyl-D-galactose. 

Identi$cation of the Component R,,I,,~.,, 2.89 as  6-0-n/!ethyl-~-galactose 
The sirup (16.5 mg) which corresponded to  6-0-methyl-D-galactose did not crystallize after treatment 

with methanol. I t  was dissolved in absolute ethanol (1 ml), and phenylhydrazine (9.2 mg) in absolute 
ethanol (0.06 ml) was added to the solution. The mixture was warmed for about 20 minutes and addition 
of petroleum ether precipitated white crystals, which were recrystallized from ethanol - petroleum ether 
and had m.p. 161-162" C. When the product was recrystallized from aqueous methanol the melting point 
was raised to  171-173' C and the mixed melting point with authentic 6-0-methyl-D-galactose phenylhydra- 
zone, m.p. 172-173' C ( l l ) ,  was 171-172" C. 

Sy?zthesis of 2,S-Di-0-methyl-D-galactose 
The published procedure (10) provided this compound, [ a ] ~ ? :  51.8' (c, 2.15 in water), Rf 0.29 and R,,l,,b, 

5.00 (20 hours) in ethyl acetate - pyridine - water (2:1:2). This sirupy product gave 3-0-methyl-D-galactose 
phenylosazone, m.p. 178' C, lit. (10) m.p. 176-179" C. 
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ABSTRACT 

A comparative study has been made of 5-methyl-1,2,3-cyclohexanetrionetrioxime with 
nioxime and din~ethylglyoxime; complexes with nickel, copper, and cobalt have been 
investigated. Dissociation constants of the three reagents, in aqueous solution, have been 
determined and formation constants of their copper complexes evaluated. Spectrophotornetric 
and potentiometric studies were used to  obtain the  results. 

INTRODUCTION 

Nun~erous investigations of the reactions between vic-dioximes and metal ions have 
been reported (1-5) since the initial report on dimethylglyoxime by Tschugaeff (6). 
These dioxiines can exist in three isomeric forms, as  the hydroxy groups can be anti, 
syn, or amphi to  one another; only the anti configuration gives the familiar red precipi- 
tate with nickel; the amphi forin gives a yellow or green-yellow conlpound in which one 
molecule of dioxirne is attached to one nickel while the syn form is incapable of reacting 
with metallic salts (I) .  

A trioxime, 5-methyl-1,2,3-cyclol~exanetrionetrioxine, has been prepared recently (7) 
and, in preliminary' studies, appeared to  possess inany of the selective properties of 
similar vic-dioximes. However, the presence of the third oxime group malces possible the 
existence of four isomers: the three hydroxy groups can be oriented so tha t  they are all 
amphi, two are syn, and the third either anti  or amphi t o  the common central group, 
and two are anti and the third group amphi. I t  was thought worthwhile, in view of possible 
reaction of this third hydroxy group, t o  evaluate the chelating properties of this trioxiine 
through a comparison with diineth~~lglyoxime and nioxime emQloying absorption spectro- 
photometry and potentiometric titration techniques. 

SPECTROPHOTOMETRIC STUDIES 

In these studies, absorption spectra of 5-inethyl-1,2,3-c~~clohexanetrio1~etrioxi1e and 
its complexes with copper and cobalt were determined a t  various pH values; spectro- 
photometric studies for dimethylglyoxime and nioxiine have been carried out previously 
by  Banks (5). RiIeasurements were made in matched l-tin silica cells using a Beclcman 
"DU" spectrophotometer equipped with an  electronic power supply and photomultiplier 
attachment; a Beckman Model "G" pH meter, with saturated calomel and glass electrode 
couple, was used for pH measurements. 

Reagent 
Aqueous solutions of "White Label" Eastman Kodalc 5-methyl-1,2,3-cyclohexane- 

trionetrioxime were prepared and diluted quantitativelj~ to  0.0001 M. The  absorption 
spectra of these solutions were determined a t  various pH values, adjustnlents to  the 

' T h i s  work rcceie'edfinancial assistance froni the National Research Council, and i s  taken, i n  part, from the 
M.Sc. thesis of R. A. IIaines. 
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desired pH being made with dilute sodium hydroxide and perchloric acid. The difference 
in the nature of the spectral transmission curves a t  low and high pH is show11 in Fig. 1. 

FIG. 1. Absorption spectra of trioxime. 1.16X lo-' aqueous solution a t  pH 2 (1) and pH 11 (2). 

The absorption spectra of the reagent shows a inaxiilluin a t  approxiinately 245 inp a t  
pH 1, which uildergoes a hypsochroinic shift and an increase in absorptivity with an  
increase in pH. In solutioils of pH greater than 7, a second maximum is present a t  approxi- 
mately 300 nlp and the solution develops a yellow color. Spectrophotometric studies by 
Banlts ( 5 )  on nioxime and diinethylglyoxime have shown that maxima occur, for these 
two oximes, a t  approximately 230 and 270 mp. The introduction of the third oxime group 
into the ring system has resulted in a bathochromic shift of these maxima, which is 
consistent with an increase in the conjugation of the trioxime system relative to the 
nioxime system. NIolecular extinction coefficients for the trioxime a t  240 mp and 300 mp 
are recorded in Table I. 

TABLE I 
klolecular extiilction coefficients of 5-meth~~1-1,2,3-cyclohexanetrionetrioxime 

PH 240 mp 300 mp 
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HAINES ET AL.: uic-DIOXIME REACTIONS 1151 

iWetal Chelates 
Metal perchlorates, obtained from the G. Frederick Sinith Chemical Co., were used to 

prepare the stock 0.01 M standard solutions, voluines of reagent and metal ions were 
inixed in the desired proportions, pH adjustments made with dilute sodium hydroxide 
and perchloric acid, and the spectral transmission curves of each mixture determined. 
Figure 2 shows curves for the co~nplexes of the trioxime with copper and cobalt. Neither 
the cobalt nor copper complexes shows a resolvable maximum in the visible region; for 
both chelates a "shoulder" is present a t  approximately 300 mp. Cobalt shows a maxiinum 
a t  about 260 mp but this is unsuitable for most direct analytical measurements due to  
the strong absorbance of trioxime itself a t  this wavelength. 

I I I I I I I I 
240 260 280 300 320 340 360 380 400 410 

W A V E L E N G T H  I N  M,U 

FIG. 2. Absorption spectra of metal complexes: 1,  solution 2.33X101QM in cobaltous perchlorate and 
6.99X107" M in trioxime a t  pH 6 ;  2, solution containing similar concentrations of copper perchlorate and 
trioxime a t  pH 4. 

Job's method of continuous variations (8) and the inolar ratio method of Yoe and 
Jones (9) were used to determine the stoichiometry of the trioxime copper and cobalt 
chelates. The continuous variatioils study yielded results in agreement with those obtained 
potentiometrically (vide in fra);  as shown in Fig. 3, a 2:l  conlplex with copper and a 3:l 
complex with cobalt are indicated. 

The inole ratio method, Fig. 4, showed different results. At 360 n ~ p  the existence of 
both 1 :I and 2:l copper complexes are indicated but only a 1 :I copper complex is apparent 
from measuremeilts made a t  410 mp. With cobalt, a t  both waveleilgths, co~uplexes con- 
taining 1, 2, and 2.5 moles of reagent for each inole of cobalt are evident. 
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FIG. 3. Cont in~~ous  variations plot: I ,  trioxime and copper perchlorate a t  p H  4 and wavelength 450 nip 
(total concentration of copper plus reagent, 3.81X10-" I M ) ;  11, trioxi~ile and cobaltous perchlorate a t  p H  6 
and waveIength 330 rnp (totaI concentration of cobalt plus reagent, 3.68X101' ill). 

I I I I I I I I 
0 0.5 1.0 1.5 2.0 2.5 3.0 3.5 

M O L E  R A T I O  O F  REAGENT TO M E T A L  

I .  4. Mole ratio plot: I ,  trioxime and copper perchlorate a t  pH 4;  11, trioximc and cobaltous per- 
chlorate a t  pH 6. Total wetal concentration 2.41 XlO-914; curves are given for 360 and 410 mp. 
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The results obtained by Job's method agree with those previously recorded for other 
oximes; a 2: l  complex of dimethylglyoxiine with copper has been ltnown for some time, 
and it  has recently been shown that 1,2,3-cyclohexanetrioi~etrioxime forms a 3: l  coinplex 
with cobalt I1 (10). 

POTENTIOMETRIC STUDIES 

Potentiometric titrations, using carbonate-free 0.1 N potassium hydroxide as  titrant, 
were carried out on 5-methyl-l,2,3-cyclohexanetrionetrioxime and its complexes with 
nickel 11, cobalt 11, and copper 11. Potention~etric methods have been used sparingly for 
the dioximes and the data reported give forination constants only for dimethylglyoxiine 
ill 50% dioxane-water solution (4); i t  was necessary, therefore, for coinparison purposes, 
to also investigate diinethylglyoxime and ilioxiine by this technique. These titrations 
permitted the calculatioll of the dissociatioll constants of the three oximes in water and 
gave inforinatioil regarding the stoichiometry of the chelates and the relative stability 
of the copper I1 con~plexes based on the magnitude of the respective overall formation 
constants as  evaluated by the Bjerruin technique (11). 

A pparatzis 
The course of the titrations was followed with a Radiometer 4 pH meter equipped with 

a Beckman saturated calomel and an E-2 glass electrode couple. Titrations were carried 
out in a pyrex vessel equipped with an outer jacket through which water from a constant- 
temperature bath was circulated. A temperature of 2 5 f  0.1" C was inaintained with a 
Willtens-Anderson "lo-temp" constant-temperature bath. The vessel was fitted with a 
loose plastic cover, through which holes were drilled to accolnn~odate a 10-1111 inicroburet, 
the two electrodes, two nitrogen inlet tubes, a thermometer, and a glass rod for removing 
drops of liquid fro111 the buret tip. During the titration, nitrogen gas was bubbled both 
through the solution and passed over i t ;  in order to minimize evaporation losses, the 
nitrogen was previously saturated with water vapor a t  25" C. The buret and reservoir of 
potassiuin hydroxide were connected by a continuous system of glass tubing and the 
atmosphere above each was protected by glass towers containing "caroxite" and indicating 
"drierite". Magnetic stirring was used throughout the titrations. 

Reagents 
Nioxime, obtained fro111 the G. Frederick Smith Chemical Co., was recrystallized fro111 

water and dried a t  50" C in a vacuum oven; the dried material melted a t  189" C (reported, 
188-190" C (12)). 
5-RiIethyl-l,2,3-cyclohexanetrionetrioxime was a "White Label" grade product of 

Eastman Kodak. I t  was recrystallized from water and dried a t  50" C in a vacuum oven; 
this material decoinposed a t  171-172" C on melting (reported, 170" C (7)) and a titration 
showed the reagent to be 99.1% pure on the basis of acid assay. 

Din~ethylglyoxime was "White Label" grade Eastnlan Kodak reagent. I t  was recrystal- 
lized from an alcohol-water mixture, dried in a vacuunl oven a t  50" C,  and had a melting 
point of 239" C. 

Each of these reagents was dissolved in redistilled water and titrated with 0.1 N 
potassiultl hydroxide, both in water alone and in solutions containing a known amount 
of perchloric acid. Titration curves in the presence of perchloric acid are show11 in Fig. 5. 

The titration curves shorn that  the trioxime is a much stronger acid than the other two 
oxin~es; two end points are obtained corresponding to the neutralization of the perchloric 
acid and of one of the oxilne groups. Din~ethylglyoxime and nioxime are both extremely 
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1 2 2  

2 0 1 9  I I I I I I I 1 I 
M L  O F  0.09594 N K O H  

FIG. 5. Titration curves of 2.86X10-4 mole of reagent in presence of 50.0 ml of 9.81 X10-3 N perchloric 
acid: 1, dimethylglyoxime; 2, nioxime; 3, trioxime. 

weak acids and no break occurs in their titration curves after the perchloric acid end 
point. The titration curve of nioxilne (Fig. 5, curve 2) shows one inajor difference froin those 
of the other oxirnes-a break occurs before all the perchloric acid has been titrated. The 
end point cannot be correlated with any coinnlon inultiple of the quantity of reagent 
used and it is followed by a secoild break correspolldirlg to the complete neutralization 
of perchloric acid. Such an end point must be due to the nature of the reagent itself and 
not to any basic impurity; repeated recrystallization of reagent had no effect on the end 
points and the sharp melting point (in agreement with that  reported in the literature) 
also suggests that  the reagent is of high purity. The first end poillt might be due to  a 
protonated species but there is little supportiilg evidence for this. 

Dissociatioil coilstants of the three oximes were determined froin equations derived for 
"non-overlapping" and "overlapping" dissociation constants. Data used for the calcu- 
latioils were tal;en from the half-neutralization portion of the titration curves. For 
dimethylglyoxin~e and nioxime, because of the close proximity of their values, graphical 
determinations of the dissociation constants were necessary. The equilibria iilvolved are: 

where H2R represents the oxiine under consideration, and parentheses denote molar 
concentrations. From these equilibria, together with equations for nlaterial and charge 
balance, it can be shown that :  
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HAINES ET AL.: uic-DIOXIME REACTIONS 

where THzR is the total concentratioil of the oxime. 

(H+) + (I<+) - (OH-) 
= S, 

TE?R 

then 

and a plot of [(H+)2S]/(S-2) against (H+).[(S--l)/(S-2)] gives a straight line with a 
slope equal to K1 and intercept equal to K1K2. Results are shown in Fig. 6. 

FIG. 6. Graphical determination of dissociation constants: I ,  dimethylglyoxime; 11, nioxime. 

The trioxi~lle is a sufficiently strong acid to enable the direct calculatioll of pK, and 
pKz, assuming no overlappiilg of these constants but, in its third ionization, it is too weak 
an acid in water to perinit satisfactory calculatioi~s of pR3 froill the potention~etric 
curves. The results are given in Table 11; these are not corrected with respect to activity 
coefficients of the various species and are froin titrations on solutions co~ltainiilg reagent 
alone. 
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TABLE I1 

Acid dissociation constants of oximes, in water, a t  25' C 

Oxime PKI PK? 

iWetal Complexes 
In these titrations different mole ratios of reagent and metal perchlorate solutions 

were inixed (varying froin 4:l  to 1 :1) and the liberated hydrogen ion titrated with 0.1 N 
potassiunz hydroxide; in each instance a lcnown amount of perchloric acid was also 
present. A plot of the nuinber of moles of hydrogen ion released for each mole of metal 
ion present should be indicative of the stoichiometry of the chelates; titratioiz curves for 
each oxime in the presence of metal ions are shown in Figs. 7 aizd 8. 

Dimethylglyoxirne 10.60 11.85 
Nioxilne 10.68 11.92 
5-Methyl-1,2,3,- 

cyclohexanetrionetrioxi~ne 8.16 11.30 

FIG. 7. Plot of moles of base used per mole of metal ion: I ,  niosime; 11, dimethylglyosime. Curves 
A, B, and C are for nicl<cl (3.28X10-j ~nole),  copper (i.OGX10-j mole), and cobalt (3.68XlO-j rilole) re- 
spectively a t  a reagent-to-~netal mole ratio of 3:l. 

With nickel 11, the titration curves for the three oxinles were similar, and trioxime 
formed the familiar red precipitate; the break in the titration curves occurs a t  a proton- 
to-metal inole ratio of 2:l .  With copper 11, all oximes formed yellowish-brown complexes; 
the titration curves again are similar and show the forination of a 2 : l  copper complex. 
These results suggest that the trioxime is similar, in its behavior with nickel aizd copper, 
to the other dioximes. 

The reactions with cobalt 11, however, appeared to be quite complex and differed with 
the reagent used. For the trioxime, a t  a mole ratio of reagent to cobalt of 3: l  or higher, 
3 moles of proton were liberated; the solution was colored yellow initially and this color 
intensified to an orange as the titration progressed. In order to give a more coizzplete 
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HAINES ET AL:: uic-DIOXIME REACTIONS 

12.0 1 I I 
I I I I I 

2 . 0 k 1  a 2 I 3 b  I 5 6 7 i  I I I 

M L  O F  0.09594N K O H  

FIG. 8. Titration curves of metal chelates: 1, 50.0 ml of 9.811 X10-' N perchloric acid; 2, perchloric acid, 
2.032X10-6 mole copper perchlorate, and 6.096X mole trioxime; 3, perchloric acid, 3.279X10-6 mole 
nickel perchlorate, and 9.837 X 10-"ole trioxime; 4, perchloric acid, 3.359 X mole cobaltous per- 
chlorate, and 10.08X10-6 mole trioxime. 

represeiltatioil of the reactions of this reagent, Fig. 8 reproduces the titration curves 
obtained ; two end points are evident corresponding to the liberation of 3 inoles of hydrogen 
ion and a further 2 moles of proton. At  a reagent-to-cobalt ratio of 2:1, using the saille 
amount of cobalt, a precipitate occurred a t  pH 3; i t  subsequently dissolved between p H  
6 and 7, causing a distinct drop in pH, and the number of moles of hydrogen ion ultimately 
released for each mole of cobalt was 2.70f0.05. 

Nioxilne also shows the release of 3 inoles of proton a t  ratios of reagent to cobalt of 
3: l  or higher (Fig. 7A); no color was present in solution until after the addition of the 
first few drops of potassium hydroxide, when the solution developed a brownish-yellow 
color. Kioxime formed no precipitate when it  was present in a 2:1 ratio with cobalt I1 but,  
as with trioxime, the liuinber of inoles in hydrogen ion released was 2.70f 0.05. 

Dimethylglyoxiine differed in its reactions with cobalt (Fig. 7B). A yellow color was 
formed a t  all ratios and the titration curve shows two end points correspoilding to the 
liberation of 2 and 2 .70f  0.05 illoles of hydrogen ion. 

Formation corlstants of the copper 11 coniplexes of the three oxiriles were calculated 
by the Bjerrunl method (11). A plot of the formation function r ~ .  (the concentration of 
bound ligand divided by the total concentration of metal present) against pHR- (the 
negative logarithm of the equilibrium concentration of the ligand I-IR-) enables the 
values of the logarithill of the forination constants, log I<, and log Kp ,  to be read directly 
froin the curve a t  f i  values of 0.5 and 1.5 respectively; the log I<,, is read a t  f i  equal to 
1.0. These values were read directly from the curves shown in Fig. 9 ;  for nioxinle, however, 
the log Kq value had to be calculated fro111 the relationship log Kl+log K2 = 2 log K,,. 
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2 

FIG. 9. Formation curves with copper at  reagent-to-metal mole ratio of 3:l:  I, trioxime; 11, nioxime (1) 
and dimethylglyoxime (2). 

Table I11 shows values calculated from titrations on solutions containing 50 1111 or 
0.009811 N perchloric acid, 4 n ~ l  of 0.01016 M cupric perchlorate, and 1.167XlO-~rnole 

TABLE 111 

Formation constants of copper I1 complexes a t  25' C 

Oxilne 2 log K a v  log K I  log Kz 

of reagent in a total initial volulne of 110 ml (i.e. a reagent-to-copper mole ratio of approxi- 
nlately 3:l). Sinlilar constants for the conlplexes with nickel were not evaluated because 
of their low solubility; the value of the solubility product would have been necessary 
for these calculations. The fornlation constants of the cobalt complexes were not calculated 
because of the uncertainty as to  the actual species present. 

DISCUSSION 

The reactions of 5-methyl-1,2,3-cyclohexanetrionetrioxine with copper (11) and nickel 
(11), as contrasted with silllilar reactioils between nioxiine and dimethylglyoxinle, indicate 
that the trioxiine reacts in an analogous manner with these two nletal ions. I t  is thus 
suggested that  in the trioxinle two oxiine functional groups are anti, and thus reactive 
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HAINES ET AL.: sic-DIOXIME REACTIONS 1159 

toward these metal ions, and the third such group is syn to these two anti-oxime 
functionalities. 

A co~llparison of the overall formation coilstants (2 log K,,) of the copper I1 reactions 
with these three oxi~nes clearly reveals that  the copper I1 - trioxiine complex is nluch 
weaker than the corresponding conlplexes formed with ilioxiine and dimethylglyoxirne. 
This comparatively low value for 2 log I<,, rnay be partially attributed to the fact that 
the trioxime is the strongest acid of the three oxiines; however, there is no linear correlatio~l 
between either the acid dissociation constants of the ligands or the sunl of these constants 
versus 2 log K,, for the copper I1 complexes. This is suggestive that  some other factor in 
addition to ligand basicity is involved in the comparison of the stability of these copper 
I1 complexes. 

In contrasting the reactions of the three oxi~nes with cobalt 11, two significant differences 
are apparent in the case of the trioxime. First, evidence for a 3:l  trioxime - cobalt I1 
complex has been presented (Fig. 3),  and a precipitate is formed on the addition of lead 
11, nickel 11, or more cobalt I1 to solutions containing ~nolar ratio of trioxi~ne to cobalt I1 
of 3:l or greater. The corresponding complex with nioxi~ne does not show these reactions; 
consequently, i t  is probable that the forn~atio~l of precipitates by the 3:l trioxi~ne - cobalt 
11 complex with these dipositive metal ions involves coordination of the additio~lal ~ne ta l  
ions with the third oxime group of the reagent. 

Second, the presence of a second end point corresponding to the liberation of 5 moles 
of hydrogen ion per mole of cobalt I1 added initially (Fig. 8), is characteristic of the 
trioxime only, and is suggested to be due to an increase in the acidity of the third oxime 
group. 

~-Metl~yl-1,2,3-cycloI~exa1~etri01~etrioxine does not appear, from studies to  date, to be 
a satisfactory reagent for direct gravimetric determinations. Nickel, copper, and cobalt 
colnplexes that were precipitated from solution, washed with cold water, dried a t  100° C, 
and then analyzed gave a metal content considerably higher than that anticipated fro111 
theoretical values and were inconsistent; no deco~nposition of the co~nplexes was evident 
and preparation under nitrogen, followed by drying in a vacuum oven, failed to yield 
Illore coherent results. These results may be due to the formation of mixtures or to the 
third oxike group undergoing some reaction in solution that is preventing isolation of 
pure chelates by this method; this, and a inore thorough study of the cobalt conlplexes 
of these oximes, are presently under investigation. 
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INFLUENCE OF STERIC AND POLAR EFFECTS ON BASE STRENGTHS 
OF BICYCLIC GUANIDINES1 
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Received March 1, 1962 

ABSTRACT 

The pK, and El,? values of a number of bicyclic guanidines and their keto derivatives 
were determined. The influence of steric and polar effects on their base strengths is discussed. 

INTRODUCTION 

Recently i t  was observed (I)  tha t  the guanidine nucleus in 5-keto-2,3,G,7-tetrahydro- 
1(H),5(H)-imidazo(1,2-a)pyrirnidine could not be converted into a nitroguailidine by the 
strong nitration inedium of absolute nitric acid - acetic anhydride - ammoniun~ chloride, 
whereas 2,3,6,7-tetrahydro-l(H),5(H)-imidazo(l,2-a)pyrimidine is readily nitrated to 
l-nitro-2,3,6,7-tetrahydro-l(H),5(H)-imidazo(l,2-a) pyrimidine (2) by this medium. The  
failure of the guanidine structure in 5-keto-2,3,6,7-tetrahydro-l(H),5(H)-imidazo(1,2-a) 
pyrimidine salt (I) to nitrate was explained (1) by the electron displaceiuents within 
structure I .  There are two opposing electron-attractive forces operating on N4; one force 

tends to displace the electrons towards participatioil in the guanidinium ion while the 
other force tends to displace electrons in the direction of the curved solid arrows. These 
opposing forces were considered to give the resonance ion structure more of an ainidinium 
ion character than a guanidinium ion character. This would then explain the failure of 
5-Iceto-2,3,6,7-tetrahydro-1 (H),5(H)-i~~~idazo(l,"ia)pyrinlidine to  nitrate. 

Since the high base strength of guanidine is dependent upon the resonance stabilization 
of the guanidinium ion ( 3 ) ,  it should be possible to measure the quantitative importance 
of the polar effect indicated by the solid curved arrow in I on the resonance stabilizatioil 
of the guaniclium ion by coinparing the PIC, values of bicyclic guanidines with the pKn 
values of their Iceto derivatives. The present study shows that  an electronegative sub- 
stitueilt adjacent to the guanidine nucleus in bicyclic guanidines has a very pronounced 
effect on their base strengths. 

DISCUSSION 

PIC, values given in Table I show that  the base strengths of the 5-6 (11), G-G (IJI),  
and 5-7 (IV) membered bicyclic guanidines are equivalent. 111 the 2,3,5,6-tetrahydro- 
l(H)-imidazo(l,2-a)ii1iidazoliun1 ion (V) containing two 5-membered fused rings con- 
siderable strain already exists in the bonding of the ring structure. This strain would be 

1Contribulion No. 55. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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McK4Y A N D  KRELING: BICYCLIC GUANIDINES 1161 

TABLE I 
pK, values and millivolta& half-neutralization values for bicyclic guanidines 

PK~, Ell?, 
Compound H20 acetic acid ApK, AEl12 

3-Keto-1,2,5,6-tetrahydro-3(H)-imidazo(l,~2-a)imidazole 
2,3,5,6-Tetrahydro-1 (H)-imidazo(l,2-a)imidazole 
3-I<eto-1,2,6,7-tetrahydro-3(H),5(H)-imidazo(l,2-a) 
pyrimidine 

5-Keto-2,3,6,7-tetrahydro-1 (H),5(H)-imidazo(l,2-a) 
pyrimidine 

2,3,6,7-Tetrahydro-1 (H),5(H)-imidazo(l,2-a)pyrimidine 
4-Keto-2,3,6,7,8,9-hexahydro-4(H)-pyrinido(1,2-a) 
pyrimidine 

2,3,6,7,8,9-Hexahydro-4(H)-pyrimido(1,2-a)pyrinlidine 
1.2.5.6.7.8-Hexahvdro-3(H)-imidazo(1,2-a)-1,3-diazepine 

increased further by the shortening effect of resonance on the three C- N bonds. Thus 
the f ~ l l l  resonance stabilization of the guanidinium ion cannot be realized in structure V 
and the base strength is lowered to a pK, value of 10.60. I n  the 5-6-fused ring structure 
11, this strain is relieved by the puclrering of the 6-membered ring. 

A comparison of the pK, values of the bicyclic guanidines 11, IV, and V with their 
corresponding lteto derivatives I ,  VI, and VII shows that  the effects of the electroil 
displacements indicated by the solid arrows on the resonance stabilization of the guani- 
dinium ion are considerable. The base strengths of the lteto derivatives I and VI are 3 pK, C
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1162 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1062 

units less than the corresponding parent bicyclic system 11. As anticipated, the ApK, 
value (3.78) is much greater between the 2,3,5,6-tetrahydro-l(H)-imidazo(l,2-a)imid- 
azolium ion (V) and its lieto derivative (VII). As seen above, the confornlation of this 
allnost planar bicyclic system offers some steric inhibition to the resonance stabilization 
of the guanidinium ion and thus it favors the electron displacement depicted by the 
solid arrows. 

Since it was not possible to determine the pK, value for 4-lteto-2,3,6,7,8,9-hexahydro- 
4(H)-pyrimido(l,2-a)pyrirnidine (4) (VIII) in aqueous solutions, all of the compounds, 

VIII 

with the exceptioil of 1,2,5,6,7,8-l~exahydr0-3(H)-imidazo(l,2-a)-1,3-diaze~ine,~ere 
titrated with standard perchloric acid in glacial acetic acid solutions. The Ellz values for 
these deternlinations are given in Table I. No differences were observed in the base 
strengths of 2,3,5,6-tetrahydro-1 (H)-imidazo(l,2-a)inlidazoline and the other bicyclic 
guanidines I1 and I11 due to the levellillg effect of the solveilt medium. However, the 
pro~lou~lced effect of the adjacent lieto groups in lowering the base strengths of the 
bicyclic guanidines is still apparent. 

The rates of hydrolyses of the lteto derivatives of the bicyclic guallidines were investi- 
gated in order to estimate the effect of their hydrolyses on the accuracy of the pK, 
determinations. These studies are reported in the experimental section. I t  was found that  
4-lieto-2,3,6,7,8,9-hexahydro-I(H)-pyri11iido(l,2-a)pyrimidi1~e would be allnost com- 
pletely hydrolyzed in aqueous solution within the 3 minutes required t o  run the potentio- 
metric titration. The errors in the pK, values due to hydrolysis of 3-keto-1,2,6,7-tetra- 
hydro-3(H),5(H) -inzidazo(l,2-a)pyrirnidine and 5-lteto-2,3,6,7- tetrahydro-l(H),5(H)- 
in1idazo(l,2-a)pyrimidine are less than 5% while the error due to the hydrolysis of 
3-keto-l,2,5,6-tetrahydro-3(H)-imidazo(l,2-a)imidazole is less than 2y0. 

Bicyclic Gzmnidines 
2,3,5,6-Tetrahydro-l(H)-irnidazo(1,2-a)imdazoIe (5), 3-keto-1,2,5,G-tetrahydro-3(H)-imidazo(l,Z-a)i1nid- 

azole (4), 2,3,G,7-tetrahydro-l(H),5(H)-imidazo(l,Z-a)pyrimidine (2), 3-keto-1,2,6,7-tetrahydro-3(H),j(H)- 
imidazo(l,2-a)pyrimlidi1le (4), 5-l~eto-2,3,G,7-tetrahydro-l(H),5(H)-imidazo(l,2-a)pyrirnidine ( I ) ,  2,3,6,7,8,9- 
hexahydro-4(H)-pyrilnido(l,2-a)pyrimidi (Z), 4-l:eto-2,3,G,7,8,9-hexahydro-4(H)-pyri1nido(l,2-a)~~rimi- 
dine (4), and 1,2,5,6,7,8-hexahydro-3(H)-imidazo(l,2-a)-1,3-diazepine (2) were prepared as previously 
described. Only highly purified, freshly si~blilned samples were used for rate studies and pK, determinations. 

K i l ~ e t i c  Measzrre~rlents 
Weighed samples (0.005 mole) of the Iceto derivatives of the bicyclic guanidines were placed in volulnetric 

flaslcs (10 1111) and water a t  30.5' was added to  the graduation marl; to give 10 rnl of 0.5 M solutions. The 
flask containing the solution was placed in a constant-temperature (30.5') bath and samples (1 ml) were 
withdrawn a t  timed intervals. A q ~ ~ e o u s  picric acid solution (11 ml representing approxinlately 30% excess 
picric acid) was added to the withdrawn aliquots and after 2 11linutes the precipitated picrate was removed 
by filtration using weighed rnicro sintered-glass funnels. The picrate was washed twice with 1 1111 of water, 

?Th i s  co)iz$ozrnd w a s  naiited incorrectly as A"l,4,9-triaznbicyclo(5.SS0)dece?~e ill reference 2. 
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MCKAY A N D  KRELING: BICYCLIC GUANIDINES 1163 

dried, and weighed. Each lot of picrate was checked for purity by a nlelting-point deternliilation. The rate of 
formation of 2-carboxymethyla1l1ino-A~-tetrahydropyrinidine from 3-keto-1,2,6,7-tetrahydro-3(H),j(H)- 
imidazo(l,2-a)pyriinidine under the above conditions is kinetically first order with mean deviations within 
10%. These deviations were due to the variations in efficiency of precipitation of bicyclic picrate and in 
some cases to coprecipitation of the picrate of the hydrolyses product. 

Time, sec X lo-? 11.6 17.6 29.6  44.5  53.7 
Reaction O/b 42.2  53.9  72 .4  8 9 . 7  99.2 
10IK, sec-I 4 .72  4.39 4 .31 3 .95  4 .23 

Under the above conditions the half-life for 3-keto-l,2,6,7-tetrahydro-3(H),5(H)-imidazo(l,2-a)pyriillidine 
was calculated to be approximately 27.6 minutes while the half-life for 3-keto-l,2,5,6-tetrahydro-3(H)- 
imidazo(l,2-a)imidazole was calc~~la ted to be approxin~ately 2 hours and 23 minutes. 

I t  was not possible to calculate the rates of hydrolysis of 5-1;eto-2,3,6,7-tetrahydro-l(H),5(H)-imidazo- 
(1,2-a)pyrimidine and 4-keto-2,3,6,7,8,9-hexahydro-4(H)-pyrinido(l,2-a)pyri1idine even with this small 
degree of accuracy because of the coprecipitation of the hydrolysis product with the bicyclic guanidine in 
the first case and the very rapid hydrolysis of the latter bicyclic guanidine. The hydrolysis of 4-keto- 
2,3,6,7,8,9-hexahydro-4(H)-pyrimidino(l,2-a)pyrimidine \\;as practically co~nplete within 5 minutes. These 
studies showed that the relative susceptibility of the keto substituted bicyclic guanidines to hydrolysis 
falls in the following order: 4-l<eto-2,3,6,7,8,9-hexahydro-4(H)-pyrin1ido(l,2-a)pyri111idii1 (VIII)  >> 5-Iceto- 
2,3,6,7-tetrahydro-l(H),5(H)-in1idazo(l,2-a)pyrimidine (I) > 3-lreto-1,2,6,7-tetrahydro-3(H),5(H)-imidazo- 
(1,2-a)pyrimidine (VI) >> 3-l;eto-l,2,5,6-tetrahydro-3(H)-imidazo(1,2-a)ii11idazole (VII). 

Pote~~tiontetric Tilralions 
Aqueous solutions (0.01 moles) of the freshly sublinled bicyclic guanidines were prepared with carbon 

dioxide free water. These magnetically stirred solutions a t  a constant tenlperature of 30.5" were titrated 
with 0.1 IV hydrochloric acid using a Beclanan NIodel G pH incter equipped with glass electrode (Beckman 
No. 1190-80) and sealed calo~nel electrode (Fisher No. 11-505-80). 

The pK, values for 2,3,5,G-tetrahydro-l(H)-i11lidazo(l,2-a)in1idazole aiid 2,3,6,7-tetrahydro-l(H),5(H)- 
imidazo(1,2-a)pyrimidine also were determined by potentiometric titration of their purified hydrochloride 
salts with 0.1 N sodium hydroxide solution. The pK, values obtained in this manner were identical (within 
experimental error) with those determined from potentiometric titration of the corresponding free bases. 

The potentio~netric titrations of the aqueous bicyclic guanidines with 0.1 N hydrochloric acid were also 
conducted with an automatic potentiometer (Potentiograph E 336, Metrohill Ltd., Herisau, Switzerland, 
with combined glass/calomel electrode). The rate of titration was approximately 1 ml/min. The results 
\vith the automatic potentiometer were in agreement with the Becl;man Ailode1 G pH meter. 

The automatic potentiometer was used to titrate solutions of the bicyclic guanidines in glacial acetic 
acid with 0.1009 N perchloric acid in glacial acetic acid. The standard perchloric acid solution was prepared 
by the lnethod of Fritz (6). The PIC, values determined in aqueous solution and the E,,, mv values de- 
termined in glacial acetic acid are given in Table I. The apparent pK, values were determined froin the 
readings a t  the half-neutralization points of the aqueous solutions of the bicyclic guanidines. 
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ABSTRACT 

I t  is demonstrated that  second-order perturbation theory is useful in determining the 
manner in which the electron density present in a ~nolecule is changed during a nuclear 
vibration. Furthermore, it is shown that one nuclear motion will lead to a particularly favorable 
electronic distortion such that this motion is energetically favored over the other possible 
~llotiolls of the molccule. This allows one to eluploy the theory to predict the symmetry of 
the reaction coordinate in both unimolecular and birnolecular reactions. The chemical implica- 
tions of the electron density changes are discussed. 

A reaction has associated with it a reaction coordinate, and ally detailed analysis of a 
reaction inechailism requires a kilowledge of how the electron distribution changes for 
various modes of motion of the system. For example, in a uilirnolecular deconlpositioll 
there are a number of coilceivable (and actual) ways in which a n~olecule inay dissociate, 
depending on which vibrational inode correspoilds to the illost eilergetically favorable 
reaction coordinate. In the present approach we consider xvhat effects the possible molec- 
ular motions have on the electron distribution. When the ~luclei are displaced froin their 
equilibrium positions the electron distribution relaxes in such a fashion as to follour the 
motioil of the iluclei and thus leads to a smaller increase in energy than would be obtained 
if the electron distribution was static. By determiiliilg which nuclear inotioil allows for 
the inost favorable relaxation of the electron density, we in eftect deter~niile the reaction 
coordinate. 

We ma17 treat the nuclear displacelneilts as perturbations and in this \\7aj7 determine 
what effect these perturbations have on the electronic energy and wave function of the 
nlolecule in question. iVIaking use of second-order perturbation theory we find that the 
energy of the distorted molecular coilfiguratioil for esteilsioil in the i ' th normal 
coordinate, Qi, is 

We employed this equation previously and applied it to an interpretation of potential 
interaction constants (1). We limit our present discussion to an iilterpretatioil of the 
terms appearing in the expression. EO is the energy of the undistorted configuration. The 
perturbations are given by the expressioils 

in which +(r,R) is the total potential of the nuclei and +(r) is the potential interaction 
of the nuclei with the i'th electron. We inay elnploy the electron density fuilctions poo 

and poa in the above integrals, as neither +(r,R) nor d(r) contains terms which involve the 
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BADER: PERTURBATIONS IN ELECTRON DISTRIBUTIONS 1165 

coordinates of more than a single electron. This fact maltes it possible to give sinlple 
interpretations to Vooii and VoBi. The quantity POO is the electron density for the undis- 
torted molecule. Thus the term $ V0oii. Qiqeterlnines the increase in the energy of the 
nlolecule \-vhen the nuclei are displaced fro111 their equilibriunl positions and the electron 
distribution is held fixed. 

I t  is the term Voaf which allows for a relaxation of the electron distribution and it is 
this term with which we shall be mainly concerned. The relaxation is brought about by 
mixing in ~vith the ground state 10) the wave function for an excited state lk). The density 
expression pok appearing in Voai is thus ternled the transition density.' I t  i s  a vzeasure of 
the a.nf.ofint of charge which i s  transferred within the moleczile when the nuclei are displaced 
from their equilibrium positions. The expressions pea are the corrections to the electron 
density of the undistorted molecule. The first-order correction to the wave function due 
to the nlising effect is 

and thus the transition density will make a contribution to the electron density found in 
the distorted molecule, 

By this lnechanisnl we nlay explain how distortions of the nuclear frame~vorl; introduce 
symmetric or antisymmetric conlponents into the original charge distribution of the 
molecule. 

The trallsition density does not represent any absolute amount of charge (its integral 
over all space is equal to zero) but instead gives a three-dirnensional representation of the 
movements of charge density within the molecule. In the nlolecular orbital tern~inalogy, 
po, will be given silnply as 

where 4i" is the orbital which was occupied in the state lo), 4 j  is the orbital occupied in 
its stead in the state Ik), and c is a llunlerical constant. The forms of the pol; are thus sinlple 
to deternline and thus so is the magnitude and direction of the charge shiit. 

With the above interpretation of poa we Inay now interpret the integral VOai as the 
force exerted on the nuclei (those which are displaced in the nlode Qi) by the displaced 
charge density. Differentiation of 4(r)  with respect to Qi is mathematically equivalent 
to placing a point dipole, orientated in the direction of the nuclear displacenrent, on each 
~zucleus which moves in the nlode Qi. Thus, alternatively, Voai lnay be interpreted as the 
interaction of the point dipoles centered on the nuclei with the displaced charge 
distribution. 

The manner in which equation [I] nlay be applied is as follows. I t  is evident fro111 the 
denominator in the expression for E that the lowering in energy due to the relaxation effect 
will be greatest for that mode of vibration which allows for an illteraction with the lowest 
of the excited states. Furthermore, the transition force Voai will be different fro111 zero 
only if the transition density pok and Qi have identical symmetries. We then assume that  

' pak  = (0 I - e { xf6(r -ri) ) Ik) (see reference 1 or 4).  
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the illost favored motion, i.e., the one which leads to the snlallest increase in potential 
energy, will be that one whose symmetry allows for an interaction with the lowest of the 
excited  state^.^ The principal change brought about in the electron distribution for any 
of the nuclear motions is assunled to be determined by the admixture of the lowest excited 
state of the proper synlmetry, an assumption founded on the presence of the term Eo 
- E L  in the clenominator of the coefficient in equation [3]. Thus we are now in a position 
to predict the inajor changes in the electron density accompanying any nuclear dis- 
placement, and, in addition, pick out that mode which allows for the greatest relaxation 
of the electron distribution. Using this method with the same assumptions, we have 
previously been able to correctly predict the signs of potential interaction constants for 
a large number of molecules (1). Since the successful prediction of the sign of an interaction 
constant by this method is deterinined by the proper selection of the mode which gives 
the greatest relaxation in the electron distribution, we base our confidence in the present 
approach on these previous results. 

We now show how the information available fro111 an application of equation [ I ]  is 
of use in the understanding of the chemical properties of molecules, by providing us 
with information regarding the possible reaction coordinate and the accompanying changes 
in the electron cleilsity during the reaction. 

U~zi7nolecz~lar Decomposifio~zs 
The most obvious application of equation [ l ]  is to the unimolecular decomposition of a 

molecule. We are interested in determining which relative inotion of the nuclei corre- 
sponds to the reaction coordinate. We shall consider some triatoinic systems first. 

We have previously shown (1) that the transition density arising fro111 the admixture 
of the lowest excited state of the triatomic molecules ~vhich possess 1G valence electrons 
(e.g., CO?, CS?, I-IgCl?) is of Z: symmetry, 

(the other states resulting from this excited config~~ration are of irrelevant symmetries 
la,, and lZ;). The vibration which brings about the mixing in of this lowest excited state 
is the antisymmetric stretching vibration which is, therefore, preclicted to be the ener- 
getically favored vibration and the reaction coordinate. The present inethod then correctly 
predicts that the unimolecular decomposition of these molecules will proceed so as to 
produce an atoll1 and a diatomic molecule. The  transition density is given as 

We can employ this infornlation to obtain a qualitative picture of how the electron 
density is changed during a 2: vibration. Fro111 the form of the transition density (shown 
in Fig. 1) we see that charge is displaced from one end atom to the other and relllovecl (in 
the opposite sense) from one binding region and concentrated in the other. Such a charge 
~lligration clearly weal<ens one bond and strengthens the other. The magnitude 0 6  this 
asyrn~netric contribution to the charge density increases as the extension in the asymmetric 
coordinate is increased. 

I t  is possible, of course, that  the symmetry of the transition density will change as the 
n~olecular di~llensions are appreciably altered due to  a crossing of orbital energies and 

?See the A p p e n d i x  for fzirtheu jztsli$cation of th is  procedlire. 
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BADER: PERTURBATIONS IN ELECTROS DISTRIBUTIONS 

FIG. 1. Schematic reprcsentation of p,,, and its interaction with the antis)mmetric stretching vibration. 
(The negative signs indicate an increase in  the electron density, the positive signs a decrease.) 

hence to the appearance of a new low-lying excited state. For nlolecules which contain 
relatively few atoms, the order of the orbital energies can be predicted with soIne certainty 
even for distorted configurations and thus this possibility may be allowed for. For 
example, in the above-mentioned triatomic ~nolecules, the symmetry of the transitio~l 
density remains unchanged even for appreciable extensions of the asymmetric coordinate. 
111 more complicated n~olecules, the order of the orbitals, especially for distorted configura- 
tions, is not always predictable with great certaintj~ and the method then loses its 
usefulness. 

As another simple example of the application of the present nlethod to unimolecular 
reactions we collsider the decomposition of the ozone molecule. The method should in 
this case correctly predict the favored asymmetrical dissociation illto an oxygen ~nolecule 
and an oxygen atom. The ozone molecule contains 18 valence electrons and is therefore 
bent and of C2,, sj~mmetry. iVIulliken has given the molecular orbital description of this 
lnolecule (3), and we have previously discussed the symmetries of the relevant transition 
densities (1). The ground state is 'A1 and the lowest excited state which gives a relevant 
transition density is of B1 symmetry. Such a transition density favors the uns)~mn~etrical 
extension of the molecule, which induces an asymmetry in the electronic charge distribu- 
tion corresponding to a weakening of one of tile bo~lds ancl a strengthening of the other. 

Consider next the unimolecular decomposition of the dialkyl mercury compounds by 
taking dimethyl mercury as a typical case. The electronic configuration of this molecule, 
in terms of molecular orbitals is 

The first four oE these orbitals represent the bonding between the hydrogen and carbon 
atoms, the last two, the bonding between the mercury aton1 and the carbon atoms. The 
lowest excited orbital of dimethyl mercury is the antibonding orbital between the carbon 
and nlercury atoms of d l ,  symmetry. The carbon-hydrogen antibonding orbitals are 
certainly of much greater energy than the 61, antibonding orbital, as is the 7s orbital of 
the I-Ig atom. (Transitions to  the Gp, orbitals of the mercury atom give an irrelevant 
tra~lsitio~l density of E,  symmetry.) The lowest excited electronic state is, therefore, 

The transition density is of Az, sy~llrnetry and the reaction coordinate will be of the same 
symmetry, i.e., an unsymmetrical vibration of the C-Hg bonds. Since it  is the mercury- 
carbon orbitals which are involved in determining this transition density, i t  will be the 
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electron density in the region of the mercury carbon bonds which will be most strongly 
affected. The trailsitioil density is given by 

and will be similar in appearance to that for p,, in Fig. 1. The theory predicts that the 
molecule will decompose by the rupture of one of the carbon-mercury bonds to form a 
methyl radical and Hg--CH3. 

Laidler and Steel (2) have pointed out that  the high-frequency factors which are 
fouild for certain unimolecular reactioils may be explained by the simultaneous rupture 
of more than one bond in the molecule. The azo coillpounds are examples of n~olecules 
which exhibit high-frequency factors in their unimolecular decompositions. Laidler and 
Steel (2) postulate that their decomposition is via a syinmetrical stretching of both 
N-CI-I3 bonds. I t  is of interest, therefore, to apply the present approach to these mole- 
cules and determine whether it  does indeed predict a symmetrical, as opposed to an 
u i~s~mn~e t r i ca l ,  reaction coordinate. 

The order of the molecular orbitals for the C-N-N-C frailleworli is most easily 
determined by the construction of a correlation diagram which shows the variation in 
the relative energies of the orbitals as the C-N-N angle is varied. Such diagrams, 
together with a simple set of rules regarding the degree of hybridization have been shown 
by Walsh ( 5 )  to be of great value in such assignments. The order of the imolecular orbitals 
in the linear case are easily determined. These are listed on the right of Fig. 2. The corre- 
lated orbitals for a C-N-N-C franlework of C27L symmetry are given on the left of 

FIG. 2. A scllerilatic representation of thc correlation of molecular orbitals i n  the bent and linear 
C-N=N-C frameworli. 

Fig. 2. The decrease of the C-N-N angle results in a splitting of the n degeneracies 
found in the linear case. Notice that if only 10 electrons are involved the molecule will 
remain linear, as  a decrease in the C-N-N angle results in an overall raising of the 
orbital energies for reasons given by Walsh. In general, however, tetratomic n~olecules 
which possess more than 10 electrons (there are 12 in the azo con~pounds) will be bent 
due to the occupation of the 3a1, orbital, which undergoes a drop in energy as the C-N 
-N angle is d e c r e a ~ e d . ~  The reason for this increased stabilization of the 3a, orbital is 

3Tlzere are si7nilarities and  sonre zlnderstandable d'ifferences betwee~z our Fig. 2' a d  Walslz's figzrre for HAAH 
moleczrles. 
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BADER: PERTURBATIOKS IN ELECTRON DISTRIBUTIONS 1169 

to be found in the fact that in the bent nlolecule this component of the a orbital takes on 
an increasing ainount of s character. The ground-state electronic configuration of the 
azo con~pounds may be represented by 

(la,) (1 b,1)2(2a,) "2b,,) ~ la , )2(3a , )? ;  ' A  ,. 
The lowest excited state arises froin a transition to  the l b ,  orbital 

. . . (la,1)2(3a,) (lb,); 'B,, 

which gives an irrelevant transition density of syminetry B,, irrelevant since the C-N 
-N-C fraineworli possesses no vibrational motions of B, symmetry. The transition of 
next lowest energy is due to a transition to the 46, orbital, which is strongly antibonding 
between the N and C atoins and bonding between the two nitrogen atoms, which gives a 
tral1sitioll density of 11, symmetry, 

Therefore, the 111ost favored motions are those of the same symmetry, and the molecule 
should decompose in a symmetrical fashion, giving two methyl radicals and a nitrogen 

in one step. This mechanism is thus supported in preference to an unsymmetrical 
stepwise decoinpositioi~ corresponding to a B, motion and a B, transition density. I t  is 
worth noting that as the C-N distance is increased the 3a, orbital will rise in energy 
(ultimately becoming the same as the lb, orbital) and the 4a, orbital will decrease in 
energy. The vibrationally induced A, component of the electron density thus becomes 
Inore proi~linent as the decomposition proceeds. 

I Bimolecular Reactions 
I The transition state of a bimolecular reaction represents the configuration of maximuin 

energy along the reaction coordinate, and therefore, as for a stable molecule, the 
energy is independent of the nuclear displacements to the first order. We may apply 

I secol~d-order perturbation theory to the transition-state n~olecule to again determine the 
I 

most favored mode of decomposition. An insight into the electronic changes underlying 
the reaction may be obtained froin a ltnowledge of the relevant transition density. Or, 
we may einploy the method to  test a proposed transition-state configuration. If a transi- 
tion state is put forward for a reaction which possesses a favored mode of motion which 
does not lead to the observed products, then it must be discarded. 

I t  is worthwhile noting that  the "mixing in" of the excited state in the case of a transi- 
tion-state molecule must be very pronounced, for the potential energy actually must 
decrease as the configuration of the transition state is distorted in such a manner as to 
correspond to a motion along the reaction coordinate. For this to be possible within the 
frame\\iorl< of the present theory, the following inequality must hold: 

Thus, in general,~we should expect to find that a t  least one excited state is relatively low 
lying for transition-state molecules in order that the above requirement may be met. This 
is in general true, and it is the nature of this first excited state which determines the 
course of the reaction. 
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As a sinlple first example of the application of the present method to a bi~nolecular 
reaction consider the cornplex H-13-H obtained in the hydrogen atom-~nolecule reac- 
tion. The electronic co~lfiguration of the cornplex is (a,)2(u,,); 22:. The first excited state 
is obtained from the configuratio~l ( ~ , ) ~ ( a , ) ;  '2;. The transition density is of 2: sym- 
~ne t ry  and it  follows that such a complex should decompose in an u~lsy~ll~netrical fashion 
to give a hydrogen molecule and atom. Thus, due to the fact that  the first excited state 
i's of 2: symmetry, an  asymmetrical distortion of the charge density is the one   no st easily 
accomplished, and thus the asymmetric motion of the nuclei is favored. Such a motion 
leads to a concentration of charge in one bond and to its depletion in the other and to the 
observed formation of a hydrogen molecule and a hydrogen atom. 

The  transition state proposed for an SN2 displacement on a substituted carbon atom is 
one in which the attacking nucleophile, the carbon atom, and the leaving group lie on a 
line. We shall use this case as  a simple example of how, in general, a low-lying excited 
state arises in the formation of a transition-state molecule. 111 Fig. 3 we show the orbitals 

FIG. 3. .An orbital correlation cliagranl between reactants, transition state, and products for CHsCl + C1-. 
The clashed lines in the right and left columns represent the CI- ion orbitals, the solid lines the CH3Cl 
orbitals. The a?" orbital and the ones lying above it are unoccupied. 

of the reactants, of the transition state, and of the products. The  pZ orbital on the entering 
chloride ion we label a ,  the original C-CI bonding and antibonding orbitals in the 
reactant we label bc and bc*, the asterisk denoting antibonding. The approach of the 
chloride ion to CI-13Cl will result in the formation of three new orbitals, a b c ,  a*bc,  and 
abc*;  the remaining orbitals in CI-13C1 and on the chloride ion are affected to a much 
smaller extent. The orbital a b c  will be the most stable of the three. The  orbital a*bc will 
start out low in energy (degenerate with a b c  a t  large separations) and rise in euergy as 
the reaction proceeds. The orbital abc* mill be high in energ). a t  the start  of the reaction 
(corresponding to an excited orbital of C-CI for large separations) and will fall in energy, 
as the reaction progresses, to  a value below that of a*bc. 111 effect, a*bc and abc* inter- 
change their roles during the reaction. 111 a first, very crude approximation, we might 
expect a*bc and abc* to  be degenerate in the transition-state molecule. This of course does 
not occur and the two orbital energies are instead "pushed apart" in the region where 
the crude approximation would have them intersect. The effect of the formation of the 
transition state is thus to  lower the energy of what was initially an antibonding orbital 
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BADER: PERTURBATIONS I N  ELECTRON DISTRIBUTIONS 1171 

between carbon and chlorine and form a new occupied orbital which, as we have seen, will 
lie relatively close in energy to the vacant, lowered antibonding orbital. The new occupied 
orbital is high in energy because the bonds it describes are long and weak and the anti- 
bondiilg character of the vacant orbital is lessened for the same reason. The remailling 
excited orbitals of the co~llplex (e.g., the carbon-hydrogen antibonding orbitals) are, to a 
first approximation, not affected by these changes in bonding and thus do not undergo 
ally significant lowering in energy. The result is, therefore, the formation of a new low- 
lying excited state involving the occupation of an ailtibonding orbital which has beell 
stabilized to a point well below the other excited orbitals of the system. 

In the transition state (D3,, symmetry) the orbitals will be of symmetries azl' (p,,, 
+pzC+pz~, ' ,  bondillg), al' (PZcl - Pzcll, bonding), and a?" (p,cl -pzc+pzcll), the bar 
over the last syinbol signifying its a~ltiboilding character. The electronic configuration 
of the transition state illolecule will be 

I t  follows that since the C-C1 bonds are the weakest (and longest) in the molecule, the 
lowest lying of the antibonding orbitals fouild in the transition state will be that asso- 
ciated with the antibonding between the carbon atoll1 and the halogens, 82". The lorvest 
excited state is . . 

and the trailsition density is of symmetry 24.211. Therefore, the most easily imposed 
electronic distortion for the transition state is an  unsyn~metrical one and the vibration 
rvhich will induce such a distortion is the asymmetrical motion of ilc symmetry, 

I t  is of interest to note that the motion of the hydrogen atoms, which is of A2'' syinmetrj-, 
corresponds to an inversioil of the molecule as is observed in Ss2 reactions. While one 
cannot say to what extent the hydrogens participate in this particular coordinate, the 
motion required to bring about the inversion of the molecule is of the proper s).mmetry 
to be both allowed and favored. 

As further exainples of how the present method may be of use in determining possible 
reaction coordinates we shall consider the "branched" transition states recently proposed 
by Thrush and Clyne (6) for the reactions of oxygen atoms with NOa, 0 3 ,  and C102 and 
of nitrogen atoms with NO?. The transition states proposed for these reactions are all 
of the form shown below for 0 + NO?. Again, :lpplying Walsh's molecular orbital 

methods, we find that the transition-state molecules N?O?, NO3, and o4 (with 22, 23, 
and 24 valence electrons respectively) should be planar, while C1O3 (with 25 valence 
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electrons) should be pyramidal. Thrush has pointed out that the formation of such a 
transition state is likely in each case, as the highest electron density in the top-filled 
orbital is found on the central atoms in NO?, 0 3 ,  and C102. 

Consider first the complex NO3 of D3, symmetry. Does this rnolecule possess a transi- 
tion density of the symmetry required to favor that nuclear inotion which leads to the 
observed products (NO + 02)? The structure of the vibrational represelltation for such 
a molecule is 

The electronic configuratioll of the ground state of NO3 will be (1, 5) (omitting the 2s 
electrons on the oxygen atoms) 

The two lowest unoccupied n~olecular orbitals are of symn~etries dl' and 6?" (the bar 
denoting their antibonding character). Of the excited states arising from occupatioil of 
a2', &', or tiz'', only two give states of relevant symmetries, they are 

The  transition density is, therefore, of symnletry E', and the E' vibration is favored as 
the reaction coordinate over the A1' or A?" motions. Of the possible vibrational motions 
of this molecule, only those of E' symmetry could give the observed products; both 
A and A2" lead to the formation of N + 3 0  or perhaps (for AZ") N + 0 3 .  One com- 
ponent of each of the E' transition densities is illustrated in Fig. 4 together with the 

FIG. 4. Schematic representations of pat,' and pa"," for the NO3 molecule and their ir~teraction with 
an E' vibration. 

contributing molecular orbitals. In each case charge is shifted so as to facilitate an  E' 
vibration. The vibration may, of course, lead to any  one of the three oxygen atoms 
combiiling with the nitrogen atom, since it is a degenerate motion. This proposed transi- 
tion state is thus an  acceptable one according to the tenets of the present theory, for it 
possesses a favored mode of motion which leads to the observed products. 
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BADER: PERTURBATIONS I N  ELECTRON DISTRIBUTIONS 1173 

The reaction of 0 with 0 3  would, by this mechanism, give a planar Dsh transition-state 
molecule with the electronic configuration 

The transition state must be a triplet in order to preserve the spin correlation rules. This 
will force the occupation of the dr" orbital in the case of a planar transition state. The  
lowest transition of a relevant symmetry is to the state 

which again gives a transition density of E' symmetry. Even though NOS and O4 possess 
different numbers of electrons, both possess the same type of favored motion for their 
decomposition. 

We can most rapidly predict the behavior of the N + NO2 reaction via the proposed 
branched transition state by considering first the transition colnplex of greater symmetry 
obtained from 0 + NO2 with 22 rather than 23 electrons. The electronic structure for 
such a complex ~vould be (again it must be in a triplet state to preserve the spin 
correlation rules) 

NOW consider how the orbitals and states of such a symmetrical complex are perturbed 
as the nuclear charge of one of the oxygen atoms is decreased by one unit. The symmetry 
is now lowered to C2, and all the degeneracies are lifted. The  2e" orbital now gives orbitals 
of symmetries 2a2 and 2b2, a?' becomes bl, and the orbital d2" is transformed into one of 
br symmetry. Before the perturbation, 2a2 and 2b2 were degenerate and it is reasonable 
to assume that their splitting is not too great. Therefore, the two states resulting from 
the splitting of the ground state 3E" may be expected to differ little in energy. 

The relative order of the two states is irrelevant (reversing the order of 2a2 and 2b2 
reverses their order) as the symnietry of the transition density remains unchanged. This 
symmetry is B 1  and thus a B1 vibration is favored. There are two possible B 1  motions, 
one would lead to the formation of 2 N 0  and the other to NrO + 0. Thrush has actually 
postulated that  the reactions of N + NO2 to give 2 N 0  and N20 + 0 do proceed through 
the same transition state, from considerations of the relative entropies and energies of 
activation. The present theory agrees with this postulate, as the removal of the degeneracy 
of the orbitals should lead to the appearance of two states close together in energy and 
giving a transition density of B1 symmetry. Each of the E' vibrations is of course split 
into an A l  and a B1 component by the same perturbation. The  transition density will 
favor the two B1 components. Thrush also feels that the other products observed for this 
reaction, Nz + 0 2 ,  might arise from the same transition state. This would require a 
transition density of A1 symmetry. While an excited state of the proper symmetry to give 
an A transition density is certainly present, it is, of course, beyond the capabilities of 
the present method to predict whether or not it is low enough in energy to compete with 
the B 1  transition density. 
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The molecule C103 with 25 valence electrons will be pyramidal in shape of CSo synlnletry. 
Its ground state (I)  will be (again ignoring the oxygen 2s electrons) 

The  first excited state of proper symmetry is 

The  rnolecule ClOa should thus decompose to give C10 and 02, as observed for this 
reaction, as a11 E vibration is the favored mode. Neither of the il  vibrations, which are 
the other possible modes of vibration, could lead to such products. 

In all of the above applicatiolls to transition-state nlolecules we are describing their 
instability as due to the presence of a low-lying excited state. The bonds in a transition- 
state nlolecule are longer and wealcer than usual, and hence the top-most orbitals will be 
higher in energy and the antibonding combinations will be correspondingly lower in 
energy, i.e., the separation between the bonding and antibonding combinations in general 
decreases as the bonding decreases. In  such molecules we can thus expect to find a low- 
lying excited state. In the 0 +- NO2 and 0 +- O3 reactions, both are unstable due to a 
mixing in of a low-lying E' state arising from the occupation of the d?" orbital. This orbital 
is antibonding between the outer atoms and the central atom and is formed from the 
p orbitals which are perpendicular to the plane of the molecule. Since all the bonds are 
long, we expect this to be a low-lying state in these cases, i.e., the a?" orbital is only 
wealily antibonding. Thus, close to the ground state there is actually a n  orbitally 
degenerate state which must be inherently unstable with respect to an E' vibration. In 
these cases we thus have a situation in which the nlost easily attained charge distortion 
is one which is inherently unstable to a motion which does lead to the formation of the 
observed products. 

APPENDIX 

This appendis is to provide further discussion of the assumption basic to the present 
approach that the lowest of the excited states will deternline the symmetry of the favored 
vibration. As a silnple llulnerical example, we may consider the following two nuclear 
rnotioils of I-I2+ (ground state 2;) : 

The lowest excited states of Hz+ are Q: and %;+ ((which is made orthogonal to ZZ;), 
9; being the lower of the two. We wish to compare 

with 

These quantities are easily evaluated using simple inolecular orbitals, and it is found that 
T, = 730 and To = 70 (in a.u. X104). Since the terms contribute to a sun1 it is the 
difference in their lnagnitudes which is important. The difference (T,,- T, = 660) is in 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BADER: PERTURBATIOKS IN  ELECTRON DISTRIBUTIONS 1175 

fact approximately 10 times greater than the whole contributioi1 from the second lowest 
of the excited states. This difference is due mainly to the rapid fall in the integral, rather 
than to the increased energy difference on going from T, to T,. We can expect this to be 
a general result from the following considerations. From Schrodingers equation for the 
electronic wave fui~ction a t  the equilibrium position, 

we may obtain (7) 

The term ( k a / a Q , I O )  will in turn reduce to 

where 4, and 4, are the same molecular orbitals which contribute to PO,". The value of this 
latter integral decreases rapidly as  the difference in the orbital energies of 4, and 4 ,  
increases (as may be easily demonstrated for simple systems). I t  represents simply an 
overlap integral between the derivative of one molecular orbital with another. The more 
the energies of the two orbitals differ, the s~naller is the value of this overlap integral. 
Furthennore, the value of this overlap decreases much more rapidly than the energy 
difference (Ea-EL) increases. Thus the low-lying states will nlalte the major contribution 
to this particular kind of second-order sum and the lowest of these states will n~alte the 
largest single contribution. 

Terms of the form (kl a /aQ, (O)  occur in the off-diagonal matrix eleinents of the Born- 
Oppenheiiner approxin~ation (7). I t  is well known that when an excited state ( k )  lies very 
close to the ground state 10) the Born-Oppenheimer approximation breaks down because 
the terms ( k  a / a Q J O )  become very large. In fact, when ( k )  and 10) are degenerate, we have 
a Jahn-Teller instability. The present approach may be thought of as a second-order 
Jahn-Teller effect. \Vhen ( k )  and ( 0 )  are degenerate, there is no question as to the instabil- 
ity of the system with respect to certain normal modes. When l k )  and ( 0 )  differ slightly 
in energy we pass from a first-order effect to the presently described second-order effect 
where the lowest-lying state Ik) will still determine the major effect. 
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ABSTRACT 

The polyn~ers formed by the hydrolysis of stannic isopropoxide, ceric isopropoxide, and 
uranium pentaethoxide have been s t ~ ~ d i e d  by means of an  ebullio~lletric method. The metal 
oxide alkoxide polymers formed from the tin (IV), cerium (IV), and uranium (V) alkoxides 
conform to the requirements of a structural theory. In view of the fundamental nature of 
the theory a formal mathematical presentation is now given. 

INTRODUCTION 

Previous work has shown that the remarkable variation of number-average degree of 
polymerization of the oxide alkoxides of titanium (I) ,  zirconiuin (2), and tantalum (3) 
as a function of degree of hydrolysis may be satisfactorily explained on the basis of certain 
key structures in which the metal atoll1 exhibits a higher coordination number. The success 
of the theory in explaining the behavior of compounds of both quadrivalent and quinque- 
valent elements on the same basic structural models suggested that it may be of funda- 
mental importance in relation to metal oxide alkoxides in general and that it should have 
predictive ability. Accordingly we have set out in a formal manner the mathematical 
aspects of the theory, including a useful terminology for describing the various structural 
models. In an attelnpt to test the predictive possibilities of the theory we have extended 
the work to the hydrolysis of the isopropoxides of tin (IV), cerium (IV), and the penta- 
ethoxide of uranium (V). The derivatives of tin and cerium both form dinzeric solvates 
of the type M2(OPri)8,(PriOH)z and should give polylneric oxide isopropoxides based 
on nlixtures of the model I1 and model I11 or of the model I1 and lnodel IV basic structures. 
Similarly, the uranium oxide ethoxides would be expected to conform to the same 
structural models as the tailtalurn oxide ethoxides, provided that the uranium exhibits a 
coordination number of six. 

EXPERIMENTAL 

Preparation of iMetal Alkoxides 
Stannic isopropoxide was prepared by alcoholysis of the ethoxide, which was obtained by the method 

of Bradley, Caldwell, and Wardlaw (4). The isopropoxide was purilied by crystallization of the solvate 
Snz(OPri)g,(P~iOH)?, which lost the coordinated isopropanol when heated Z T L  vacz~o. The resulting Sn(OPri)l 
was distilled za sracz~o. C e r i ~ l ~ n  isopropoxide was prepared fro111 dipyridinium ceriunl hexachloride by the 
methocl of Bradley, Chatterjee, and Wardlaw (5). I t  was purified by recrystallization of the solvate 
Ce2(OPri)s,(PriOH)2. Uranium pentaethoxide was prepared by the three-stage synthesis from UCll and 
sodium ethoside using bromine a s  the oxidant, as developed by Jones et al. (6). The product was purified 
by distillation i n  vaczto. All of these compounds are extremely susceptible to hydrolysis and the usual pre- 
cautions were adopted to control the hydrolysis in these experiments. The uranium c o n ~ p o u ~ ~ d  is also sus- 
ceptible to oxidation and the experiments were carried out under an  a t~l~osphcre  of oxygen-free nitrogen. 

Ebl~lliometry 
The previously described technique (3) was essentially followed throughout. Solutions of Ce.(OPr"g,- 

(Pr'OH)? and Sn?(OPr')g,(PriOH)z in boiling isopropanol were prone to deconlposition if the amount of 

'For Part I V ,  see reference 3. 
*Present address: The University of Western Ontario, London, Ontario. 
3Present address: Post Ofice Research Station, Dollis Hill,  London, N. W.2,  E n g l a ~ d .  

Canadian Journal of Chemistry. Volume 40 (1963) 
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BRADLEY AND HOLLOW.IY: METAL OXIDE ALKOXIDE POLYMERS 1177 

superheating was high or if the heating was localized. However, by using a silicone oil heating bath and 
lagging the ebulliometer satisfactory conditions were obtained and the results were reproducible. With the 
exception of Cez(OPr')a,(PriOH)? which has a low volatility and was recrystallized immediately prior t o  
use, the alkoxides were freshly distilled in uaczro immediately before an  ebulliornetric hydrolysis. 

Slannic Isopropoxide 
Three separate determinations of the molecular weight were carried out,  each involving several additions 

of solute. Although the concentrations covered almost a 30-fold range there was no evidence of concentration 
dependence of the molecular weight. The values of 720 (the number-average degree of polymerization of the 
metal alkoxide, i.e. n a t  zero degree of hydrolysis) were: 1.84, 1.88, 1.84. The mean value of ?to = 1.85 was 
adopted. The results of two ebulliometric hydrolyses are recorded in Table I. 

TABLE I 

A. Initial concentration of Sn(OPri)r = 0.264 g-mol./kg 
It 0.100 0.190 0.332 0.507 0.724 0.919 
n 1.87 2.06 2.43 2.98 3.81 4.95 
~ O S I C  1.95 2.09 2.35 2.78 3.59 4.86 

B. Initial concentration of Sn(OPri)), = 0.310 P-mol . /k~  

Ceric Isopropoxide 
The two determinations of the molecular weight of the solvate Ce?(OPri)8,(PriOH)z gave no = 1.86,1.87. 

The value of 1.86 was adopted. The results of four ebulliornetric hydrolyses are recorded in Table 11. 

TABLE I1 

A. Initial cor~centration of Cez(OPri)~,(PriOH)? = 0.109 g-mol./kg 
It 0.111 0.271 0.506 0.704 1.026 
n 2.02 2.26 2.79 3.51 6.34 
n c a ~ c  2.02 2.28 2.83 3.55 6.08 

B. Initial concentration of Ce?(OPri)s,(PriOH)z = 0.127 g-mol./kg 
It 0.109 0.265 0.471 0.688 1.042 
n 2.02 2.26 2.71 3.46 5.90 
ncnlc 2.02 2.27 2.71 3.48 6.25 

C. Initial concentration of Ce?(OPri)s,(PriOH)? = 0.205 g-mol./kg 
It 0.088 0.217 0.413 
n 1.98 2.21 2.62 
n e n l e  1.98 2.19 2.59 

D. Initial concentration of Ce?(OPri)s,(PriOH)? = 0.173 g-mol./kg 
h 0.128 0.28'3 0.505 
n 2.04 2.37 2.91 
ncnre 2.04 2.32 2.83 

Uratt iz~m Pentaelltoxide 
The rnolecular weight of uranium pentaethoxide was determined in boiling ethanol in two separate 

experiments covering a 15-fold range in concentrations but no evidence of concentration dependence was 
found. The values of no were 1.47 and 1.49. The average value, ?to = 1.48, was adopted. The results for two 
ebulliometric hydrolyses of  raniur urn pentaethoxide are given in Table 111. 

TABLE I11 

A. Initial concentration of U(0Et ) j  = 0.217 g-mol./l<g 
It 0.093 0.219 0.349 0.478 
72 1.56 1 . i O  1.85 2.03 
ncnle  1.61 1 .69 1.85 2.03 

noale 2.73 3.30 4.55 6.21 
B. Initial concentration of U(0Et)s  = 0.167 g-mol./kg 

It 0.075 0.226 0.354 0.482 
n 1.55 1.70 1.86 2.00 
ttenle 1.55 1.70 1.85 2.04 
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that once h is fixed then ii is fixed irrespective of the distribution of polymer sizes in the 
system. Thus a redistribution of the polymer sizes for a given value of 6 will not affect f i .  
Another consequence of equation [5] is a siillple classification of regular polymer series. 
Thus the system can be defined as (p,,q,,), where x is the numerical value of p, and y the 
numerical value of q. For example, the regular polymer series based on trimeric titaniuin 
ethoxide and termed Model I by Bradley, Gaze, and Wardlaw (1) would simply be the 
system (p3,qd) with (fi)-l = 0.3334-0.25i. The regular polymer series called model 11 
and based on either the solvated dilneric metal tetraalkoxide M2(0R)8,(ROH)2 (1, 2) or 
the dilneric tantalum pentaalkoxide M?(OR)lo (3) would be (p,,q,) with (It)-' = 0.5- 
0.3334i. Model I11 based on the solvated monomeric allioxides M(OR)4,2ROH or 
M(OR)S,ROH would be (pl,q,) with (a)-' = 1.0-0.333&, whilst the alternative model 
IV is (pl,qz) with (fi)-l = 1.0-0.5i. The fundamental aspect of the theory of regular 
polymers is the coilsequence that the classification (p,,q,) fixes the variation of f i  with K, 
which will be the same for all systems with the same values of x and y irrespective of the 
valency of the metal or the geometrical structures involved. I t  follows that with a knowl- 
edge of the structure of the original metal alkoxide and hence the value of x the possible 
values of y may be deduced from geometrical considerations. Having fixed x and y the 
variation of number-average degree of polylnerization with degree of hydrolysis for the 
metal oxide allioxides may be preclicted by means of equation [ 5 ] .  The structures of 
polylneric nletal alkoxides have been discussed by Bradley (7) in terms of the valency of 
the metal, its higher coordination number, and stereochemistry. The fact that some metal 
allcoxides have non-integral values of n suggests that more than one value of x may be 
adopted. However, it is readily shown that the metal oxide alkoxides may still conform 
to an equation of the same general form as [ 5 ] .  For example, let us consider a metal 
allioxide existing in two poly~neric species with n = a and n = b together in a systenl and 
let them form metal oxide allcoxides which conform to the regular polymer series (p,,q,) 
and (pb,q,). The proportions of the a-mer and b-mer initially present are defined by a,, 
where a, = the ratio of the number of inetal atoms present in a-mers divided by the 
total number of metal a to~ns  in the system. Obviously ab = 1-a,. Then 

n) an, + (l-a)nb-', ( - - I =  -l 

where 

and 

Therefore, 

and 
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in equation [6] results in [7], which is identical in form with [5]: 

Since a, may be evaluated from the number-average degree of polylnerization of the 
original metal alkoxide the values of f j  and 4: may be calculated for the metal oxide 
alkoxides. By similar reasoning i t  may be shown that for a metal alkoxide existing as three 
different polymeric species giving rise to  the regular polymer series' (pa,qr),(pb,qs), and 
(pc,q,), equation [8] may be derived: 

where a,, ab, and (1 -a,-ole) are the proportions of metal atoms in species (p,,~,), (p,,q,), 
and (p,,q,) respectively. By determining the intercept (fj)-l and the slope (g)-' of equation 
[7] from the experimental plot of (fi)-I versus h, i t  is possible to  solve equation [8] for 
a, and ab and hence calculate 1 -%-a,. I t  is clear that we cannot solve a system con- 
taining a mixture of more than three regular polymer series. 

Stannic Oxide Isopropoxides 
Since stannic isopropoxide forms a solvate, Sn2(0Pri)s,(PrfOH)2, which is practically 

dimeric in boiling isopropanol we should expect the variation of f i  with h for the oxide 
isopropoxides to be close to the equation for the (p2,q3) regular polymer series. The 
results plotted in Fig. 1 show that this is indeed the case. A least-squares fit of ($-I 

FIG. 1. The variation of 91 with for the hyjrolysis of stannic isopropoxide: 8, data from Table 1A; 
Q, data from Table IB. Curve 11, C = 6/(3-212.). 

versus h gave the equation (ti)-' = 0.5505-0.3'i51h with a coefficient of variation 
a, = f 5.2%. There are five changes in sign in the error 6 f i  = fiCalc-fi (fi,,lc given in 
Table I )  when the 11 points are arranged in ascending order of h. From the intercept 
(fi)o-l = 0.5505 a t  h = 0 ,  a value of (fi)o = 1.82 was calculated, which co~npares favorably 
with the value of 1.85 determined from the molecular weight of stannic isopropoxide. 
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dimeric and a quantitative distinction between the alternative series (pl,q2) and (P , ,~ , )  
was not favored. However, with the larger proportion of monomer species in the uraniuln 
pentaethoxide, discrimination between the alternative series should be facilitated. The 
plot of fi versus 6 in Fig. 2 for the uranium oxide ethoxides appears to  follow a path almost 
midway between curves I1 and 111. The least-squares fit for the 20 points between 6 = 0 
to  1.500 was in accordance with the equation (fi)-I = 0.~755-0.3841h, with a coefficient 
of variation on = 13 .2% and 10 changes of sign in 6% (fi,,,, values are listed in Table 111). 
A major portion of the errors in fi occurred for the highest four values of 6. Thus, an = 3~1.4% 
for the first IG points (It = 0 to 0.992) and there are 9 changes of sign. From the intercept 
(fi)o-l = 0.6755 (6 = O), the value of (fi)o = 1.48 was calculated in exact agreement 
with the value determined from the n~olecular weight of the pentaethoxide. The low 
value of a11 = 0.649, calculated fro111 ( f i )~ ,  predicts a slope d(fi)p1/d6 = 0.3919 if series 
(p1,q2) is present with (pz,q3) and this is close to  the least-squares slope of -0.3841. The  
results thus point unalllbiguously to the presence of the (pl,q2) series and the absence of 
the alternative (pl,q3). 

I t  should be noted that  the theory is not confined to metal oxide alltoxide systenls but 
is applicable to any system involving regular polyiner series as defined in the text. For 
example, i t  is evident that  the formation of linear polydialltylsiloxanes by hydrolysis 
and condensation of diallcyldialltoxysilanes should conform to the requirements of the 
theory since (pl,ql) series will be formed. In this particular systenl the "central" atom 
(silicon) of the monomer has a coordination number which is the same as its group 
valency. 

CONCLUSIONS 

A general theory to  account for the number-average degree of polymerization of nletal 
oxide allcoxides has been fornlulated mathematically. I11 addition to  explaining the 
properties of some oxide alkoxides of titanium, zircollium, and tantalunl reported earlier, 
the theory also provides a rational interpretation of some oxide alltoxides of tin, cerium, 
and uranium. A characteristic feature of the metal oxide alkoxide polymers, namely the 
formation of relatively low polymers, appears to be a logical consequence of the theory. 

We are grateful to the Department of Scientific and Industrial Research for a Main- 
tenance Grant (to H.  H.). 
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ALKOXIDES OF VANADIUM (IV) 
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ABSTRACT 

A nunlber of tetraalkoxides of vanadium (IV) have been prepared by alcoholysis of 
tetrakis(diethylamino)vanadi~~m (IV). Volatilities and molecular weights were dctcrn~ined 
on the new compounds and compared with the properties of the corresponding titanium corn- 
pounds. Some of the primary alkoxides of vanadium are polymeric and this polyn~erization 
affects not only the volatility but also the color of the conlpound. 

INTRODUCTION 

In recent years the alltoxides of a number of quadrivalent metals have been prepared 
and their physicochemical properties have been studied (1). A notable feature of these 
metal alkoxides is their polymeric nature, which is believed to be caused by intermolecular 
bonds between metal and oxygen due to covale~lcy expa~lsio~l of the metal. An attempt 
has been made to rationalize the size of these poly~ners in terms of the stereocl~emistry 
of the metal (2). The inetal alltoxides thus constitute an i~nportant class of coordination 
polymers. For theoretical purposes it is desirable to study various properties of a series 
of transition metal tetraal1;oxides M(0R)d (e.g. Ti, V, Cr, etc.) and as part of a wider 
program we have investigated the preparation and properties of vanadiunl (IV) tetra- 
alkoxides. The recent discovery of chrolniurn (IV) tetra(tertiary-butoxide) (3) raises the 
possibility, now being investigated, of synthesizing chromium (IV) tetraalkoxides. 

RESULTS AND DISCUSSION 

The synthesis of vanadium tetraalltoxides proved to be a ~najor proble~n due to the 
ease of hydrolysis and oxidation of these compounds. Thus it was shown by Bradley, 
Multani, and Wardlaw (4) that vanadium tetrachloride reacted vigorously with alcol~ols 
to form va~ladiu~n dichloride dialltoxide alcoholates VC12(0R)2,ROH; but these authors 
were unable to prepare the tetraalltoxides by further substitutio~l of chlorine in the 
presence of a~n~nonia  or sodium alltoxide. In attempting to prepare valladi~~nl (111) 
triisopropoxide by the action of sodiu~n in alcohol on va~ladiu~n trichloride we obtained 
some vanadium (IV) tetraisopropoxide (5) but the  neth hod did not seem very promising 
for synthesizing other vanadium tetraalkoxides. The synthesis of tetrakis(diethy1amlino)- 
vanadium (IV) from VC14 and lithiu~n diethylamide by Thomas's  neth hod (6) offered a 
convenient route to the vanadium tetraal1;oxides by alcol~olysis and we have applied 
this method in the present research. 

A large number of v a ~ ~ a d i u ~ n  tetraalltoxides have now been prepared and this has 
established beyond doubt that these c o ~ n p o u ~ ~ d s  do exist although they are rather unstable. 
Previous work on metal tetraalkoxides (1) has shown how marltedly the physical pro- 
perties of the al1;oxide of a given metal depend on whether the al1;oxide group co~ltai~ls 

'Present address: Departnie?it of Che?izistry, Uninioersity of Western Ontario, Londo?~,  Ontario. 
?Present address: Departnient of Clze?nistry, AIz~nslzi S i n ~ h  College, Bihar Uniaersity, India. 
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primary, secondary, or tertiary alkyl groups. Therefore we shall discuss these new vana- 
dium conlpounds under the three headings primary, secondary, and tertiary, and compare 
them with the corresponding alltoxides of other quadrivalent metals. 

Primary  A lkoxides 
The primary alltoxides V(OR)4, where R = hIIe, E t ,  Pr", Bun, But, Am", Am,act 

and neopentyl were prepared. Vanadiu~n tetranlethoxide and tetraethoxide were brown 
solids whereas the tetraneopentyloxide was a green solid. The other conlpounds were 
dark brown liquids a t  rooin temperature. All of the new allcoxides were soluble in benzene, 
ether, petrol, or the parent alcohol. The tetranzethoxide was heated to 200" C a t  0.05 nlln 
but  would not sublime, and above this tenlperature it decomposed. This behavior con- 
trasts with that of Ti(OMe)4, which sublimes a t  ca. 180" C a t  0.1 mm, although the 
latter is practically insoluble in collznlon organic solvents. All of the other vanadiu~n 
primary alltoxides could be distilled under reduced pressure but sonle decomposition 
occurred, as shown by the yield (7540%) and purity of the distillate. This thermal 
instability precluded the determination of true boiling points so that the figures quoted 
in the tables are generally the bath temperatures a t  which distillation occurred in con- 
ventional vacuum distillation apparatus. These temperatures will be 10-20" higher than 
the boiling points under the specified pressure. The solubility of the vanadium alltoxides 
enabled us to determine nzolecular weights ebullioscopically in benzene. In Table I are 
recorded the volatility and number-average degree of poly~nerization of the new conz- 
pounds together with co~llparable data  (7) on the corresponding titaniunz alltoxides. 

TABLE I 

Volatility ("C/mrn) Degree of polylnerization - 
Allcosicle T i  V T i  V 

*Bath temperature. 

I t  is clear that  with the exception of the ~nethoxides the volatilities of the vanadiunz 
and titaniunz alkoxides are similar. Where comparative data  are available it appears that 
the degree of polymerization is generally smaller for the vanadiu~n alltoxide than for the 
titaniunl compound. This is striltingly so in the case of the methoxides, where the titanium 
compound is insoluble and presunlably highly polymeric. The value of 2.79 for the degree 
of polymerization of V(OMe)4 suggests that  it is predominantly in the trimeric form, 
which is the limiting degree of polynzerization for a metal tetraalltoxide in which the metal 
is octahedrally 6-coordinated (2). I t  was first shown by Caughlan et al. (8) by cryoscopic 
studies in benzene that in titanium alltoxides Ti(OR)4, where R = E t ,  Pr", Bun, the degree 
of poly~nerization increased with increase in concentration to a limiting value of 3.0. 
More recently the very precise measurements of Martin and Winter (9) have not only 
confirnzed that titanium tetrabutoxide attains a limiting tri~neric state but  also have 
demonstrated that  the concentration dependence of the molecular weight fits a monomer- 
trimer equilibrium. 

[ T i ( o B ~ ) ~ l ~  = ~ T ~ ( O B U ) ~  
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BRADLEY AND MEHTA: VANADIUM (IV) ALKOXIDES 1185 

Although there was 110 evidence for the variation of n~olecular weight with conceiltration 
in our ebullioscopic measurements with vailadiuin n-allioxides we nevertheless suggest, 
on the basis of the non-integral values of the degrees of polymerization, that  the vanadium 
alltoxides reseinble the titaniunl allioxides in having mixtures of inonoiners and trimers. 
I t  is relevant to observe that  ebullioscopic ~neasurements on the titailiuin alkoxides (7) 
also showed no evidence of concentration dependence of n~olecular weight, although 
non-integral values for the degrees of polymerization were obtained. At present we have 
no satisfactory explanation of this paradox. A rare example of the detection of concentra- 
tion dependence of molecular weight for a metal alltoxide by ebullioinetric measurements 
was found by Holloway (15) for niobi~um pentaethoxide, which exhibits a well-defined 
monomer-dimer equilibrium. In the straight-chain alkoxides there is a rapid decrease 
in degree of polymerization with lengthening of the alkyl chain from V(OMe)4 to  V(OPr")4 
but  from V(OPr")4 to V(OAin")4 there is very little cl~ange. This is presuinably the result 
of changes in steric effects, which will be most noticeable between the early members of 
the hon~ologous series. Inspection of a trimer model shows that in the longer-chain 
derivatives lengthening of the allcyl chains does not cause inuch additional interference 
with the polymerization of the trimer. 

The lower degree of polymerization exhibited by the vanadium alkoxides compared 
with the corresponding titanium allioxides can also be interpreted as due to  differences 
ill steric effects. Thus in the case of a given alkoxide group, shielding of the central atom 
and consequent opposition to polymerization will depend on the size of the ceiltral atom, 
other factors being equal. Hence vanadiun~, which has a slightly smaller covalent radius 
(1.22 A,  ref. 11) than titanium (1.32 A, ref. l l ) ,  will be better shielded and accordingly 
should achieve a sinaller degree of polyinerization in its tetraallcoxides. Moreover, chro- 
mium with a still sinaller atomic radius (1.17 A, ref. 11) woulcl be expected to achieve a 
smaller clegree of polymerization in tetraalltosides than vanadium. Branching of the allcyl 
groups will have a pronounced tendency to oppose polyillerization and this is shown to  a 
marlied degree in the neopentyloxide, which gives practically a monomeric vanadium 
compound. This is also reflected in the higher volatility of the neopentyloxide compared 
with n-amyloxide. 

Secondary Alkoxides 
The followiilg secondary allioxides were prepared: V(OR)J, where R = MeZCH, 

MeEtCH, MePrXCH, MePriCH, and EtZCH. The tetraisopropoxide was a dark green 
solid whilst the other compounds were green liquids. Molecular weight determillatioil 
(ebullioscopicall~~ in benzene) showed that all except V(OPri)4 were monomeric within 
experimental error. The degree of polymerization of 1.17 determined for V(OPri)4 may 
be crroneously high due to  the high volatility of the solute, and the compound is probably 
monomeric. The volatilities of these new vanadium compou~lds are compared in Table I1 
with those of the corresponding titanium and zirconiuin allcoxides (10). Here it is note- 
worthy that  the monomeric titanium and vanadium compounds are very similar in volatil- 
ity whereas the polymeric zirconium compounds (degree of polyinerization given in 
parentheses) are considerably less volatile. Another interesting feature is that the inono- 
ineric secondary alltosides of vanadium (IV) are green in contrast to the brown primary 
alltoxides (except the neopentyloxide which is moilomeric and green), which are polymeric. 
I t  seems feasible that the brown color of the primary allioxides is due to  the polymeric 
species. This problem is receiving further investigation. There is little doubt that the 
inonoineric nature of the secondary allcoxides is a coilsequeilce of the steric hindrance of 
the branched allioxide groups to polymerization. 
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TABLE I1 

Volatility ("C/mm) 

Al koxide Ti V Zr 

*Bath temperature. 

Tertiary Alkoxides 
The following tertiary alkoxides were prepared: V(OR)d, where R = R'Ie3C, Me2EtC, 

Me2PrVC, Me2PriC, Et3C, and MeEtPrnC. These new compounds are all liquids, the 
tertiary butoxide being blue and the others dark green. The compounds nlay be distilled 
under reduced pressure but some decomposition occurs. They are soluble in common 
organic solve~lts and are readily hydrolyzed. Molecular weight deterininations in boiling 
benzene confirnled that the tertiary alkoxides were, without exception, monomeric. The 
data on the volatilities of the vanadiuill tertiary allioxides are presented in Table I11 
with the data on the corresponding titanium and zirconiunz conzpounds (12). 

TABLE I11 

Volatility ("C/mnl) 

Alkoxide T i  V Zr 

*Bath temperature. 

I t  is clear that when allo\vance is made for the different pressures a t  which the boiling 
points are recorded, the volatilities of the monomeric tertiary alkoxides of titanium, 
vanadium, and zirconiunz are approximately the same. This is to be expected if the centrai 
metal atoms contribute little to the intermolecular forces, which are determined primarily 
by the peripheral atoms in these molecules. Thus the steric effect of the highly branched 
tertiary alltoxide groups by shielding the central metal atom not only prevents poly- 
merization but also reduces the importance of the inetal atom in determining intermole- 
cular forces. Precise vapor pressure measurements on titanium, zirconium, and hafnium 
tetra(tertiary-alkoxides) revealed that a "heavier" molecular species of this type may 
produce a more volatile liquid than a lighter species (13). Unfortunately the low thermal 
stability of vanadium tetraalkoxides nlaltes the determination of accurate vapor pressures 
a doubtful proposition. However, it is hoped that magnetic and spectral data will be 
determined on some of these interesting compounds in due course. 

EXPERIMENTAL 
General Techniqz~es 

Since the vanadium' tetraallcoxides are very sensitive to nloisture and oxygen, special precautions were 
taken in drying the all-glass apparatus and conductiiig reactions under an  atmosphere of oxygen-free 
nitrogen. The analytical methods and the methods of drying the methanol, ethanol, isopropanol, and 
tertiary-butanol were the same as described in the work on anadiuni triallcoxides (5). The other alcohols 
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(prepared as reported previo~~sly,  refs. 12, 10, 7) were dried azeotropically using ethanol and benzene to  
remove water as the volatile ternary azeotrope of water-ethanol-benzene. Vanadium tetrachloride was 
prepared by chlorination of vanadium a t  130-150' C and was vacuum distilled immediately prior to use. 

Preparation of the Vanadizifiz AIko.vides 
The vanadium tetraallcoxides were prepared by alcoholysis of tetralcis(diethylamino)vanadium, which 

was obtained as  a dark green liquid (b.p. 110" a t  0.05 mm; found: V, 14.8; E t rN ,  83.8; valency, 4.02; 
V(NEt2),, requires: V, 15.0; EtrN, 85%) by the reaction of lithium diethylamide with vanadium tetra- 
chloride (6). Since the alcoholysis experiments all involved the same technique, we record here the details 
of one preparation ant1 summarize the remainder of thc results in Table IV. 

TABLE I\/ 

F o ~ ~ n d  Calc. 
V(NEts)r Alcohol Benzene Weight of - -- 

Allcoxide talcen (g) taken (g) taken (g) product ( g )  V OR Valcncy V OR 

*MeO. found: 68.6: calc.: 70.9%. 
t&tO. found: 73.0; calc.: 77.9%. 
$Benzene - 1cl.l-butanol azeotrope. 

TABLE \I 

Allcosidc Fluorene 
WIol. wt. 

R in Initial Final Slope Initial Final Slope -------------- 
V(oR),  wt. t .  (mm/g) wt. t .  (mm/g) Fouild Calc. 

Am" 
MeaCMCH?CH? 
MeEtCHCH? 
h ~ I e , ~ c c H ?  
PrnhIeCH 
PrihIeCH 
EtrCH 
EtSIe?C 
PrrLMe?C 
Pr 'MeqC 
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Vanadii im Telraisopropoxide 
A solution of tetrakis(diethy1arnino)vanadium (5.4 g) in benzene (10.3 g) was frozen a t  ca. -78" C arld 

to  it was added, with vigorous stirring, isopropanol (10.1 g) in benzene (13.1 g). An exothermic reaction 
occ~~r red  and produced a green solution. Re~noval of the excess of benzene, isopropanol, and the liberated 
diethylamine, under reduced pressure, left a green solid (4.4 g). Found: V, 17.9; PriO, 80.8; valencp, 4.06. 
V(OPri)( r eq~~ i re s :  V, 17.8; PriO, 82.2%. Distillation of a sample (3.1 g) under 0.1 111111 with the bath 
temperature a t  70' C gave a green solid distillate (2.4 g) which was less pure (found: V, 18.3; Pr'O, 80.6%; 
valency, 4.23) than the starting material. 

Moleci~lar TVeight Deler?niizations 
An all-glass ebulliometer incorporating a differential water thermometer was used. The internal calibratio~l 

technique (14) with fluorene as  the standard solute was einployed for determining the molecular weights in 
boiling benzene. The data are recorded in Table V. 

,\bout 20-'25 ~ml of benzene were used in each determination and five to six separate additions of each 
solute were made. \Ye have recorded only the initial and final weights of solute t o  indicate the range in 
concentrations covered. The elevation of the boiling point was a linear function of the weight of solute for 
each conlpound. 'l'he slopes of elevation vs. weight of solute are recorded in terms of mm readings of the 
differential thermometer per g of solute. 
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ABSTRACT 

Reductive amination of the ozonolysis products of the terminal olehns 10-undecen-1-01, 
ethyl 10-undecenoate, 10-undecenoic acid, and 10-undecenarnide produces 10-alninodecan-1-01, 
ethyl 10-arninodecanoate, 10-arninodecanoic acid, and 10-aminodecanamide respectively. 
Esters are also formed, in a competitive reaction, by thermal decomposition of the ozonolysis 
product. 

INTRODUCTION 

The reaction of ozone with unsaturated compounds has bee11 intensively studied for 
several decades and has been the subject of two major reviews (1, 2). Early investigations 
concentrated on the characterization of the fragments obtained by reductive or hydrolytic 
scission of the ozonization products, while more recent work has examined the structure 
of these products (3,4) ,  reaction conditions, choice of solvent (5-7), and selective ozoniza- 
tion (S-11). The study of ozonides as a functional class with particular reference to es- 
ploring fully the li~nits of their reactivity has received considerably less attention than 
other aspects of this subject. Ozonization as a preparative method has been used by  
few workers (12-16) and its industrial use is still in its infancy. 

I t  is \\re11 known that mild catalytic reduction of ozo~lizatio~l products fornls fragments 
with all introduced aldehyde or ketone functiorl (1, 2). The vigorous reducing agent 
lithium aluminu~n hydride, reductively cleaves ozonization products, giving a pair of 
primary alcohols, but  other groups in the molecule are also affected (17-19). Selective 
reduction of ozonization products, leaving acid, ester, and amide functions intact, may 
be achieved by sodiu~n borohydride in ethanol or by nickel-catalyzed hydrogenatioll 
(15, 17). 

The present investigation involves the conversion of the product from 10-undecenoic 
acid (undecylenic acid) directly to 10-aminodecanoic acid. Similar conversions of the 
olefin to the primary anline function were perfornled starting with the anlide or the ethyl 
ester of 10-undecenoic acid or with 10-undecen-1-01, Reductive amination of aldehydes 
and ketones is a standard reaction (20-24) but only one example of one-step reductive 
amination of ozonization products has as  yet been reported (25). In the four examples 
studied, yields of the prinlary a~nine  prodirct were moderate, but its isolatio~l was com- 
plicated by formation of nicltel co~llplexes and by the presence of the non-basic by-pro- 
ducts, described below. I t  has been shown, however, that  ozonization products may be 
exploited, on a preparative scale, as aldehyde precursors, and it  is possible that,  under 
reducing co~~ditions, they may demonstrate other general aldehyde or ketone reactions. 

From ethyl 10-undecenoate (I) ,  the compound most extensively s t ~ ~ d i e d ,  ethyl 10- 
ami~lodecanoate (V) was obtained in 35-45% yield, this being identified by comparison 

'Thejina?zrial support for this zoork was supplied by the Defense Research B o a ~ d  under D.R.B. Grant No. 
9550-1 7. 

?For Part I of this series see referenre 15. 
3Defense Research Board of Canada Postdorto~ate Fellow, 1859-61. Present address: Department of Chemistry, 

Afukererc College, T h e  University College of East Africa, Kanzpala, Uganda. 
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with an authentic sample. This was obtained by reduction of ethyl 10-oximinodecanoate 
and its identity was checked by analyses, infrared spectrum, and comparison of the derived 
crystalline hydrochloride and N'-phenylurea. 

A non-basic fraction, in 30% yield, was shown to  contain a t  least three major and four 
ininor conlponents. Only one was obtained pure and was conclusively identified as diethyl 
sebacate (IX). From gas cl~roinatograms the yield was estimated to  be about 20y0. 
Ethyl undecanoate and ethyl 10-ethoxydecanoate were tentatively iclentified by vapor 
phase chromatography with authentic samples. Ethyl undecanoate doubtless resulted 
from incomplete ozonization. The  ethoxy ester may be formed by nucleopl~ilic ethoxide 
attaclc upon an amino group (a lcnown reaction, but  unusual) or by reduction of the 
peroxidic ozonization product. 

Basic products (VI, VII ,  VIII)  and the corresponding non-basic fractions (X, XI, X I I )  
were obtained from 10-undecenoic acid (11) its amide (111) and 10-undecen-1-01 (IV). 
Authentic amino compounds were synthesized as  above and the basic products were 
identified. The  major non-basic product from 10-undecenoic acid was ethyl hydrogen 
sebacate (approx. 870 yield), tha t  from the ainide was 9-carbethosynonanaillide (20-3070 
yielcl of crude solid) and that  from 10-undecen-1-01 was ethyl 10-hydroxydecanoate 
(appros. 12% yield). Under the conclitions employed, reductive amination and ester 
formation, as  indicated in the reaction scheme below, are conlpetitive in a degree largely 
independent of the nature of the functional group a t  the far end of the chain: 

Z(CH?),NIlz 

Z(CH~)BCH=CH? -+ ozonization product /I V-VIII 
L 

I-IV Z(CH2)sCOOEt 

I, V, I S :  Z = COOEt 
1 1  1 X; Z = COOH 
111. 1'11. X I :  Z = CONH- 

Ethanol is a good solvent for starting materials, ozonization products, and ammonia. 
I t  is shown tha t  alcol~ols react with the zwitterionic ozonization products, giving allcyl 
hemiperacetals and the peroxidic products of further condensation reactions (1, 5 ,  26). 
I t  is suggested tha t  the ester by-products of the present investigation come from the 
alkyl hemiperacetals or their derivatives and i t  may be seen tha t  the esters (IX-XII) 
may be formecl by loss of water from Z ( C H ~ ) ~ C H ( O E t ) O O H .  

T o  investigate the above hypothesis of ester formation, ethyl 10-undecenoate was 
ozonized and heated in n-butanol in the absence of hydrogen, niclcel, or ammonia. n-Butyl 
10-undecenoate was treated siillilarly in ethanol. From both reactions ethyl 1%-butyl 
sebacate was obtained. Thermal decomposition of alkyl hemiperacetals or other peroxidic 
products may therefore be esploited as  a preparative nlethod for unsymmetrical esters. 

These results led us to  re-examine the hydroxy esters previously prepared (15) and 
thought to be impure 011 the grounds of wide boiling range and difficulty of reaction 
with phenyl isocyanate. Thcse products were exanlined by gas chromatograpl~y, a 
technique not available a t  tha t  time, and i t  was found tha t ,  depending on conditions, 
l~ydrogenolysis of the ethanolic ozonization product from ethyl 10-undecenoate inay give 
a ratio of diethyl sebacate to  ethyl 10-hydroxydecanoate as  high as  2 : l .  Ester formation 
is, however, negligible under the conditions of borohydride reduction. Further experiments 
on the scope and conditions of this hitherto unreported formation of aliphatic esters 
from ozonization products are in progress. 
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EXPERIMENTAL 

Melting points were u~lcorrected. Infrared spectra were determined using the potassiuhl bromide pellet 
technique. 

Etlzyl 10-Anlitzodecanoate 
A solution of ethyl 10-undecenoate (ethyl u~ldecylenate) (50.0 g) in absolute ethanol (100 1111) was ozonized 

to  completioi~ a t  a tetnperature of 10-20" C. Tests for the absence of olefin (bromine in glacial acetic acid) 
were carried out on aliquot portiorls and verified by the infrared spectrunl of a chloroform solution. The 
product was not isolated but was transferred to  an autoclave hydrogenator* corltai~ling Raney niclrel W-2 
catalyst (6-9 1111 settled volurue) (27). After assembly of the hydrogenator, the alcoholic solution was 
saturated with ammonia gas delivered froin a storage cylinder a t  120-150 p.s.i. The ammonia s~ipply was 
disconnected, hydrogen was introduced to a pressure of 1200-1400 p.s.i., and the reaction mixture was 
stirred for 3 hours a t  100° C and for a further 3 hours while the hydrogenator mas cooling to room tempera- 
ture. The gases were vented outside the building. After dilution of the reaction product with ethanol 
(100 1111) and filtration of the solution free from the nickel catalyst, the product was concentrated to a thick 
syrup under reduced pressure a t  40° C. The syrup was repeatedly dissolved in benzene (50-100 ml) and 
evaporated to dryness under reduced pressure to remove traces of ethanol. The benzene solution (100 ml) 
of the product was saturated with hydrogen chloride while maintaining external cooling (0-5' C). The 
solution was warmed to 60' C 011 the water bath and ethyl acetate or ether was added to incipient turbidity. 
The solution was stored a t  room teluperature for a day and subseq~iently a t  refrigerator temperatures for 
several days. Additional ether (500 ml) was then added to complete the crystallization. The crude aminoester 
hydrochloride (18 g) was collected by filtration, washed with ether, and dried under reduced pressure. 
The inother liquors were concentrated a t  a small volume, diluted with ether, and extracted with 4 N hydro- 
chloric acid (3 X 100 ml). Basihcation of these extracts liberated a further s~nal l  amount of syrupy a~ninoester 
(2.5 g),  which was collected by ether extraction. 'Total yield of crude ethyl 10-aruinodecanoate hydrochloride 
was 38%. 

In  another experiment, under identical experimental conditions except that of increased hydroge~lation 
presslire (2200 p.s.i.), the syrupy reaction product was isolated by ether extraction. The ethereal solution 
was extracted with cold 4 N hydrochloric acid (4x100 1111) and was retained for examination of non-basic 
prod~lcts (see below). Basihcation of the aqueous acidic extracts a t  0-5' C with solid sodiuin hydroxide 
liberated the a~n ino  ester as an oily layer, which was collected in ether or benzene and dried (magnesiuin 
sulphate). The product was isolated as the crude solid amino ester hydrochloride (19.0 g, 40y0). 

A solution of the above hydrochloride (11.2 g) in absolute ethanol was passed do\vn a column of Amberlite 
IR-400 (OM form) ion exchange resin which had been previously waslled with absolute ethanol. Concen- 
tration of the eluate cave syrupy ethyl 10-aminodecalloate (8.2 g, 82%), which was distilled to give a major 
fraction of b.p. 103-104" C a t  0.2 inln (6 g) and 111.p. 20.5-21.5" C (thermometer immersed). Anal. Calc. 
for ClrM?50.r\': saponihcation equiv., 215; N, 6.5. Found: saponification equiv., 212; N ,  6 . 6 ~ o .  

The Reinec1;e salt had 1n.p. 120-122O C (decomposes on standing). Anal. Calc. for ClcH,,CrSiO,Sn: 
N, 17.7. F o ~ u ~ d :  I\', 16.3%. Attempts to distill the amino ester without prior purihcation via the hydro- 
chloride gave significantly lower yields (9-10y0 overall) accompanied by large non-volatile pot residues. 
Attelnpts to reduce the proportion of non-basic procl~~cts were ~~nsuccessful. Enlploynlent of dilute solutions, 
low temperatures (-20" C), rapid stirring, "super dry" ethanol, and incoiuplete ozo~~iza t io~ l  did not signi- 
ficantly alter the yields of the t\vo fractions. Runs using N,N-diinethylformamide as a solvent gave poor 
yields of amino ester and an increased amount of non-basic product. 

Exanlitzation of ATon-Basic Components 
Exarninatior~ of the concentrated ethereal solution by gas chromatography (200°C, Apiezon IM on fire- 

brick, H?) sho\\wl a recording revealing seven co~nponents, with 3 major peaks and 4 minor peaks. One of 
the major components (see fraction c) constituted about 70% of the sample. Distillation gave a broad boiling 
fraction (b.p. 90-130 a t  0.1 mm) (14-19 g, 24-30yo yield from ethyl undecylenate). Infrared exarni~~atiorl 
revealed that no hydroxyl or amino groups were present but a strong ester carbonyl absorption was present 
and the spectrum was re~narlcablp similar to that  of an  ester of a long-chain fatty acid. Fractional distillation 
through a short jac1;etted columil gave two of the three components, (a) and (c), as pure fractions: 

(a)  B.p. 76-78" C a t  0.1 min, ? Z D ' ~  1.4365, chro~natographed as a single peak upon admixture with ethyl 
undecanoate. 

(b) Not isolated, but the ~najor  component chro~natographed with ethyl 10-ethoxydecanoate. 
( 6 )  B.P. 108-112° C a t  0.1 mru, 1 2 ~ ~ ~  1.4363, chromatographed with a ~ ~ t h e n t i c  diethyl sebacate. Saponi- 

fication gave sebacic acid, m.p. 129-130" C, mixed 111.p. 130-131°C, acid equiv., 103 (calc., 101.1). The 
infrared spectrum was ider~tical with that  of an authentic specimen of sebacic acid. 

A synthetic specitnen of fraction (b) was prepared by refluxing ethyl 10-hydrox)~deca~~oate (12 g),  ethyl 
iodide (40 ml), and freshly prepared silver oxide (6 g) (28), which was added in portions over a period of 
6 hours. After warming for 34 hours, the silver salts were separated and washed with chloroform. The 
product was concentrated to a syrup under red~iced pressure. The above reaction mas repeated until a 

*Superpressure Division of the Anierican Itzstru~izent Company, IRC., Silver Springs, ~lfaryland, U.S.A 
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negligible hydroxyl absorption was observed in the infrared. Fractional distillation t h r o ~ ~ g h  a short column 
gave a fraction of b.p. 98-100" a t  0.4 mni and ?m2" 1.4330 which was observed as  a single peak when analyzed 
by gas chromatography. Anal. Calc. for C14H?~03: C, 68.8; H ,  11.5. P o ~ ~ n d :  C,  68.3; H,  ll.lyo. 

10-Ethoxydecanoic Acid 
The above ethoxy ester was saponified with alcoholic sod i~~rn  hydroxide for 10 h o ~ ~ r s  a t  80° C, A solid 

formed when the reaction mixture was poured into a slurry of ice and 2 N hydrochloric acid and was collected 
while the solution was cold. After drying over silica gel a t  lo0 C, the solid, after several crystallizations from 
light petroleum, had n1.p. 32-33" C. Anal. Calc. for C1?H1403: acid equiv., 216. Fo~ind:  acid equiv., 207. 

The derived methyl ester, obtained  sing diazomethene, analyzed as a single component in the gas 
chromatograph a t  225O C. 

Etltyl 10-AmiitodecanoatE Hydrochloride 
From cthyl 10-aminodecanoate (1.5 g) in benzene - ethyl acetate the hydrochloride was obtained, m.p. 

137-138" C. Anal. Calc. for CI~MZGC~NO?:  C, 57.2; H ,  10.4; N ,  5.6. Found: C,  56.5; H ,  10.2; N, 5.8%. 

N-Pltenylrirea of Elhyl 10-Airtinodecanoate 
Ethyl 10-a~ninodecanoate gave the corresponding N-phenylurea on treatment with phenyl isocyanate. 

I t  nras crystallized froni benzene-hexane and from methanol, m.p. 77-79" C. Anal. Calc. for Cl9HsoO3Nz: 
C, 68.2; H,  9.0; N, 8.4. F o ~ ~ n d :  C, 68.1; H,  8.8; N, 8.5%. 

10-Aminodecan-1-01 
'The ozonization product prepared from 10-undecen-1-01 (37 g) in absolute ethanol was hytlrogenated 

over nickel in the presence of ammonia as before. The crude product, after solvent removal, was diluted 
with ether and extracted with cold 4 N hydrochloric acid (3x200 ml). The ethereal layer was dried (mag- 
nesium sulphate) and concentrated to give a crude non-basic product (11.8 g). The ice-cold acid solution 
was basified with potassium hydroxide pellets and the separated oily layer was estracted with ether (3x300 
ml). After drying and removal of the ether, the crude product solidified in the refrigerator. Wt.  21.3 g (66y0). 
The product was dissolved in benzene, hltered through a pad of charcoal, and allowed to crystallize, first 
a t  room temperature and finally in the refrigerator (15O C). After several crystallizations in this Inanner 
a melting point of 72" C was obtained. Lit. m.p. 72" (29, 30). Anal. Calc. for C1~H23NO: C, 68.9; H,  13.3; 
N, 7.8. Found: C, 68.9; H ,  13.3; N, 7.8%. The derived Reinecke salt formed glistening flakes of m.p. 
131-132" C (n~onohydratc). Anal. Calc. for C1~I13?CrN~O?S~: N, 19.2. Found: N, 19.3%. 

A portion of the crude non-basic fraction (8.5 g) was distilled to yield two major fractions, (a) and (b), 
and a pot residue of which the major portion was lubricating oil expelled froin the hydrogenator: 

(a) 0.95 g, 86-10'2" a t  1 mm. The major component chromatographed with ~~ndecan-1-01. 
(b) 3.30 g, b.p. 142-145" a t  3 mm, nn2' 1.4452. Infrared spectrum identical with that of authentic ethyl 

10-hydroxydecanoate. Upon admixture with ethyl 10-hydroxydecanoate, (b) chromatographed as a single 
peak (Apiezon T ,  on silver-coated glass beads, 290p, 170" C) (31, 32). (Lit. n d l  1.4460 (15).) Saponification 
gave 10-hydroxydecanoic acid, n1.p. 72-73" C (15). 

10-Aw~inodecatt-1-01 fIydrochloride 
Gaseous hydrogen chloritle, passetl into a benzene solution of the above aminoalcohol, gave the hydro- 

chloride which, after crystallization from ethyl acetate - ethanol (20:1), was obtained as white flakes, 1n.p. 
126-131" C. Anal. Calc. for C1~H2rNOC1: C,  57.0; H,  11.5; N, 6.7. F o ~ ~ n d :  C,  57.2; H,  11.2; N, 6.5%. The 
derived Reineclce salt had m.p. 129-132" C. 

10-(N-P1zenylzrrea)-1-(N-phenylcarbantat) of 10-Aminodecan-1-01 
10-Aminodecan-1-01 (0.20 g) was warmed on the water bath with phenyl isocyanate (0.3 ml), giving the 

derivative, which was recrystallized twice from benzene, m.p. 172-175" C. Anal. Calc. for CZrH33N303: 
C, 70.0; H,  8.1; N, 10.2. Found: C, 70.2; H,  8.5; N, 10.2%. 

Redz~ctive Antiitatio,~ of 10-Undece~toic Acid with Amnaottia 
10-Undecenoic acid (57 g) was ozonized as  a neat liquid (or alcoholic solution) a t  room temperature. The 

product was diluted with ethanol (50 ml) and transferred to a precooled (ca. -60" C) hydrogenator con- 
taining Raney nickel catalyst. Liquid ammonia (400 ml) was added and hydrogen (100 p.s.i.) was introduced. 
After stirring a t  room temperature for 2 h o ~ ~ r s ,  and a t  50' C for a further 2 hours, hydrogen was illtroduccd 
to a pressure of 1500 p.s.i. and stirring was continued for 4 hours. Upon opening the hydrogenator, about 4 g 
of white product was collected from the walls of the vessel and the shaft of the stirrer. Several crystallizations 
froni hot water gave a product of m.p. 182O C which was identified as 10-aminodecanoic acid, lit. n1.p. 
183-186" C (33). Anal. Calc. CIOH?ISO,: N ,  7.5. F O L I I I ~ :  N, 7.1%. The alcoholic solution was filtered and 
concentrated to a green viscous syrup. The syrup was poured into a slurry of 4 N hydrochloric acid and ice, 
and a yellow d o ~ ~ g h y  solid separated. I t  was collected and dried over silica gel to give an amorphous resin 
(40 g, ca. 60%). Increased hydrogenation temperatures gave this solid in yields of ca. 40%. Infrared exami- 
nation indicated peaks a t  3570 (m), 3175 (s), 1710 (s), 1638 (w), and 1570 (w) cm-If 10 c~i i -~ .  
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A portion of the solid (6.7 g) was esterified with absolute ethanol (50 ml) and concentrated sulphuric acid 
(5 drops). Neutralization was effected by passage down Ainberlite IR-400 (OH form) ion exchange resin 
which had been previously washed with ethanol. Distillation of the ester gave two fractions: (a) b.p. 60- 
105" C a t  0.5 mm (1.7 g). This fraction, upon gas chromatographic examination, was found to contain two 
major components, the higher-boiling component chromatographing with ethyl undecanoate. (b) The 
second fraction, b.p. 120-130" a t  0.5 mm (2.15 g) ,  m.p. 23-25' C,  had an infrared spectrum identical with 
that of ethyl 10-arninodecanoate. The derived ester hydrochloride had an infrared spectru~n identical with 
the product described above. The remainder of the product formed a tarry pot residue. 

A second portion of the resin was triturated several times with boiling 2,2,4-trimethylpentane. Concen- 
tration of the extracts gave a syrup which was esterified with ethereal diazomethane. The extract was 
examined in the gas chromatograph (225-23O0, Apiezon M on firebrick, H?, 9-ft column) and revealed three 
main components, (af), (b'), (c'), and three very minor conlponents which were not identified. 

(a') This fraction constituted approximately 8070 of the extract. I t  chromatographed with authentic 
methyl undecanoate as a single component. 

(b') This fraction constituted less than 570 of the extract. I t  chromatographed with authentic diillethyl 
sebaca te. 

(c') This fraction constituted 10-1570 of the extract. I t  chromatographed with authentic methyl ethyl 
sebacate, which was prepared by treating ethyl hydrogen sebacate (m.p. 35.5-36.5" C) with ethereal 
diazomethane. 

10- A minodecana?~tide 
A solution of the ozonolysis product prepared from 10-undecenamide (25 g) in absolute ethanol (300 ml) 

was hydrogenated similarly over nickel in the presence of an excess of dry ammonia. The product was 
obtained as a green selnisolid mass after reinoval of the catalyst, ethanol, and ammonia. Aftcr crystallization 
from benzene - ethyl acetate, a crude green-colored product (14.65 g),  A, giving a positive test for nickel 
with dimethylglyoxime solution was obtained. Product A was repeatedly triturated with hot 2,2,4-trimethyl- 
pentane and the extracts werc combined with the mother liquors saved from the above crystallization. 
The combined extracts on concentration yielded a second product, B, which was crystallized from hot 
2,2,4-trimethylpentane. Compound B did not form a Reinecke salt nor did it exhibit color reactionscharacter- 
istic of amines. Repeated crystallization from 2,2,4-trimethylpentane raised the melting point to 63-65O C 
and its infrared spectrum was almost identical with that of the amide of ethyl hydrogen sebacate (m.p. 
70-71°C). Anal. Calc. for CloH23N03: C ,  62.9; H ,  10.1; N, 6.1. Fouild: C,  63.4; H ,  10.6; N ,  7.5%. 

A portion of the nickel-containing product (3.0 g), A, in ethanol (50 ml) was saturated with hydrogen 
sulphide and thc precipitate was separated by filtration. The filtrate was concentrated to a yellow solid 
possessing a pungent odor. Several crystallizations from acetone a t  -20° C gave a pale yellow powder 
(2.15 g). This product (1.25 g) in absolute ethanol was deionized on a column of Amberlite IR-401 (OH form) 
resin and the eluate was concentrated to give a white solid (0.67 g). Crystallization from acetone-water gave 
the aminoamide, n1.p. 133-143" C. Anal. Calc. for monohydrate CloH?rX,O.H?O: C,  58.8; H,  11.8; N, 13.7. 
Found: C,  59.2; H ,  11.8; N, 13.4%. 

Another run a t  a higher hydrogenation pressure (1900 p.s.i.) and temperature (lOO°C) in the presence 
of liquid ammonia (200 ml) converted the ozonolysis product of 10-undecenamide (25 g) into 17.8 g of A 
(crude) and 8.4 g of B (found: N, 7.9%). 

From the purified 10-a~ninodecanamide, the derived Reineclce salt (monohydrate) was prepared, m.p. 
120-122O C. Anal. Calc. for CI~H~~CTNP,O~S:  N, 21.4. Found: N ,  21.2y0. 

W-Phenylurea of 10-Anti?todeca?ta?nide 
The phenylurea was prepared in the usual manner and was recrystallized from methanol, 1n.p. 139-140". 

Anal. Calc. for C17H27N30?: N,  13.8. Found: N, 14.ly0. 

10-Owinzkodeca?t-l-ol, Ethyl 10-Oriminodecanoate, 10-Oxi?ninodecanoic Acid, and 10-Orinzi?todeca?~anride 
Ethanolic solutions of the ozonization products obtained from 10-undecen-1-01, ethyl 10-undecenoate, 

10-undecenoic acid, and 10-undecenamide were hydrogenated a t  room temperature and a t  60-70 p.s.i. 
over palladium on calciun~ carbonate catalyst (34). The solution was filtered and warmed \vith a slight 
excess of hydroxylamine hydrochloride solution buffered with sodium acetate to yield the follo\ving oximes: 

( a )  10-Oximinodecan-1-01, from benzene, m.p. 83-84" C. Anal. Calc. for CloH?1N02: C,  64.1; H,  11.3; 
N, 7.5. Found: C,  63.5; H,  1 1 . 3  N, 7.770. 

(b) Ethyl 10-oximinodecanoate, from aqueous ethanol, n1.p. 56-59" C. Anal. Calc. for CI?M?31\T03: C, 62.9; 
I-I, 10.1; N, 6.1. Found: C, 62.9; H,  9.9; N, 5.9%. 

(c) 10-Oximinodecanoic acid, froin ethanol, m.p. 108-110" C. Anal. Calc. for C,aH19N03: N, 7.0. Found: 
N,'G.G%. Lit. m.p. 111' (35). 

(d )  10-Osiininodecanamide, from ethanol, 1n.p. 138-140' C. Anal. Calc. for C l o H ~ o N 2 0 2 . H ~ O :  C, 55.0; 
~ , ' 1 0 . 2 ;  N, 12.8. Found: C,  54.75; H ,  9.84; N ,  12.7%. 

Lithium aluminuln hydride reduction of osimes (a), (b), and (c) in ether gave 10-aminodecan-1-01 (36), 
m.p. 71-72'' C, in yields of goyo, 82%, and 16% respectively with infrared spectrum identical with that of 
the product prepared by reductive amination of the ozonization product from 10-undecenol (see above). 
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10-Aminodecanoic Acid 
10-Oximinodecanoic acid (0.5 g) in absolute ethanol (60-80 ml) was hydrogenated a t  65 p.s.i. and a t  room 

temperature over platinum oxide catalyst (37). The product (0.27 g, 57%) was recrystallized from hot water 
and had 1n.p. 181-182" C and mixed m.p. 180-182" C with the crystalline product obtained from 10- 
undecenoic acid. Conlparison of their infrared spectra revealed that  the two products were identical. Lit. 
m.p. 183-186" C (33). Anal. Calc. for C~OM?INO?: N, 7.5. Found: N, 7.0%. 

Ethyl 10-Antinodecanoate 
Under hydrogenation conditions identical with those described above, ethyl 10-oximinodecanoate gave 

syrupy ethyl 10-aminodecanoate. The N'-phenylurea was prepared and had m.p. 78-79" C with the 
N'-phenylurea described above. The infrared spectra of both specimens were identical in all respects. Anal. 
Calc. for ClgHsoN?03: N,  8.4. Found: N, 8.6%. 

The derived hydrochloride of the amine (111.p. 105-110" C) could not be separated from traces of the sec- 
ondary anline hydrochloride but had an infrared spectru~n identical with that of the ethyl 10-a~nino- 
deca~loate hydrochloride described above. Anal. Calc. for CI?H?aCINO?: N ,  5.6. Fo~und: N, 5.5%. 

Bis-(9-carbet~toxy-n-?to~zyl)antine 
Hydrogenation of a Inore concentrated solution of ethyl 10-oxi~ninodeca~loate (5 g) in amrnoniacal ethanol 

(40 ml) over platinum on charcoal gave a mixture of the primary amine and the secondary anline (2.4 g). 
The latter alnine was recrystallized from light petroleum a t  -20° C and had 1n.p. 49-50' C. Anal. Calc. 
for C2rH.,7N04: C, 69.7; H ,  11.4. Found: C, 69.5; H,  11.6%. 

10-Aminodecanan~ide 
A solution of 10-oximinodecanamide (0.5 g) in 85-95% ethanol (75 1111) was hydrogenated over Raney 

nicliel W-2 catalvst for 10 hours a t  60 p.s.i. and 22' C. Platini~m oxide was then added and hydrogenation . - 
was continued a further 8 hours. The solution was filtered and concentrated to a crystalline mass. The 
product had an infrared spectrum identical with that  of the 10-a~ninodecanamide described above. Anal. 
Calc. for CIoHa?N?O.HrO: N, 13.7. Found: N, 13.4%. 

The derived Reinecke salt (monohydrate), m.p. 115-117" C, had an infrared spectrum identical with that 
of the above Reinecke derivative. Anal. Calc. for ClrH31CrNsO?S.(: N, 21.4. Found: N, 21.9%. 

The N-phenylurea derivative had a melting point (from methanol) and had an infrared spectrum identical 
with that of the N'-phenylurea of 10-arninodecana~nide prepared above. Anal. Calc. for C11H?7N30~: N, 
13.8. Found: N, 13.2%. 

Thermal Deco~~tposition of Oeonolysis Products in Alcohols 
A solution of ethyl 10-undecenoate (20 g) in n-butanol (150 ml) ~ v a s  ozonized a t  0' C until an aliquot 

portion gave a negative test for i~nsaturation (bromine in glacial acetic acid). The solution was autoclaved 
in a pressure vessel over Raney nickel (5 ml settled volume) a t  150' C for 6 hours. The n-butanol was removed 
by evaporation under reduced pressure, a t  a bath temperature of 90-100" C, and the residual syrup was 
examined by gas chromatography (Apiezon T on silver-coated glass beads, 270p, 9-ft column, oven tem- 
perature l75", Ha a t  40 ml/min). In addition to the volatile fractions, a large single peak and 2 minor less 
volatile pealcs were observed. F rac t io~~a l  distillation a t  125" a t  0.1 nun gave 11-butyl ethyl sebacate (9.6 g, 
32%), 1 ~ ~ ~ 2  1.4402. Saponificatio~~ equiv.: calc., 143; found, 143. 

72-Butyl 10-undecenoate in ethanol was ozonized and autoclaved by the procedure described above. 
Examination of the products by gas chronlatography indicated that  the major component had a retention 
time identical with that of 92-butyl ethyl sebacate. The presence of other components in the same boiling 
range was considerably greater when ethanol was used as the solvent, and the above procedure ( i t .  7t- 
butanolysis) gave a product of higher purity. 
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THE STRUCTURE OF A SYNTHETIC GLUCANL 
I. GENERAL STRUCTURAL FEATURES 
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ABSTRACT 

Only D-glucoSe was obtained on acid hydrolysis of the glucan. Periodate oxidation released 
formaldehyde, which was believed to arise from Cc of D-glucofuranose units. From the 
additional formaldehyde liberated from the borohydride-reduced glucan the degree of poly- 
merization was estimated to be about 165. Complete hydrolysis of the derived polyalcohol 
gave glycerol, erythritol, D-glucose, and D-xylose. Partial hydrolysis gave glycerol, erythritol, 
and a t  least seven non-reducing oligosaccharides. Direct evidence for the existence of relatively 
large nu~nbers of 1 4 6 and 1 4 4 linkages was found, together with smaller numbers of 
1 + 2 linkages. The methylated glucan was freely soluble in chloroform - petroleum ether 
(5:05), and hydrolysis gave tetra, tri, di, and mono-0-methyl-D-glucoses in a 6:6:3:1 molar 
ratio. 

There are many reports in the literature on the polymerization of D-glucose and a 
few papers on other monosaccharides (e.g. 1-10). Most of these polynierizations have 
been acid catalyzed a t  temperatures ranging froin rooin temperature to about 200" C and 
the yields of polymeric material have varied greatly. There appears to have been no 
detailed study 011 the structures of these synthetic glucans, although there is general 
agreement that 1 --, G liilltages are co~ninonly present and that there is a high proportion 
of a-glucosidic bonds. In a paper (6) on the glucan obtained by polymerization in the 
presence of metaboric acid it  was inferred, on the grounds of hydrolytic behavior, that 
there were 110 glucofuranose units present. I t  was further stated that the polymer was 
highly branched, as shown by the large ainouilt of 2,3,4,G-tetra-0-methyl-~-glucose 
obtained. Another recent paper on the glucan obtained by poly~uerization of 1,G-anhydro- 
D-glucose again demonstrated the branched nature of the polymer on the basis of periodate 
oxidation (1 1). 

Since 1958 there has been a group of papers published by Mora and his associates a t  
the National Institutes of Health on the preparation of several synthetic polysaccharides 
(2-4). Since sollie derivatives of these synthetic ~llaterials have been shown to be bio- 
logically active (12, 13) it was of interest to look more closely a t  the structures of these 
polymers. The present paper reports the general structural features of the glucan 
designated as polyglucose I1 in Table I of reference 3. 

Complete hydrolysis of the glucan by boiling it with 1 N sulphuric acid followed by 
chromatography of the product showed only glucose, which was isolated in the crystalline 
state. Alkaline oxidation or bromine oxidation of the sugar to the corresponding aldonic 
acid followed by adsorption of the acid on an anion exchange resin left no residue which 
reacted with Tollens (23) or 9-anisidine trichloroacetate (24) spray reagents when the 
effluent was evaporated, thus de~noilstrating the absence of ally sugar alcohols. The low 
optical rotation of the glucan, [aID2' 65" (c ,  1.0 in water), compared with the high positive 
rotation of alpha-linked glucans, such as amylose (195-210°), suggested that a number of 
beta-glycosidic linkages were likely present. Exclusively beta-linked glucans, such as 
laniinarin, exhibit a negative rotation between -10 and -25". 

'Presented nt the 44th Chenzical Institute of Canada il.leeting i n  illo?zlreal, A Z L ~ Z L S ~ ,  1961. 
2Present address: Departnzenl of Plant Sciences, University of illanitoba, Winn ipeg ,  iUanitoba. 
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Oxidation of the glucan with periodic acid (0.15 ilJ) a t  5" C resulted in the immediate 
liberation of fornlaldehyde (3.92 mg per hexose unit after 20 minutes) with no significant 
change observed after 3.5 hours, a t  which time 4.53 mg formaldehyde had been liberated 
per hexose residue. The glucan had consumed 1.218 moles of periodate per hexose unit 
when no further formaldehyde production could be detected after 12, 48, and 72 hours. 
Reduction (NaBH4) of the glucan prior to periodate oxidation resulted in the liberatioil 
of nlore formaldehyde (a total of 4.88 ing per hexose unit), and about 1.2335 moles of 
periodate had been consumed per hexose unit when no further forn~aldehyde was released. 
On the assumption that the additional formaldehyde produced in the periodate oxidation 
of the borohydride-reduced glucan stemmed from the glucitol end-residue (and that 
the glucitol was not substituted a t  C?), the degree of polyn~erization (D.P.) was estimated 
(14) to be about lG5. These results were in good agreement with those reported by Mora 
and his associates (2, 3). 

Reduction (NaBH,) of the polyaldehyde, [cI ]D'~  39", followed by coinplete hydrolysis 
of the polyalcohol gave glycerol and erythritol in nlajor proportions and xylose and 
glucose in lesser quantities. The ratio of glycerol to erythritol was 7:l .  The proportionately 
large quantity of glycerol indicated that numerous branch points and 1 -+ G linltages 
were present in the glucan. Glycerol and erythritol were converted to the corresponding 
p-nitrobenzoates with 1n.p. and mixed m.p. 189-193" C and 248-250" C, respectively (65). 

D-Xylose, approxin~ately ly0 of the original sample, was identified as the crystalline 
sugar, 1n.p. and inixed m.p. 142-144' C, [ c I ] D ? ~  17.5" (c, 1.4 in water). This sugar would 
arise fro111 internal glucofuranose units in which the Cg and C6 hydroxyls were not sub- 
stituted. I t  was believed that the rapid liberation of formaldehyde upon periodate 
oxidation of the glucan stemmed from the presence of D-glucofuranose units. Those units 
occupying terminal positions would be degraded to glycerol whereas some of the internal 
D-glucofuranose units would appear as D-xylose. D-Glucose, approximately Gyo of the 
original sample, was identified as the cr).stalline sugar, m.p. and mixed lll.p. 142-144" C, 
[aIDz3 51.8" (c, 1.5 in water) and as the phenylosazone, 111.p. and mixed m.p. 205-207" C. 

iVIild acid hydrolysis (0.1 N HaS04, roonz temperature, 8-12 hours) (15) of the poly- 
alcohol resulted in the formation of glycerol, a small quantity of erythritol, and a nunlber 
of non-reducing oligosaccharides, which will be described more fully in a future conzmuni- 
cation. The alcohols were transforined, as before, to the crystalline p-nitrobenzoates. 

In an effort to determine the nature of the aldehydic residues liberated in the mild acid 
hydrolysis of the polyalcohol, a part of the hydrolyzate was treated with bromine and an 
excess of barium carbonate, and the mixture left for 24 hours. The  bromine was removed 
by aeration and the barium carbonate by filtration of the solution, which was then 
passed through cation and anion exchange resins. Acidic nzaterial was eluted froin the 
anion resin with alkali and the free acids were regenerated with fresh cation resin. 
Evaporation of the acidic solution, lactonization, and reduction (NaBH,) of the lactones 
gave rise to some glycerol (4-6% of original polysaccharide), 111.p. and mixed lll.p. of 
tri-p-nitrobenzoate 189-192" C, and a number of non-reducing oligosaccharide components, 
the nature of which was not determined. The isolation of glycerol by this route indicated 
the presence of some 1 -+ 2 linltages in the glucan. 

The glucan was difficult to methylate. Only after four separate and extended methyla- 
tions (4-5 days) of the partially methylated product (Icuhn procedure) by Purdie's reagents 
was a product obtained which showed no OH absorption in the infrared spectrum and 
which contained 45.4y0 inethyoxyl. This difficulty of methylation of these synthetic 
glucans has been noted by other workers (3, 6). The product was completely soluble in a 
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mixture of 5% chloroform in petroleum ether (30-GO0). Hydrolysis of the all<ylated 
glucan gave tetra-, tri-, di-, and mono-methyl glucoses in a G:G:3:1 ratio (approx.). A 
small quantity (1-27,, approx.) of glucose was also present. 

The results of these periodate oxidations indicated that this glucan was highly branched, 
a fact which was substantiated by the methylation data. The high yield of formaldehyde 
indicated that  a t  least 15% of the D-glucose units were of the furanose type while the 
large amount of glycerol obtained shows that  the 1 --t G linkage is of inajor importance. 
The ratio of erythritol to glycerol indicated that about 20y0 of the glucose units were 
linked a t  positions 1,4 and/or 1,4,G. The isolation of glycerol from the acidic fraction 
was definite evidence for the 1 --t 2 linkage while the isolation of unoxidized glucose 
may be due to 1 --t 3 linl<ages. MTe believe that  this is the first time that definite proof 
has been obtained for the existence of furanose residues in a synthetic glucan, although 
their presence has been indicated by the work of Mora (13). 

EXPERIMEXTAL 
Paper chromatographic separations were. carried out by the descending technique using solvent systems 

A ,  ethy1acetate:aceticacid:water (8:2:2); B, ethyl acetate:pyridine:water (9:2:2); and C, butanone:water 
azeotrope. Whatnlan No. 1 filter paper was used for qualitative and quantitative studies while Whatman 3 
MM paper was generally used to  resolve larger quantities of mixtures. The p-anisidine trichloroacetate 
spray reagent was used for detection of reducing compounds while non-reducing polpols were located using 
arnmoniacal silver nitrate. 

Unless otherwise stated, evaporations were carried out under reduced pressure with a bath tenlperature 
around 40" C. Melting points are uncorrected and specific rotations are equilibrium values a t  22&2' C. 

Hydrolysis of Gl14can 
Polyglucose, 1.50 g, [n1o2? 65" ( c ,  1.0 in water) was dissolved in 0.3 N sulphuric acid (15 ml) and the solution 

was boiled for 16 hours. The solution was neutralized (BaC03) and the filtrate was deionized and evaporated 
to  a sirup which crystallized overnight. A portion (55 mg) of the crystalline material was recrystallized 
from ethanol to give glucose, m.p. and mixed 1n.p. 143-144' C ,  [n]nz3 52.1' ( c ,  0.8 in water). 

Bromine Oxidation of G l z ~ c a ? ~  Ilydrolyzate 
The remainder (approx. 1.10 g) was dissolved in water (15 ml), the flask was \\lrapped with aluminum 

foil, and a few drops of bromine were added periodically over the next 72 hours. The solution was kept 
neutral by addition of excess barium carbonate. The solution \vas finally filtered to  remove excess barium 
carbonate, deionized, and evaporated. NO p-anisidine or Tollens-positive residue was noted; hence no polyols 
\\,ere present in the original polysaccharide. 

Periodate Oridatio7z and Deter7llinatiol~ of Fornznldehydc Prodzlced 
Glucan (0.383 g) was dissolved in water (20 ml) containing acetic acid (6 N, 2 ml) and to  this solution 

was added 0.5 11/I sodium periodate (5 ml). The mixture was left a t  5' C and formaldehyde was deterlnilied 
periodically by a tnethod described elsewhere (14). After 20 minutes, 9.27 mg fornlaldehyde had been liber- 
ated, 10.15 mg after 12 hours, and 10.70 mg after 48 and 72 hours. When no further formaldehyde was 
formed, the periodate uptalce was deterlnined by the arsenite method (16) and 1.218 moles of periodate had 
been consumed per hesose unit. 

Redz~ct ion ( N a B H . , )  and Contpletc Hydrolys is  of Polynlco1tol 
T o  the ~nixturc from the p rev io~~s  experiment was added barium carbonate and barium chloride, the solu- 

tion filtered, and to  the clear filtrate was added sodium borohydride (150 mg). Excess reductant \\.as de- 
co~nposed with hydrochloric acid after 18 hours and the solution was evaporated to dryness. Methanol 
containing hydrogen chlorine (3%) was added and evaporated to  remove borate (17). The residue, in water 
(10 ml), was deionized, and upon evaporation of the effluent, the sirup was chromatographed. Non-reducing 
compounds corresponding to  glycerol and erythritol and reducing compounds corresponding to  s).lose and 
glucose were observed. The ratio of components was determined by developing a chroma tog ran^ in solvent 
A for 12 hours. The four components were located by spraying guide strips with Tollens reagent, and the 
components eluted with water fro111 the respective areas. The alcohols were determined by a periodate- 
chromotropic acid procedure (14) and the sugars by the phenol - sulphuric acid  neth hod (18). The molar 
ratio of glycerol:erythritol:xylose:glucose thus found was approximately 105:15:1:5. 

Periodate Oxidation of Redlrced (1VaBH4) G l z ~ c a ) ~  and Deter?ni~tation of D .P .  
To a solution (20 ml) of glucan (0.291 g) was added sodium borohydride (60 mg) and the solution was 

left a t  room temperature for 24 hours. The solution was acidified with 10 N acetic acid (2 ml), 0.5 sodium 
periodate (5 ml) was added, and the mixture was left a t  5' C. The formaldehyde was determilled as  before 
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and 7.415 rng were found after 15 minutes, 8.76 mg after 3.5 hours, with no change after 12, 48, and 72 
hours. Comparing the formaldehyde produced after 48 and 72 hours with that found before reduction of the 
glucan, then 0.383 g of glucan would produce 0.85 Ing additional formaldehyde after reduction. Assuming 
that 2 molar proportions of formaldehyde were produced from the glycitol end-group, the D.P. of the 
polymer was 165 (approx.). The polyaldehyde was reduced (NaBH,) and hydrolyzed as described in a pre- 
vious section. The molar ratio of glycerol:erythritol:xylose:glucose was again determined as described above 
and found to be 110:16:1:5. 

Identi$cation of Compoz~?zds 
The sirups from the above two experi~nents were combined and the ~nixture was resolved on Whatman 3 

MM paper by development for 12-14 hours in solvent A. Glycerol: to the dry sirup was added a 10% molar 
excessof p-nitrobenzoylchlorideand pyridine (2-3 ml) and the mixturewas heated a t  60-70' C for 30 minutes. 
Excess aroyl halide was deco~nposed by the addition of a few drops of water followed by excess saturated 
sodiu~n bicarbonate. The solid was collected by filtration, washed thoroughly with water, and after re- 
crystallization from acetone, the tri-p-nitrobenzoate of glycerol had m.p. and  nixed 1n.p. 188-190" C (25). 
Eryrlzvilol: This compound was converted to  the tetra-p-nitrobenzoate as  described for glycerol, 1n.p. and 
mixed m.p. 248-250" C. D-Xylose: the sirup had [ a ] ~ ' ~  17.5" (c, 0.9 in water) and crystallized on seeding. 
The sylose was dried by washing with ether and had m.p. and mixed m.p. 143-145" C. ~-G124cose: the  sirup, 
[a ID22  49" (c, 1.2 in water), crystallized spontaneously. The glucose was washed with ethanol and ether 
and had m.p. and mixed m.p. 144-145" C. The derived D - ~ ~ U C O S ~ Z O ~ ~  had m.p. and mixed m.p. 206-208' C. 

Partial Hydrolysis of Polya1col1,ol (15) 
Glucan (4.50 g) was dissolved in water (120 ml); the solution was cooled (5" C) and 0.5 ill periodic acid 

(80 ml) mas added. Periodate uptake became constant after 72 hours a t  which time 1.192 moles of periodate 
had been consumed per hexose unit. The polyaldehyde, [ a ] ~ ~ ?  39" (approx.), was reduced (NaBH,, 2.5 g) 
after re~noval of periodate and iodate with barium carbonate. After standing for 24 hours a t  room tempera- 
ture, the solutioi~ was evaporated to dryness. Borate was removed by repeated evaporatio~ls with methanol 
and finally with methanol containing ly0 hydrogen chloride a t  a bath temperature not exceeding 25" C. 
?'he residue \\.as dissolved in 0.2 iV hydrochloric acid and the solutio~l was left a t  room tenlperature for 10 
hours. Excess barium carbonate was added, the flask was wrapped with ~ne ta l  foil, and periodically over 
the nest 24 hours, a few drops of bromine \\.ere added. The solution was filtered and passed through cation 
and anion exchange resin colurntis and the  effluent was evaporated to give a sirupy, neutral product. Chro- 
~natographic examination in solve~lts A and B demonstrated the prescnce of scvc~i  non-reducing cotnponents 
with a wide range of I<, values lower than glycerol. Glycerol and a small quantity of erythritol were also 
identified. The oligosaccharides and the two alcohols were resolved on [Vhat~uan 3 h'SM paper using solve~its 
A and B to effect maximum pl~rificatioil. Glycerol was converted to the tri-p-nitrobc~lzoate, m.p. and  nixed 
m.p. 188-190' C. The tetra-p-nitrobenzoat-e of erythritol had m.p. and mixed n1.p. 248-250' C. The compo- 
sition and characterization of the oligosaccharide fragments will be described in a future com~nu~lication (19). 

Isolation a d  Redrrctio7t of Acidic Fragmenls 
'The acidic material, from the bromine oxidation described above, was displaced with 1 iV sodiurn hydroxide 

from the anion exchange resin and regenerated by passage through a cation resin. The solution of free acicls 
together with hydrochloric a ~ ~ d  hydrobrornic acid was ~ieutralized with lead carbonate. After filtration and 
treatment of the hltrate with hydrogen sulphide gas, the acidic material was linally obtained free from 
inorganic ions. Chronlatography of the acidic residue gave a series of Tollens-positive components and the 
one with the greatest R, value was presumed to be glyceric acid. ?'he residue was heated in a cold-finger 
apparatus a t  '30' C under vacuum for about 3 hours, after which the residue was dissolved in water (20 nil), 
and sodium borohydride added (200 mg). The solution was evaporated to dryness alter 36 hours a t  room 
temperature and borate was removed by careful treatment with methanol containing hydrogen chloride 
(1%). An aqueous solution (about 15 ml) of the residue was deionized. Evaporation of the effluent left a 
sirupy product which upon chro~natographic cxanlination was fouud to co~itain glycerol and a series of 
non-reducing components with lesser R, values. After resolution of the mixture using Whatman 3 M M  paper 
and solvent A, glycerol was identified a s  the tri-p-nitrobenzoate in the ~ ~ s u a l  manner, 111.p. and mixed m.p. 
188-190" C. The ~ ia tu re  and co~nposition of the other components have not yet been examined. 

il{ctltylation of the GLucan 
T o  polyglucose (3.00 g) suspended in dimethylformamidc (DMF) (opalesce~lt so lu t io~~  resulted) was 

added strontium oxide (10 g), strontium hydrate (1 g), and methyl iodide (20). The c o ~ ~ s i s t e ~ ~ c y  of the 
lnixt~lre became thiclc soon after addition of the methyl iodide and an apparently exother~nic reaction tooli 
place. Upon stirring (magnetic stirrer) and a t  the reflux temperature of methyl iodide, the suspe~~sion 
became thin after 1 hour. After 8 hours, additional strontium oxide (8 g) and methyl iodide (25 ml) were 
added. After 48 hours, methyl iodide \\.as recovered and the slurry was extracted with liberal quantities of 
chloroform. Evaporation of the chloroform and DkIF gave a yellow-brown glass. The product was treated 
again a s  described above followed by one treatnlent with silver oxide, DMF,  and methyl iodide (21) and 
four methylatio~ls \vith Purdie's reagents (26). The final product, a yellow glass, 3.06 g-, had a ~ ~ ~ c t h o x y l  
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content of 44.4%, a very small OH absorption band in the infrared spectrum, and [ o l ] ~  71" (c  2.2 in chloro- 
form). Practically no insoluble residue was noted when the product was dissolved in petroleum ether (3G60° 
C) containing 5% chloroform. 

Hydrolysis of the Methylated Glz~can  
The methylated glucan (3.00 g) was hydrolyzed with sulphuric acid (22). Neutralization (BaC03) of the 

hydrolyzate followed by deionization of the filtrate and evaporation gave a sirup (2.89 g) which upon 
chromatographic examination using solvent C showed tetra-, tri-, di-, and mono-methyl glucoses as  well as  a 
small quantity of glucose. Resolution of these methyl glucoses into the above four classes was effected using 
sheets of Whatman 3 MNI paper and solvent C. The weights of tetra- (985 mg), tri- (880 mg), di- (410 mg!, 
and mono-methyl glucose (135 mg) correspond to  an  approximate molar ratio of 60: 57: 28:lO. Approxl- 
mately 1.3% glucose (35-36 mg) was present. The identity of the different methyl ethers of glucose will 
be the subject of a future paper. 

This investigation was supported by a P.H.S. research grant (RG7652) from the 
Division of General Medical Sciences, Public Health Service (U.S.A.), to whom we 
express our thanks. We are also indebted to Miss J .  Hunter for sliillful technical assistance. 
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STUDIES ON THE CHEMICAL BASIS FOR CHOLINOMIMETIC 
AND CHOLINOLYTIC ACTIVITY 

PART I. THE SYNTHESIS AND CONFIGURATION OF QUATERNARY SALTS 
IN THE 1.3-DIOXOLANE AND OXAZOLINE SERIES 

D. J. TRIGGLE' AND B. BELLEAU 
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ABSTRACT 

Structure activity relationships in the muscarine and the quaternary l,3-dioxolane (Fourneau 
series) series are briefly discussed. The most active member of the latter series (2-niethyl-4- 
dimethylaminomethyl-1,3-dioxolane methiodide, (IX),  F2268) was shown to  consist of a 
mixture of 60% cis and 40% trans isomers. The same was found to apply to  all synthetic 
intermediates in that series. Unequivocal assignments of config~~ration were made by relating 
various intermediates leading to ( I S )  and its analogs to D-cis-l,3-dimethyl-l,3-dioxolane itself, 
obtained by degradation of 1,6-anhydrogalactose. Attempted separation of cis-trans isomers 
in the l,3-dioxolane series was not successful. However, a mixture of cis,trans-2-trichloro- 
methyl-4-hydroxyn1ethyl-1,3-dioxolane (XVI) could be fractionated by crystallization of the 
corresponding tosylates. Catalytic hydrogenolysis converted the pure cis- and lrans-trichloro- 
methyl derivatives (SVI I) and (XVIII) to pure cis- and trans-2-n~ethyl-4-hydroxymethyl-1,3- 
dioxolane tosylates ( S I X )  and ( S S ) ,  which eventually afforded for the first time pure cis- 
F2268 and trans-F2268 (XXII)  and (XXIII) .  

Optically active members in the l,3-dioxolane series were prepared. NIembers of the 
D(-)-series were conveniently obtained from D-isopropylidene glycerol. Members of the 
L(+)-series could be obtained in optically impure forms by resolution of dl-tertiary bases 
such as  (XXXVI) with D- and L-dibenzoyltartaric acid. The  best preparations had an optical 
purity not exceeding 32%. The resolution of the cis base (X) was unsuccessful. 

The synthesis of an  oxazoline analog, (XLIV), of F2268 was accomplished. The  reaction 
sequence involves solvolysis of N-acetyl-2,3-dibromo-fl-propylamine (XLI) to give the 
5-bromomethyl-2-methyloxazoline (XLII).  This unstable intermediate was reacted with 
dimethylamine to give the tertiary base (XLIII ) ,  which was quaternized with methyl iodide 
whereupon the quaternary base (XLIV) was formed in good yield. The structure of the 
latter was established by an independent synthesis of the hydrolysis product (XLV). 

Preliminary pharmacological data are reported for the various new quaternary salts. 
The compounds were assayed for cholinomimetic activity. I t  is concluded from these studies 
that quaternary l,3-dioxolanes display structure-activity relationships analogous to the 
muscarones. The  use of triethylammonium analogs has revealed a large degree of preference 
of cholinergic receptors for the presence of a cis configuration in 2,4-disubstituted-l,3-dioso- 
lanes. I t  was also noted that the oxazoline derivative (XLIV) ranks amongst the most active 
cholinomimetics thus far reported. Relationships between configuration and activity are 
briefly discussed. 

INTRODUCTION 

The recent structure elucidation and synthesis of muscarine ( l (a ) ,  l(b)) has created 
renewed interest in the relationship between the structure and activity of drugs acting 
on the muscarinic cholinergic receptors. A variety of muscarine analogs have been 
synthesized and their cholinomi~~~etic activity determined. This subject has been recently 
reviewed (2), and since then, Waser (3) has examined a number of additional structural 
analogs. Mention should also be made of the report of Friess, Witkop, and co-workers 
(4) on the inhibitory properties of a nuinber of muscarine-related conlpounds towards 
acetylcholiilesterase. I t  einerges from all these iimportant studies that the optiinal 
structural requirements for nluscarinic activity are as follows: (1) The muscarinic 
receptor displays an aliuost absolute optical specificity, the non-natural enantiomorph (11) 

IHolder of a National Research Council of Canada Postdoctoral fellowship, 1959-1961. 
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(Chart 1) being essentially inactive (5, 6). (2) The relative configuration of the sub- 
stituents on the furan ring of natural muscarine represents also the o p t i ~ n u ~ n  geometry 

CHART I 

0 0 
CH, NMe3 ,CH2NMe3 

for activit!.. (3) The asylnmetric center a t  position 5 call be destroyed as in 4,s-dehydro- 
nzuscarone (111) without drastically changing the activity (7). However, inversion of 
configuration a t  the same position but in muscarine is detrinlental to activity. The 
asymmetric center a t  position 2 is relatively unimportant in the muscarones (IV) (8) but 
of critical importance in muscarine. (4) The presence of a methyl group a t  C2 leads to 
maxirnuln activity; its absence (9, lo) ,  or its substitutioll for a larger group is detri~nental 
to activity (10). (5) Replacing the furan oxygen by sulphur decreases potency (10). 
(6) The muscarinic receptor does not display absolute optical specificity towards the 
nluscarolles and 4,5-dehydrornuscaro1~e, in marl<ed contrast to the specificity towards 
the muscarille enantiomorph (I) (3, 7, 8). 

Soine attempts a t  the interpretation of these ullusual and puzzling structure-activity 
relationships have been made (11) and this problem will be dealt with in a future publi- 
cation. There is little doubt that much k~zo~vledge about the nature of muscarinic receptors 
will be gained when the stereochemical interrelatioilships become understood. Solne 
interesting generalizations concerning the optimum structural requirements for cholino- 
mimetic activity have been put forward by Ing (11). The kinetics of drug i~lteractioll with 
cholinergic receptors has been exalnilled in considerable detail, especially by Ariens and 
van Rossum (12), who extended the original approach of Clark (13). The principles 
governing the ability of a drug receptor complex to produce an  effect were defined in 
kinetic terlns by Ariens, Stephenson (14), and more recently by Paton (15). I t  is now 
recognized that the properties of drugs can best be quantitated in terms of their intrinsic 
activity, affinity for receptors, and rate of combination with the latter. I11 spite of these 
important coiltributions to the field of receptor theory, the biochemical nature of choli- 
nergic receptors remains unsolved. We have initiated a program aimed a t  the elucidation 
of the stereochemical requirements for ~nuscarinic activity with the hope that these 
studies might throw light on the nature of the receptors. 

I t  has long been known that certain 1,3-dioxolanes exhibit a high degree of para- 
sympathomimetic activity, a discovery due to Fourneau and his collaborators (16). The 
  no st active member of this series is 2-methyl-4-trimethyla1nn~oniun~~~etlyl-1,3-dioxolane 
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(IX) (Chart 2), which was reported to match muscari~ie in potenc~.. r i l l  of tlie structuraI 
analogs of ( IX) appear to  be less active. The structural relationship of ([X) with inuscarinc 

CHART 2 

 id its ;111;~logs is obvious a ~ i d  it  was of i~lterest to examine the relation betweell stereo- 
cheniistry zuncl activity in the Fourneau series. The effect of structural variations about 
the 2-position ancl the cationic head of (IX) has been studied by van Rossu~n and Ariens 
(17), who confrniecl tlie operation of the concept of affir~it); and irltrinsic activity in this 
series. However, the stereochemistry of (IX) in relation t o  activity has not been investi- 
gatecl. Because activity in the ~nuscarine series is highIy dependent on configuration, 
relative and absolute, similar dependency would be expected in the Fourneau compound 
(IX). I t  is a rather curious phenomenon that the configuration of (IX) has never been 
cstablisliecl, arid of the two possible stereoisomers, only one appears to have ever been 
obtai~ied or prepared. I t  is not 1;nowll as yet whether the high activity of ( IX) is associated 
with a trans or cis configuration about the 2- and 4-positions, a situation which, however, 
has been clarified in the muscarine series. The optical fornls of any quaternary-1,3- 
tlioxolanes have also never been reported or tested. The possible inhibitory effect of these 
drugs on acetylcholinesterase has also not been investigated. 

In  this first paper of a series, the synthesis and the configuration of (IX) and a n~unber  
of analogs will be described. Subsequeilt publications will deal with their effect 011 acetyl- 
cholinesterase and with generalizations regarding the probable nature of the muscarinic 
cholinergic receptors. 
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Relative C'on.ig~~ration of ( I X )  
'The method most generally employecl for the s?-nthesis oi 2-methyl-4-trimetli5.1- 

:~mmoniummetli~~l-I ,:3-dioxolane iodide (IX) (F2268) involves tlie reaction of epichloro- 
hg~drin with acetalclehyde in the presence of stannic chloride whereupon the intermediate 
2-methyl-4-cl1loro111et1~yl-1 ,:i-dioxolane (XV) is produced and thence reactecl with 
dimetliylamine to give (X), which is finally quaternized using methyl iodide (16). The 
quaternary salt (IX) so obtained has been repeatedly reported to melt sharply a t  140-141" 
and we have confrmetl this. van Rossum (17) has also showed it to  be apparently homo- 
geneous as judged from results of paper cl~romatograpli~~. total of :i8 liomologous 
st]-uctures in this series were prepared by this author and all were reported to melt sharply 
and to give rise to single spots when cliromatograpl~ed on paper. 

Since tlie relative configuration of (IX) must be the same as that of the starting 
dioxolane (XV), we sought to establisll the confguration of tlie latter by relating it to a 
2,4-cli1iietIiyl-l,3-dioxolai1e of proven confguration. The reaction of propylene glycol 
with acetaldehyde has been reported to give a mixture of cis- and tra~zs-2,4-dimet11yl-t 3- 
clioxolane, (XIII)  ancl (XIV), which has been claimed to be separable by fractional dis- 
tillation (18). In our hai~ds this separation provecl to be far from complete (see Experi- 
mental); the fraction of lower boiling poilit has been assigiied tlie cis configuration. Because 
of our neecl for a much more rigorous proof of configuration we sought to synthesize the 
cis isomer 11). unaml~iguous methocls. Cleavage oi I ,6-aiil1~~clrogalactose to u-cis-1,::- 
dioxolane-%,4-clicarboxaldehyde has been 1-eported in the literature (I!)). Iiecluction of 
the latter with sodium borohydricle gave the cis diol (XII)  (Chart 2), which gave a 
cr):stalline cli-p-nitrobenzoate and a crystalline ditosplate. Attempts to prepare a inono- 
tosylate were fruitless, a bicyclic ether being presumably the only product. Hyclrogenolysis 
of the ditosylate witli lithium aluminum hydride afforded ~-cis-2,i-dimethyl- 1,3-dioxolaiie 
(XIII) ,  which gave rise to a single sharp peak in the vapor phase c1~romatogr:~phy (v.p.c.) 
instrument. 

The dioxolai~e (VI) resulting from the conclensation of glycerol I-monobenzyl ether and 
acetaldehyde was liydrogenolyzecl and the resulting 2-metliyl-S-h~~droxymet11yl-1,3- 
dioxolane (VI I )  convertetl to n crystalline tosylate, (VI I I),  which eventunll~~ affordecl 
F2268 (IX) after reaction with dirnetl~ylamine followecl by quaternizatioi~ witli methyl 
ioclide. The identity of this material was ascertainecl by direct comparison (infrared and 
1i.m.r.) witli a sample obtained by the general literature method outlined earlier. Hydro- 
genolysis of the intermediate tosylate (VIII) with litl~ium aluminum hydride or catalytic 
I~ydro~enolysis oi the 4-clilorometliyl intermediate (XV) afforded 2,4-dimetliyl-1,3- 
dioxolane, wliicli was ~ 1 1 0 ~ ~ ~ 1 1  by v.p.c. to consist of a mixture of cis-trans isomers in a 
ratio of GO :40 (authentic ~-ci,s-3i,4-dimethyl-l,3-dioxolane (XI 11) being used as a stanclard). 
In order to  establish that crystallization of tlie quaternary base (IX) did not change the 
isomer ratio, it was subiiiittecl to N-dealkplation by treatment with litliium aluminum 
liydride (20) and the tertiary base (X) analyzed by v.p.c. The cis-trans isomer ratio 
proved to be B1:39, thus conclusively establisliing that F2268 consists of a mixtul-e of 
cis and trans isomers in a ratio closely approximating 60:40. This conclusion was confirmed 
by n.1n.r. spectroscopy, which sliowecl clearly the presence of two split methyl groups in 
a ratio of G0:SO (see Experimental). i\/Ioreover, identical v.p.c. patterns were obtaiilecl 
with the product resulting froin tlie reaction of propylene glycol and acetaldehyde. 
Therefore the synthesis of (IX) proceeds non-stereospecificaIly and all the intermediates 
consist of a mixture of 60% of cis and 40% of trans isomers. We have subsequently found 
this to apply to virtually all solid derivatives in this series. I t  is clear that  cis- and t~ans -  
2,4-disubstituted-l,3-dioxola11es crystallize as molecular colilpounds and display very 
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TRIGGLE A N D  BELLEAU: QUATERNARY SALTS 1205 

great similarities in their physical properties. Since the time F2268 (IX) was first synthe- 
sized all the pharmacological properties refiorted for it are, therefore, those of a 6O:dO mixture 
of the cis and trans isomers. The same would appear to apply to all other homologs, as  
judged from additioilal observations recorded below. In view of the structural analogy of 
(IX) with inuscarine, none of the previous pharmacological data can be relied upon for 
purposes of correlatioil between stereochemistry and activity. 

Nun~erous attempts to achieve separation of the isomers of (IX) or its precursors on a 
practical scale by a conlbiilation of various techniques were fruitless. However, both the 
cis and the trans isomers of (IX) could eventually be obtained in pure forin by an indirect 
synthetic route which is described below (Chart 3). 

CHART 3 

1 OH' 

38% t rans- (a1  

CCI, CH, 

0 
,CH,OTs ,CH,N Et, 

I t  was found that the reaction product of glycerol and chloral (XVI) (Chart 3) gave a 
crystalline tosylate melting over a wide range, thus indicating that  molecular compound 
formation was apparently suppressed in this type of 1,3-dioxolane. This proved to  be 
the case, since fractional crystallizatioil of the tosylate led to the isolatioil of two sharp- 
melting isomers, isomer A (XVII), 111.p. 133-134', and isomer B (XVIII),  m.p. 95-96'. 
The trichloromethyl group of each isomer was coilverted to methyl by catalytic hydro- 
genolysis. The resulting tosylate (XIX) from A had 111.p. 66-68' and when submitted to 
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aqueous alkaline hydrolysis gave pure trans-2-1nethyl-4-l~ydroxymethyl-l,3-dioxolane 
(VII), as determined by v.p.c. Similarly, the tosylate (XX) fro111 B had n1.p. 64-66" and 
gave, after alkaline hydrolysis, pure cis-2-1neth~~l-4-l~ydroxymethyl-1,3-dioxolane (VII), 
as established by v.p.c. Reaction of the pure trans tosylate (XIX) with dimethylarnine 
followed by quaternization with methyl iodide afforded trans-2-methyl-4-trin1et11yl- 
anzmoniummetl~yl-l,3-dioxolane (XXI) (trans-F2268), m.p. 131-132'. The homogeneity 
of the product was confirmed by n.m.r. spectroscopy (single methyl doublet). Similar 
treatment of the pure cis tosylate (XX) gave cis-2-methyl-4-trimethylainn101~iui~~1nethyl- 
1,3-dioxolane (XXII)  (cis-F2268), m.p. 143-144". The n.m.r. spectrunl of this compound 
also proved it to be homogeneous. This is the first time that the powerji~l cholinomimetic 
F2268 becomes available i n  its @ire stereoisonzeric jornzs. 

In view of the fact that the experimental basis for the concept of affinity and intrinsic 
activity as elaborated by Ariens and van Rossum lies principally on the inversion of 
agonistic activity when a tri~nethyla~n~noniurn cationic head is changed for a triethyl- 
a~nrnoniurn one, it was of interest to prepare the pure cis- and trans-triethylamnlonium 
analogs (XXIV) and (XXIII)  of cis- and trans-F2268. I t  should be emphasized that  
Ariens and van Rossunl used what we now recognize to be a GO:40 ~nixture of cis-trans 
isomers, thus preventing any definite conclusion regarding the effect of stereocheinistry 
on the cholinolytic activity of triethylanln~oniu~n analogs. 

Synthesis i n  the Optically Active Series 
Because of the dramatic difference in choli~~orni~netic activity between optical isonlers 

in the ~nuscarine series, it was of interest to  malte available a nuinber of optical isomers 
in the 1,3-dioxolane series. Quaternary salts of the D-series could be prepared in optically 
pure forms from optically pure D-isopropylidene glycerol (XXV) (Chart 4). The latter 
could be converted by way of the D-tosylate (SXVI)  to ~(-)-'2,2-dimetl1y1-4-tri1~~etl~yl- 
am1noniu1~~meth~~1-1,3-dioxolane iodide (XXVII). The preparation of the 2,2-bisnor 

CHART 4 
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TRIGGLE AND BELLEAU: QUATERNARY SALTS 1207 

analog (XXX) in optically pure forin was best accomplished by mild acid hydrolysis of 
D-isopropylidene glycerol tosylate (XXVI) followed by condensation with formaldehyde 
whereupon the tosylate (XXIX) was obtained. Conversion of the latter to D(-)-4- 
trimetl~ylan~moniun~~nethyl-1,3-dioxola1e iodide (XXX) was accomplished in the 
co~lventional manner described above. In order to gain access to the L-series, the resolution 
of the corresponding racemic tertiary bases was investigated (Chart 5). Race~nic 

CHART 5 

4-dimetl1ylarninometl~yl-1~3-dio~e (XXXI) gave crystalline D- and L-dibenzoyl- 
tartrates (XXXII) and (XXXIII), which were recrystallized to constant rotation. The 
bases were regenerated and converted to the methiodides (XXXIV) and (XXXV). The 
levorotatory salt is therefore of the D-series. The rotations showed them to be only 7y0 
optically pure. This difficulty in achieving resolution must again reflect the tendency 
for diastereoisomers of the 2,4-disubstituted-1,3-dioxo1ane series to crystallize as molec- 
ular compounds. Because L-dibenzoyltartaric acid gives rise to (+)-dioxolanes of the 
L-series, the 2,2-dimethyl tertiary base (XXXVI) (Chart 5) was converted to a crystalline 
L-dibenzoyltartrate which was recrystallized to constallt rotation. Regeneration of the 
base followed by quaternization with methyl iodide gave ~(+)-2,2-dimetl1yl-4-trimeth~l- 
ammonium~nethyl-1,3-dioxolane iodide (XXSVII), which was 33% optically pure. 

Application of these procedures to racemic cis- and trans- (X) was only partially 
successful. With cis-(X) it was not possible to obtain crystalline dibenzoyltartrate salts. 
However, trans-(XXXVIII) (Chart 6) gave a crystalline D-dibenzoyltartrate which was 
recrystallized to constant rotation. Regeneration of the base and quaternization in the 
usual way gave D(-)-trans-F2268 (XXXIX). The optical purity of the latter was estab- 
lished as follo\vs: I t  was hydrolyzed with dilute hydrochloric acid and the rotation of the 
resulting quaternary diol (XXVIII) determined. Comparison of this rotation with that 
of an optically pure sample (Chart 4) derived from optically pure D(-)-(XXVII) by 
acid hydrolysis under identical conditions showed the D(-)-trans-(XXXIX) to be 32% 

dl- (m) dl- ( x m )  

1 Resolution 

D(-,~XXXII) 

Resolution; 
CH,I 

L (+,~xEm) v 
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CHART 6 

optically pure. Using again trans-(XXXVIII) but L-dibenzoyl tartaric acid as the 
resolviilg agent, L(+)-trans-F2268 (XL) was ultimately obtained with an optical purity 
of 32% (Chart 6). 

With these isomers of variable optical purity it should be possible to establish whether 
activity will depend on absolute configuration, as is the case in the muscarine series. If 
the analogy between muscarine and the 2,4-disubstituted-l,3-dioxolane is real, it would 
be expected that the isomers of the L(+)-series should silllilarly be lnore active cholino- 
mimetics. I t  will also be of interest to determine the anti-acetylcholinesterase inhibitory 
property of the various isomeric forms of the above quaternary dioxolanes. This aspect 
of our work will be reported separately. 

Synthesis of 5-Trimethylammoniz~mmetlzyl-2-methyl-oxazole Bromide (XLIV) 
Perhaps one of the most striking aspects of structure-activity relationships in the 

muscarine series is the observation that racemic 4,s-dehydromuscarone (111) surpasses 
L(+)-muscarine in potency (Chart 1). Because D( -)-muscarine displays a very low order 
of activity, it is surprising that the absence of an asymmetric center a t  position 5 of 
il,5-dehydromuscarol1e should lead to such a highly active cholinomirnetic. Moreover, 
and in sharp contrast to the muscarine series, the relative configuration of the methyl 
group in the muscarone series is relatively unimportant, racemic allomuscarone (trans- 
(IV)) being only slightly less active than racemic inuscarone (cis-(IV)). This result also 
suggests that destruction of the asymmetric center a t  position 2 through the introduction 
of a double bond between carbons 2 and 3 (if this were feasible) might not alter activity 
in the muscarone series. While this problem is being investigated, it appeared of more 
immediate interest to transpose this reasoning to the 1,3-dioxolane series and it  is obvious 
that in order to produce a trigonal carboll a t  position 2 of 1,3-dioxolanes, it  is essential 
that the oxygen atoll1 a t  position 1 be substituted by a trivalent heteroatom such as 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



TRIGGLE AND BELLEAU: QUATERNARY SALTS 1309 

nitrogen. I t  should be noted that no oxazoline analog in the Fourileau series of cholino- 
mimetics has as yet been reported. Several of the most obvious methods for the synthesis 
of the desired analog (XLIV) (Chart 7) of (IX) proved unsuccessful. A convenient and 

CHART 7 

0 
CH2-CH CH,NMe, CH CHCH,NMe3 
I 1  w 1 

Ac NH OH AcNH OH 

CH2 Br 
CH,CH CH, 
I I I  

AcNH Br Br INq : 

expedient method of synthesis was ultimately discovered which requires the readily 
available starting material N-ally1 acetamide. This was converted to the dibroinide 
(XLI) (Chart 7) as described elsewhere and then solvolyzed in acetoilitrile in the presence 
of silver carbonate. The participatioil of neighboring arnido groups in such solvolyses has 
previously been deinoilstrated (21) and allows the prediction that the dibromide (XLI) 
illust be coilverted largely to 5-broinomethyl-2-inethyl-oxazoline (XLII). Attempts to 
isolate this intermediate were unsuccessful, rapid polymerization of the coinpoui~d takiilg 
place upon removal of the solvent. However, if excess anhydrous dimethylamine was 
added to the reaction mixture as soon as maximum precipitation of silver broinide had 
occurred, a good yield of 2-methyl-5-dii~~ethylai~1ii~0i~1etl~yloxazolie (XLIII) was 
obtained. Quaternization of the latter with methyl iodide finally gave the crystalline salt 
(XLIV) in high yield. I t  was desirable to establish the structure of the latter by un- 
an~biguous means, since the course of the solvolysis can only be inferred. The quaternary 
base (XLIV) was hydrolyzed with hot water to give a quantitative yield of l-acetamido- 
3-trimethylan~monium-2-propanol iodide (XLV). An authentic specimen of the latter 
was secured by reacting 1-phthalimido-2,3-epoxypropane (XLVI) with dimethylamine, 
whereupon (XLVII) was produced. Hydrolysis of the latter followed by acetylation and 
quaternization with methyl iodide afforded (XLV), which proved to be identical with 
the sample obtained by hydrolysis of the oxazoline (XLIV). I t  is clear that this inethod 
of synthesis of (XLIV) could be extended to the preparation of a variety of trialkyl- 
alnmoniuin analogs. 

dcH2NMe2 - "0 

CH3 

(EL) ~rn) (rn) 
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PRELIMINARY PHARMACOLOGICAL RESULTS* 

The various quaternary dioxolanes and the oxazoline derivative (XLIV) were assayed 
for nzuscarinic activity using the guinea pig ileuin as the test organ. The minimum con- 
centration of drug necessary to elicit a response is recorded in Table I. Of immediate 

TABLE I 

Acetyl choline 

{IBi, 
(XXX) 
D(-)-(XXVII)* 
L(+)-(XXXV) 
L(+)-(XXXVI1)t 

Concentration, 
mg/ml, guinea 

Co~npound pig ileum 
number (C x lo-7) 

*Optical purity of this isomer is 7%. 
*Optical purity is 32%. 

Concentration, 
mg/ml, guinea 

Compoulld pig ileum 
number (c X 

interest is the fact that quaternary compounds of the L(+)-series are unifor~nly much 
more active than their D(-) counterparts. Hence, the same absolute configurational 
requirement as in the ~nuscarine series is operative. I t  is also interesting that  cis-F2268 
(XXII) surpasses trans-F2268 (XXI) in potency by a factor of 5. This also parallels the 
effect of epimerization about the Cz-methyl group of muscarine, racemic alloinuscarine 
being very much less active. However, the magnitude of the differences in potency 
between cis-(XXII) and trans-(XXI) on the one hand and (&)-rnuscarine and (&)-allo- 
muscarine on the other is such as to  indicate that  the asyillilletric center a t  C2 of (XXI) 
and (XXII) is not nearly as important as i t  is in the ~nuscarine series. In this respect, the 
ratio of the potencies of cis- and trans-F2268 suggests that  they resemble the inuscarones 
izzuch inore than the muscarines. I t  should be llleiltioned that  Barlow had speculated 
that  cis- and trans-F2268 would not differ greatly in potency because of a loose structural 
analogy with the inuscarones (IV) (22). I t  is striliing, however, that  the L(+)-trans- 
F2268 (XL), which is only 32% optically active, should surpass acetylcl~oline in potency 
by a factor of 20. Consideration of the fact that a 32% enrichment in the L(+) isomer 
increases the potency by a factor of 100 over the pure raceinic mixture (XXI) and that 
the cis raceinate (XXII) is five times more active than the latter, suggests that  the pure 
L(+) cis isomer of (XXI) should possess extraordinary potency surpassiilg all known 
cholinomimetic drugs. The synthesis of this L(+) cis isomer is under way. 

Confirmation that  the configuration of the asy~n~lletric center a t  Cz of F2268 may not 
be a critical factor (although i t  has an influence) for activity is supplied by the high 
cl~olinomimetic activity of the quaternary oxazoline (XLIV) in which C2 is now trigonal. 
We are fully aware, however, that  in this latter case, the presence of a basic nitrogen in 
the ring introduces an additional factor which may alter the mechanism of interaction 
with the receptors. We are presently attempting to establish whether the oxazoline 
(XLIV) interacts with the receptors in the protonated form or as the free base. 

Of great interest finally is the marlied difference in the relative potencies of the triethyl- 
a~nilloniu~n analogs (XXIV) and (XXIII)  of cis- and trans-(F2268). In contradiction 
with the conclusions regarding the significance of the asymmetric center a t  C2 of F2268 

*Reszrlts of ozir work and that of Dr. 111. Pindell and his staff, Bristol Laboratories, Syraczise, IV. Y. 
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(IX), it appears that i n  the triethyla?nmoni~~nz series ( X X I I I )  and ( X X I V )  the conj5g~~ration 
of the C2 metlzyl group is of critical importance. An interpretation of these results will be 
given in a forthcoming publication. 

cis,trutzs-2-illethyl-4-ltydro ~ynzctltyl-I ,3-dioxolane ( V I I )  
This was prepared accorcli~lg to  the method of Brimacornbe, Foster, and Maines (23). The pure alcohol 

was analyzed by \..p.c. and shown to consist of a mixture of cis-trans isomers in a ratio of 64:36. (sce 
Table 11, entry 1). Thc tosylate ( V I I I )  was prepared by treatment \\.ith p-tol~~cnesulphonyI chloride and 

TABLE I1 

Isomer composition of 2,4-dis~ibstituted-l,3-dioxola1~es 

Column 
Entry Compound S o .  2-Subst. 4-Subst. yo cis- Oj, trans- paclring* 

*Obtained from Perkin-Elmer and used as such. The v.p.c. apparatus was a Perkin-Elmer instrument. Percentage compositions 
mere determined by taking the ratio of peak areas i n  the usr~al  way. 

?Obtained from (VII) by way of (VIII). 
fobtained from (XV), entry 4. 
$Obtained from (XV), entry 5. 
Obtalned from cis.lrans-(XVI) by hydroge~~olysis. 
4i Lower-boiling fraction. 

**Higher-boiling fraction. 

pyridine a t  0". \\,hereupon a n  oily tosylate was obtained which crystallized from hexane as  colorIess needles, 
m.p. 49-53". Yield: 'i4yO. Calc. for Ci?HIoSOQ: C,  52.9; H, 5.9. Found: C,  52.9; H, 5.9%. 

cis,tra?zs-2,4-Di~i~ethyl-1,3-diosola?ta ( X I I I )  and ( X I V )  
A solution of the tosylatc of cis,tru~1s-2-methyl-4-hydrox~~1~~eth~~l-l,3-dioxola1e (VIII) (13.5 g, 0.05 mole) 

in diglyrne \vas added drop\\,ise to a stirred solution of lithium aluminc~rn hydride (1.9 g, 0.05 mole) in diglylne 
a t  100". The mixture was kept a t  this temperature for 2 hours, cooled, and treated with 10yo sodium hydrox- 
ide and distilled (bath tenlpcrature 150'). ?'he distillate was dried (Na?S04) and redistilled to give cis,trans- 
2,4-dimetl1yl-1,3-dioxolane (4.4 g, 86%), b.p. 90-95°. The results of the vapor phase chromatographic 
analysis are given in Table I1 (critry 2). 

Attempted Separation of cis and trans Isonzers of 2,4-Dimethyl-1,S-dio.-colane ( X I I I )  and ( X I V )  
Two hundred grams of the cis-trans ~nixture was prepared according to  the method of Lucas and Guthrie 

(18). Repeated fractional distillation and vapor phase chromatographic examination of the fractions revealed 
an  increase in the cis content of the lower-boiling fraction and a n  increase in the trans coilteilt of the higher- 
boiling fraction, but as  the results ill Table I1 (entries 10 and 11 respectively) show, the separation was far 
from complete. 

cis,trans-2-Methyl-4-ditnetl~yLat1zinomet7ty1-1 ,S-dioxolane iWetlziodide ( I X )  
cis,tra~ts-2-Methyl-4-tolue1~esulphonyloxy1ethyl-l,-dioxola1e (VI I I)  (13.5 g, 0.05 mole) was dissolved 

in 100 1111 of a 30% solution of anhydrous dimethylamine in ben~ene  and kept a t  100° for 12 hours; the 
mixture was cooled, filtered, and the excess dimethylamine removed by heating on the steain bath. Addition 
of an  excess of methyl iodide gave a near quantitative yield of the quaternary iodide; crystallizatioil from 
isopropanol gave colorless needles (82%), n1.p. 141" (unchanged on further crystallization). The n.m.r. 
spectrum (in pyridine) showed two lnethyl doublets with an intensity ratio of 3:2. 

' A l l  ntelting points were determined nticroscopically on a Kofler hot stage and are uncorrected. Tlte boiling 
points are also uncorrected. Infraved spectra were determined using a Perki?z-Eltner Iflfracord instrzrment. T h e  
1t.m.r. spectra were recorded with a Varian instrument operating at 60 dlc.  -4licroanalyses by Miss  E. Busk ,  
Chemistry Department, Uttirersity of Ottawa. 
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c i s , t r a n s - 2 - i l ~ e t l t y l - 4 - d i n t e t I ~ y l a n z i n o ~ o l a n e  (S) 
The finely powdered preceding methiodide (1x1 (7.2 g, 0.025 mole) was suspended in diglyme (20 ml) 

with lithium aluminum hydride (0.025 mole) and the reaction mixture heated to  150' for 6 hours and then 
decomposed with 10% sodi~un hydroxide (10 ml), filtered, saturated with salt, and extracted several tilnes 
with ether to  give cis,trans-2-methyl-4-di1nethylaminometh~l-l,3-dioxolane (2.6 g, 71.2y0). The results of the 
vapor phase chromatographic analysis are given in Table I1 (entry 3). 

cis,tra~zs-2-~1.ietltyl-4-chloro- (or bronto-) methyl-1,s-dioxolane (X V) 
These were prepared from glycerol a-monochlorhydrin or monobromhydrin and acetaldehyde by reaction 

in boiling benzene, the water being continuously removed with a Dean-Stark trap.  The results of the 
vapor phase chromatography experiments are given in Table I1 (entries 4 and 5). The configurations were 
established by hydrogenolysis to  the corresponding 2,4-dimethyl-1,3-dioxolanes a s  follows: cis,trans-2- 
methyl-4-halomethyl-1,3-dioxolane (0.1 mole) in absolute ethanol in which was suspended sodium bicar- 
bonate (0.5 mole) and 10% Pd/C (0.5 g) was reduced a t  3 atm pressure of hydrogen for 3 hours. The reaction 
mixture was filtered and a sample of the filtrate analyzed by vapor phase chronlatography to  give the 
results shown in Table I1 (entries 6 and 7). These results (Table 11) confirm the configurations suggested by 
vapor phase chromatographic allalysis of the halomethyl derivatives themselves (see above). 

D-cis-2,4-(Dihydroxymet/t~~~)-~,~~-dioxo~ane (XII)  
Crude 1,3-dioxolane-cis-2,4-dicarboxaldehyde (19) (0.1 mole) was dissolved in absolute methanol and 

cooled in ice. A solutioil of sodium borohydride (6.0 g, 0.15 mole) in water was added dropwise with stirring 
a t  10-15". Stirring a t  roorn temperature was continued for a further 3 hours, 25 ml of 10% sodium hydroxide 
was added, and carbon dioxide bubbled it1 until the solution was saturated. The  solution was evaporated to  
dryness and the residue extracted with ethyl alcohol to  give D-cis-2,4-bis(hydroxymethy1)-1,3-dioxolane 
(XII) as  a viscous oil (12.1 g, 90.3%). Calc. for CzH1004: C,  44.8; H ,  7.5. Found: C, 44.3; H,  7.1%. Without 
further purification, this D-ci~-2,4-(dihydroxymethyl)-1,3-dioxolane (6.7 g, 0.05 mole) was dissolved in 
dry pyridine and the solution added dropwise to  a stirred and cooled solution of p-nitrobenzoyl chloride 
(20.5 g, 0.11 mole) in dry pyridine; after 12 hours the reaction mixture was poured over ice, filtered, washed 
with ice-cold water, dried, and recrystallized from benzene to  give the cis-bis(2,4-dinitrobenzoate) as  very 
pale yellow needles (15.0 g, 71.2%), m.p. 94". [U]D~? = -18.5' (C = 1.2, acetone). Calc. for C19H1~N2010: 
C, 52.8; H,  3.7. Found: C, 52.6; H ,  3.3%. 

The bis(dinitrobenzoale) (10.8 g,  0.025 mole) was dissolved in aqueous ethanol (100 ml) containing sodium 
hydroxide (6 g) and heated under reflux for 5 hours. The solution was cooled, saturated with carbon dioxide, 
evaporated to  dryness, and extracted with absolute ethanol to  give ~-ci~-2,4-(dihydrox~rnethyl)-l,3- 
dioxolane (XII) (2.5 g, 74.6%) as  a viscous oil. Calc. for CjH1004: C,  44.8; H ,  7.5. Fo~iild:  C, 44.3; H ,  7.2%. 

The pure ~-cis-(2,~-di~tydroxymethyl)-1,~-dioxo~ane (2.0 g, 0.015 mole) so obtained was dissolved in dry 
pyridille a t  0°, and P-toluenesulphonyl chloride (6 g, 0.033 mole) was added. After 24 hours a t  room tempera- 
ture a large excess of ether was added and the solution was extracted with 10% hydrochloric acid until free 
from pyridine. The ethereal solution was dried (Na?S04),  filtered, and evaporated to give the ditosylate as  
colorless needles (4.4 g, 66%), m.p. 84-86". [U]D = -25.5 (c = 2, acetone). Calc. for CleH??S208: C,  51.6; 
H,  5.0. Found: C, 52.1; H ,  5.1%. 

D-cis-I,4-Di?~iethyl-l,S-di~x~lafie ( X I I I )  
This was prepared by lithium aluminum hydride reduction of the preceding ditosylate by the procedure 

described above in the case of the preparation of cis,trans-2,4-di1lleth~l-1,3-dioxolane (XIII)  + (XIV). The 
yield of crude ~-cis-2,4-dimethyl-1,3-dioxolane was ollly 23% and the quantity was not sufficient for puri- 
fication and empirical analysis. However, vapor phase chromatographic analysis was una~nbiguous as  i t  
showed that  the compound could only be pure cis-2,4-dimethyl-1,3-dioxolane (XIII)  (Table 11, entry 8). 

cis,trans-l-Trichlorontethyl-4-l~ydrox~~nzetl~yl-l ,3-dio.vola?ze (X VI) 
This was prepared according to  the inethod of Hibbert (24). I t  was found that  by increasing the reaction 

temperature and time to  90' and 24 hours respectively the yield was increased to  65-70%. 
The dioxolane so obtained (22.0 g, 0.1 mole) was dissolved in 80% aqueous methail01 (100 ml) containing 

sodium bicarbonate (33.6 g, 0.4 mole) and 10% Pd/C (0.5 g). The mixture was reduced a t  5 a tm pressure 
of  hydrogen for 5 hours. The solution was filtered and distilled to  give cis,trans-2-methyl-4-hydroxymethyl- 
1,3-dioxolane (VII) (7.5 g, 63.5%), b.p. 70-75' a t  8 mm. The isomer ratio was 62338 (Table 11, entry 9). 
Calc. for CjH1003: C, 50.9; H,  8.5. Fou~ld:  C,  51.1; H ,  8.6%. 

Separation of cis,trans-2-Tricltloro~netl~yl-4-l~ydrozymethyl-l,S-dioxolane (X VI) 
The above trichloromethyl dioxolane (892 g, 4.0 moles) was dissolved in dry  pyridine (1.5 liters) and the 

solution cooled to  0" and treated with p-toluenesulphonyl chloride (840 g, 4.4 moles) over a period of 12 
hours. The reaction mixture was then allowed to stand for 24 hours a t  room temperature and then poured 
into 5 liters of ice water. The precipitate was filtered, washed with water, and dried in air t o  give the 
p-toluenesulphonate (1495 g, 99%), white needles, m.p. 110-12O0, which upon repeated recrystallization 
from methanol yielded the trans tosylate (SVII) ,  n1.p. 133-134" (250 g). Calc. for Cl?HlaSOjCla: C, 38.3; 
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H, 3.5. Found: C, 38.1; H, 3.4%. The mother liquors from the first crystallization yielded, on repeated 
crystallization from methanol, the cis tosylate (XVIII), m.p. 95-96" (130 g). Found: C, 38.4; H ,  3.4%. 

cis- and trans-2-Methyl-4-hydroxy~netI~y1-1,s-dioxolaes (cis-VII) and (trans-VII) 
The preceding trans tosylate (XVII) (19.0 g, 0.05 mole) was added to 200 ml of aqueous methanol 

(1:1, v/v) together with sodium bicarbonate (14.8 g, 0.2 mole) and hydrogenated a t  3-5 atm pressure with 
10% Pd/C catalyst (0.5 g) for 24 hours to give the trans tosylate (XIX), 1n.p. 66-68"; yield 10.1 g. I t  was 
recrystallized from pentane. Calc. for CIGHIGSOB: C, 52.9; H, 5.9. Found: C, 52.7; H, 5.9%. By the same 
procedure, the cis tosylate (XVIII) gave the cis tosylate (XX), 1n.p. 64-66"; yield 9.8 g. I t  was recrystallized 
from pentane. Calc. for Cl?H16S05: C, 52.9; H,  5.9. Found: C, 52.9; H, 5.6%. 

The trans tosylate (XIX) (5.4 g, 0.02 mole) was heated under reflux for 4 hours with a 10% excess of 
sodium hydroxide in 70% aqueous ethanol. The solution was then saturated with carbon dioxide, evaporated 
to dryness, and the residue extracted with absolute ethyl alcohol to give chroinatographically pure (v.p.c.) 
trans-2-methyl-4-hydroxymethyl-1,3-dioxolane (trans-VII), b.p. 76-80' a t  9 lnin (2.1 g, 70.0%). Sin~ilarly, 
the cis tosylate (XX) yielded chromatographically pure (v.p.c.) cis-2-methyl-4-hydroxymethyl-l,3-dioxolane 
(cis-VII), b.p. 78-80" a t  10 mm (2.0 g, 67.0%). 

Lithium aluminum hydride reduction of the trans tosylate (XIX) and the cis tosylate (XX) by the prc- 
cedure described above in the case of (VIII) gave the corresponding pure cis- and trans-2,4-dimethyl-1,3- 
dioxolanes, as  evidenced by v.p.c. 

cis- and trans-2-A~etltyl-~-di~?tethylaminornethyl-1,S-dioxolane Methiodides (XXII)  and (XXI) 
cis- and trans-2-Methyl-4-p-toluenesulphonyloxymethy1-13-dioxoaes (XX) and (XIX) (5.4 g, 0.02 

mole) were converted into the corresponding 4-dimethylaminon~ethyl derivatives by the method described 
above for the mixture of cis-trans isomers. Treatment with inethyl iodide and crystallization from ethyl 
acetate - isopropanol gave pure cis-(XXII) and pure trans-2-methyl-4-dimethylan1inomethyl-l,3-dioxola~1e 
methiodides (XXI),  m.p. 143-144" and 131-132' respectively. Calc. for: C B H ~ B N ~ O P I :  (trans): C, 33.5; 
H ,  6.3. Found: (cis): C, 33.8; H ,  6.1; (trans): C, 33.6; H, 6.2%. The n.m.r. spectra (in pyridine) of both 
isomers showed a single methyl doublet. 

cis- and trans-2-Metltyl-Q-dietItylaminontetItyl-1,S-dioxolane Ethiodides (XXIV) and (XXII I )  
These were prepared in a way similar to that used for the corresponding 4-din~ethylaminometh~l 

compounds. Pure trans-2-n1ethyl-4-diethyla111i1101nethyl-l,3-dioxolane ethiodide (XXIII) had m.p. 129-131' 
(frorn isopropanol-ethyl acetate) but the cis isomer (XXIV) failed to crystallize. Calc. for CIIH2rN021: 
C, 40.2; H ,  7.3. Found: (trans): C, 40.4; H ,  7.0; (cis): C, 40.5; H, 7.1%. 

Otl~er Quaternary Salts of 1,3-D~osolanes 
These were the previously known 4-dirnethylaminoinethyl- and 2 ,2-dimethyl-4-di~neth~la~ninometh~l-  

1,s-dioxolane methiodides (dl-XSX) and (dl-SXVII), and the 4-dieth>.larninomethyl- and 2,2-dimethyl-4- 
diethyla~nino~nethyl-1,3-dioxolane ethiodidcs (IL) and (L). Their physical constants agreed with the 
literature values (16). 

Resolz~tion of 4-DintethylamtnoiizetI~yl-1,s-dioxolane (XXXI) 
The amine (XXXI) (0.15 mole) was dissolved in dry ether, and a solution of D-dibenzoyltartaric acid 

(0.15 mole) in dry ether added and the mixture allowed to stand overnight. The ether was decanted and 
the viscous precipitate recrystalli~ed to constant rotation from ethanol to give 13.0 g of colorless crystals, 
m.p. 131-132O, [ol]~" = -DOo (c = 2, methanol). Calc. for C?,H?jNOlo: C, 59.1; H ,  5.2. Found: C, 59.0; 
H ,  5.7%. 

I t  was not possible to obtain the (+)-salt from the inother liquors. The above procedure was therefore 
repeated using L-dibenzoyltartaric acid, whereupon the (+)-salt was obtained in the same state of purity 
as the (-)-salt. 

The free bases were regenerated from the (+)- and (-)-salts by treatment in dry ethanol with a n  
equiinolar amount of sodium ethoxide. The precipitated disodi~i~n dibenzoyltartrates were removed by 
filtration after dilution with ether. The liltrate was treated with excess methyl iodide and the pure methiodides 
collected after 24 hours. Both had 1n.p. 157-158'. The D(-)-qz~aternary salt (XXXIV) had [ol]~~o = -2.2 
(c = 2, MzO). 'The optical purity was 7% (see below). Calc. for C7HloOrSI: C, 30.8; H ,  5.9. Found: 
C, 30.9; H ,  5.6%. The L(+)-qz~aternary salt ( X S S V )  had [ o l ] ~ ~ ~  = 2.2' (c = 2, H1O). The optical purity 
was 7%. Calc. for C~HIGO?NI:  C, 30.8; H ,  5.9. Found: C, 30.9; EI, 5.8%. 

Optically Pz~re D(-)-4-Dimethylanzino-1,s-dioxolane il4ethiodide (XXX) 
D-Isopropylidene glycerol (25) was converted to the tosylate ( S S V I )  by the general procedure outlined 

above. I t  crystallized from hexane as colorless needles, m.p. 24-27'. Calc. for CI3Hl8o5S: C, 54.5; H, 6.3. 
Found: C, 54.7; H ,  6.2%. 

The tosylate was hydrolyzed by heating to 50' in excess 2 N hydrochloric acid for 4 hours. The solution 
was talcen to dryness in vaczlo and the residue reacted in benzene with paraformaldehyde in the presence of 
some p-toluenesulphonic acid. The water was continuously removed with a Dean-Stark trap and the product 
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isolated in the usual manner. I t  crystallized from benzene-pentane, m.p. 35.7". This optically pure D(-)-4- 
t~s~loxymethyl-1,3-dioxolalle (XXIX) had [a]nZ0 = -10.0' (C = 2, isopropanol). Calc. for ClIHIIOLS: 
C,  50.5; H,  5.5. Found: C,  50.8; H ,  5.4%. 

This tosylate (XXIX)  was converted to  ~(-)-4-din1ethylarninon1eth~l-1,3-dioxolane methiodide (XXX) 
by the general procedure outlined above. The methiodide had 1n.p. 147-148" (isopropanol); [alDZ0 = -32.5' 
(c = 2, H?O). Calc. for C~HIGOZNI :  C, 30.8; H ,  5.9. Found: C, 31.3; H ,  5.8%. 

D(-)-2,2-Dinzetlzyl-4-dintethylaminomctl~yl-1 ,S-dioxolane Alethiodidc ( X X  VII) 
The preceding tosylate of D-isopropylidene glycerol (SXVI)  was reacted with dimethylamine and the 

resulting base quaternized with methyl iodide by the procedures described above. The quaternary iodide 
(XXVII) had rn.p. 215-216" (ethanol); [a]nZ0 = -12.0' (c = 2, H?O). Calc. for C,H?oO?NI: C,  35.9; H ,  6.7. 
Found: C, 36.1; H ,  6.4%. 

Of this quaternary salt, 200 mg was heated a t  90' in excess 2 N hydrochloric acid for 5 hours. The solution 
was taken to dryness in vacrro and the residue (XXVIII) made up to  5 ml with water. The solution had 
a D ? ~  = -1.38". This solution was used as  a standard for the determination of the optical purity of other 
dioxolanes described below. 

~(+)-2,2-Dimethyl-4-dimethylamino1izethyl-l ,3-dioxolane filethiodidc ( X X X  VII) 
The corresponding tertiary base dl-2,2-dimethyl-4-dimethylaminomethyl-l,3-dioxolane (SXXVI)  was 

resolved with L-dibenzoyltartaric acid in the same manner a s  described above in the case of (XXXI).  The 
salt was recrystallized to  constant rotation. I t  had n1.p. 133-136"; [a]nZo = 70" (c = 2, methanol). Calc. 
for C?Gl-13101~N: C,  60.35; H, 6.05. Found: C,  60.5; H ,  6.2%. 

This L-dibenzoyltartrate salt was decomposed as  described above in the case of ( X S S I )  and the regene- 
rated base reacted with methyl iodide whereupon the methiodide ( X S S V I I )  was obtained, m.p. 204-208" 
(isopropanol). I t  had [a]nZ0 = 4.0' (C = 2, H?O). Since the rotation of the optically pure enantiomorph 
(XXVII) is - 12.0°, the optical purity of this L(+)-isomer (XXSVII )  is 33%. Calc. for CoH2002NI: C, 35.9; 
H ,  6.7. Found: C, 36.1; H ,  6.9%. 

~(-)-~rans-2-Methyl-~-dimethylam~it101~zethyl-l,3-dioxolane illetlziodide (XXXIX) 
The tertiary base (SSXVII I )  was resolved with D-dibenzoyltartaric acid by the same procedure outlined 

above in the case of (XXXI).  The salt, obtained in 25% yield, was recrystallized to  constant rotation, 
m.p. 131-132', [CY]D~O = -84' (C = 2, methanol). Calc. for C?jH?;OloN: C, 60.0; H ,  5.4. Found: C,  60.3; 
H,-5.5%. 

Regeneration of the base followed by quaternization with methyl iodide in the usual manner afforded the 
D( -)-methiodide (XXXIX),  n1.p. 100-110" (isopropanol), [a]n20 = -8.25 (c = 2, H?O). Calc. for C813 180NI : 
C, 33.5; H,  6.3. Found: C,  33.8; H,  6.1%. 

A 200-mg portion of the methiodide was hydrolyzed in 2 iV hydrochloric acid as described above in the 
case of (XXVII).  The resulting quaternary diol (SXVIII)  had [~]D?O = -0.44". Since the pure D(-) 
quaternary diol had [a]n20 = -1.38" under the same conditions, the optical purity of the D(-)-trafzs- 
~nethiodide ( X S S I S )  obtained by resolution is 32%. 

L(+)- t ra~~s-2-Ale t l zy l -~nze t l t y la~~~. i?zo~l~e t l~y l - l  ,3-dioxolane Jlethiodide (XL) 
The same procedure just described above in the case of ( S S X I S )  was applied throughout except that 

L -d ibenz~~l t a r t a r i c  acid was used. The L-dibenzoyltartrate salt of ( S S S V I I  I) had 1n.p. 131-132", [aID?O = 
85" (c = 2, methanol). Calc. for C Z ~ I - I ? ~ O ~ O N :  C, 60.0; M, 5.4. Found: C, 60.1; H,  5.8%. 

The L(+)-methiodide ( S L )  had 111.p. 100-11O0, [a]n20 = 8.3' (c = 2, 1320). 
The quaternary diol (XSVII I )  obtained by hydrolysis had [ ~ J D ~ O  = 0.44'. The optical purity of the 

L(+)-trans-methiodide (XL) obtained by resolution is therefore 32%. 
\Vith cis-2-methyl-4-dimethylaminomethyl-l,3-dioxolane (cis-S) no crystalline salts with D- or L- 

d iben~o~l t a r t a r i c  acid could be obtained. 

~-i~l~t~yl-5-dimetl~ylanzi~zo~iz~thyE-o.azone (XLI I I )  and Its dlethiodide (XLI  IT) 
After several trial runs, the following procedure proved to  be the most convenient: to a solution of 30 g 

of N-acetyl-2,3-dibrom1o-l-propylamine (IXL) (prepared by bromination of N-ally1 aceta~uide according 
to  the literature) (26) in 130 1111 of dry acetonitrile was added, with stirring, 16 g of dry  and freshly precipi- 
tated silver carbonate. When all the silver carbonate appeared to have been converted to silver bromide 
(about 1/2 to  1 hour), it was quicldy filtered and 100 1111 of a 20% solution of dry climethylainine in benzene 
was added. The mixture was stirred and allowed to  stand overnight. Another portion of 16 g of dry silver 
carboilate was added and the precipitated silver bromide filtered off. The filtrate was evaporated i n  vacr~o 
a t  40" and the residue distilled i n  uacuo; a t  57-58' a t  5 mm, 8.5 g of colorless licluid (SLI I I )  was obtained. 
I t  gave a strong band a t  1675 cnl-I in the infrared. Calc. for C;Hl,ON?: C, 511.15; 13, 9.85. Found: C,  59.30; 
H ,  10.0%. 

The nzetltiodide (SLIV) was obtai~led in high yield by reacting the base with 20% less than the theoretical 
amount of methyl iodide in acetone (a purer product is obtained in this manner). The yield of colorless 
crystals, m.p. 134.5-135", was quantitative (based on methyl iodide). The product can be recrystallized 
from methanol-acetone. Calc. for CsHliON2I: C, 33.8; H ,  5.98. Found: C, 33.7; M, 5.88%. 
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N-Acetyl-N'-dimethyl-1,s-dianzino-2-propanol Methiodide (VL) by Hydrolysis of (XLIV) 
A solution of 100 mg of the quaternary iodide (XLIV) was heated to 100' in distilled water for 60 hours. 

The water was evaporated in vaczro and the residue crystallized from methanol-acetone, m.p. 119-120°, 
unchanged by recrystallization. I t  proved identical with an authentic sample of (VL) synthesized as described 
below. 

I-Phthalimido-3-dimethylamino-2-propano (IIIL) 
A solution of 1-phthalimido-2,3-epoxypropane (40 g) in 250 ml of 20% dimethylamine in benzene was 

heated to 100' for 4 hours. Evaporation of the solvent gave (IIIL) as a viscous oil. Calc. for C13Hle03N1: 
C, 62.8; H ,  6.5; N, 11.29. Found: C, 62.3; H, 6.9; N, 11.01%. 

N- Acetyl- N'-dimethyl-I ,3-diamino-2-propanol Methiodide ( VL) 
The preceding phthalimido derivative (IIIL) was hydrolyzed by heating under reflux with concentrated 

hydrochloric acid for 10 hours. The phthalic acid was filtered from the cooled solution and the filtrate con- 
centrated in vact~o to give the dihydrochloride salt as an uncrystallizable oil. A crystalline dipicrate, n1.p. 
207-209" (isopropanol), was prepared. Calc. for C I ~ H ? O O I ~ N ~ :  C, 35.4; H ,  3.5. Found: C, 35.4; H,  3.5%. 

The N,N-dimethyl-1,3-diamino-2-propanol dihydrochloride (0.04 mole) was converted to the N'-acetyl 
derivative by reaction with an equirnolar amount of acetic anhydride in some water containing 4 g of sodium 
acetate. The reaction mixture stood for 2 hours, was neutralized with sodium hydroxide, and evaporated 
to dryness. The residue was extracted with alcohol-ether and the extract distilled; a t  130' a t  0.01 mm the 
acetyl derivative (IIL) was obtained as a vicous oil which could not be induced to crystallize. Calc. for 
C7HlcO?N?: C, 52.5; H ,  10.1. Found: C, 52.65; H ,  10.1%. 

The methiodide was obtained in the usual manner ancl crystallized from methanol-acetone, m.p. 119-120'. 
No depression of the melting point was observed when it was admixed with a sample secured by hydrolysis 
of (XLIV) as described above. The infrared spectra of the two compounds (Nujol m~111) were superimposable. 
Calc. for C8HI9O2N?I: C, 31.8; H ,  6.3. Found: C, 31.9; 11, 6.0%. 
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NOTES 

PHOTOCONDUCTION OF CRYSTALLINE 9,lO-DIBROMOANTHRACENE AND 
9.10-DICHLOROANTHRACENE 

I t  is well known that the absorption and fluoresce~lce enlissio~l characteristics in organic 
crystals can be derived on a nlolecular basis; i.e. by postulating that crystal interactions 
exert only a stnall perturbing influence on the ~nolecules of the crystal, and that the 
molecules retain their individuality to a large extent in the crystalline lattice. Recently 
several authors have applied a sinlilar treatment to the process of photoconduction in 
organic crystals (1-4). According to these theories the major contribution to the photo- 
current comes from molecules which have undergone radiationless transitions frorn the 
first excited singlet states to the first triplet states (4). 

Craig and Hobbins ( 5 )  have shown that electronic transitions in the crystalline lattice 
depend to a large extent on vibrational interactions and multipole electrostatic inter- 
actions. This fact would lead one to expect that many strong transitions in the free mole- 
cule would be weakened in favor of the low-probability transitions; e.g. singlet-triplet 
transitions. Consequently, by the triplet-state theory, one would expect a higher order 
of photoconductivity in halogenated hydrocarbons than in the parent con~pounds (4). 
Indeed, as the work of Schneider et al. (6) on 9,lO-dichloroanthracene has shown, the 
photocurrent in this compound is several orders of ~nagnitude larger than in the parent 
hydrocarbon, anthracene. However, in a recent paper I<leinerman and McGlynn (7), 
on the basis of their results on the photoconductivity of acridine and phenazine- 
molecules in which the molecular energy levels are Inore suitably disposed for the popula- 
tion of the triplet state-suggest that the population of the triplet state may be detrimental 
to the photoconductio~~ process. 

In order to facilitate the elucidation of the role played by the triplet state in the 
photoconduction process we decided to investigate the photoconductivity of 9,lO- 
dibron~oanthracene, and also the temperature dependence of the photocurrent in 
9,10-dichloroanthrace~le-a dependence not hitherto determined. 

In what follows we give a brief account of our results. Further work is in progress, and 
we hope in the near future to expand upon this note. 

All ineasurements were made on optically clear crystals grown from solution by cooling 
or by recirculating supersaturated solvent over seed crystals. The chemicals were purified 
by primary recrystallization, chronlatography on colun~ns of silica and alumina, and final 
recrystallization. These purifications, and the subsequent growth of crystals, were 
performed in subdued light under nitrogen. Some of the crystals were stored under 
nitrogen, but others were stored under air to see if this had any effect upon the surface 
photocurrent. 

Only direct-current conductances were measured. The electrodes were always mounted 
on the same face of the pris~llatic crystals-a "surface cell" arrangement. Contact was 
made by thin platinum wires attached to the crystals by means of an alcoholic suspension 
of graphite. Except in special cases, all nzeasurements were made i?z vacua or under dry 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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NOTES 1217 

nitrogen. The dependence of the surface photocurrents on applied field was found to be 
linear up to  3000 volt cin-I for all crystals studied of each compound. The variation of 
the photocurrent in 9,lO-dibromoanthracene with light intensity was also linear for the 
wavelengths 3650 A, 4050 A, and 4360 A. The temperature dependence of the photocurrent 
fitted an expression of the form i = io exp (-AEIKT). For crystals stored under nitrogen, 
A E  = 0.14Zt.01 ev. Crystals stored in air showed a discontinuity in a plot of log i 
versus 1/T, yielding two straight lines of different slope. The high-temperature portions 
of these curves yielded A E  = 0.11Zt.01 ev. The low-temperature portions gave A E  
= 0.20~t .01  ev. This behavior is siinilar to that  observed by Northrop and Simpson for 
the dark conductivity of solid solutions of aromatic hydrocarbons (8). 

Crystals grown from solutions containing 0.001 mole of anthraquinone per inole of 
9,lO-dibromoanthracene also showed discontinuous temperature dependences. They 
yielded values for A E  of 0.13Zt.005 and 0.17Zt.01 ev for the high- and low-temperature 
curves respectively. Crystals of 9,lO-dichloroanthracene stored in air showed very little 
dependence upon temperature in the range 273-373" K.  I11 fact soine crystals showed a 
decrease in photocurrent for T > 330". This is in agreement with work done by Bock, 
Ferguson, and Schneider (6). Low-temperature studies on these crystals gave exponential 
temperature dependences with A E  = 0.16Zt.01 ev. A discontinuity occurred a t  approxi- 
mately 200" K ,  and the low-temperature straight line gave A E  = 0.23Zt.01 ev. Replace- 
ment of the nitrogen atmosphere above the crystals by oxygen resulted in an increase 
in the photocurrent in both 9,lO-dichloro- and 9,lO-dibromo-anthracene. The  dependence 
of the photocurrent upon the partial pressure of ambient oxygen was found to concur 
with a Langmuir isotherm for a inonomolecular adsorbed layer, as  found by Bree and 
Lyons for anthracene (9). The  effect of oxygen was reversible and could be removed by 
pumping. Ammonia gas was found to decrease the photocurrent in both compounds. 
Evidence for space charges in both coinpounds was found, indicating the presence of 
trapping centers in the crystals. The level of photoconductivity in the chloro compound 
was several orders of magnitude higher than that in the bromo compound under similar 
conditions. 

These results show that 9,lO-dichloroanthracene and 9,lO-dibroinoanthracene are 
easily oxidized on exposure to air, and that the oxidation products affect their surface 
photoconductivities. The  reversibility with respect to adsorbed gases shows that the 
gases also affect the photocurrent through electrical double-layer formation. By analogy 
with the results of Northrop and Simpson (8) we quote photoconductivity activation 
energies of 0.14Zt.01 and 0.16Zt.01 ev for 9,lO-dibroinoanthracene and 9,lO-dichloro- 
anthracene respectively, and impurity activation energies of 0.19Zt.015 ev and 0.23 
&.01 ev. We quote 0.14Zt.01 ev for the activation energy of 9,lO-dibromoanthracene, 
since this value was obtained froin measurements on pure crystals which were stored 
in an atmosphere of dry nitrogen and showed no discontinuity in the temperature 
dependence over a range of 180 centigrade degrees. The earlier-mentioned value of 
0.11 ev for the activation energy, obtained from ineasureinents on crystals which were 
stored in air and hence were subject to surface oxidation of unknown extent, is signifi- 
cantly different from 0.14 ev, a difference of 0.03 ev, which is three times the estimated 
experimental precision of 0.01 ev. We are tempted to  attribute this discrepancy to the 
unltnown extent of surface oxidation and also to the unltnown nature of the impurity 
resulting from oxidation. We are especially tempted to  do so since the activation energies 
of crystals grown froin pure compound, but doped with anthraquinone, the illost liltely 
oxidation product of 9,lO-dibromoanthracene, yielded values of 0.13Zt.01 ev, which are 
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in agreement, within the experimental error, with the activation energy of pure 9,10- 
dibromoanthracene. Moreover, since the low-temperature straight-line plot of log i vs. 
1 /T  for anthraquinone-doped crystals of 9,lO-dibromoanthracene yielded an activatioil 
energy of 0.17 ev, and since the corresponding low-temperature lines for air-stored crystals 
of 9,lO-dibromoanthracene and of 9,lO-dichloroanthracene gave values of 0.19 ev and 
0.23 ev respectively, we suggest that the impurity activatioil (8) is probably chiefly due 
to the presence of anthraquinone-the main impurity in these crystals. This suggestion, 
as to the nature of the inail1 impurity, is in general agreemeilt with the observation of 
other authors (10, 11). The relative orders of magnitude of the photocurrents are not 
what one would expect on the basis of the triplet-state theory. Further measurements on 
the dark conductivities are being made to coilfirm this statement. The effect of gases on 
the surface photocurrent shows the majority charge carriers to be positive holes. 
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CRYSTALLOGRAPHIC DATA FOR DI(PHENYLETHYNYL) MERCURY, POTASSIUM 
2,4,6,2',4',6'-HEXANITRODIPHENYLAMIDE, AND dl-(1.-ALANINE HYDROCHLORIDE 

Preliininary X-ray examinations of three (unrelated) cornpounds have been carried 
out, but, for various reasons, detailed structural analyses are not proposed. The crystal- 
lographic data, which might be useful, are outlirled in this note. 

DI(PHEXYLETHYNY1,) MERCURY 

Crystals of (Ph.C=C)ZHg are small, colorless, diamond-shaped plates, with (100) 
developed and snlaller (011) forms and occasionally (001) faces. The density was 
nleasured by flotation in aqueous silver nitrate, but as the crystals appeared to decom- 
pose fairly rapidly in this solution the value is only approximate. The unit cell dimeilsions 
and space group were determined from various rotation, oscillation, Weissenberg (Cu K,), 
and precession (Mo I<,) photographs. 
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0.23 ev respectively, we suggest that the impurity activatioil (8) is probably chiefly due 
to the presence of anthraquinone-the main impurity in these crystals. This suggestion, 
as to the nature of the inail1 impurity, is in general agreemeilt with the observation of 
other authors (10, 11). The relative orders of magnitude of the photocurrents are not 
what one would expect on the basis of the triplet-state theory. Further measurements on 
the dark conductivities are being made to coilfirm this statement. The effect of gases on 
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Preliininary X-ray examinations of three (unrelated) cornpounds have been carried 
out, but, for various reasons, detailed structural analyses are not proposed. The crystal- 
lographic data, which might be useful, are outlirled in this note. 

DI(PHEXYLETHYNY1,) MERCURY 

Crystals of (Ph.C=C)ZHg are small, colorless, diamond-shaped plates, with (100) 
developed and snlaller (011) forms and occasionally (001) faces. The density was 
nleasured by flotation in aqueous silver nitrate, but as the crystals appeared to decom- 
pose fairly rapidly in this solution the value is only approximate. The unit cell dimeilsions 
and space group were determined from various rotation, oscillation, Weissenberg (Cu K,), 
and precession (Mo I<,) photographs. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 1219 

Crystal Data 
Di(phenylethyny1) mercury, C I G H I O H ~ :  molecular weight = 402.9; melting point 

= 125'. 
Monoclinic; a = 32.3A0.1, b = 17.90A0.05, c = 19.63A0.05 A; P = 1 1 0 . 8 ~ 0 . 5 ~ .  
Volume of the unit cell = 10612 A3. 

Density: calculated (with Z = 32), 2.0, measured, -2 g ~ m - ~ .  
Absorption coefficients for X rays: X = 1.542 A, p = 114 cm-I; X = 0.7107 A, p 

= 66 cm-l. 
Total number of electrons per unit cell = F(000) = 5952. 
Absent spectra: h01 when 1 is odd, OkO when k is odd; space group is P2Jc. 
In addition to the systematically absent reflections, all reflections with (hfk)  odd are 

either absent or very wealr, indicating a C-centered arrangement of Hg atoms. However, 
the long crystal axes and large number of molecules in the cell make the structure too 
complex for detailed analysis. The presence of 32 inolecules in a cell requiring only four 
asymmetric crystal units suggested that the inolecule inight be an  octamer, but measure- 
ment of the nlolecular weight in camphor by the Rast method gave a value of 373, 
corresponding to a monomer. The forces holding the eight units together in the crystal 
are probably then only of the van der Waals type. 

POTASSIUM HEXANITRODIPHENYLAMIDE 

The structure of the potassium salt of 2,4,6,2',4',6'-he~anitrodiphen~lamine was 
investigated because of an interest in the structure of the anion. I t  was hoped that some 
useful infornlation about its symmetry might be obtained from the space group and the 
nuinber of n~olecules in the cell. The density was measured by displacement of carbon 
tetrachloride, and the cell dimensions and space group were determined from precession 
filnls (Mo Ice). 

Crystal Data 
Potassiuin 2,4,6,2',4',6'-hexai1itrodiphe11ylai11ide, C1?H4N7O12K : 11101. wt. = 477.3. 
Monoclinic; a = 12.20&0.03, b = 13.01A0.03, c = 10.97A0.03 A ;  = 94 .4~0 .2" .  
Volume of the unit cell = 1736 A3. 
D ,,,, (Z = 4) = 1.815, D ,,,,, = 1.81 g crnp3. 
Absorption coefficient for X rays: X = 0.7107 A, p = 4.1 cm-l. 
Total number of electrons per unit cell = F(000) = 960. 
Absent spectra: (h01) when (hf l )  is odd, OkO when k is odd; space group is P21/7z. 
No inforinatioil regarding the synlinetry of the anion can be deduced from the crystal 

data, three-diinensional methods would be required to determine the structure, and the 
potassiunl ion is not heavy enough to apply the heavy-atom method (for the light atoms 
C f: = 1562; for I<+, f3 = 334). Detailed analysis is therefore not being carried out. 

dl-a-ALANINE HYDROCI-ILORIDE 

Crystals of dl-a-alanine ethyl ester hydrochloride were examined to assist in the 
interpretation of the e.s.r. spectra of irradiated crystals. Specinlens suitable for recording 
e.s.r. (and X-ray) data were obtained from Eastman Icodak CP grade by slow recrystal- 
lization from water. These crystals were thiclr plates elongated along the c-axis with 
(100) developed and smaller (001) faces. The density was nleasured by flotation in a 
benzene-CCld mixture, and the crystal data determined from precession films (Mo Ica). 

I t  was immediately apparent that an integral number of n~olecules of dl-alanine ethyl 
ester hydrochloride (molecular weight = 154) could not be accommodated in the unit 
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cell, so that the crystals under exainination must be some other compound. Assumption 
of four illolecules in the cell corresponded to a inolecular weight of 125 (dl-alanine ethyl 
ester has molecular weight 117, and dl-alanine hydrochloride 126). Analysis of the 
original specimen indicated that it was the ethyl ester hydrochloride. (Found: C, 39.04; 
H, 7.84; N, 9.20%. Calc. for CsH1202NCl: C, 39.09; H ,  7.87; N,  9.12%.) The recrystal- 
lized material, however, gave a different result (together with a positive test for chloride), 
which indicated that it nlust be dl-alanine hydrochloride. (Found: C, 29.78; H ,  6.82; 
N, 11.03%. Calc. for C ~ H B O ~ N C ~ :  C, 28.70; 1-1, 6.42; N, 11.16%.) Either, then, the ester 
has beell hydrolyzed during crystallizatioil (an unlikely occurrence) or, illore probably, 
the original material contains a sillall quantity of dl-alanine hydrochloride as an impurity, 
which has crystallized preferentially. The C and H analyses suggest that the crystals 
contain a sillall amount of the ethyl ester hydrochloride. (Calc. for 0.93C3H802NC1: 
0.07C&I1202NC1: C, 29.57; H, 6.54; N, 10.98y0.) 

Crystal Data 
dl-a-Alanine hydrochloride, C ~ H B N O ~ C ~  (slightly impure-probably contains about 

7% ethyl ester): mol. wt. = 125.6. 
Monoclinic; a = 9.20k0.02, b = 9.04k0.02, c = 7.31k0.02 A ;  /3 = 95" 2l1k5/ .  
Volume of the unit cell = 605.3 A3. 
D ,,,, (2 = 4) = 1.37, D ,,,, = 1.36 g cinP3. 
Absorption coefficient for X rays: X = 0.7107 A, p = 5.4 cm-l. 
F(000) = 264. 
Absent spectra: A01 when 1 is odd, OkO when k is odd; space group is PZ1/c. 

No further work on these crystals is proposed. 

The author thanks the National Research Council for financial support, and Dr. W. 
McCrae, Dr. R. Stewart, Professor C. A. McDowell, and Dr. W. C. Lin for crystal 
samples. 

THE EFFECT OF PRESSURE ON THE SPONTANEOUS HYDROLYSIS OF ACETYL PHOSPHATE 
MONO-ANION AND DI-ANION AND OF ACETYL PHENYL PHOSPHATE MONO-ANION' 

The spontaneous hydrolysis of acetyl phosphate mono-anion and di-anion and of 
acetyl pheilyl phosphate has been studied in a number of ways in order to determine the - - - -  - 

mechanisnls (1). The effect of pressure on the rates of reactions in solution has been used 

'Issued as co~ttribution No. 146 front tlze Graduate Department of Bioclzenzistry, Bra~zdeis University, 
T.I.'altham 54, ~VIassacktuetts, and as N.R.C. No. 6804 front tlze lVational Research Council, Ottawa, Canada. 
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Training Grant CRT-5033) and the National Science Foundation. 

Graduate Department of Biochemistry, Brandeis University, WaltAam 5 4 ,  illassacltzisetts. 
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cell, so that the crystals under exainination must be some other compound. Assumption 
of four illolecules in the cell corresponded to a inolecular weight of 125 (dl-alanine ethyl 
ester has molecular weight 117, and dl-alanine hydrochloride 126). Analysis of the 
original specimen indicated that it was the ethyl ester hydrochloride. (Found: C, 39.04; 
H, 7.84; N, 9.20%. Calc. for CsH1202NCl: C, 39.09; H ,  7.87; N,  9.12%.) The recrystal- 
lized material, however, gave a different result (together with a positive test for chloride), 
which indicated that it nlust be dl-alanine hydrochloride. (Found: C, 29.78; H ,  6.82; 
N, 11.03%. Calc. for C ~ H B O ~ N C ~ :  C, 28.70; 1-1, 6.42; N, 11.16%.) Either, then, the ester 
has beell hydrolyzed during crystallizatioil (an unlikely occurrence) or, illore probably, 
the original material contains a sillall quantity of dl-alanine hydrochloride as an impurity, 
which has crystallized preferentially. The C and H analyses suggest that the crystals 
contain a sillall amount of the ethyl ester hydrochloride. (Calc. for 0.93C3H802NC1: 
0.07C&I1202NC1: C, 29.57; H, 6.54; N, 10.98y0.) 

Crystal Data 
dl-a-Alanine hydrochloride, C ~ H B N O ~ C ~  (slightly impure-probably contains about 

7% ethyl ester): mol. wt. = 125.6. 
Monoclinic; a = 9.20k0.02, b = 9.04k0.02, c = 7.31k0.02 A ;  /3 = 95" 2l1k5/ .  
Volume of the unit cell = 605.3 A3. 
D ,,,, (2 = 4) = 1.37, D ,,,, = 1.36 g cinP3. 
Absorption coefficient for X rays: X = 0.7107 A, p = 5.4 cm-l. 
F(000) = 264. 
Absent spectra: A01 when 1 is odd, OkO when k is odd; space group is PZ1/c. 

No further work on these crystals is proposed. 

The author thanks the National Research Council for financial support, and Dr. W. 
McCrae, Dr. R. Stewart, Professor C. A. McDowell, and Dr. W. C. Lin for crystal 
samples. 

THE EFFECT OF PRESSURE ON THE SPONTANEOUS HYDROLYSIS OF ACETYL PHOSPHATE 
MONO-ANION AND DI-ANION AND OF ACETYL PHENYL PHOSPHATE MONO-ANION' 

The spontaneous hydrolysis of acetyl phosphate mono-anion and di-anion and of 
acetyl pheilyl phosphate has been studied in a number of ways in order to determine the - - - -  - 

mechanisnls (1). The effect of pressure on the rates of reactions in solution has been used 
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TABLE I 

Spontaneous hydrolysis of acetyl phosphate mono-anion and di-anion 
and of acetyl phenyl phosphate 

Substrate Temperature/"C plkilobar 103k/min-I 

Acetyl phosphate 39.0 0 4.20,4.39 
di-anion*t 0 . 5  4.19,4.15 

1 . O  4.32,4.26 
2 .0  4.41,4.47 
2 . 5  4.59,4.35 

Acetyl phosphate 39.0 0 l5.3,15.0 
mono-aniont1 0 . 5  15.5, 15.0 

1.0 15.9,16.5 
2 .0  15.6,lG.O 
2 .5  15.9, 15.6 

Acetyl phenyl 60.0 0 1.00,l.Ol 
phosphate 0.5 1.33,1.19 
mono-anionts 1 . O  1.87 

2 .0  3.82,3.71 
2 . 5  5.43,5.30 

*Potassium phosphate buffer, 0.1 M, pH 6.7 at 1 atm. 
tIor~ic strength brought t o  0.6 with KCI. 
$Potassium formate buffer. 0.2 iM, pH 2.9 at 1 atm. 
$Potassium phenyl phosphate buffer, 0.1 iM, pH 4.8 at 1 atm. Cor~trol experiments showed no 

hydrolysis of the buffer under the experimer~tal conditions employed. 

The spontaneous hydrolyses of acetyl phosphate mono-anion and di-anion occur with 
P-0 bond cleavage (4, 5 ) .  The volumes of activation are -O.G&-1.0 cm3 mole-I for 
the mono-anion and - 1.Of-1.0 CII? mole-I for the di-anion. If the mechanis~ns involved 
the attack of water on the phosphorus atom, then the volumes of activation should be 
considerably more negative because volume would be lost due to the for~nation of a 
partial valence bond and to a possible increased polarity. If the mechanism involved a 
reaction of hydroxide ion with the conjugate acid of the phosphate ion then, from argu- 
~nents similar to those developed below for acetyl phenyl phosphate mono-anion, a large 
negative volume of activation would also be expected. For the di-anion, therefore, the 
mechanism is probably a uni~nolecular decornpositio~l to give nletaphosphate ion ( I ) :  

slow H 2 0  

CI-13COtP03'- CH,CO?- + POs- - H2POt-, 
fast 

as is suggested (6-8) for the hydrolysis of phosphate monoester mono-anions. For the 
mono-anion, both a similar mechanism, 

slow H 2 0  

CM3CO?P03H- CH3CO2- + IiPO, -+ IH?P04- + H i ,  [2 1 
fast 

and one in which a proton has been transferred to the leaving acetate group and the 
transitioll state is close to acetic acid and metaphosphate ion are consistent with the 
volu~lle of activation. 

The hydrolysis of acetyl phenyl phosphate mono-anion in 90% aqueous rnetha~lol 
occurs with C-0 bond cleavage ( I )  and we shall assume that this also occurs in aqueous 
solution. The rate is decreased 2.5-fold in deuterium oxide solution (I)  and the entropy 
and volu~ne of activation are, respectively, -28.8 cal deg-I mole-1 ( I )  and -19 cm3 
mole-'. The volu~ne of activation does not allow us to distinguish between the possible 
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mechanisms, as the following considerations show. A unimolecular decomposition to  give 
acylium ion: 

is consistent with the volume and entropy of activation, because the polarity is greatly 
increased in the trailsition state. However, the relatively large effect of solvent deuterium 
oxide, which seems to require that a t  least one 0-H (0-D in deuterium oxide) bond 
be strongly modified in the transition state, and the great stability of beilzoyl phenyl 
phosphate (9) are difficult to explain by this mechanism. A biinolecular reaction involving 
solvent could proceed through transition states I ,  11,111, or IV, which differ in the position 

0 0- 
6- II s+  I 
HO ... C... OH -P-OCsHs 

I 
CHa 

I1 
0 

of a proton. Each has, of course, resonating forms. The structures inight be further 
modified if the incoming group adds rather than substitutes, as  has been suggested (10) 
for some carboxyl reactions, and if several water molecules are incorporated into the 
transition state to aid in proton transfer (1, 11). All of these mechanisms appear to be 
consistent with the volume of activation and other (1) data. I t  is interesting to compare 
the experimental data with calculated values for a special case of mechnnis~n IV, according 
to reactions [4] and [5] : 

fast 
CH~COOPO~CGFI,- + Hz0 W C H ~ C O O P O ~ H C ~ F I S  + OH- [4 I 

slow 
CIH3COOPOaHCsHa + OH- - CH3COOH + CGHJ'O~H-. 

I t  seeins liliely that  the volume and entropy change and the deuterium isotope effect of 
reaction [4] will be similar to those for the reaction 

132POa- + Hz0 = H3POa + OH-, [El 

and those for reaction [5] will be similar to those for the alkaline hydrolysis of esters, in 
which a hydroxide ion also attacks an acetate group: 

CHaCOOR + OH- --t CIH3COOH + OR-. [71 

The ther~nodynamic paranleters for reaction [GI can be obtained fro111 those for the 
reactions 

and 

N?O e H+ + OH-. 
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T h e  data a r e  g iven  in T a b l e  11. They a r e  m o s t l y  for t e m p e r a t u r e s  n e a r  25' C b u t  t h i s  
should  not affect  t h e  conclusions in  a n y  important w a y .  I t  i s  c lea r  that t h e  v o l u m e  and 
e n t r o p y  of ac t iva t ion  a n d  t h e  d e u t e r i u m  isotope effect a r e  q u a n t i t a t i v e l y  consis tei l t  w i t h  
t h e  mechanism given i n  reac t ions  [4] a n d  [5 ] .  

TABLE I 1  
- 

Reactiori No. A V/cm3 mole-I AS/cal dea-' mole-' KHIKD or k ~ / k n  

8 equil. 
9 equil. 

G equil. 
7 rate 

-- .- 

4 and 5 rate, - 17 - 30 
expected value ] 

Exptl. value - 19&-2 (this work) -28.8 (1) 

NOTE: KB/KD and ka /k~  are the ratio of equilibrium and rate constants in HpO and Ds0. 
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NOTES 1225 

conjugation with the benzene ring and reduce the intensity of absorption without 
significantly changing the wavelength. Very few data exist in the literature concerning 
the absorption of substituted styrenes (2, 6-8) and accordingly a number of ortho and 
para methoxy- and halogeno-substituted styrenes have been prepared and their ultra- 
violet spectra recorded. 

Apart from the main maximum a t  250-275 mp, other weaker bands were also found 
in some cases a t  higher wavelength (styrene 282 (GO), 290 (30); o-methoxystyrene 320 
(1440); o-chlorostyrene 295 (840)) and such bands, although often of higher intensity, 
have been previously reported (2-4, 6-8). I t  seems unlikely that a simple chromophore 
like styrene would have other maxima above 280 mp of high intensity, although weak 
B bands can be expected, and part of this extra absorptio~l may be due to polymerized 
material in solution. 

A p-methoxy group produced a large displacement (+26 mp) in the 250 n ~ p  maximum 
and the para halogeno atoms caused smaller displacements of about the same order 
(10 mp). These shifts are consistent with the electronic effects of these substituents ( 5 ) .  
The corresponding ortho isomers all showed sillaller displacements than the para com- 
pounds and the intensities were considerably reduced. Such effects are typically steric 
in origin (1, 5). Since the styrenes polynlerize in solution, the recorded intensity values 
cannot be considered reliable. I-Iowever, the ratios of intensities of the para to ortho 
isomers were Me0  - C1 > Br, the order expected on the basis of the steric interference 
of these groups. 

EXPERIMENTAL 

Styre?les 
The substituted styrenes were prepared from the corresponding substituted benzaldehydes by reaction 

with methyl nlagnesiurn iodide in ether and dehydration of the so-formed phenylcarbinol by distillation 
with potassiunl bisulphate (9). The styrenes formed by the decarboxylation of the cinnamic acids (10) were 
less pure and readily polymerized. The styrenes were all redistilled by short-path distillation a t  5 mm 
with a bath temperature of 100-120". Their refractive indices are given in Table I. 

TABLE I* 

am* n~~~ 

Styrene 249 (15,500) 1.5458 
p-Methyl 251.5 (9,000)t - 

o-Methyl 245 (12,G00)$ - 

24G 12.30018 - 

*A in mp; molar extinction coefficients in parenthesis; data deter- 
mined in 95% ethariol. 

tRef.  6 in water. 
tRef. 2. 
$ ~ e f .  7. 
IIRef. 8. 
l[From ethanol. 

0-hlethoxytenzaldehyde was prepared by methylation of salicylaldehyde (11) and luany of the halogeno- 
be~lzaldeh~des by Etard oxidation of the corresponding toluenes (12). 

Spectra 
The ultraviolet spectra were determined on freshly distilled or recrystallized samples using 95% ethanol. 

A Beckman D.Ii.2 spectrophotorneter was employed under nornlal operating conditions. 
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SPECTROPHOTOMETRIC OBSERVATIONS ON THE CLEAVAGE OF vic-DIOLS 
BY LEAD TETRAACETATE1 

Oxidative cleavage of vic-diols and related groups by lead tetraacetate (1) is generally 
detected and estimated by iodometric titration. An alternative, and in some ways advan- 
tageous, means for examining such reactions is offered by the fact that  tetravalent lead 
may be estinlated spectrophotometrically (2). Measurements are made a t  280-300 ~ n p ,  
a region in which absorption by Pb (IV) is not maxiinal (2) (see also Fig. 1, curve A) 
but in which there is no interference fro111 acetic acid (a reaction product and also the 

  no st conlnlon solvent) nor from divalent lead. 
With the spectrophotometric method lead tetraacetate oxidations can be carried out 

a t  higher dilution (ca. lo-" 144) than formerly. One advantage gained in this way is that  
reaction rates for very fast glycols (such as those in which the dihedral angle of the 
carbon-oxygen bonds approsinlates 0 degree (3,4)) are slowed sufficiently3 for satisfactory 
measurement, particularly with a recording spectrophotometer. To  illustrate, the rate 
of cleavage of the 2,3-cis diol of methyl a- or p-D-erythrofuranoside mas found earlier 
(5) to be virtually instantaneous even a t  O0 C, so that comparative data were not avail- 
able. However, the rate for each conlpound a t  high dilution has now been estimated 
readily, and a substantial ano~neric difference detected. As with the very nlucll slower 
methyl D-threofuranosides ( 5 ) ,  the 1,2-cis-alkoxy-hydroxy anorner (a-D-erythroside) was 
found to be inore reactive than the 1 ,%trans anomer, the ratio of their second-order rate 
constants being 3.5 to 1. 

'Issued as N.R. C. No. 6891. 
2National Research Cozrncil of Canada Postdoctorate Fellow, 1960-61. 
3T1ze retarding effect of high dilzltiolz 011 t l ~ e  o.vidation rate of ~elatively slow glycols (e.g., tlrose of 6-liieii~bered 

rifzg or acyclic C O I I Z ~ O Z L ~ Z ~ S )  i s  ver31 marked. fIe'lence, ill z~sifrg the spectroplzoto~izetric ~izelhod as a ~izicroproced~~re 
for esanzitzznr colizbo~~nds o f  tlzis tvbe i t  tilay be desirable to accelerate tlze osidatzon with botassiuliz acetate -. 
.(6, 7; see eaperili~ehtal sectidtz). 
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NOTES 

MILLIMICRONS 

FIG. 1. Absorption spectrum at 1, 30, and 60 minutes' reaction time for a reaction mixture containing 
lead tetraacetate (84 pg/ml) and D-glucosamine hydrochloride (11 pg/ml) in acetic acid, using a solution 
of lead tetraacetate (84 pg/ml) in  acetic acid as the reference liquid. The broken-line plots represent the 
absorption curve for (A) lead tetraacetate (84 pg/ml) and (B) D-glucosamine hydrochloride (11 pg/ml) 
in acetic acid, using acetic acid as the reference liquid. 

Another possibility offered by the use of highly dilute solutions is that  of examining 
the oxidation of co i~~pou i~ds  that  are insufficiently soluble under the usual conditions. 
The behavior of amino sugars, for example, could not be compared directly with that of 
the 2-hydroxy analogues in earlier studies (8) because of poor solubility (of the crystalline 
amine hydrochlorides) in acetic acid. Some 2-amino-2-deoxy-~-aldo11exoses (the D-gluco, 
D-galacto, and D-manno isomers), which have now been exalllilled a t  high dilution, 
show the unusual property of promoting a marlced increase in optical density a t  the 
outset of the reactions4 (Fig. I).  This effect was not found with N-acetyl ~ - g l ~ ~ ~ S a l l l i n e  
nor with a wide variety of 1,2-dihydroxy compounds, and hence undoubtedly involves 
conlplexing betureen Pb (IV) and the amino group. Although all three aniinohexoses 
show this effect, i t  appears to  be steric dependent since it has not been observed with a n  
acyclic a-amino alcohol (serine), nor with methyl 3-ainino-3-deoxy-~-~-xplop)i~ai10~ide, 
the 1,2,3-hydroxy-amino-hydroxy grouping of which should be fixed more rigidly than 
that  of the aminohexoses. The present data do not show clearly that  the complex is of the 
5-membered cyclic type postulated by Criegee (3, 9), but an initial increase in optical 
density (at 220 mp) detected during periodate oxidation of soine 1,2-diols is consistent 
with the formation of such an intermediate 

The aminohexoses, lilce the 2-hydroxy analogues ( l l ) ,  are only partially oxidized by 
lead tetraacetate and show pronounced isomeric differences, bu t  the 1,2-amino hemiacetal 
group is cleaved much less readily than is the 1,2-hydroxy heiniacetal group.4 - - 

The spectropl~otometric procedure should also facilitate the structural examination of 
oligosaccharides and partially substituted sugars, particularly when only sinall quantities 

Tlzus, at I ,  30, 120, and 360 ?ninutes, iespectiuely, the apparent lead tetraacetate zlptake (n~oles/nzole) 7uas: 
D-glzicosanline, -0.46, -0.17, 1.02, 2.57; D-galactosa?nine, -0.23, 0.78, 1.10, 1.30; ~-71la?z?zosan7ine, -0 22, 
1.25, 2.19, 2.72. The actual uptake of oxidant by D-glzccosanzine in  SO tni~zzltes was abozit 0.3 nzole/mole, as 
estimated by zodometrzc nttcrotitration of large uolz(nzes of the reactio?~ s~ixtzlre, nohereas i n  half this reaction 
period D-glucose reduced 2.0 ~ ~ z o l e s  of lead tetraacetate/mole. 

6B. Coxon and L. IIozcgh (private comnzunication) have recently detected cornfiler-formation between periodate 
a r ~ d  nlethyl S-amzno-/t,6-O-be~zzylzdene-S-deoxy-u-~-altropyranoside. 
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of such con~pounds are available. This possibility has been checked for several oxidations 
carried out earlier under both potassium-acetate-catalyzed and uncatalyzed conditions 
(12, 13). The characteristics of the uncatalyzed oxidation, i.e., those dealing primarily 
with the degradation of reducing end-units (13), remain essentially the same a t  high 
dilution. However, the rate of reaction is retarded nluch inore by the concentration 
change when the linkage is a t  position 4 than when a t  6 or 3, which is of particular value 
in differentiating between the first two types. (Since 2-substituted aldoses are very 
unreactive, (1 4 2)- and ( I  4)-linked oligosaccharides inay be differentiated by 
oxidation a t  higher concentrations (13).) Also, these differences indicate some possibilities 
for effecting selective oxidatioil in mixtures of oligosaccharides, perhaps facilitating 
chroinatographic separations; e.g., with three admixed oligosaccharides, the reducing end- 
units of which are substituted a t  positions 4, 3,  and 6, respectively, the latter two should 
be oxidized preferentially a t  high dilution (yielding a 2-substituted pentose and a 
3-substituted tetrose derivative, respectively (13)). 

EXPERIMENTAL 

Spectrophotometric measurements were made with a Beckman Model DU type instrument or with a 
Spectracord recording spectrophotorneter. 

All chemicals used were of reagent grade. 

Estimatio~z of Lead Tetraacetate 
A stock solution (about 10%) of lead tetraacetate in acetic acid was prepared, the concentration of oxidant 

measured iodometrically (I), and appropriate dilutions were then made for the spectrophotometric studies. 
The absorption curve for lead tetraacetate in acetic acid over the range 250-320 mp (using acetic acid 

as the reference liquid) exhibits a shoulder in the region of 280 mp (Fig. 1, curve A). At this wavelength 
the relation between optical density and lead tetraacetate concentration was linear and was plotted to serve 
as a standard curve. There was no indication during the present study that prolonged irradiation exerts an 
adverse effect on the reaction mixtures, such as  is found with periodate oxidation (10, 14). However, in 
using potassium acetate for catalyzed oxidations, solutions containing more than 5 mg of the salt per milli- 
liter were found to be too unstable for reactions requiring more than 30 minutes. 

Lead Tetraacetate Oxidations 
The following experiments illustrate the various oxidation conditions used: 
(1) A solution of methyl a- or p-D-erythrofuranoside (64 pg) in acetic acid (2 ml) was syringed6 into a 

solution of lead tetraacetate (240 pg) in acetic acid (2 ml), and the content of oxidant was measured con- 
tinuously. Duplicate experiments showed only small variations. The calculated second-order rate constants 
(min-I mole-' liter) were as follows: 

Time (min) 0.35 0.40 0.50 0.60 0.70 
kZ7 ( X a-D-isomer 41 . 6  38.8 36.3 36.4 37.6 
k27(X10-3)p-~- i s~mer  10.8 11.9 11.0 11.3 11.3 

(2) To a solution of lead tetraacetate (392 pg) in acetic acid (2 ml) was added a solution of 1,2:5,6-di-0- 
isopropylidene-D-mannitol (153 pg) in acetic acid (2 1111). The uptake of oxidant (moles/mole hr) was: 
0.49 (I); 0.77 (2) ; 0.91 (3); 0.97 (4). 

When the reaction was repeated in the presence of potassium acetate (5 mg/ml) the uptake of lead 
tetraacetate (moles/mole min) was: 0.59 (5); 0.79 (10); 0.96 (20); 0.98 (30); 1.03 (90). 

(3) A solution of lactose (1.0 mg) in 90% acetic acid (0.2 ml) was added to a solution of lead tetraacetate 
(20 mg) and potassiu~n acetate (10 mg) in 90% acetic acid (1.0 ml) (12). Portions (0.15 ml) of the reaction 
mixture were diluted, each to 25 ml, with acetic acid, and the lead tetraacetate content measured. The uptake 
of oxidant (moles/mole min) was: 4.07 (10); 4.74 (30); 4.91 (60); 5.08 (120). 

(4) A solution of a given oligosaccharide (75-100 pg) in water (0.05 ml) was diluted with acetic acid (2 ml) 
and added to a solution of lead tetraacetate (400 pg) in acetic acid (2 ml). The uptake of oxidant (moles/mole) 
observed for the representative compounds listed below was: 

6 A n  all-glass syringe i s  recontmended; spzrriozrs absorption, possibly b y  metal ions, was observed ulhett a 
stainless steel t i p  was used repeatedly. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

Time (min) 5 10 30 60 
6-O-ol-D-mann0pyran0Syl-D-gl~~0~e 1.27 1.62 1 .91 1 .93  
4-0-8-D-glucopyranosyl-D-glucose - - 0 0 .10  
3-O-,!3-~-cellobiosyl-~-gl~1cose 0 .84  0 .98 1 .04 - 
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EFFECT OF NUCLEAR SPIN ON 'THE EMISSION OF THE FORBIDDEN LINE 
Hg 63Po-61So 

I11 a previous paper (1) we described a study of the forination and consumption of 
Hg G3Po atoms in nlixtures of mercury vapor and nitrogen illunlinated with 2537 A. For 
a mercury pressure of 7.7X1OP4 mm and nitrogen pressures in the range 0-140 mm we 
proposed the following mechanism: 

Hg + hv* = Hg* 

Hg* = Hg + hv* 

Hg* + N2 = Hg + N? 

Ilg* + N?. = HgO + N? 

HgO = Hg (on wall) 

HgO = H g  + hro 

HgO + N ?  = Ilg + N2 

HgO + NP = Hg* + N2 

HgO + N? = Hg + N2 + hvO, 

'Present  address: Departvze?zt of CIzenzical Engineer ing,  I w ~ p e r i a l  College, U?~ioers i ty  of Lowdon, LOIZ~OTZ,  
Eng land .  
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Hg G3Po atoms in nlixtures of mercury vapor and nitrogen illunlinated with 2537 A. For 
a mercury pressure of 7.7X1OP4 mm and nitrogen pressures in the range 0-140 mm we 
proposed the following mechanism: 
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in which Hg represents GISo,  Hg* represents G3P1, and HgO represents G3Po atoms. This 
mechanism was based 011 a kinetic analysis of the effect of nitrogen pressure on the 
absorption of 4047 (73S1-63P~) and 011 the intensity of the emission of the forbidden 
line 2656 A (G3Po-@SO). The lifetime, T, of the G 3 P o  atom with respect to radiation (the 
reciprocal of kc) was found to be 4.2 X sec. 

The questioll naturally arose as  to whether or not the spontaneous emission of the 
forbidden line was confined to the mercury isotopes having nuclear spin (odd atomic 
weight), as has been suggested by Mrozowslti ( 2 ,3 ,4 )  and Bowen (5). There are a number 
of experinlelltal lnethods of verifying this. In  the present co~n~nunication we report the 
results of one of these methods. 

Assuming that  T,,,, >> Toddl the steady-state collcentration of H~:~,,, should be greater 
than tha t  calculated from the natural isotope ratio when a nlixture of nitrogen and 
natural mercury is illuminated by 2537 A originating from a "natural" low-pressure 
lllercury arc. Thus, the apparent value of T should be greater than we found previously 
( I )  if the analysis beam of 4047 A contained only the hyperfine conlponent fro111 an 
isotope of even atomic weight. 

The experimental method was similar to that  used previously except that  the 4047-A 
beam was not derived from one of the primary lamps, but  from a separate lamp containing 
ollly the isotope of ato~nic weight 198. The lamp consisted of a quartz tube 20 cm long 
and 7 mm in O.D. containing Hglq8 and approximately 5 inrn pressure of a argon - 5y0 
xenon mixture. I t  was operated by 2450-Mc microwave radiation from a 125-watt 
generator. 

The te~nperature of the lanlp was maintained within f 0.1" C by a water-cooled quartz 
jacket. Under fixed conditions in the reaction cell, the absorption of 4047 A fro111 this 
lamp was studied as a function of its temperature. The absorption remained constant a t  
approximately 30% over the range 17 to 21" C, but  rose to about 40% when the tempera- 
ture of the lamp was raised to 27" C. For the measurerneilts described below the lamp was 
operated a t  340' C, a t  which temperature there was apparently insufficieilt pressure 
broadelling in the lalnp to cause any absorption by Hgo atoms of odd atomic weight in 
the reaction cell. The hyperfine structure of the 4047-,A line has been discussed by Schuler 
and Iceyston (6) and by Burns and Adams (7). 

T o  nlinilnize pressure broadening of the absorption line in the reaction cell, nitrogen 
pressures were confined to the range 0.18 to 8.7 mm. For pressures less than 1 lnln the 
results fitted the equation (1) 

with A = 0.237, B = 3.16, C = 4.25. These results are shown in Fig. 1 in the form of a 
plot of (N?)2/K0L(Hgo) VS. (N2). 

In our previous work a plot of (N?)/K0L(Hg0) -A/(N2) was linear up to approximately 
6 mm. In the present n~easurements, shown in Fig. 2, the results are quite similar, an 
upward curvature setting in a t  about 5.5 mm. Fronl the linear portion of this curve we 
derived the values B = 3.06, C = 4.66, in good agreement wit11 the values obtained in 
the lower-pressure range. Talting B/A = 3.06/0.237 = 12.9 mm-l, and k5 = 206 mm 
set-I, i t  follows ( I )  that  kc = 12.9X206 = 2.GGX103 sec-l, or T = 3.8XlO-" sec. Follow- 
ing the method used previously, the value of k7+ k8+k9 obtained fro111 C/d  was 0.75 X 10" 
cm3 mole-' sec-l, compared to the previous value of 1.09 X 10ll; nuclear spin would not 
be expected to influence these reactions. Individual values of the three rate constants 
could not, of course, be obtained fro111 the present data. 
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FIG. 1. (N?)2/KoL(Hgo)  vs. (Nz )  in the low-pressure range, in which KOL(HgO) is the optical density 
for the absorption of the HglgB hyperfine component of 4047 A. 

FIG. 2. (N2 ) /K0L(Hg0) -A / (N2)  vs. (Nz )  in the medium-pressure range, in which KoL(Hgo) is the 
optical density for the absorption of the HglgB hyperfine co~nponent of 4047 A and A is the intercept of 
Fig. 1. 

The close agreenlent of the present value of T with the value 4.2X sec obtained 
previously indicates that there is no significant difference between the lifetime of the 
HgO isotope of mass 19S, with no nuclear spin, and the "average" lifetime of all HgO 
isotopes. I t  should also be recalled that our earlier work showed good agreement between 
the results obtained from the absorption of 4047 a and those obtained from the emission 
of the forbidden line. One can only conclude that either the transition probability for 
emission of the forbidden line is essentially independent of nuclear spin or the exchallge 
reaction H~:,,, + Hg,,, = Hg,,,, + Hg:,d is extremely fast. 
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TRITIUM RELEASE FROM THE NEUTRON-IRRADIATED LITHIUM-DOPED NICKEL OXIDE 

Nickel oxide is well lcnown as a catalyst, often used in a series of chemical reactions. 
Recently one has tried to iinprove the properties of some semiconductor oxide catalysts 
by irradiation with high dosages or by doping them with other oxides and irradiating 
the mixture. To this purpose we have studied the behavior of neutron-irradiated lithium- 
doped nickel oxide during a post-irradiation thermal treatment. The Li6(n,cr)H3 nuclear 
reaction takes place by irradiation of the lithium-doped nickel oxide. We thought it 
would be interesting to pursue the fate of the recoil tritium atoms produced in the crystal- 
line lattice of the doped oxide, as well as the possible chemical reactions of this hydrogen 
during the thermal spike and/or after reaching thermal equilibrium with the medium. 

The lithium-doped nickel oxide was obtained by sintering reagent grade nickel oxide 
and lithium carbonate at  800° C to obtain 5Li~0:100Ni0. The powder obtained was then 
heated under high vacuum for 3 hours a t  200" C, after which it was sealed in quartz 
tubes. The samples were irradiated in these tubes in the IFA reactor, being exposed to 
an integral thermal neutron flux of 7X1015 n/cm2. Irradiated samples of the same weight 
underwent isothermal treatment in the temperature range 100-800" C. The activity of 
the released tritium was measured in a G.M. gas counter using a known technique (1). 
A trap a t  liquid nitrogen temperature was placed between the quartz furnace, where the 
samples were heated, and the counter, so as to trap the condensable tritiated compounds 
and thus separate them from the free tritium. 

I t  was observed that the bulk of the activity was trapped in the crystalline lattice of 
the lithium-doped nickel oxide, the released activity during the irradiation being under 
1% of the total activity. This activity was divided approximately equally between the 
condensable fraction a t  the liquid nitrogen temperature and the uncondensable fraction 
at  the same teinperature. This fact shows that the release process requires an activation 
energy, the tritium or the tritiated coinpounds being trapped in the crystalline lattice. 
A second observation indicates that only tritium oxide has been produced-the only 
volatile compound of tritium a t  room temperature under vacuo conditions, but condens- 
able a t  the liquid nitrogen temperature. The results of the isothermal treatment are 
shown in Fig. 1. I t  ma)7 be observed that for the temperature of 100" C, the samples 
release free tritium but, a t  higher temperatures, only tritium oxide is being released. The 
release process is characterized by a great rate in the first minutes of heating, after which 
the slope of the curves decreases gradually, reaching a t  last a pseudo plateau characteristic 
for a certain temperature. The released activity increases up to a temperature of 400- 
500" C, after which it decreases substantially a t  GOO0 C. For temperatures higher than 
600" C, an increase of the activity may be observed. 

The investigations are continuing, but some conclusions ma)7 already be drawn. There 
is no doubt that the results obtained may be interpreted if we admit that, in the crystal, 
the reaction of the formation of the tritium oxide talies place as follows: 

T 4- 0 -+ T20. 111 

The oxygen required by the first reaction inay arise from the excess of oxygen atoms in 
the crystal (the nickel oxide corresponds to a formula XiO1+,), or fro111 the oxygen atoms 
distributed at  random as a consequence of the thermal spikes. One puts the question as 
to whether this reaction talies place in the irradiation period or in the thermal period. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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6D I I I I I 1 

heating time, hours 

FIG. 1. The release of the tritium activity from the neutron-irradiated lithium-doped nickel oxide a t  
different temperatures. 

The fact that  the released activity a t  GOO0 C is smaller than that  released a t  400-500' C 
may be due to any concurrent reaction 

T + Li -+ LiT [ I I a l  
or 

T20 + Li -+ LiOT + T. [ I Ib l  

The reaction [IIa], which takes place just a t  GOO-630' C, favors the appearance of the 
tritium oxide the moment the reactants reach thermal equilibrium with the medium. On 
the other hand, while reaction [IIb] supposes that the tritium oxide is formed in the 
irradiation period, it is not experimentally confirmed because the release of the free 
tritium concolnitant to the decrease of the combined tritium activity is not observed. In 
favor of reaction [IIa] is the observation of faint sparks, which shows the presence of 
oxygen a t  higher temperature during the thermal treatment. 

LiT + 0 -+ LinO + T?O [I111 

For the released activity increase a t  temperatures higher than GOO0 C, reaction [111] 
may be used. In this way reaction [I] should be considered as a scavenger of the tritium 
by the oxygen, especially since, in the respective range of temperature, niclcel oxide is a 
catalyst for the formation of water from oxygen and hydrogen. 

I t  is intended to publish full details of this worlr elsewhere a t  a later date. 
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ABSTRACT 

The trcatrnent of chloranil (I) with allcali and 2-mcrcaptocthanol resulted not only in 
replacement of the chlorine atoms b ~ ~ t  also in reduction to form 2,3,5,G-tetralcis(0-hydrosyethyl- 
mercapto)-1,4-hydroq~1i11011e (11). 'The conditions for the preparation of 2,3,5,6-tetraliis(p- 
chloroet1~ylmercapto)-1,4-hydroquin (111) from I1 differed from those r eq~~ i red  for the 
preparation of a lower-melting compound (IV) from I1 by such a narrow margin that  exact 
control of ten~pcrature and concentration were necessary in order to avoid erratic behavior in 
the preparation. The  structure of the lower-melting colnpound has been established as  2,3- 
dihydro-5,T,8-tris(p-chloroethylmercapto)-6-lydroy-l,4-be11zosathiin (IV) by analyses and 
cyclization reactions. The treatment of 2,3-dichloro-1,4-naphthoquinone (VIII) with 2- 
mercaptoethanol yielded 2,3-bis(p-l1ydroxyethylmercapto)-1,4-I~aphthoq1i1one (IX) and not 
the quinol as was the case with chloranil. The quinone (IX) co~lld not be converted to 2,3- 
bis(p-cl~lorocthyl~nercapto)-l,-l-napl~tl~oq~~i~~oe by treatment with hydrogen chloride because 
~lnder  these conditions only 1,4-oxathio-5,10-anthraq~1inone (X) was formed. A mechanism for 
the formation of S which involves intra~nolecular addition, elimination, and cycli~ation is 
clescribcd. 

A few ).ears ago 2,3,5,G-tetraltis(~-chloroetl~ylmercapt0)-1,4-l~~droquino1~e (111) was 
synthesizecl in tliis laboratory in connection with another project. This "four-pronged" 
sulphur mustard was then submitted to the National Institutes of Health, Bethesda, 
i\/Iargland, U.S.A., for evaluation in cancer chemotherapy. Prelinlinary screening results 
showed i t  to be active and curative to  sollie extent. This provided a stimulus for further 
study and a secoiid attempt to prepare I11 was made. Surprisingly enough the original 
preparation could not be duplicated and instead of I11 a lower-melting compound was 
isolated in high yield. The identification of tliis lower-melting compound and the explana- 
tion for the erratic behavior experienced in the preparation of I11 constitute the subject 
of this paper. 

The synthesis of 2,3,5,G-tetral<is(P-cl~loroetli y1rnercapto)-1,4-hydroquinone (I I I )  con- 
sisted of two steps-the preparation of 2,3,5,G-tetral;is(P-1~ydroxyethylmercapto)-1,4- 
liyclroquinoiie (11) from cllloranil (I) followed by the coilversion of I1 to 111. I t  was the 
second step of the sy~lthesis (I1 + 111) which proved troublesome. 

In the first step, the treatment of cliloranil (I) with 2-mercaptoethanol in the presence 
of potassium hydroxide resulted in two simultaneous reactions-the displacement of the 
chlorine atoms by p-11~-droxj~etl~yl~~~ercapto groups and the reduction of the quinone to  
form 2,3,5,G-tetral~is(~-h~roxyetliylmercapt0)-1,4-l~ydroquinone (11). 2-T\iIercaptoethanol 
proved to be such a powerful nucleophile (as well as  a reducing agent) that it attacked 
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other substituted benzoquino~les besides I. Thus when 2,5-dichloro-3,G-bis(dimethy1- 
amino)-l,4-benzoquinone or 2,5-dichloro-3,G-di-N-1norpholino-1,1-benzoquinone (I) was 
heated with 2-mercaptoethanol and pyridine, I1 was formed in high yield. The reduction 
of chlorailil (I) to the quinol by nlercaptides with the accompanying nucleopl~ilic attack 
has been observed before when I was treated with W-mercapto fatty acids (2, 3). 

The second step in the synthesis of 111, which required the conversio~l of the hydroxy 
compound I1 to 2,3,5,6-tetrakis(~-chloroethylrnercapto)-l,4-hydroquinone (111), prc- 
sented difficulties. Thionyl chloride could not be used for this purpose because I1 was 
con~pletely insoluble in cold thionyl chloride and the hot reagent caused decomposi- 
tion. However, 2,3,5,6-tetral~is(~-l1ydroxyethyl1nercapto)-1,4-l~ydroqui1~one (11) dissolved 
readily in cold concentrated hydrochloric acid and when the solutio~l was allowed to 
stand a t  room temperature a white precipitate deposited. Analyses and melting point 
of this product indicated that i t  was inconlpletely chlorinated. However, the crude 
precipitate was now quite soluble in chloroform and the co~npletion of the chlorination 
could be acco~nplisl~ed with thionyl chloride in cl~loroform solution. The conversion of 
I1 to I11 was therefore satisfactorily acconlplished by the consecutive treat~nellt with 
concentrated hydrochloric acid and thionyl chloride a t  rooin tempesature. 

Some time after this method of conversion (I1 -+ 111) was developed, an attenlpt 
was inade to repeat it. I t  was found that the treatment of I1 with concentrated hydro- 
chloric acid a t  room temperature followed by the reaction with thionyl chloride gave 
a low-melting compound in high yield and no 111. After considerable experinlentatioil 
i t  became evident that  the conditions required for the preparation of I11 and those for 
the preparation of the lower-melting compound differed by a small margin only and 
that "roon~ temperature" had to be defined lllore precisely. Precise conditions for the 
preparation of I11 and those for the preparation of the lower-melting compound are 
described in the experimental section. 

The lower-melting compound, which formed a t  lower tenlperatures (20-25") in strong 
hydrochloric acid, was shown to be a product of cyclization. Analyses showed the presence 
of one phenolic group and three P-chloroethyl~~~ercapto groups and that  its empirical 
formula was one hydrogen chloride molecule less than that  of 111. On this basis the 
structural formula IV was proposed. A study of the properties of this colllpound gave 
support to the postulated structure IV. 

Pyrolysis of IV yielded ethylene dichloride. The liberation of ethylene dicllloride on 
heating is characteristic of colllpounds bearing reactive p-chloroethylmercapto substi- 
tuents (1). Infrared spectra showed the presence of a phenolic hydroxyl and this was 
confirllled by acetylation. The treatment of IV with 1 mole of alcol~olic potassium 
hydroxide caused dehydrocl~lorination and cyclization to form 2,3,8,0-tetrahydro-3,G- 
bis(~-cl~loroethylmercapto)be11zo(l,2-b:4,3-b')bis(1,4-oxathiin) (V). The structure V was 
chosen in preference to the other possible isomer VI because V yielded on pyrolysis a 
tetracyclic cornpound VII which sublimed in  vacua. The isomer VI would be expected 
to yield on pyrolysis a polymer which would not sublime. Further support lor the assign- 
ment of the structure IV lies in the fact that when 2,3,5,G-tetral<is(P-c1~loroethylmercapto)- 
1,4-hydroquinone (111) was treated with 2 moles of potassiu~n hydroxide a double ring 
closure occurred to form the same tricyclic compound V as was obtained from IV by a 
similar treatment. 

The properties of chloroquinones and their derivatives in the naphthalene series dilfered 
from those of the benzene series. Unlike chloranil, 2,3-dichloro-l,1-nap11tl~oquinone 
(VIII) reacted with 2-mercaptoethanol and potassiunl hydroxide to give mostly tar and 
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a small yield of an orange-colored compound. M'hen pj.ridine was substitutecl for the 
potassium hydroxide and the temperature strictly controlled a high yielcl ol the orange- 
colored compound was obtaiilecl. This proved to be %,3-bis(P-l~yclroxyet1~yliuercapto)-l,4- 
naphthoq~~inone ( I S )  and not the cluinol as was the case in the benzoquinone series. All 
attempts to convert I S  to the sulphur mustard 2,3-bis(~-c11loroetl1y-l111erc;~~1)to)-l,4- 
naphthoq~~inone were ~ ~ i ~ s ~ ~ c c e s s f ~ i l .  The treatment of IX with thionj~l chloride, or with 
alcoholic hydrogen chloricle, or with acetic acid - hyclrogeil chloride yielded in each case 
a chlorine-free blaclt cornpo~~i~cl which sublimecl readily i?z vacuo ailcl cr).stallized as 
sparl<ling blaclt crystals. Iilfrarecl spectra sho\vecl the presence of carboilyl group(s), the 
absence of hyclroxyl groups, and analyses indicated the structure to be 1,4-oxathia-5,lO- 
a~ l th raq~~ inone  (X). Apparently this was formecl by displacement of one of the P-11)-clroxy- 
ethylmercapto groups and cyclization. 

There is one esainple in the literature ( 5 )  of clisplacemei~t ol n 0-l~ydroxyethylmercapto 
group from 2,3,3,G-tetracl1loro-l,4-bis(~-1~y~1roxyet1~y1i11er~~~~1)to)be1~ze1e but in this case 
it occurrecl in alkaline solution. However, the displacement oi' methoxy groups in the 
benzoquinone series bj. other alltosy groups ( G ) ,  by ainiiies (1, 7, lo),  and by other 
groups (1, 7,  S) is not Llncominon. 

The mechanism of the conversioil of I X  to S is probably similar to that proposed 
by Fieser (9) for the methylation of 2-l~yclroxy-l,4-i~ap1~t11oq~iii1oi1e by metl~anolic 
hydrogen chloride. Iiltramolecular aclclition of one hydrosyl group to the conjugated 
sj-stem of the quinone I X  occurs to form the intermediate XI.  From this, mercaptoethanol 
is eliniinatecl to form the oxatl~ianthraq~iinone X. 

EXPERIMENTAL 

Z,S,5,6-Tetiakis(~-l~ydroryet~l~ize~~apto)l,~-l~y d ~ o q z ~ i ? ~ o n e  ( I I )  
( a )  Fro?i~ C l~ lora i~ i l  ( I )  
T o  a stirred solution of 3,3,5,G-tetrachloro-l,4-be~1zoq~1i1io1~~ (chloranil) (100 g) in benzene (3.5 I.) warmcd 

up to 45' was adclecl dropwise a solution of 2-mcrcaptoethanol (200 ml) and potassium hydroxide (96 g) 
over 2 hours. Thc temperature of the reaction mixture droppcd to 41' during the first few nlinutcs and then 
rose g rad~~a l ly  to 48'. The stirring was continued for another 2 hours. The dark, siiclcy material which 
precipitated changed gradually to a light-colored solid which floated in the stirred benzenc. The rcaction 
~ n i x t ~ ~ r e  \\-as allowed to stand overnight and then thc benzene was decanted from thc sticky solid. The solid 
was stirred \vith cold water for 4 hour, filtered, \\lashed, and dricd, m.p. 141-143"; yield 138 g. Crystallization 
from aqueous methanol yielded (120 g ;  72y') ycllo~vish sparlcling crystals mclting a t  144-145". Anal. Calc. 
for CI.,M??OGS~: C, 40.58; 11, 5.31. F o ~ ~ n d :  C, 40.55; 11, 5.18. 

Infrared spectra of this compound indicated that it was the quinol and not the quinone. Furthermore, 
on treatment with zinc and acetic acid, I1 remaincd ~~nchangecl. 

( b )  Fro?it L,5-Dicltl0ro-S,6-d~i~i1orpIzolillo-l,~-be~1.zog1tinone 
T o  a solution of 2 ,5 -d i ch lo ro -3 ,G-d i1norpho l ino -1 ,4 -be~~ ioe  (3 g) (1) in benzene (250 ml) \\.as added 

2-~nercaptoethanol (10 1111) and pyricline (10 ml), and the dark reactior~ mixture heated ~rncler reflus for 
15 hours. The benzene was removed from the light-colored ~nisture,  the resid~lc was treated with water, 
and the solid was filtered and crystallized from aqueous methanol. The sparlcling crystals (2 g) melted a t  
144-145" alone or in adlnixti~re with thosc obtained in (a). 

( c )  Fioiiz 2,5-Dicbloro-S,6-d~N,N-di~11etlzylait1i~zo)-l,~-benzoqz~i~zone 
2,5-Dichloro-3,G-di(N,hT-din~ethylamino)-l,4-be~zoq~~i~oe (1) was trcated with 2-mercaptoethanol as  

above. The chloro as  well as  the dimethylamino groups mere replaced and redi~ction occurred to form 
2,3,5,G-tetralcis(~-hydroxyethJ.lmercapto)-l,4-hydroq~1i1one (I\/) in '70% yield. 

2,S,5,6-Tetrnkis(P-aceto.vyetlzyl?tzeicapto)l , ~ - ~ L ~ ~ I O ~ Z L ~ ? L O ) L C  
( a )  Usi71g Acetic A j t l~ydr ide  
To a solution of 2,3,5,G-tetral~is(~-hydrosyethyln1er~apto)-1,4-hydroq~1inoe (11) (5 g) in pyricline (15 ml) 

was added acetic anhydride (10 ml) and the s o l ~ ~ t i o n  mas heated under refl~lx for 2 hours. The pyridine and 
excess anhydride mere removed i n  vaczto. The  r e s i d ~ ~ e  was pulverized, washed with water, and the white 
solid (G.5 g) mas crystallized three times from methanol. This lielded white prisms melting a t  90-91'. 
Anal. Calc. for C??1130010S4: S, 21.00. Found: S, 22.42, 22.52. 
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( b )  Usillg Acetic Ac id  (171d I - I y d i . o ~ e ~ ~  Cllhoridc 
Into a solution of 2,3,5,G-tetral~is(p-l~ydrosyet1~yI1~~erca~~to)-1,4-1~yc1roc~~1i101e (11) (335 g) in acetic acid 

(750 ml) a t  GOo, hyclrogcn chloride gas was passed until saturation, and the solution \\-as allowcd to stand 
overnight. The acetic acid \\-as remo~~ecl ill. z~aczlo from the amber solution ancl the residue \\-as CI-ystallizecl 
from benzene. The ~vliite needles (:32 g )  melted a t  85-87'. Two further crystallizatio~ls from methanol yielded 
a product melting a t  00-91' alonc or in aclnlixture with that obtainecl in ( a ) .  

d , S - D i l ~ y d i o - c i , 7 , S - t i . i s ( p - c l ~ l o ~ i 1  ( I  V )  
( a )  U s i ~ l g  I-Iydioclrdoi.ic Ar id  Saturnfed .iuitl~ I-Iyd~ogell Cllloride 
H solution of 2,Y,5,G-tetral~is(p-hydrosyet1~yl1~~ercapto)-l,-lclroc~1i1iorie (11) (35 g) in cor~ce~ltratcd 

hydrochloric acid (250 ml) was saturated \vith hydrogen chloridc a t  room temperature (20') ancl the resulting 
solutio~l u7as allo\ved to stand overnight. The hard cake which precipitated was separated from the hydro- 
chloric acicl, pulverizecl, \\lashed with water, and dried. This crude product (27 g), which melted a t  9S-105°, 
was dissolvecl in chloroform (100 ml) ant1 treatcd 114th thionyl chloricle (15 ml) a t  YO0 in order to complete 
the chlorination. The solution was allowecl to stand overnight and then the solvent mas removecl i l l  aarLlo 
and the residue crystallized from benzene. \I7hite needles (20 g) arranged in rosettes and melting a t  129- 
130' were obtained. Repeated rccrystallizatio~~s did not raise the rmelting point. Anal. Calc. for CldH1?CIR- 
0?S4: C, 37.21; 11, 3.76; CI, 33.6; S, 28.3. Found: C, 37.55, 37.27; 13, 3.90, 3.67; CI, 23.64, 23.19; S, 29.01, 
28.84. 

( b )  Usillg Co~~ce)tti .ated I-Iydi.oc11lo~iC Acid 
In several other experiments the saturatioil of the coi~centrated hydrochloric acid solutioil xvith hydrogen 

chloride ~ v a s  omitted. The results obtainecl were the sarnc as in ( a ) .  However, in a few runs tlie 2,3-dihyclro- 
5,7,8-tris(p-chloroethylmercapto)-G-hydrosy-l,4-benzosatliiin (I\') was not obtained but instead the 
higher-melting 2,3,5,G-tctralcis(~hloroethylmercapto)-l,4-hydroq~1inone (111) (see below) \vas formed. 
I t  is believed that the runs which yielclecl I11 werc pcrformed on hot ancl humid days. 

( c )  Using a I-ligller Te i l rpc~a t z~re  
i\ solution of 2,3,5,G-tetrakis(p-hydrosyethylmercapto)-l,4-hydrocI~~inone (10 g) in concentrated hydro- 

chloric acicl (100 ml) \\-as heatccl a t  35-37' for G hours. The white, sticky precipitate was extractccl with 
chloroform and the chloroform solution dried and treated with thionyl chloride (5 ml) as in ( a ) .  The  ).ellow 
crystals (4.5 g) which precipitated meltecl a t  175-17Go and proved to be 2,3,5,G-tetral<is(p-chloroethyl- 
1nercapto)-l,4-hydroquinone (111) (see below). The mother liquors were talcen to dryness i l l  ~ ~ a c z ~ o  ancl the  
residue on crystallization from bcnzene yieldecl 3.5 g of 2,3-dihydro-5,7,8-tris(~-cl~loroetl~ylmercapto)-G- 
hydrory-l,4-benzosathiin (IV) melting a t  120-130' alone or in admixture with that obtained in (a) .  

2,S-Dil~~~di.o-5,7,S-tiis(p-cl~lo~oetI~yl~itei.capto)-6-aceto.vy-1,4-be~~zozatl~ii?~ 
12 mixture of 2,3-dil~ydro-5,7,S-tris(~-chloroethylmercapto)-G-l~ydrox~~-l,4-benzoxatl~iin (10 g),  acetic 

anhydricle (50 1111), and two drops of concentrated sulphuric acid \\-as heated 011 the steam bath for 4 hours. 
'The escess anhydride \\-as removed i ~ z  tlacz~o and the resiclue masl~ecl with ether and with methanol and 
crystallized from benzene-methanol. 'The \vhite prisms (5.5 g) melted a t  120-122'. Anal. Calc. for 
C ~ G H ~ ~ O ~ C ~ : ] S . I :  C, 38.9-4; 1-1, 3.85; Cl, 31.58. F O L I I I ~ :  C, 38.56, 38.32; I-I, 3.84, 3.99; C1, 21.:37, 21.05. 

9 , 3 , ~ , 6 - T e t i a k i s ( p - c / ~ l o r o c t l t y 1 r e i . c a p t o ) - ~ o n e  ( I I I )  
( u )  Usiltg 30% I-Iydroclrloiic Ac id  und  Tlziolzyl Clrloride 
T o  a solution of concentrated hydrochloric acid ( d  = 1.19, 200 ml) and water (55 ml) was acldecl 2,3,5,6- 

tctral;is(~-l~yclroxy~t1i}~11nercapto)-l,--l1clroq~1i1ore (11) (25 g),  arid the mixture s1lal;en until dissolved. 
Then chloroform (250 ml) was added and the mixture was hcatccl under reflus for 3 hours. The chlorofor111 
layer was separated, concentratecl to 75 ml i?t oclc~io a t  40°, cooled to 30°, and treated with thionyl chloride 
(15 ml) a t  30-35". Precipitation began immediately. The reaction nlisture was allowed to stand a t  room 
tcmpcrature for 3 hours and then cooled to 0' and filtered. 'The lemon-yellow prisnls ('0.5 g or 707;) melted 
a t  178-181°. Anal. Calc. for CIIH~SO~CIISI :  C, 34.42; I-I, 3.6;); C1, 29.10. ITo~lnd: C, 34.05; I-I, 3.59; CI, 
28.35, 28.94. 

In anothcr experiment, to  a solution of I1 (35 g) in ~nethanol (200 ml) and water (40 ml) was added 
concentrated 11ydrochlo1-ic acid (500 ml), and the solution was heated under reflus on the steam hat11 for 
:. hour. The precipitate was estracted ~v i th  chlorofor~n ancl then treated with thionyl chloridc as in tlie first 
experiment above. There \vas obtainecl 27 g of 111 melting a t  174-17Go and a t  178-179' aftel- cr).stallization 
from benzene. 

( b )  Us ivg  .~~Lco/~ol%c fPydioge71 Cllloride 
hlethanol (450 rnl) (or ethanol) was saturated with hydrogen chloridc a t  10'. To this mas acldccl 2,3,5,G- 

tetral~is(p-l~yclroxyetl~~~lmcrcapto)-l,-l~droq~~i~one (11) (25 g). After about half an hour of shaking it 
dissolved. 'l'lie so l~~ t ion  was allowecl to stand a t  root11 temperature for 2 clays and then cooled to 0'. Tile 
white precipitatc o n  filtration and drying melted a t  159-161". Repeated recrystallizations raised the melting 
point b ~ .  a few degrccs only. I-Iowever, when the CI-~ide procluct was treatecl with thionyl chloride in 
chlorofor~n pure 111 melting a t  180' \\.as obtained. 
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2,3,8,Q-Tetrahydro-5,6-bis(@-~1zloroetI1~~11izercapto)beizo(l,2-b:4,3-b')bis(l,4-oxathiin) ( V )  
(a) Froin 2,3,5,6-Tetrakis(@-chloroetiiy~iize~~apto)-l,4-hydroqz~ino~ze (111) 
T o  a boiling solution o f  2,3,5,6-tetrakis(@-chloroethylmercapto)-l,4-hdroquino1e ( 1 1 1 )  (1.0 g) in acetone 

(150 ml) and methanol (50 inl) was added a solution o f  potassium hydroxide (0.25 g) in nlethanol (25 ml ) .  
T h e  resulting solution was boiled for a few  minutes. T h e  white precipitate which fornled quickly was filtered, 
washed, and dried. It weighed 0.45 g and melted at 226-227O with decomposition. Recrystallization from 
ethylene dichloride raise the melting point t o  228-229O with decomposition. Anal. Calc. for C I ~ H I ~ O ? C ~ ~ S ~ :  
C ,  40.48; H, 3.86. Found: C ,  40.28, 40.11; I - I ,  3.84, 3.91. 

(b) Froin 2,3-Di~~ydro-5,7,8-t~is(@-chloroetlzylnze~capto)-6-I2ydroxy-l,~-benzo.z.atkii~z (IV) 
T o  a hot solution o f  IV (35 g) in acetone (700 ml)  was added methanol (700 rill) followed by  a solution 

o f  potassiun~ hydroxide (4.5 g )  in methanol (200 ~ n l ) .  After standing for 1 hour the reaction mixture was 
filtered and the white solid (22 g )  melting at 218-220° with decomposition was crystallized from ethylene 
dichloride. T h e  white prisms melted at 228-229O with decon~position, alone or in adlnixture with that 
obtained in (a).  

2,3,8,9-Tetra1zydro-5,6-ethyle~zedithio-be~zzo(1,2-b:4,S-b')bis(l,4-oxatlziin) (VII) and Ethylene Dichlorzde from V 
2,3,8,9-Tetrahydro-5,6-bis(@-chloroethyl1~1ercapto)benzo(1,2-b:4,3-b')bis(1,4-oxathiin) ( V )  (1.0 g) was 

heated in a Spath bulb at 250° for a few minutes, the distillate being collected in a dry-ice trap. T h e  distillate 
was treated with a solution o f  excess potassium p-chlorothiophenate in methanol, yielding a white co~npound 
(0.32 g) which melted at 92-94O and which did not depress the melting point o f  1,2-bis(p-chlorophenyl- 
111ercapto)ethane. This showed that the distillate was mainly ethylene dichloride. 

T h e  residue in the Spath bulb was then sublimed at 250° a t  0.5 lnln pressure. T h e  chlorine-free sublimate 
was crystallized from benzene, yielding 0.25 g o f  almost white needles, m.p. 239-240". Anal. Calc. for 
CI?Hl?O2S,: C ,  45.57; M, 3.79; S ,  40.50. Found: C ,  45.61, 45.48; M, 4.04, 3.98; S ,  40.68. 41.14. 

Pyrolysis of 2,3-Dihydr.o-5,7,8-tris(@-ckloroethylinercapto)-6-lzydroxy-l,~-benzoxatlziiiz (IV) 
2,3-Dihydro-5,7,8-tris(@-chloroethylmercapto)-6-hydroxy-l,4-benzoxathiin ( I V )  (25 g )  was heated in a 

distilling flask equipped with a condenser at 200' until no more liquid distilled. T h e  distillate (5 g )  had all the 
physical properties o f  etlzyle?ze dichloride. A derivative was prepared b y  heating the distillate (2  g) with a 
methanolic solution o f  excess potassium p-chlorothiophenate. T h e  product (4 g )  rnelted at 93-94' and did 
not depress the melting point o f  1,2-bis(p-chloropheny1mercapto)ethane. 

Pyrolysis of 2,3,5,6-Tctrakis(@-c1~loroetlzylntercapto)-1,4-1zydr0qzii~z0~ze (111) 
2,3,5,6-Tetral;is(@-chloroethyln1ercapto)-l,4-hydroq~1inone ( 1 1 1 )  was pyrolyzed in the same manner as 

was IV above. Ethylene dichloride (0.5 g) was obtained from 2 g o f  111 .  

2,3-Bis(@-1zydrosyetlzylnzercapto)-l,4-~zaphtlzoqzii~zoize (IX) 
(a) Using Potassiunz I3ydroxide and 2-~Vfercaptoethanol 
T o  a stirred solution o f  2,3-dichloro-1,4-naphthoquinone ( V I I I )  (60 g) in benzene (2  1.)  was added drop- 

wise a solution o f  2-mercaptoethanol (45 ml)  and potassium hydroside (30 g) over 1:  hours. T h e  temperature 
was liepi at 40' b y  cooling. T h e  dark reaction mixture was stirred for 2 hours and then let stand overnight. 
T h e  warmed benzene solution was decanted from the  salt and tar, concentrated t o  about 700 1111, and allowed 
t o  cool. The  precipitate was filtered and crystallized fro111 methanol, yielding orange needles (12 g )  melting 
a t  117-118". Anal. Calc. for C I I H I ~ O ~ S ? :  C ,  54.19; M, 4.51. Found: C ,  54.53, 5-1.12; H ,  4.51, 4.63. 

(b) Using Pyridine and 2-il/lercaptoethanol 
A solution o f  2,3-dichloro-1,4-naphthoq~1inone ( V I I I )  (100 g )  in benzene (1600 m l )  and 2-inercapto- 

ethanol (72 1111) was stirred and the teniperature ad j~~s ted  to  exactly 54". Then  pyridine (80 ml )  was added 
all at  once. IVhen the teniperat~~re reached 66" (in a few minutes) the reaction mixture was cooled occasion- 
ally on a water bath in order to  keep the temperature at 65-67'. In about 15 minutes precipitation was 
con~plete ant1 the temperature began t o  fall. The  reaction mixture was cooled, treated with water, the 
precipitate filtered, washed with water, and crystallized from methanol. T h e  yield o f  orange needles from 
two crops melting at 115-1 16' was 94 g. This compound turned dark and decon~posed on standing in air after 
a few weelts. 

2,3-Bis(@-1zydro~ycthylntercapto)-l,~-naphtlzoqziiwol 
T o  a suspension of 2,3-bis(@-hydrosyethyl1nercapto)-l,4-naphthoquino1~e ( I X )  (62 g )  in glacial acetic 

acid (620 ~ n l )  was added portionwise, with cooling on a water bath, zinc dust (25 g) .  T h e  temperature was 
kept at  25-30". After being stirred for 1 hour the reaction mixture was filtered and the filtrate talten t o  dry- 
ness in vaczio. T h e  residue on crystallization from methanol yielded 39 g o f  white prisms melting a t  124-126'. 
Anal. Calc. for ClrMl6OaSz: S ,  20.51. Found: S ,  20.52, 20.54. This quinol turned red on exposure t o  the air. 

1,4-0xatkia-5,1O-antlzraqziinone (X) 
T o  a solution o f  2,3-bis(@-hydroxyethylmercapto)-1,4-naphthoqui11one (IS) (25 g) in methanol (300 1111) 

at  50" was added a solution o f  dry hydrogen chloride (120 g) in methanol (200 ml).  T h e  tenlperature rose t o  
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60" and cooling was necessary in order to keep it below 60". The dark purple solution was allowed to stand 
overnight and then the precipitated black sparkling crystals (10.5 g) were filtered, washed with methanol 
and benzene, and dried. This halogen-free compound melted a t  230-232' and a t  231-233' after sublimation 
a t  a temperature of 200" and a pressure of 1 mm. Anal. Calc. for C I ~ H ~ O ~ S :  C, 62.07; H, 3.45; S, 13.8. Found: 
C, 61.52, 62.51; H, 3.49, 3.07; S, 14.16. 

The same results were obtained when IX was treated with hydrogen chloride in acetic acid instead of in 
methanol. 
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THE ACID-CATALYZED CLEAVAGE OF PHENYLSULPHINYLACETIC ACID 

DEREIC \VALIER~ AND JOSEPI-I LEIB 
Research Laboratory, Dorizi~ion Tar  a71d Chevzicol Cotr~pa?iy, Ltd., Vzlle LnSalle, Que. 

Received January 22, 1962 

ABSTRACT 
A study of the hydrogen peroxide oxidation of phenylmercaptoacetic acid led to a new 

interpretation of the mechanism of the acid-catalyzed cleavage of phenyls~~lpl~inylacetic acid. 

Phenylsulphinylacetic acid is known to u~ldergo a facile cleavage to benzenethiol and 
glyoxylic acid in the presence of mineral acids (I) (equation [I.]). 

This reaction has not bee11 studied in detail although Puinmerer (1) and, Illore recently, 
Kenney, Walsh, and Davenport (2) have suggested possible mechanisms based on the 
evidence available to them. The mechanism advanced by Purninerer is summarized in 
equation [2]. 

ICenney, Walsh, and Dave i~po~t  put forward the scheme illustrated by equation [3]. 

Thus, according to I<enney, Walsh, and Davenport, pl~e~~yl~nercaptol~ydrosyacetic 
acid (11) results fro111 a recoinbiilatio~l of benzenethiol and glyoxylic acid. Pummerer, 
on the other hand, suggested that I1 was formed prior to benzenethiol and glyosylic 
acid. 

In this paper evidence is presented to support the view suggested bl- Pumnlerer. A 
new interpretation of the mechanism of the acid-catalyzed cleavage of pl~en\-ls~~lpl~i~~,rl-  
acetic acid is also proposed. 

In contrast with previous worlcers, our study of the cleavage of phenylsulphinylacetic 
acid was carried out without adding acicl to catalyze the reaction. I11 other words phenyl- 
sulphinylacetic acid was the sole source of the protoils necessary for catalysis. The 

lPresenl address: Arapahoe Clzenzi~als, I f ~ c . ,  Boz~ldcr, Colorado, U.S.A. 

Canadiari Journal of Chemistry. Volurne -10 (1982) 
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\V;\LKER AND LEIB: PI~IENYLSULPI~IINYLL~CETIC ACID 1243 

cleavage of phen~~lsulphinylacetic acid was accoi~~plislied in supersaturated aqueous 
solution, in nlethyl ethyl ketone, and in benzene. The supersaturated aqueous solution 
used in the preseilt work was prepared by mixing equimolecular quantities of 30% 
hydrogen peroxide and phenylmercaptoacetic acid, and controlling the teinperature 
below -1-0' until tlie hydrogen peroxide had been consumed. The clear solution thus 
obtained is supersaturated with respect to  pl~enylsulpl~inylacetic acid since the solubility 
of this acid in water a t  25' is only about 5%. 

Phei~ylsulpl~in~~lacet ic  acid, in supersaturated aqueous solution a t  room temperature, 
is first converted into a water- and benzene-soluble acidic syrup which, in turn, brealrs 
down into benzenethiol and glyoxylic acid. Further interactions between benzenethiol, 
glyoxylic acid, and the above-mentioned syrup occur over a period of time. The  major 
products of these interactions are bis(p11enylinercapto)acetic acid, diphenyl disulphide, 
and an unidentified oil. The unidentified oil was isolated from a supersaturated solution 
of pl~enylsulpliiiiylacetic acid which had stood for 3 months. 

All of these changes are accelerated by heat;  higher temperatures favor the forination 
of bis(p1ienylmercapto)acetic acid. 

The water- and benzene-soluble acidic syrup described above was also obtained by 
boiling pl~enylsulpl~inylacetic acid in dry methyl ethyl lretone or in dry benzene. If a 
pure sample of phenylsulpl~in~~lacetic acid is used no odor of benzenetl~iol is detectable 
during the course of this reaction. The properties of the water- and benzene-soluble 
acidic syrup obtaiiied froin tlie above preparations are compatible with those expected 
of phenylmercaptol~ydroxyacetic acid (11). Thus, the water- and benzene-soluble acidic 
syrup gave benzenethiol in high yield when it  was warmed with aqueous mineral acid, 
and gave a high yield of bis(p1~enylmercapto)acetic acid when i t  was allowed to  stand 
with benzenethiol in the presence of an acid catalyst. Further, the water- and benzene- 
soluble aciclic syrup gave tests for an a-hydrosy acid with lead tetraacetate (3) and 
N-bromosucciniinicle (4). Throughout the rest of this paper the water- and benzene- 
soluble acidic syrup will be referred to as I1 even though absolute proof of the correctness 
of this assignment is lacking. 

The methods of preparing I1 suggested that  this material was fornled by a11 intra- 
niolecular rearrangement of pl~enylsulpl~inylacetic acid, and, hence, not by the recoin- 
bination of benzenethiol and glyoxylic acid, as proposed by ICenney, Walsh, aild Davenport 
(equation [:31). 

Further proof for an intramolecular rearrangement of phenylsulpl~inylacetic acid to  
I1 was obtainecl by studying the reactions illustrated by equation [4]. 

Accorcling to equation [A], if I1 is formed intramolecularly (route A),  glyoxylic acid 
will not intervene in the formation of bis(p1~enylmercapto)acetic acid (111). Thus, 
formation of 111 in the presence of a scavenger for glyosylic acid should provide clear 
evidence for route A. 
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When equimolecular amounts of phenylsulphinylacetic acid and benzenethiol were 
allowed to react in the presence of hydrazine sulphate, I11 was obtained iu 32% yield. 
This experiment was repeated using equivalent aillounts of glyoxylic acid and benzene- 
thiol in place of the phen~~lsulphinylacetic acid; no I11 was isolated. These experiments 
were also carried out without adding hydrazine sulphate. Phe~~ylsulphi~~ylacetic acid 
and benzenethiol gave a 40% yield of I11 and glyoxylic acid and benzenetl~iol gave a 
15Yu yield of 111. 

The above experiments, while clearly supporting an intramolecular rearrangenlent of 
phenylsulphinylacetic acid to 11, do not prove that such a rearrangement is the exclusive 
reaction. I t  is our impression, however, that  the rearrangement of phenylsulphinylacetic 
acid to I1 is the predominant reaction. 

The above study led us to perfect a novel method for cleaving phenylmercaptoacetic 
acid to  benzenethiol. The cleavage was accomplished by adding 30% hydrogen peroxide 
to a suspension of phenyl~nercaptoacetic acid in boiling aqueous mineral acid. Benzene- 
thiol was removed as i t  was formed, by passing stearn into the reaction mixture. 

EXPERIMENTAL2 

Fornzation and Cleavage of Phenylsulpltinylacetic Acid 
(1) Uncontrolled Reaction 
Phenylmercaptoacetic acid (16.8 g) was treated vvith 30% hydrogen peroxide (11.4 ml). The  resultant 

mixture soon turned liquid and erupted into vigorous boiling, which continued for about 5 minutes. When the 
reaction was over the mixture was allowed to  cool to room temperature and water was removed under 
vacuum, in a rotary evaporator heated to about 60" C. A clear syrup was obtained. Digestion of this syrup 
with hot benzene (2x100 ml) for a few minutes left essentially pure phenylsulphinylacetic acid (9.2 g, 5070), 
m.p. 108-111' C. The benzene solution was extracted first vvith aqueous sodium bicarbonate and then with 
aqueous sodium hydroxide. Repeated extraction of the acidified sodium bicarbonate estract  n ith chloroform 
removed phenylmercaptohydroxyacetic acid (2.6 g, 14y0), which was recovered as  a clear syrup by evapora- 
tion of the dried chloroform solution. Benzenethiol (0.8 g, 7.3%) was obtained by acidification of the sodium 
hydroxide extract. Evaporation of the neutral benzene layer gave diphenyl disulphide (1.0 g, 9.2'3,). 
(2) Controlled Reaction 
Phenylmercaptoacetic acid (16.8 g) was treated with 30% hydrogen peroxide (11.4 1111). The reactioil 

mixture was stirred and held a t  about 40" C, by a cold-water bath, ~ ~ n t i l  all the hydrogen peroxide had been 
consumed (starch-iodide paper). At the end of the reaction a clear, colorless supersaturated solution of 
phenylsulphinylacetic acid was obtained. Evaporation of the water was carried out by the method described 
for the uncontrolled reaction above. Digestion of the product mith hot benzene (2x100 ml) for a few minutes 
left phenylsulphinylacetic acid (17.5 g, %yo), m.p. 108-111' C. Vacuum evaporation of the benzene gave 
phenylmercaptohydroxyacetic acid (0.9 g, 5%), which was obtained as  a syrup. 

Supersaturated solutions of phenylsulphinylacetic acid obtained in the above-described manner were 
allowed to  stand a t  room temperature in stoppered Aaslcs for longer times: 

(a) 6 days.-Faint signs of phase separation appeared in 3-4 days. After G days the water was removed 
by the method described for the uncontrolled reaction above. The following products and yields were 
obtained: phenylsulphinylacetic acid (11.7 g, 64%, m.p. 107-110' C), phenylmercaptohydroxyacetic acid 
( 3 4  g of a syrup containing some bis(pheny1mercapto)acetic acid), benzenethiol (0.8 g,  7.3%), diphenyl 
disulphide (0.4 g, 3.7%, m.p. 58-60' C). 

(b) 3 nzofzths.-At the end of this period a heavy yellow oil and volun~inous white crystals had separated 
from the original clear solution. The white crystals were filtered and shown to  be diphenyl disulphide (1 g, 
9.2%, m.p. 59-60' C). The filtrate when diluted with three times its volume of water still comprised two 
layers. These were separated and worlced up individually. The  aqueous layer mas repeatedly extracted mith 
benzene, evaporation of which yielded bis(pheny1mercapto)acetic acid (0.5 g, 3.G%, m.p. 101-103° C) and 
benzenethiol (0.5 g, 4.5%). The water layer was evaporated, in a rotary evaporator a t  about GO0, and yielded 
phenylmercaptohydrosyacetic acid (1.5 g, 8%). The oil layer (15.5 g) gave an emulsion when treated with 
benzene (50 ml). The benzene-oil emulsion reacted vigorously with an  excess of aqueous sodiuill bicarbonate; 
carbon dioxide was evolved and two clear phases resulted. Acidification of the aqueous layer gave bis- 
(phenylmercapto)acetic acid (2.5 g, 18%, m.p. 100-103° C). The aqueous acid solution, after filtration of 
bis(phenylmercapto)acetic acid, was kept for further worli-up. Extraction of the benzene layer with aqueous 
sodium hydroxide and acidification of the latter gave benzenethiol (2 g, 18%). The  aqueous acid solution, 

2Melting points and boilizg points are uncorrected. 
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W.4LI;EK A N D  LEIB: PHENYLSULPI-IINYL.4CETIC ACID 1245 

after removal of benzenethiol, was kept for further worli-up. The  benzene on evaporation gave diphenyl 
disulphide (0.5 g, 4.6%). The two aqueous acid solutions obtained above were combined and steam-distilled 
for several hours. Benzenethiol (2.8 g, 257;) was collected. 

(3) Bis(phenyl,,~ercaplo)acetic Acid Fouttzatiolz 
A supersaturated solution of phenylsulphinylacetic acid, prepared from phe~lylrnercaptoacetic acid 

(33.6 g) in the manner described above, was heated a t  about 100" C for 4 hours. A heavy oil separated during 
the  reaction and on cooling this solidified. Some water was added, and the  solid was brolten up, filtered, and 
washed with water. The aqueous filtrate and water washings were combined and extracted with chlorofornl. 
The water on evaporation (rotary evaporator a t  about 60') gave phenyln~ercaptohydroxyacetic acid (9.1 g, 
25%). 

The chlorofornl extract was combined with the solid on the filter, and a holnoge~leous solutioll was pre- 
pared by the addition of benzene. Extraction of this solution with aqueous s o d i i ~ n ~  bicarbonate and acidifica- 
tion of the estract  gave bis(phenylmercapto)acetic acid (18.2 g, GGCjo, m.p. 102-103" C). A trace of benzene- 
thiol was extracted from the benzene-chloroform solution with aqueous sodium hydroxide. Evaporation 
of the neutral solvent gave diphenyl disulphide (1.8 g, 8.3%). 

Cleavage of Plie~zylsulplzi~tylacetic Acid i n  Organic Med ia  
( 1 )  l l~et l iy l  Etlzyl Ketone 
Phenylsulphinylacetic acid (10 g) was refluxed in methyl ethyl ketone (50 ml) for 4 hours. At the end of 

this period the methyl ethyl ketone was re~noved under vacuum (rotary evaporator) and the product was 
digested with hot benzene. The  benzene-insoluble portion was unchanged phenylsulphil~ylacetic acid (6.5 g,  
650jc, n1.p. 107-110" C). Evaporation of the benzene extract gave phellyl~uercaptohydros):acetic acid 
(3.3 g, 33%). 

(2)  Belzze~ze 
This reaction mas conducted in the same manner as  was the previous experiment. The benzene suspension 

was cooled, and unchanged phenylsulphinylacetic acid (8.6 g, 86yo, m.p. 108-111" C) was filtered. Evapora- 
tion of the benzene gave phenyl~nercaptohydroxyacetic acid (1.5 g, 15yo). 

Evidence for the Stri~ctiirc of Phe~zylnzercaptohydroxyacetic Acid ( 1 1 )  
This acid was a l \ ~ a y s  obtained as  a clear, water- and benzene-soluble acidic syrup. The syrup was miscible 

with \\later in all proportions; however, its solubility in benzene was only moderate. The syrup has been 
described as  benzene-soluble throughout this paper because benzene proved a convenient solvent for estract- 
ing syrup away fro111 phenylsulphinylacetic acid. 

Steam distillation of a n  acidified aqueous solution of phenylmercaptohydroxyacetic acid led to  an  allnost 
quantitative recover of benzenethiol. 

Phenyln~ercaptohydrosyacetic acid (3.2 g) and benzenethiol (10 g), when allowed to  stand with con- 
centrated sulphuric acid (1 drop) for 4 clays, gave bis(pheny1mercapto)acetic acid (3.0 g,  G'27;, 1n.p. 99- 
102" C). 

Phenylmercaptohydros).acetic acid gave the tests for an  a-hydroxy acid with lead tetraacetate (3) and 
N-bromosuccini~~~ide (4). 

Bis(plze~~yl?i~ercapto)acet.ic Ac id f ron i  Phenylsrrlpliinylacetic Acid a d  Be?zzenetl(iol 
( 1 )  I n  tlie Prese?zce of Hydrcl-ine Siilphale 
Benzenethiol (1.1 g) \\,as added to  a freshly prepared solution of phe~i)~lsulphinylacetic acid (1.84 g) in a 

mixture of acetic acid (7 1111) and water (3.7 ml). Hydrazine sulphatc (1.43 g) was added followed by con- 
centrated sulphuric acicl (4 drops). After the mixture hacl been refluxed for 2 hours it was poured into water 
(50 1111). The \vater suspension was extracted with ether, the ether was washed wit11 water, and x a s  then 
extracted \vith aqueous soclium bicarbonate. The sodium bicarbonate extract was acidified to give bis- 
(pheny1mercapto)acetic acid (0.88 g, 32Yc, n1.p. 102-104" C) .  

( 2 )  I'Vitl~oirt Ilydraeijze Sz~lpliate 
The esperinient just described was repeated without the liyclrazine sulphate. Bis(pheny11nercapto)acetic 

acid, 111.p. 102-104", was obtained in 40% yield. 

Bis(p1ie~zyln~ercapto)acelic Acid fro?ii Glyoxylic Acid a x d  Be?lze?zet/iiol 
( 1 )  I n  the I'reselzce of FIydrnzi?ze Szrlpliale 
Benzenethiol (2.2 g) was added to  a freshly prepared solution of glyoxylic acid hydrate (0.92 g) in a mixture 

of acetic acid (7 ml) and water (3.5 ~ n l ) .  Hydrazine sulphate (1.43 g) was added followed by concentrated 
sulphuric acid (4 drops), and the lnixture was refluxed for 2 hours. The resulting yellow suspension was 
poured into water (50 ml), and the mixture thus obtained \\:as extracted with ether. The ether solution was 
washed with water and extracted with aqueous sodium bicarbonate. Acidification of the sodium bicarbonate 
gave no bis(pheny11nercapto)acetic acid. 

( 2 )  Wit lzoi~t  I fydrazine Sirlplzate 
The experiment just described was repeated without the hydrazine sulphate. Bis(pheny1mercapto)acetic 

acid, m.p. 102-103" C, was obtained in 14.5y0 yield. 
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Oxidalive Cleauage of P / z e ~ ~ ~ ~ ~ ~ ~ ~ c r c n p t o a c e f i c  Ac id  to  Be~zze~zellziol 
Phenylmercaptoacetic acid (8.4 g) and 10% aqueous sulph~rric acid (75 ml) were charged to a 250-1111 

3-nec1;ecI flasl; eq~iipped as for a steam distillation. 'The third neck was littecl with n dropping funnel. Steam 
\{.as passed into the mixture in the Llasli until a steady distillation was in progress. Ilyclrogen peroxide 
(10 ml of 30% aqueous sol~rtion) was added clropwise o\.er 60 niinutes. Renzenethiol startecl to  distill in the 
steam shortly after adclitioli of the hydrogen peroxide was commenced. Steam distillation mas continued 
until benzenethiol ceased to pass over. Zinc dust (1 g) was then added to  the flask and the steam distillation 
contin~~ecl until no further benzenethiol distilled. The steam distillate was extracted with ether and the ether 
dried with anhydrous sodium sulphate. Benzenethiol (4.4 g, 11.p. 160-169" C, 807;,) \\.as recovered from the 
ether by distillation. 

'This process mas applied to p-tolylmercaptoacetic acid; p-toluencthiol (m.p. -P2--14" C) was obtained 
in 75(% yield. 

I~ISCUSSIOZ 

Conjugate acids of sulphoxides with proton have been described by Connor (5) as 
possessing either structure IV or structure V. 

1 "" 1 
R-S-R' 

R-S-R' " 1  
The oxygen atom of sulpho~ides is, ho\vever, generally regarclecl as being more basic 

than the sulphur atom (2, 6, 7). Thus, in  the case ol the rearrangement of the coiljugate 
acid of phe~~ylsul~~hinylacetic acid a structure of type IV (R = CGHj., R' = .CH2CO2H) 
qrould appear to be more important than a structure of type V (R = CGHj., R' = 

. CH?CO?H). 
Our obser\ratioiis provide strong support for an intramolecular rearrangement ol IV 

(R = CGI-16., R' = .CI-12C02H) to 11. The following sche~ile (equ:~tion [j]) would seein 
to fit the experimental facts best: 

The reaction may be concerted in that loss oi proton fro111 the methyle~~e  carbon 
atom coultl coincide with the rearrangement as inclicatetl. 0 1 1  the other hand, such 
associatioiis as illustrated by the tlottetl lilies in structure VI lllajr lead to a collapse 
of the inolecule in the Inaniler illustrated by ecluation [GI. 

In regard to equation [5] it is interesting to note that anions in solution do not appear 
to assist, to ;L sigilificant extent, in the removal of proto11 from the inethylene carbon 
nto~n.  Thus, when sodiu~li cl~lo~icle was aclclecl to a standard preparation of 11 no noticeable 
increase in the yield ol I1 was observed. 
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The carboxylic acid group probably plays an important part i11 the above ~nechanism 
by wealiening the carbon-hydrogen bonds of the metliylene group. 

The mechanism proposed in equation [5] shows similarities to that suggested, on 
intuitive grounds, by Pummerer (equation [I]). The intermediate (I),  suggested by 
Pummerer, might well arise from the conjugate acid of phen~ilsulphinylacetic acid thus: 

A close relationsliip exists between the meclianism proposed in equation [3] and the 
rearrangement ol the chlorosulplioniun~ chloride of tliioanisole described bj- Bordwell 
and Pitt  (8). The work described by Bordwell and Pitt  led us to establish a parallel 
between equation [5] and tlie intramolecular rearrangement of l~alosulplionium halides 
of arylmercaptoacetic acids (9). 

The mechanism by which bis(plie~~yl~~~ercapto)acetic acid (111) is for~ned from benzene- 
tliiol and phenyl~i~ercaptoliydroxyacetic acid (11) undoubtedly follows the general scheme 
suggested by Calnpaigne and Leal (10). Resonance stabilization of the carbonium ion 
intermediate was not suggested by these worliers but seelns very liltely in view of the 
work of Bordwell, Cooper, and NIorita (11). The mechanism may thus be xvritten: 

7 .  I lie foregoing mechanisms appear to account, in reasonable manner, for the formation 
of glyoxylic acid, benzenethiol, ancl bis(p1ienylmercapto)acetic acid by tlie acid-catalyzed 
cleavage of phenylsulphinylacetic acid. So~ile observations, however, still remain unex- 
plained. Thus, 011 occasion, supersaturated aqueous solutions of p l~en~~ l su lp l~ in~~ lace t i c  
acid have given more cliphenyl disulphide than can be accounted for by the ou),gen of 
tlie air in the system. Perhaps the sulphoxide acts as an oxidizing agent (8). 

The present paper raises questions concerning tlie generality of the intramolecular 
rearrangement of sulphoxides. The influence of ring substituents on the rearrangement 
of arylsulphi~lylacetic acids will be mentioned in future papers by us (9). However, since 
our worlc was restricted to arylsulpl~inylacetic acids and related compounds i t  is pertinent 
to draw attention to the acid-catalyzed rearrangement of diamyl sulphoxide for which 
Szlnant (12) has tentatively suggested an intermolecular ~necha~iism. 
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Received February 28, 1962 

ABSTRACT 

The photodimer of coumarin is shown to have the head-to-head cis cyclobutane structure I. 
.An isomer, obtained by the lactonization of o-hydroxy-trans-cinnaniic acid, is shown to  have 
the head-to-tail trans structure 11. The photodimers of o-niethoxy- and o-hydroxy-trans- 
cinnamic acids have been interrelated. 

The pl~otoclimer of coumarin has been known for nearly 60 years (I). In the last 20 
years, the photodin~ers of several substituted cournarins have also been prepared (2). 
These have been of interest, as the substituted coumarins, e.g., the furanocoumarins, are 
 know^^ to  react with the skin in presence of light (3). Some of these furanocoumarins, 
e.g. xantl~otoxin, have in fact been used for the treatment of sltin depigmentation as 
occurs in leucoder~na, in both the Middle East and in India (2, 4). The photodimers of 
these compouncls are known (3) but the structure of the dirners have not been deter- 
mined. The present work describes the elucidation of the structure and stereochemistry 
of the photodimer of coumarin, the parent compound in this series. 

A cyclobutane-type structure was assigned to these diiners (2) by analogy with the 
dimerization of the cinnamic acids to la,3~-diphen~~lcyclobutane-2cr,4~-dicarboxylic 
(a-truxillic)' and la,2a-diphe~~~~lcyclobutai~e-~,4~-dicarboxylic (0-truxinic) acid (6). 
The similarity in ultraviolet absorption spectra of 3,4-dihydro-7-methoxycoumarin and 
of the photodimer of 7-metl~oxycournarin (111) lent support to a cyclobutane structure 
in which the 3,1-clouble bonds of the two pyroile rings were involved (8). An iilcolnplete 
X-ray diffraction study on I11 published in 1958 (9) confirmed the presence of a cyclo- 
butane ring; no coi~clusions regarding the disposition of the rest of the lnolecule were 
drawn.3 

On the basis of a cis fusion9f the cyclobutalle ring to the 6-membered pyrone rings, 
four structures can be considered for coumarin dimers, and are represented in Fig. 1. 
Tllere are two sets of structural isomers, head-to-head and head-to-tail, each of which 
can exist i n  a cis or trans form. The problems of isomerism are siinpler than in the case 
of dimeric cinnamic acids, where 11 possible isomers can exist. 

The elucidatioll of the structures of the cinnamic acid diiners is largely due to the 
extensive worli of Stormer and his collaborators (for a suininary see ref. 6). The German 
worlters distinguished among the various isomers by carrying out optical resolutions on 
suitable derivatives. With the physical methods now available, these time-consuming 
procedures are no longer necessary. For example, infrared spectroscopy can be useful in 
distinguisliing between 5- and 6-membered anhydrides, thus allowing a distinction to be 

' A  puelinzinary accoz~nt of this work was published i n  Chenz. & Ind.  (London), 897 (1960). Presented i n  
part at the Annzral Confevence of tlze Clzenzical Institute of Canada, Ottawa, June 15-15, 1960. 

?The relative stereochemistvy of sz~bstitz~ents on the cyclobz~tanc ring i s  designated a and following Fieseu's 
conz~ention for carbohydrate derivatives ('7). 

3Tlzis work i s  erroneously reported i n  tlze Annual  Reports of the Chemical Society (London), 1958, as slzowing 
a head-to-head strz~ctzrue for I I I .  

4Recently, Corse, Finkle, and Lundin (10) have postz~lated a transfz~sion of cyclobzrtane rings to a cyclohexane- 
1,C-dione ring to e.~plain the n.m.r. spectrunz of the photodimer of 1,s-dicarbomethoxy-3-ketopenta-l,d-diene. 

Canadian Journal ol Chemistry. Volume 40 (1962) 
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FIG. 1. Four isomeric structures for coumarin di~ners. I represents the photodimer of coumarin, and 11, 
the dilactone derived from the photodimer of o-hydroxy-tra?as-ci1111arnic acid. 

made between the head-to-head (truxinic) and head-to-tail (truxillic) type dimers. 
Furthermore, n.m.r. spectroscopy can be a powerful tool in determining the relative 
stereochemistry of substituents on a cyclobutane ring, by talriilg advantage of the synl- 
rnetry properties of these derivatives. Both these methods proved very valuable in the 
present work. 

The photodimer of coumarin was prepared according to the method of Ciamician and 
Silber (I), viz., irradiation of an ethanolic solutioil of couillariil with sunlight. The same 
compound was also obtained by Schonberg's method ( l l ) ,  irradiation of a suspension of 
cournarin in water. 

The only meaningful worlc reported on the photodimer of couillarin was Schonberg's 
observation (11) that  i t  dissociated to  coumarin 011 heating. This has been confinned in 
the present study. de Jong's experiments (12) on I were of little value, as the products 
obtained were poorly characterized; no elemental analyses were recorded. For example, 
alkali fusio~l of I was reported to  give an acid, m.p. 157", which was clai~lled to be a cyclo- 
butane dicarboxylic acid. Attempted repetition gives only salicylic acid, 111.p. 158'. 

In the present worlc, I was fouild to give a di-o-l~ydroxyphenylcyclobutane-dicarboxylic 
acid (IV), C18Hl606, by dissolution of I in hot alkali, followed by careful acidificatioil 
below 0". The acid cyclized very readily to I in presence of a trace of acid a t  roo111 tempera- 
ture. The cyclization also to011 place on heating, so that  the melting point of IV was not 
its true melting point, but that  of I. The stereochen~istry of IV and I was therefore 
identical. 

In order to obtain a dimethyl ether dimethyl ester of the same stereocheinistry as 1, 
methylation of IV was tried with diazomethane. However, even after proloilged treatment, 
the matcrial was largely phenolic. Methylation with dimethyl sulphate and allcali toolc 
place slo~vly, but after 36 hours a t  room temperature, 65-7570 of phenolic coil~pound had 
reacted, as estimated by the change in ultraviolet absorption spectrum in going from an  
alkaline to an acid solution (13). As this was expected to be a mixture of epimeric, as well 
as partially and fully rnethylated, products, the crude inaterial was treated with diazo- 
methane. A crystalline dimethyl ether dimethyl ester, V, C9eHz.rO6, 111.p. 11O0, was obtained 
in 70% overall yield. I t  was found to be hoinogeilous by chron~atography. 
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The n.1n.r. spectrum of V (Fig. 2) was very informative. The spectrum revealed the 
preseilce of four clifferent5 methoxyl groups (T, G.2G, (3.32, 6.59, ancl 6.82(15)). Thus V can 

FIG. 2. Tlle n.m.r. spectrum of V in  c a r b o ~ l  tetrachloride solution. T values refer to  tetramethylsilane 
a s  internal standard. 

contain no elements of symmetry (axis, plane, or center), based on a time-average struc- 
ture. This was in agreement with the unsymmetrical nature of the spectrum oi the cyclo- 
butane protoils (T, 5.0-6.3). The aromatic protons occurred a t  lowest field (T, 1.98-3.6), 
ancl intensity measurements showed that  the ratio of aromatic protons to methoxyl 
protons was 8.12. 

The absence of syinilletry deduced from the n.1n.r. spectrum elinliilatecl 9 of the I 1  
possible structures for a dimethyl ether dimethyl ester derived from the four possible 
structures for I (Fig. I ) ,  ta1;ing into account the possibilities of epimerization. The I 1  
structures (dl-structures being couilted as one) are shown in Fig. 3. 

The esters call be divided into two groups, five, a to e, derived from a heacl-to-tail 
(truxillic type) and six, f to  k,  from a head-to-head (truxinic type) acid. Structures a to  e 
call be eliminated for V, as all of them have an element of symmetry; a has a center, 
b and e have a plane, and c and d have both a plane aild an axis of symmetry. Sone of 
these compounds can give rise to  four methyl bands in the i1.m.r. spectrum. \;\illereas a ,  
c, and d should give rise to oilly two bands correspoilding to six protons each, b aild e 
would be expected to give rise to  three bands in the ratio of 3:3:6. The ester V, and there- 
fore I ,  can not be derived from a head-to-tail type structure. Of the six truxinic or head- 
to-head types, four structures, f ,  g, I z ,  and i, call be elimiitated. All these will give rise to  
only two methyl bands, a s 5  and g have a plane of symmetry and h and i have an axis of 
symmetry in the plane of the cyclobutaile ring. The two remaining structures, j and k ,  
are the only possible structures for V, as they coiltaiil no element of symmetry. Each of 
them is formed froill a head-to-head type structure for I. 

In order to  distinguish between the two possible structures j and k for V, the ester was 
treated with sodium methoxide in methanol. A11 epiineric ester, VI, C22H.'406, 111.p. 138", 
was obtained. The i1.m.r. spectrum of VI showed only two methyl bands (T, 6.32 and 
6.46), each corresponding to six protons; an element of symmetry had been restored 
during this epiinerization. The ester VI was shown to  be a cis diester as follows. Hydrol- 
ysis of VI with alltali gave a dicarboxylic acid, VII,  C20H2006r i11.p. 202". With acetic 
anhydride, VII gave an anhydride, VIII ,  C20H1805, 1n.p. 121". No epimerization took 

6The bands at T 6.26 and 6.32 are tentathely assigned to the ~nethoryl groz~ps on the phenyl rings by coniparison 
with the n.nt.r. spectru?it of the fz~lly  methylated Product obtained fro~iz the pltotodinzer of 7-metlzorycoz~~narilt (14). 
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COOR Fj 
(0) 

Xr 

q ,JOR ( b )  

O O R  

C O O R  

I 
C O O R  

( i )  
P 

R = M e  ( k )  

FIG. 3. The 11 isomeric structures for a dirnethyl ether dimethyl ester derived from the four structures 
depicted in Fig. 1. V, VI,  and XI are referred to in the text. Only one enantiomer of a dl-structure is shown. 

place in this sequence of reactions, as VIII could be converted to VII with alltali a t  room 
temperature and further to VI with diazomethane. The carbony1 frequencies of the 
anhydride (1854 and 1768 cm-I) were characteristic of a 5-membered anhydride (16) 
and were identical with those of the model compound la,2a-diphenylcyclobutane- 
3p,4@-dicarboxylic (p-truxinic) anhydride (6). The formation of a 5-membered anhydride 
from VI, via the reaction sequence described above, confirmed the head-to-head type 
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ANET: COUM.4RIN AND RELATED COMPOUNDS 1253 

structure for VI, and therefore for V. The application of symnzetry principles to the 
interpretation of the n.1n.r. spectrum of V was correct. 

0 1  the two structures for V, viz., j and k, only the foriiier can give rise to an  epiineric cis 
diester. The latter, k ,  which is itself a cis diester, can not epiinerize to a new cis ester, but  
can only give rise to  a trans ester. The structure k is therefore excluded for V, which must 
be la,2a-di-o-metlzoxyplzenylcyclobutai~e-3a,4-dicarboxylate j .  Epi~nerization of this 
ester can lead to two possible cis esters, the all-cis la,2a-di-o-inethoxypl~enylcyclobutane- 
3a,4a-dicarboxylate Cf) or la,2a-di-o-inethoxyphenylcyclobutane-3,-dicarboxylate (g). 
Of these, the former can be ruled out as it is unliliely that V, with three eclipsed inter- 
actions, would epinzerize to an ester with four eclipsed interactions, and the ester VI 
m~ls t  be la12cr-di-o-inet1~oxyphenylcyclobutaie-3,4-dicarbox1ate (g). 

The structure for V establishes the stereochemistry of the two aryl groups. These are 
1 :%cis in V and VI, and must also be cis in their precursors, IV and I ,  as no epimerization 
of aryl groups is liliely under the reaction conditions employed. Since the dicarboxylic 
acid IV cyclizes so readily to the dilactone I ,  the two carboxyl groups must be cis to the 
o-hydroxyphenyl groups. The complete structure and stereochemistry of IV and I is 
therefore Ia,2a-di-o-1~ydroxyphenylcyclobutane-3a,a-dicarboxylic acid for IV, and the 
correspondi~~g dilactone for I. These coinpounds therefore represent the hitherto unlinown 
w-truxinic acid type." 

Having established the structure for the photodimer of coumarin, the structures of 
the photodiiners of two related compounds, viz., o-hydroxy-trans-ciiznainic acid and 
o-inethoxy-trans-cinnainic acid, can be considered. These are of interest, as the photodimer 
of o-hpdroxy-trans-cinnamic acid has been reported to  cyclize to  a dilactone, 11, n1.p. 
320" (19, 20), which is isomeric with the photodimer of coumarin. 

The photodilners of the substituted cinnamic acids were prepared by irradiation of the 
crystalline acids with sunlight (19, 21), or with ultraviolet light (20). The photodimer of 
the o-hydroxy acid IX was reported to  inelt a t  320°, which is undoubtedly not its true 
inelting poifit, hut the melting point of the cyclized dilactone 11. The photodiiner of the 
o-methoxy acid was reported to  melt a t  264". These dirners were assigned a head-to-tail 
trans cyclobutane structure by Stobbe and Breiiier (22) by analogy with the dinierization 
of trans-cinnamic acid to 1a,3P-diphenylcyclobutane-2a,4~-dicarboxylic acid (a-truxillic 
acid). However, this analogy is not strictly valid, as Bernstein and Quirnby (23) denlon- 
strated that different crystallille forms of trans-cinnamic acid give structurally different 
acids, i.e. head-to-tail (a-truxillic) or head-to-head (0-truxinic acid). The struct~ires of 
I X  and X could not be considered as established. ve 

In the present work, I X  and X were prepared by irradiation of the crystalline acids 
with ultraviolet light. In the case of the o-inethoxy acid, the dimer obtained by this 
method had the same melting point (264") as that reported in the literature (21). 'The 
structures of these compounds were investigated, by essentially the same approach as 
followed for I. However, as both the o-hydroxy and o-methoxy compounds were available 
in this series, the stereochemistry was established by mal;ing use of the interrelationships 
shown in the scheme below. 

The dimers I X  and X were shown to have the same stereocheniistry a t  all the centers, 
by preparing the same dimethyl ether dimethyl ester XI ,  n1.p. 132', from each acid with 
diazomethane in ether. No epimerization seemed liliely under the conditions employed. 

GAlthoz~glz all 1 1  dinteric c innamic  acids  Itave been reported (6), the  preparat io?~ of la,2a-diphe~zylcyclobz~tane- 
Sa,4a-dzcarboxylit; (w- truxinic)  and  l a , 2 ~ - d i p h e n y l c y c l o b z ~ t a n e - 3 ~ , 4 a - d ~ l i c  (p- truxinic)  acids b y  Shemya-  
k i n  ( 1 7 )  i s  doz~b l f z~ l .  Ettl inger ( 1 8 )  has  sz~ggested that  these are lactonic acids ,  but the evidence Izas not  bee?^ 
publisl~ed. 
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AcOH 
: 

o-hydrosycinnamic acid dimer or heat clilactone I1 
+-- 

I S  S a O H  

I CI-I ?N? 

la,3~-cli-o-methosyphcnylcyclobuta1~e- 
2a,4a-dicarboxylic acid 

AczO 
o-methosycinna~~~ic acid dimer -- + la,3~-cli-o-rnethoxypI~e1~ylcyc1ob~1ta~ie- 

2a,4a-dicarboxylic anhyclricle 

Treatment of X with boiling acetic anhydride containing a trace of p-toluenesulpl~onic 
acid gave an anhydride, C&1805, 111.p. 188" (XII) ,  in good yield. The same anhydride 
could be obtained if the toluene sulphonic acid was omitted, but the yield of XI1 was 
very poor. The anhydride was shown to be intramolecular fro111 its molecular weight 
(323) and 6-membered from its infrared spectrum (carbonyl bands a t  1814 and 1762 cm-1) 
(16). The model co~lipou~id la,3~-diphenylcyclobutane-2~~,4a-dicarboxylic anhydride 
(-y-truxillic anhydride) (6) showed the sanie frequencies, aiid these were sliglitly higher 
than those of glutaric anhydride (1802 aiid 1761 c~II -~)  (16). Tliis may reflect the strain 
iiivolved in fusing a 6-membered anhydride 1 :3 011 a cyclobutane ring. The n.1n.r. spectru~n 
of XI I ,  measured in pyridine (2-2), showed two methoxyl bands (7, 6.87, 6.93); the two 
aryl groups were in different stereochemical environment, i.e., one group was cis and tlie 
other trans to the anhydride ring. Thus the aryl groups were situated 1::3-trans on the 
cyclobutane ring. 

The stereocheiiiistry of the two carboxyl groups relative to the aryl groups was shown 
as  follows. The dilactone I1 was easily hydrolyzed to  I X  and the latter relacto~lized to 
give 11. Tlie stereocl~emistry of I1 and I X  was identical. The easy interconversions of I1 
and I X  implied a cis relationship of the carboxyl and o-liydroxyphenyl substituents. The 
carbox) 1 groups were therefore 1 :3-trans, and each of them was cis to one of the aryl 
substituents. That  the lactoiiizatioii of I X  to give I1 ilivolved the formation of 6-membered 
dihydropyrones was showii by the thermal deco~llpositioil of I1 to give coumarin. The 
compounds I X  and X were indeed derivatives of la,3~-diplienylcyclobuta1ie-2a,-2~- 
dicarboxylic (a-truxillic) acid, and tlie isomer I1 was the head-to-tail trans compound. 

The formation of the anhydride XI1 had involved the epinierizatio~i of one of the car- 
boxyl groups. This was co~lfiriiied by treating XI1 with alkali a t  roo111 temperature, which 
gave a new acid, C20H200,j, 111.p. 225-226" (XIII) ,  mixed 111.p. with X, 199-220". Tlie 
acid XI11 was readily converted into its anhydride, and was therefore la,3P-cli-o-methoxy- 
phenylcyclobutaiie-2a,4a-dicarboxylic acid. Treatment of XI11 with diazonlethane gave 
a low-melting ester which readily epiiilerized to XI .  The ester was not obtained crystalline, 
but its n.m.r. spectruin did show three niethyl bands in the ratio of 1:1:2. The pattern 
changed rapidly to that given by di~iiethyl la,3~-di-o-i~iethoxyphenyl-2a,4~-dicarboxylate 
(XI),  if traces of acid or alkali were added. 
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The assignment of the cis structure for the photodimer of coumarin (I) has now received 
full confirmation by Professor Griffin, Yale University (private communication). Ozonol- 
ysis of I gives lo(,2o(,3o(,4o(-tetri~carboxgicycI0b~itale identical with the one prepared 
b>- Griffin and Veber (25). 

I t  is of interest that Schenck has recently reported (2G) that  irradiation of coumarin in 
presence of benzophenone gives a new diiiler. A head-to-head trans structure has been 
suggested for it. 

HI1 meltillg points are ~lncorrected. Infrared spectra \\.ere deterrllined on a Perkin-Elmer 'Infracord' 
instrument cscept those of anhydrides, which were nleasured on a Perlcin-Elmer single-beam double pass 
instrument. Thc n.m.r. spectra \\;ere recorded on a Varian V-4302 GO Mc/s i~lstrument. 

la,2a-D~i-o-1z~~dro.~ypl~e11~~l-j!a,~a-dica~bo~y1~ic Acid Dilactoue: thc Photodinzer of Coumarin ( I )  
Coumarin (300 g) was dissolved in 3 1. ethanol and esposed to sunlight in eight stoppered pyres flasks 

(500 ml) for 4 \~celcs (May-June). After 1 \yeel<, thc solution turned pale yellow and started depositing 
crystals. 'Ihcse \yere removed periodically, and a total of 4.5 g was collected in 4 weeks. Two crystallizations 
froin glacial acetic acid gave 4 g of I ,  111.p. 2GO-262" (clecomp.) (lit. 111.p. 260" (1)). The ethanolic mother 
licluors \vcre oncc again irratliated; after a further 6 weelrs, 1 g of I u7as collected. No crystalline material 
apart fro111 cou~narin \\;as isolated from the dccp I-cd solution. 

The sanle compound \\.as also obtained \vhen a suspension of 20 g coumarin in 300 1111 water was irradiated 
with sunlight. The yield of I u7as 185 mg, which was isolated by extraction of unchanged coumarin wit11 
ether. 

Alka l i  Fll.sio7l of I: Forlrlatio?~ of Salicyclic Acid 
One hundred ~l~illigrams of I was heated with 0.5 g solid potassium hydroxitle a t  275' for 10 minutes. 

Thc melt \vas c,ooled, 5 1111 water added, and the misturc acidified with hydrochloric acid. Extraction with 
cthyl acctatc galre a gum from \vhich 22 Ing salicylic acid was isolated by extraction with hot petroleum 
ether (b.p. 80-100"). Recr):stallization froin the same solvent gave a sample, 111.p. 15So, u~ldepressed with 
an autllel~tic sample. The infrared spectra (nujol mull) of the two sanlples were superposable. 

Hydrolysis of I :  l a , 2 a - D i - o - I 1 y d v o x y ~ j I ~ e n y l ~ l o b ~ ~ ~ i c  Acid ( I  V )  
'Three l l ~ ~ i ~ d r e d  milligl-a~ns of I were dissol\al in 5 in1 of hot 10% potassium hydroside. The solution was 

filtcred ant1 coolcd to 0'. A11 ice-cold solution of S y o  hydrochloric acid \\;as added gradually with strong 
cooling, talcing carc to 1;eep the temperature a t  0-5'. The addition of acid was stoppcd \\:hen the solutioi~ 
turned mill;y. Tllis \\,as then allo\\rcd to stand a t  0' for 15 minutes. The precipitated acid was liltercd off 
ant1 \vashed \vith 10 1111 of a citrate-phosphate buricr of pII 7, and then with 5 ml mater, follo\vcd by 30 ml 
pentanc. The solid \\.as talecn LIP ill acetone and filtcred. Thc acetone solution gave 127 mg of the cyclobutane 
acid I\ '  on cvaporatioii of the so l \~c l~ t  bclow 10". (Found: C, 66.0; I-I, 4.7. Calc. for ClsI-I1606: C, 65.8; 
rr ,  zl.n%.) 

JIctl~ylatiorl of I :  IJirizcll~yl 1a,2a-Di-o-~ttethosypl1e11ylcg'clob~~ta~1e-3a,~p-dicarbosylate (11) 
i\ soluti011 of 1 g of I ill 10yo potassi~i111 hydroxide was stirred with dimethyl sulphate (1 ml addecl a t  

intervals) for SG hours. 'The solution was kept strollgly alkaline, more potassium hydroxide was added as  
ncccssary. .-\fter acidification with hydrochloric acid, the product was estracted \\rith ethyl acetate mhen a 
gum (0.98 g) \\.as obtained. Attempts to  obtain a crystallii~c material did not succeed. The gum was therefore 
treated with csccss cthcreal diazomctl~ane a t  room tcmperat~lrc. i\fter 2 hours, the excess diazomcthane 
\vas dcstroyccl by cautious adtlition of acetic acid and the cthcr estracted with 1% allcali (t\\,ice) and then 
\\-it11 water till neutral. The ether extract was dried over anhydrous sodium sulphate and the ether rcmoved 
under rctlucccl p~.cssure. The residue (0.78 g) crystallized on treatment with a little ethyl acetate follo\\wl 
by pctrolcum cthcr (b.p. 30-60"). 'l'he crystals, m.p. 104-10So, were chromatographed ovcr alumina, and 
benzelle-cthcr (9:l)  cluted 0.75 g of the dimethyl ctller dimetllyl ester V, 1n.p. 110'. (1;oulld: C, 68.7; I-I, 6.2. 
Calc. for C??I-I?dOe: C, 68.7; 1-1, ti.3y0.) 

Epirrrerizoliotl of V :  DDir~rethjd la,2a-Di-o-~1r~tl~oxyphe~~ylcyclob~~1a~~~-S~,~~-di~arbosylate ( V I )  
'Ihc tlinlcthyl ester \I (200 mg) \\.as rcflused under nitrogen \\,it11 a solution of 100 nlg of sodiuni ill 25 1111 

mctha~lol. ;\ftcr 6 hours thc met l~ai~ol  was removed, a i d  the residue treated with dilute hydrochloric acid 
ant1 cstl.;~ctcd with ethyl acetate ( 3 x 2 0  1111). Thc organic layer was \\~ashcd \vith dillltc allcali alld dried 
(sotl i~~m sulphate). Rcmo\:al of ct11yl acctate gave 171 nlg of \/I, crystallizillg from ethyl acetatc - petrol 
cther in colorless plates, m.p. 138". (1;ound: C, 68.5; 1-1, 6.2. Gllc. for C??H?.,OG: C, 68.7; 14, G.3y0.) 

fIydrolysis of V I :  l a , 2 a - I J ~ i - o - t ~ ~ c t l ~ o . ~ y ~ ~ I ~ e ~ z y l c y c l o ~ y l i c  i lc id  ( V I I )  
'Thc cstcr \:I (100 mg) \\:as rcfluxcd with 10yo potassium hydroxide (S nil) containing a few drops of 

cliosanc for S hours. The allcalinc solution \\mi cstractecl \\:ith ethyl acetate to relllove ~lnchangcd ester \;I, 
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and the aqueous layer acidified with hydrochloric acid. Extraction with ethyl acetate gave 60 mg of VII,  
which after crystallization from the same solvent ~llelted a t  202' with decomposition. (Fo~und: C,  67.2; 
1-1, 5.5. Calc. for C20H2006: C, 67.4; 11, 5.0%.) 

Methylation of V I I  
The acid VII (20 mg) was treated with diazomethane in ether. After 1 hour a t  room temperature, the 

ether was evaporated to give 20 mg of VI, m.p. 137-138", niixed 111.p. with VI 138'. The infrared spectra of 
the two san~ples (nujol mull) were superposable. 

A7zhydridc frovr V I I :  la,2a-Di-o-metltoxypIte?t~~lcyclobzltane-S,~~-dicarboxylic Anhydride ( V I I I )  
The acid VII (40 mg) was refluxed with acetic anhydride (3 ml) for 1 hour. The acetic anhydride was 

removed under reduced pressure, and the residue dissolved in chloroform. The chlorofor~n solution was washed 
with aqueous sodium carbonate, and the chlorofor~n layer dried over anhydrous sodiun~ sulphate. Evapora- 
tion of the solvent followed by crystallization from acetone - petrol ether gave 28 mg of the anhydride 
VIII,  m.p. 121" after three crystallizations. (Found: C,  70.8; I-I, 5.5. Calc. for C?oHleOr,: C, 71.0; H, 5.6%.) 

Hydrolysis of V I I I  
The anhydride VIII (20 mg) was stirred with 5% aqueous sodium hydroxide a t  room temperature for 10 

hours. The aoueous layer was extracted with chloroforn~ to renlove unchanged anhydride (2 me). .-\cidification . -. 
of the aqueous layer fbllowed by extraction with ethyl acetate gave 15 of an hcid, m.p. 202" (decomp.). 
Mixed melting point with a sample of VII was undepressed, and the infrared spectra (nujol mull) mere 
superposable. 

Photoditlzer of o-Hydroxy-trans-cinnamic Acid: l a , 3 ~ - D i - o - h y d r o s y p I r e n y l c y c l o b u t a n e - 2 ~ ~  A c i d  
( I X  l 

T ~ O  gkams of o-hydroxy-trans-cin~la~llic acid prepared from coumarin (27) was irradiated with ultraviolet 
light (Hanovia, Type 306). From time to time, the solid was stirred. After 48 hours the solid was extracted 
with hot chloroforn~, in which the monomer is insoluble. Evaporation of VIII gave 0.4 g of VIII. The melting 
point of VIII reported in the literature (320") was the same as  that of the dilactone 11, into \vhich it is 
converted on heating. 

Dilactone of I X :  la,S~-Di-o-hydroxyphenylcyclobz~talre-2,-dicarboxylic Acid Dilactolze ( 1 1 )  
The acid IX (200 mg) was heated with acetic anhydride for 5 minutes. The  anhydride was removed 

 under reduced pressure and the residue treated with aqueous sodiu~n carbonate. The insoluble dilactone 
(163 mg) was collected and crystallized from glacial acetic acid, n1.p. 324" (decomp.). 

Hydrolysis of 11 
The dilactone I1 (100 mg) was dissolved in 5% aqueous potassiunl hydroxide on heating. The solution 

was filtered, cooled to O0, and acidified cautiously with hydrochloric acid till neutral. After standing for 
15 n~inutes, the precipitated acid was collected (40 mg) and found to  be identical with I X  (infrared spectra). 

Decomposition of 11: Fortiration of Coii71zarin 
The dilactone I1 (50 mg) was heated a t  300' for 10 minutes in a test tube. i\n oily distillate collected 

a t  the top of the tube and was treated with a little ether when i t  crystallized. The crystals, m.p. 68", were 
found to  be identical with coumarin (mixed m.p.). 

Methylatio7r of I X :  Dimethyl  la,3~-D~i-o-n1etho.vypIzen~~lcy~lobz~ta~re-2a,-dicarbo.ylate ( X I )  
The  acid I S  (100 mg) was suspended in 30 ml ether containing a few drops of nlethanol. An excess of 

diazomethane in ether was added and the m i x t ~ ~ r e  allowed to stand a t  room temperature for 3 hoors. I t  
was worked up in the usual manner to  give 25 111g of the dimethyl ether dimethyl ester X I ,  m.p. 132" after 
crystallization from ether. ( F o ~ ~ n d :  C. 68.4; I-I, 6.4. Calc. for CPPH~JOG:  C, 68.7; H ,  6.3%.) 

Photodi?i~er of o -Methoxyc inna~~i i c  Acid:  la,S~-Di-o-?1rctlroxyplrenylcyclobz1ta?te-2ol,4~-dicarboxylic Acid ( X )  
An acetone solution of o-nlethoxy-tmns-cinnamic acid prepared by the methylation of coumarin (28) 

was evaporated on two watchglasses (7-cm diameter) by a fast stream of air. The snlall crystals thus deposited 
were irradiated by a Hanovia lamp for 36 hours. Fro111 time to  time the solid mas taken up in cold acetone 
to  relnove the sparingly soluble dimer X, and the acetone solution recycled. S (1.8 g) as  collected from 4 g 
of the monomer, and crystallized from chloroform-methanol, m.p. 264" (lit. (21) m.p. 26-1"). 

Il[ethylation of X: Dinzethyl la,S~-Di-o-nzethoxypIre~zylcyclobzrtane-2,-dicarboxylate ( X I )  
The acid (120 ~ n g )  was esterified with diazonlethanc as  described above to  give the same diester (130 mg), 

X I ,  1n.p. 132". h?ixed nlelting point with a sample prepared from I X  was undeprcssed and the infrared 
spectra ( n ~ ~ j o l  m~111) were superposable. 

ATrhydride f r o ~ t  X :  la,S~-Di-o-~1zetAoxyplretzylcyclobzrta~~e-2a,~a-dicarboxylic Acid  Anhydride ( S I I )  
The  acid X (200 mg) mas refluxed with 7 1111 acetic anhydride containing 5 mg p-toluenesulphonic acid 

for 6 hours. The acetic anhydride was retnoved under reduced pressure and the residue talien up in chloro- 
form. The chloroform extract was washed with alkali and dried over anhydrous sodium sulphate. Concentra- 
tion of the chloroform solution follo~ved by addition of petrol ether (b.p. 30-60") gave a crystalline anhydride 
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(154 mg) which, after three crystallizations from chloroform - petrol ether, melted a t  188'. (Found: C, 70.9; 
H ,  5.6; mol. wt. (Rast), 323. Calc. for C?oHlaOa: C, 71.0; H ,  5.6; mol. wt., 338.) The infrared spectrum 
(CCIJ showed carbonyl bands a t  1814 and 1762 cm-l. 

Hydrolysis of XII:  la,S~-Di-o-~~ietko~y~i~e7tyl~ycIob~1tane-2a,~a-dicarboxylic Acid ( X I I I )  
The anhydride XI1 (170 mg) was treated with 10% aqueous sodium hydroxide a t  room temperature 

for 18 hours. The aqueous layer was extracted once with chloroform to  remove unchanged anhydride, and 
the aqueous layer acidified. Ethyl acetate extraction gave the acid XI1 (104 mg), which after crystallization 
from acetone - petrol ether melted a t  225-226'. Mixed inelting point with X was 199-220". (Found: C, 67.2; 
H, 5.9. Calc. for C?OH?OOO: C, 67.4; I-I, 5.9%.) 
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THE BINARY (ANHYDROUS) SYSTEMS NaN03-LiN03, LiC103-NaClO,, 
LiCIOa-LiN03, NaN03-NaC103 AND THE QUATERNARY SYSTEM 

NaN03-LiN03-LiC103-NaC103 

A. N. CAAII'I~ELL, E. M. IC~RTZJIAKIC, AND &I. K. NAGAK.\JAN 
Clze?nist~ y Departgnent, U77ivers~ty of llIu~tztobn, TVzlz?tipeg, JI(~nitoba 

Received J a n ~ 1 . q  29, 1962 

The equilibrium diagrams of the systems NaKOa-LiNOa, LiCIO:,-SaClO,,, LiCI03- 
LiSOa, SaN03-NaC103, and N ~ X O : ; - L ~ N O ~ - L ~ C I O ~ - N ~ C ~ O B  have been invest~gated by 
thermal analysis and, to some extent, by X-ray powder pliotography. All the binary systems 
are of the simple eutectic type, accompanierl, in one instance, by considerable solid solubility. 
The allotropic transformation of socli~~nl nitrate conlplicates the equilibria involving s o d i ~ ~ m  
nitrate some\\~hat, especially \\illen there is solid solution. 

, . Ihe  quaternary diagram shows that in the (fused) reaction 

li thi~il~l nitrate a ~ i d  s o d i ~ ~ ~ l l  chlorate constiti~te the stable solid pair. Thc two invari,unt points 
of this system arc both congruent. 

-1s a preliminary to an investigation of the thermodynamic and electrical properties 
of molten salt mixtures, \ve found i t  advisable to investigate the equilibrium diagranls of 
~llixtures of the salts ~laillecl in the title. Because of the low melting point of lithiunl 
chlorate wc were able to obtain a quaternary eutectic lying a t  92.6O C. Such a relatively 
low te~llperature greatly facilitates the ease and accuracy of fused salt investigations. In  
addition, the quaternary system is of interest in itself, since very few i~lvestigatiolls of 
quaternary salt systems have been made in the absence of water. In other words, most 
of the previous investigations have been isothernlal studies of two anions, two cations, 
ant1 water. 

0 1  the component binar5. systems, only iYaS03-LiN03 had been previouslj investi- 
gated, bj. Bellrat11 and Tesche (1) and by Favorsliii (2). Both i~lvcstigators reported a 
si~nplc cutectic-typc diagram but  nzade no mention of solid solubility. 

-:I11 the salts, except l i t h i ~ ~ m  chlorate, \\-ere purchased and \\:ere of the highest p ~ ~ r i t y .  The original method 
for the preparatioi~ of lithi~rrn chlorate, viz., double decomposition between barium chlorate and lithium 
sulphatc, is due to Potilitzin (3) and to Icraus (4). IA,.e used the technique devised by Griffiths (5). Lithium 
chlorate is extremely hygroscopic and I ~ L I S ~  be handled in a nitrogen-filled dry-box. U7e used barium oxide 
to clehydrate the tlr>.-box atmosphere. The final procl~~ct was heated a t  100" C,  under high vacuum, for 6-8 
weeks. The melting point was 137.3" C. 

For the melts \vhich did not contain lithium chlorate, and \\,hich were therefore not ~uarkedly hygroscopic, 
it was not necessary to evacL~atc the space above the melt and the sirnple apparatus of Fig. 1 \\,as ~lsed: 
it held about 100 g of salt mixture. The figure shows the ther~nocouple well and inlet and outlet t ~ ~ b e s  for 
the intr-otluction of nitrogen. The stirrer passed through a water-jacketted mercury-seal. 

Another type of cell (Fig. 2) \\?as used for systems containing l i t h i ~ ~ ~ l l  chlorate. In this cell the melt was 
not stirred, but that does not appear to ha\-e affected the reproducibility of the results. The cell was loaded 
with lithium chlorate in the dry-box. After connecting LIP, it was i~nlnediately placed under high vacuum, 
\vhich \\.as only broken for the il~troduction of weighed amounts of the second component, an operation 
requiring only a few seconds. 

In order to increase the se~lsitivity of thermal analysis the furnace ill which the salt mixtures were melted 
mas not allowed to cool freely. The c~lrrent to the furnace was progressively recluced, by ~ ~ s i n g  a geared-down 
n~otor  to  operate n "Variac". The luotor itself had a low speed. I\~'ith this a p p a r a t ~ ~ s  it was possible to 
continuously reduce the ciirrel~t o w r  a b o ~ ~ t  20 hours. Since only the input voltage mas regulated, there was 

C a ~ ~ a d i a n  Journal  of Clre~ilialry. Volume -10 (19G2) 
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2 
VACUUM 

PUMP 

a faster lowering of power input a t  the start than later on and a consequent more rapid decrease ol tern- 
perature a t  the beginning of cooling, but this ~ v a s  an advantage since, when a system is partially solid, 
slower rates of cooling arc necessary to establish equilibriunl by solid diffusion. 

The copper-constantan thermocouple was calibrated using thc freezing points of tin (331.9' C) and  
cadmiun~ (320.9" C) and thc steam point corrected for barometric pressure. For thermal analysis the thermo- 
couple was connected through a six-point s\\litch to a Brown Electronili single-point recorder (rangc 30 my). 
The other two points of the switch were connected to  a precision potentiornetcr for the accurate determination 
of tc~nperaturc whenever the cooling current indicated a point of interest. 

Systems containing large an10~11ts of lithiunl chlorate supercool considerably, as m ~ ~ c h  as 18", before 
solid lithium chlorate separates. Because of the very hygroscopic nature of lithi~1111 chlorate direct seeding 
was impossible, so the following procedure was used. After the approximate location of a point of interest 
by a preliminary thermal analysis, the experiment was repeated and when a temperature somc three or four 
degrees above the expected temperature was reached, the cell was renlovecl from the furnace, placecl 011 a 
blocl; of ice, till thc liquid became foggecl, and then reinserted in the furnace, an  operation occupying barcly 
45 seconcls. 

I t  is notorious that  the transitions 

or-NaNOs F? p-NaN03 and a-LiC103 i=? 8-LiCIOa 

arc vcry slow. In order to obtain a satisfactory "break" on the cooling curve the material \ \as kept for 24 
hours a t  a temperature above that of transition. After this treatment, a very sharp "breal<" was obtaincd 
on cooling. In most of these cases, however, hcating curvcs gave equally reliable results ancl hence were 
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extensively employed. The equilibrium curves within the solid region, showing the effect of successive 
addition of sodium chlorate to  sodiunl nitrate on the transition temperature of the latter, were obtained 
entirely by this procedure. 

Use was occasionally made of differential thermal analysis. Copper was found to be a suitable inert body 
but,  when investigating the effect of sodium chlorate on the transition temperature of sodium nitrate and 
of lithium chlorate, it was found more convenient to use an  equal weight of the appropriate pure salt itself. 
A five-junction copper-constantan thermocouple was used in this work. Since the transitioil temperature 
is lowered by the addition of the second salt, due to solid solubility, the transition occurring in the pure 
material does not prevent its use as the "inert" material. 

When investigating the quaternary system, we always commenced from one of the binary eutectics and 
added a known mixture of the other two salts. After some preliminary attempts, the approximate direction 
of the eutectic trough became apparent, and it was possible to add salts in the correct proportion to remain 
in the trough. When a given mixture was off the trough this was of course indicated on the cooling curve 
by a preliminary point of inflection. 

S - R a y  powder photographs were talren by the usual technique. 

EXPERIMENTAL RESUL'TS 

The experimental results are given in Tables I-VII. 

TABLE I 

System LiC103-NaC101 

Temperature (OC) 

Weight % Transition 
LiC103 Liquidus Solidus (in LiC103) 

The data of Tables I1 and I11 are represented graphically in Fig. 3. 
The data of Table VI are plotted by the method of Janecke in Fig. 4. Table VII contains 

the eutectic tenlperatures and con~positions of the four binary systems, together with the 
two eutectics of the quaternary system. 

DISCUSSION 

The general accuracy of the results is about f 0.5" C, but that of the transition 
temperatures, freezing points of pure salts, and the eutectic temperatures is higher, 
about f 0.05" C, since these temperatures were read directly on a precision potentiometer. 

LiC103-Nu c103 
When the data of Table I are plotted as the usual T-x diagram, the system appears 

to be of the simple eutectic type, uilaccompanied by appreciable solid solubility. The 
eutectic temperature is 107.1°f0.05", and the eutectic composition 34.55 weight% 
sodiunl chlorate. The approxinlate constailcy of the figures in the last column of Table I 
shows that the temperature of the transition a-LiC103 + @-LiClO3 is unaltered by the 
addition of sodiunl chlorate. 
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TABLE I1 

System NaC103-NaN03 
- - 

Temperati~re (OC) 
Weight% - 
NaC103 Liqi~idi~s  Solidus Others 

1 0.00 - 306. G - 
2 9.92 291.4 265.6 89.7t  
3 14.85 283.3 270.4 - 

4 18.44 277.2 262.1 - 

5 20.02 273.7 257.8 131. G t  
0 23.32 209.2 247.0 251.4 
7 28.00 260.9 236.9 251.5t 
8 32.13 255. (i 230.2 251.8 

TABLE 111 

Effect of SaC103 on the transition a-SaNO3 P-NaN03 

Transition point ("C) 

IVeighi% First Second 
Sac103 inflection inflection 

NU C103-N~iV03 
The column entitled "others" in Table I1 gives the teinperatures corresponding to 

solid transforillations below the eutectic temperature. Both components exhibit solid 
solubility and a t  the eutectic temperature this is considerable. The extents of solid 
solubility a t  the eutectic temperature are 21.7y0 sodium nitrate and 57.2% sodium 
nitrate respectively. As the temperature falls the solid solubility decreases and the 
following solid-state reactions occur: (I) a-solid solutioil of sodiuill nitrate in sodium 
chlorate -+ @-solid solution of sodium chlorate in sodium nitrate and (2) 0-solid solutioil 
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WT. % NA NO, 

TABLE IV 
Systcnr LiSOJ-SaSOi 

--- - 
- 

-- 

of sodium chlorate in sodium nitrate -+ a-solid solution of sodium nitrate in sodium 
chlorate. Tlie crossing of the solid solubility curve, \vhen a mixture of given composition 
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'I-ABLE V 

System I,iC103-LiS03 

Tcnlperature ("C) 
\\7cigl~t % 

LiKO, L i q ~ ~ i d u s  Solidus 

'TABI,E VI 

Quaternary system Li-Sa-C10,-NO, 

<. I rough tcmperat~rre (OC) - - 

41.28 183.04 (binary eutectic I )  
43.82 180.7 

107.1 (binary e ~ ~ t c c t i c  IV) 
105.2 
98.5 
92. 6 (quaternary c~~ tec t i c )  B 

100.8 (binary c ~ ~ t e c t i c  11) 
100.1 
99.4 
98.0 

156.3 
158.0 
149.0 

NOTE: Mixtures S solidify co~nr~lctcly at 147.2'C. Mixtures Y solidify completely n t  U2.(i°C. 
Mixtures Z lie on  the line .lB (see Fig. 'I). 

is cooled, was observed in thermal analysis and is given il l  Table 11. The linlits of solid 
solubility a t  room temperature were determined by X-ray analysis. 

Table I11 shows the effect of additions of sodium chlorate on the transition temperature 
of sodium nitrate, a-sodium nitrate p-sodium nitrate. This transition from a high- 
teinperature cubic form to  a low-temperature rhombol~edral form was first observed by 
I(race1~ (6). He reported the transition temperature as 275" C. This transition proceeds 
so slowly and is accompai~iecl by so small a heat effect tha t  i t  is difficult to  detect by 
direct thermal analysis, but  i t  can be detected by  differential thermal analysis as  274.6" C.  
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L i  NOa 

100.1 

I I I 
Li NO, 

'7, 
1S.s Li CLO, 

Eutectic composition (mole 70) and eu~ectic te~nperatures 

Binary eutcctics 
I LiN03 58.72 183.04" C 

NaN03  41.28 

Quater~iary cutectics 
fi Solid phases: NaNO,, NaC103, LiNOa 147.2" C 

Moleyo 70103 = 55.51 
i\/Ioleyo Xa = 66.72 

B Solid phases: NaCIO?, LiClOa, LiSO6 '32.6' C 
i\iIoleyo Cl03 = 71 40 
i\iIoley0'oa = 37.32 

The occurrence of two transitioil teinperatures in mixtures containing sodiunl chlorate 
shows that sodium chlorate dissolves in both a- and P-sodiu~n nitrate. The equilibrium 
diagrain Fig. 3 is self-explanatory. 

The results of the X-ray powder photograplls were unequivocal. The line spaciilgs and 
visual intensities were measured for the pure salts and found to agree with the ASTM 
index. The lines in the mixtures were all found to be identifiable with those belonging 
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CAMPBELL ET AL.: BINARY AND QUATERAT.-\RY SYSTEMS 1265 

either to pure sodium chlorate or pure sodium nitrate. I t  therefore appears that solid 
solubility a t  room temperature does not exceed, say, 5%. 

LiNO3-NaNO3 
The data for the system LiN03-NaN03 (Table IV) when plotted give a simple eutectic 

diagram, unaccompanied by solid solution. I11 the absence of solid solution, the tempera- 
ture of the transition a-NaN03 * 0-NaN03 will not be affected by the presence of 
lithium nitrate. The 0-0 change does not appear on an ordinary cooling diagram. 

LiC103-LiN03 
The data for this systeln (Table V) when plotted also give a simple eutectic diagram, 

ullaccolnpallied by detectable solid solution. 
The data for the quaternary system (Table VI) when plotted by the method of Janeclce 

yield Fig. 4. Unlike the usual Jtinecke diagram, this is not an isothermal diagram but a 
projection on the base of a composition-temperature model. The diagram shows that in 
the (fused) reaction 

LiN03 and NaC103 constitute the stable solid pair. There are two invariant points in 
this quaternary system, both congruent. The crystallizatioll paths on this diagram are 
obvious and might well serve as exercise for underg-raduate students. 
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THE STRUCTURE OF LINSEED MUCILAGE 
PART I1 

I<. HUNTI .\ND J. I<. N. JONES 
Depait?i~e~zt of C l r c n ~ i s t r ~ ,  Queen's University, Iiin,ostov, O ~ ~ l a r i o  

R4anilscript received January 26, 1963 

ABSTRACT 

Linseed mucilage has been separated into an  acidic and a ne~itral  fraction. The acidic 
fraction was further separated, by the use of cupric acetate solution, into two fractions, CuI 
and CuII. F ~ a c t i o n  C Z I I  contained L-rhamnose, L-galactose, and D-galacturonic acid. The 
methylated reduced polysaccharide gave on hydrolysis 3,3,4-tri-0-methyl-L-rhamnose, 3,4-di- 
0-methyl-L-rhamnose, 4-0-111etl1yl-~-rharnnose, 2,3,4,6-tetra-0-methyl-D-galactose, 2,3,G-tri- 
0-methyl-D-galactose, and 2,3-di-0-rnethyl-~-galactose (?); L-galactose was lost during thc 
methylatioil process. Pcriodate oxidation studies on the material indicated that  thc polymer 
was composed of a main chain of L-rhamnose units with most of the L-galactose units attached 
as  non-reclucing end groups. Fraction C Z L I I  contairied L-rhamnose, L-fucose, L-galactose, and 
D-galact~ironic acid. The methylated recluced polysaccharide gave on hydrolysis 2,3,4-tri- 
0-111ethyl-L-fucose, 3,:3,-2,6-tetra-O-1~1ethyl-~-galactose, 2,3,6-t1~i-0-metl~yl-D-galactose, 4-0- 
methyl-L-rl~am~lose, L-rhamnose, and possibly 2,s-di-0-methyl-D-gaiactose ant1 3-0-methyl-D- 
galactose. Periodate oxidation studies and a degradation by the Smith procedure indicated 
the prcseiice of a L-rhamnose i?acl<bone with L-fucose and L-galactose units attached as  non- 
rcduci~lg c11d groups. 

Tibe ~ ~ e r l t i a l  fiaction 1 ielded a periodate-oxidizable material after one Smith-type degratlatio11. 
Periodateoxidatio~~ studies indicated that the degraded material was branched. iVIethylation of 
the degraded polysaccharidc followed by hydrolysis yielded Z,Y,-i-tri-0-methyl-D-s)rlose, 2,3-di- 
0-meth~.l-D-xvlose. 2.4-di-O-metl1v~-~-xvlose. 4-0-methvl-D-xvlose. D-xvlose. and traces of 
~ ~ ~ - t l - I - ~ - m ~ t l ~ ~ ~ ~  o; 2 ,5 -d i -0 - i i1e~11~l -~ra~ i i~ose ,  2 , 4 - d i - 0 - n ~ e t 1 1 ~ l - ~ - ~ o s e ,  'and 3-0-methyl- 
D-sylose. The main baclcbone of the dcgracled polysaccharide appeared to consist of (1 -) 4)- 
linlcecl D-xylose tinits. Linkages of the (1 + 3) type were also present. The smaller fragments 
fl-om the Smith-type degradation, L-arabinosc, 2-0-or-L-arabil~osyl glycerol, and glycerol were 
characterized. A partial acid hydrolysis of the neutral fraction yielded a number of oligo- 
saccharicles. 

DISCUSSION 

The work described here is a continuation of that described in Part I by Ers1;ine and 
Jones (1). Further work was performed on the neutral fraction \vhicli was isolated by 
these authors and new work on the two acidic fractioils is presented. 

Recently, mucilages have been separated into acidic and neutral fractioils by 'cetavlon' 
(cetyltriiiietl~ylalnmoniuii~ bromide) precipitation (2). Using a coinbiilatioll of borate 
solutioll ancl 'cetavlon' a fractionatioil of neutral inixtures has beell achieved (3-5). 
This 'cetavlon' method was shown to be very successful in the separation of the compo- 
nents of linseed mucilage. Repeated precipitation of a 'cetavlon' complex yielded an 
insoluble fraction \vl~icli contailled no pentose sugars, L-rhamnose, L-fucose, L-galactose, 
and D-gnlacturonic acid being the only sugars detected. The 'cetavlon' supernatant, after 
dialysis and subsequeilt concentration, yielded a neutral fraction which contained only a 
trace of acidic material. This could usually be relllovecl by a second 'cetavlon' precipita- 
tion. Cupric acetate solutiol~ (7%) was used to fractionate the acidic mixture into a 
copper-insoluble fraction (fraction CuI) and a copper-soluble fraction (fraction CuII) (1). 

Fraction CziI 
Fraction CuI had physical properties which did not differ greatly froin samples pre- 

viously isolated by similar lllealls (6, 7). Whereas other worlters reported xylose in this 

'Present address: Chemistry Departnzent, T h e  University, Wes t  Mains  Road, Edinbzirgh 9, Scotlulcd. 
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11TST . \SD JONES: LISSElrD MUCILAGE 1267 

fraction, only L-rha~nnose, L-galactose, and D-galacturonic acid were found, in the approxi- 
mate molar ratio 2:1:2. Examination of fraction CuI by the Tiselius electrophoresis 
pi-ocedure indicated the presence of two components. The trace component had a mobility 
identical with that of fraction CuII. 

Oxidation of fractioi~ CuI wit11 sodium metaperiodate resulted in the uptake of 1.34 
moles of periodate and the liberation of 0.33 inole of formic acid per anhydrohexose unit. 
The figures indicate that about one third of the residues i l l  the polysaccl~aride possessed 
sugar residues with hydroxyl groups on each of three contiguo~~s carbon atoms. Assuiniilg 
that no significant overoxiclation had occurred, the figures above indicate that all the 
n~onosaccharicle residues had been oxidized. i\/Iethylation results indicated that this 
conclusion was incorrect and hence some overoxiclatioil had probably occurred. The 
periodate-oxidized polysaccl~aricle was recluced with sodium borohydride and the product 
after hycli-olysis showed, on cl~romatograms, sillall amounts of L-rllamnose, L-galactose, 
ancl D-galacturonic acicl. Tlle high uronic acid content (43y0) of fraction I made i t  labile 
to al1;alies. The  ironic acids in the polysaccl~aride were therefore reduced to llexoses in an 
effort to 1;eep al1;aline degraclation to a minim~im (8). The reduced polymer was methylated 
five tiilles using the Haworth procedure, the solution being kept a t  O0 C and close to p1-I 7. 
By using these conditions it was hopecl to reduce still further the ainoui~t of alltaline 
degradation. A further reductioil with lithiunl aluminum hydricle follolved by four 
Purdie-type ancl one I<uhn-type methylations produced a f ~ ~ l l y  methylated polysaccharide 
(Ohle, 43.6%) \vhich showed a negligible hydrox)71 peali in the infrared. At least half of 
the material was soluble in light petroleum. This strongly suggests that  a large amount of 
the material was of low molec~~lar weight. No doubt a certain amount of degradatioi~ toolr 
place during the reduction and methylation a i d  this could account for the low yield. 
The presence of a large amount of methyl peiltose (rhamnose) in the methylated polymer 
might also have some effect on the solubility of the methylated polymer in light petroleum. 
The sugars fully characterized were 2,3,4-tri-O-metI~yl-~-rl~ai~1i~ose, 2,3,4,G-tetra-0- 
i l l e t h ~ l - D - g a l a ~ t ~ ~ e ,  3,4-di-0-methyl-L-rhamnose, 2,3,6-tri-0-lnethyl-D-galactose, and 4-0- 
metl~y1-~-rI~ai~~nose.  A sugar \\ihich might be 2,3-di-0-methyl-D-galactose was also obtained 
but not definitely characterized. Only L-galactose had been detected in the original poly- 
saccl~aricle. I t  is reasoilable to suggest that all the inethylated D-galactose derivatives 
arose from wllat were originally D-galacturonic acid residues. No L-galactose derivatives 
were found; it is possible that the majority of L-galactose units were near the periphery 
of the molecule and were lost during the methylation. From the methylation data the 
bac1;bone of the polysaccl~aride appears to consist of L-rhamnose residues linlred by a 
(1 -+ "-type glycosidic bond with some branching a t  position 3. The D-galacturonic acid 
was present as (1 -+ 4)-linlted resiclues either in the main chain or as part of a side chain. 

Autohydrolysis of the original polymer supports the above results because L-galactose 
was the first sugar to appear, followed later by D-galacturonic acid and L-rhamnose 
residues, the last appearing only after a loilg time of hydrolysis. This would indicate either 
that  the methyl pentose is attached to the polymer by acid-resistant- linkages or that 
hydrolysis of the L-rhamnose is hindered by the structure of the polymer. 

Fractio~z CII I I  
Fraction CuII contained L-rhamnose, L-fucose, L-galactose, and D-galacturonic acid in 

the approximate illolar ratio 4:1:2:2 in coiltrast to  the ratio 1:1:3:2 reported by Ersltine 
(6). Exainiilatioil of this fraction by the Tiselius electrophoresis procedure showed onl17 
one peal;. This mobility corresponded with that of the trace compoileilt in fraction CuI. 
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Oxidation of fraction CuII with sodiunl nletaperiodate resulted in the uptalre of 0.7G 
mole of periodate and the liberation of 0.13 nlole of formic acid per hexose unit. 
The figures indicate that about one third of the residues was not oxidized. This was con- 
firmed by hydrolysis of the periodate-oxidized reduced material, which gave crystalline 
L-rhamnose and L-galactose. The high yield of L-rhamnose suggested that the residues were 
well protected from oxidation. Glycerol, which nlost probably arose from the oxidation 
of L-galactose end groups, was also obtained ancl characterized as the tri-0-p-nitro- 
benzoate (9). Fraction CuII was reduced and methylated by the Haworth- and I<uhn- 
type procedures to yield a methylated material (OMe, 44.9%) containing a negligible 
hydroxyl peak (infrared). Methylated fraction CuII also contained a large percentage of 
light petroleum soluble material. After hydrolysis and separation, the methylated frag- 
inents definitely characterized were 2,3,4-tri-0-methyl-L-fucose, 2,3,4,6-tetra-0-methyl- 
L-galactose, 2,3,6-tri-0-nlethyl-D-galactose, 4-0-methyl-L-rhalnnose, and L-rhamnose. 
Easterby (10) had previously metlzylated a sinlilar fraction and obtained an uncharac- 
terized illonomethyl rhamnose which he suggested was the 4-0-methyl derivative. In 
addition, two other sugars which were not characterized were obtained. One was the 
suspected 2,3-di-0-methyl-D-galactose previously obtained fro111 the methylated fraction 
CuI. The other sugar has the properties of a mono-0-methyl-D(?)-galactose, and chro~nato- 
graphic evidence points to its identity as the 3-0-methyl derivative. The results indicated 
that all the L-fucose and most of tlze L-galactose were present as  end groups. From the 
periodate results one would have expected to find sonle L-galactose present along the 
chain length of the polymer. Methylated derivatives corresponding to this were not 
found, but  since only snlall amounts would be present, they could have escaped detection. 
The D-galacturonic acid units appear to be combined by (1 + 4)-type linkages either in 
the main or side chains. 

Nez~tral Fraction 
The neutral fraction was subjected to a Tiselius electropl~oresis fractionation and the 

indications were that i t  consisted of three components. One component was present in 
very snlall anlounts and had a high mobility. The other two were present in about equal 
amounts and possessed low mobilities. A Smith-type degradation (11) perfornied on the 
neutral fraction yielded a periodate-resistant polysaccharide as well as a large number of 
other compounds. The degraded polysaccl~aride had an optical rotation little cha~iged fro111 
tlze original material. Most of the L-arabinose and all of the D-galactose residue were 
oxidized by the metaperiodate. The degraded polysaccharide consumed 0.37 mole of 
periodate and produced 0.10 mole of formic acid per pentose unit. There was still un- 
oxidized D-xylose reinaining after this second oxidation. The  ratio of xylose to arabinose 
in the once degraded polysaccharide was 6 :1 (estimated). 

The degraded material was methylated once with Haworth reagents a t  pH 6-7 and 
then once with Purdies reagents. The resulting methylated material (OMe, 37.6%) 
showed a negligible hydroxyl peak (infrared). The methylated fragments fully character- 
ized were 2,3,4-tri-0-methyl-D-xylose, 2,3-di-0-rnethyl-~-xylose, 4-0-methyl-D-xylose, 
and D-xylose. A fragment isolated in small anloullts gave L-arabinose on de~netl~ylation, 
and judging by its mobility on paper i t  was either 2,3,4-tri-0-methyl-L-arabinose or 
2,s-di-0-methyl-L-arabinose. A material with the same rate of movement as 2,4-di-0- 
methyl-D-xylose was also obtained, altlzouglz no crystalline derivative could be prepared. 
During the isolation of the 4-O-metl~~l-~-xylose a substailce with a rate of nlovenlent 
identical with that of 3-0-methyl-D-xylose was obtained. No derivative, however, could 
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HUNT AND JONL?S: LIKSEED MUCILAGE 1269 

be obtained. Tlle evidence indicates that the main backbone consists of D-sylose units 
many of which are 1inl;ed (1 -, 4). I t  is reasonable to  assume that considerable branching 
exists, as indicated by the amount of mono-0-methyl and unsubstituted xylose obtained. 
Ersltine (I)  did not isolate any 4-O-lllethyl-D-~>7l0~e from his ~nethylated pentosan. The 
original neutral polysaccharide after methylation contained a muc11 higher percentage of 
unsubstituted D-xylose than dicl the methylated degraded material. I t  seems possible 
that sugar residues originally attached to the 4-position of such D - X ~ ~ O S ~  units in the 
undegraded polymer were removed cluring the Smith degradation procedure and left the 
4-position available for methylation in the degraded material. These D-xylose units were 
therefore also linliecl tlli-ougll C1, C?, and C3 ill  the unclegraded polysaccharide. The 
isolation by Ersliine (I)  of 2,4-cli-0-methyl-D-xylose fro111 the original inaterial suggests 
the presence of some (1 -) 3)-1inl;ed D-xylose units. Sylails from the heinicellulose A of 
wattle wood (12) and the red alga Rhodyme7t.i~ palmata (13) have been postulated to  
contain some (1 -) 3)-linlied D-xylose residues. 

The alcohol-soluble material froin the Smith degradation (11) was separated by acetone 
into a higher molecular weight insoluble fraction and a lower illolec~ilar weight soluble 
fraction. Very little information was obtained froin this higher inolecular weight fraction. 

acetone-soluble fraction yielded some glycerol after repeated fractionation. The 
glycerol probably arose as a result of oxidation of hexose end groups or pentofurailose end 
groups. Free L-arabinose was also identified and coulcl have arisen as a consequence of 
inild acid hydrolysis of the L-arabofuranoside units left unoxidized by periodate. A third 
substance obtained pure was probably 2-0-a-L-arabopyranosyl-glycerol. The a-configura- 
tion was assigned because of the low positive rotation. The ( I  -) 2)-type linltage seems 
probable since the glycerol was not oxidized by periodate. Jones (14) has isolated a inaterial 
of closely similar properties. In neither instance has the inaterial been obtained cryst* 11' ine. 

A coi~trolled partial hydrolysis was performed on the neutral fraction using coilditioils 
which differed slightly froill those of Ersliine (6). At least 12 oligosaccl~arides were obtained 
in an approximately 1Oy0 total yield. Tlie large number of disaccharides nlade the tasl; 
of separating them very difficult and quite often the separated disaccharide was only 
represented by a very small ainount of material. The 4-O-/3-~-~yl0pyran0~):l-~-~)il0~e 
previously characterized by Ersliine (6) was obtainecl again and identified. This fact 
would point to the presence of some (1 -, 4)-linked xplose units in the polymer. A second 
xl.lobiose, which hacl [a], +%Lo, and is therefore probably a-linlied, was also separated. 
-4 crystalline osazoile, 111.p. 146-14S0, was obtained, indicating that the linltage was not 
of the (1 -, 2) type. The XI value on paper differed froin that  of both 3-0-a-D-xylopyran- 
0~ ) f1 -~ -~y l0p )~ ra i l0~e  (15) ancl the xylobiose already characterized. A D - X ~ ~ O S ~  -+ L-arabinose 
disaccharide which Ersliine had obtained but  not characterized was isolated in good 
yield. The material hacl [ffID2' +MO,  ailcl arabinose was shown to be the reducing residue 
by bromine oxidation. The clisaccharide had a higher XI value than galactose in all 
solvents, and was distinct froin 3-0-a-D-xylopyranosyl-L-arabinose (16, 17), 5-0-/3-D- 
xylopyranosyl-L-arabinose (18, 19), 2-0-/3-D-xylopyranosyl-L-arabinose (20); it yielded 
small amounts of a crystalline osazone, 111.p. 121-123'. The periodate oxidation results 
for both the original disaccharide and reduced disaccharide were slightly low for a (1 --t 5)- 
linlied pentose disaccharide. This could be tlle result of the presence of a sinall ainouilt 
of contaminant. Until definite proof is available it is suggested that  the material could 
be 5-0-a-D-xylopj.ranosy1-L-arabofuranose (I).  Two other disaccl~aricles, wllicll coiltained 
(?) D-galactose and 1,-arabinose, were isolated in small yields. I11 both inaterials, L-arabi- 
nose was the reducing residue. A second D-xylosyl-L-arabinose disaccharide was isolatecl 
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n~hich had an R, value diiferent from ally of the others describecl earlier. 'The material 
yielded an osazoile wit11 111.p. 185-187". Periodate oxidation results were i~~conclusive. 
Separation of the higher oligosaccl~aricle by an ion-exchange resin (21) gave various impure 
fractions. One yielded crystalline material, 111.p. 238-240°, which gave 0111~- sl-lose upon 
h) drol),sis. Rf values indicate that the material ma)- consist of three to four D-xylose units. 
Conclusive icleiltification \\?as hampered by the 1 x 1 ;  of sufficient material. This work is 
continuing. 

E S P E R I b I E S T r l L  

d/letllods 
I'aper chromatography \\,as carried out on \\'hatman S o .  1 hlter paper using the follo\\ring solvent 

systerns (v/v) : 
(-4) ethyl acetate:acctic acid:for~nic acid:\vatcr (18:3:1:4), 
(B) butan-1-01-ethano1:mater (3:1:1), 
(C) butan-1-01:pyridine:water (10:3:3), 
(D) butan-1-01: pyridine:\vater (5:3:2), 
(E) ethyl acetate:pyridinc:water (10:4:3). 
\\;hatman 3 i\,Ih,I paper was used in all quantitative separations. Columns for separations of large quanti- 

ties of sugar mistures \\-ere packed with Whatman 'Cellulose Powder' by the dry method. Boratc butlfer 
(pH 9.6) \\-as used in all electrophoretic separations. Optical rotations were observed in water unless other- 
wise stated. -111 so l~~t ions  \\.ere concentrated ~~nc le r  reduced pressure a t  40-4.5' C. Demethylation of ~ncthyl- 
ated sugars \\.ere carried out by the procedure of rlllen ct al.  (22). All infrared spectra were made using 
either chloroform solutio~l ((3%) or potassium bromide pellets (O.Syo) using a I'erkin-Elmer tuodel 21 
infrared spectrophotometer. All moving-boundary electrophoresis determinations were performed 011 a 
Perkin-Elmer moclel 38-A apparatus \\lit11 a sta~idard 2-1111 cell. The initial power input mas adjustcd to 
2 watts. 

P r e p a i n t i o , ~  of Liwsccd i l l~rci lage 
Samples of the crude linseed mucilage \\-ere prepared as describecl in Part  I (1). The de-ashed mucilage 

had [LY]~' '  -3" ( c ,  0.6.' in 0.3 N NaOI-I) and a neutralization equivalent of 683. I-Iydrolysis of a sample 
follo\vcd by quantitative chromatographic separation of the hydrolyzate on paper using solvents (A), (B), 
and (C) conlirlnccl the presence of I--fucose, D-XyloSe, L-galactose, ~ - g a ~ a c t l l r ~ ~ l i ~  acid, nncl I.-rhamnose and 
indicatccl the presence of arabinose and a n  aldobiouronic acid. 

Fraclioxalioiz of tllc illllcilnge will1 'Cetav1o)r' (Cc ty I t r i~~ lc thy lu i~~ t~~oiz i l r? ,~  Broiil.ide) 
'The crude mucilage (10 g) \\-as dissolved in distillecl water (1500 1111) and the solution was deionized with 

ilmberlitc IR-120(I-I) resin. .An aqueous solutio~i of 'cetavlon', supplied by Eastman Chemicals (lo%, 100 
~ n l ) ,  was aclded to the deionized solut io~~,  and the precipitate which for~ned was allowed to settle (2). The 
precipitate \\as removed by centrifugation and washed \\.it11 water. The 'cetavlon' complex was decomposed 
in sodium chloride solution (lo%, 100 ml) and the resul t i~~g solution \\.as poured into ethanol. The precipitate 
was collected by ce~,trifugatio~~, washed with ethanol, acetone, ether, and finally it was dried to a white 
po\\der (5.1 g). The 'cetax-Ion' supernatant was dialyzed against running water for several da);s. The 
dialyzate \\-as co~ice~itrated and poured illto ethanol. The precipitate (2.6 g) was collected by liltrailon and 
\\,as then isolated as described above. The acidic and neutral fractions were treated a second time with 
'cetavlon'. Each fraction was hydrolyzed and then esamined chro~natographically in solvents (A) and (B). 
The 'cetavlon' precipitate contained rliarnnose, fucose, galactose, and galacturonic acid and the 'cetavlon' 
supernatant contained galactose, xylose, and arabinose. 

Fractionc~tio?l of llle i lc id ic  d ~ a l e r i a l  w i lh  Czlpric Acetalc 
The de-ashed acidic material (3.5 g) was dissolved in water (350 ~ n l ) ,  and cupric acetate solution (7%, 

20 ml) was addecl. The green gelatinous precipitate which for~ned was allowed to settle for 5 hours and was 
then re~noved by ce~~trifugation. The precipitate was decomposed with ethanol containing hydrochloric 
acid (l()L,). The i~~soluble  material was further washed with ethanol ~111til a negative test with silver nitrate 
\\,as obtained. The precipitate was dried to yield fraction CuI as a brown powder (540 mg). The supernatant 
was poured into ethanol and the precipitate was relnoved by centrifugation. This complex was deco~nposed 
as before to yield fraction CuII as a white powder (2.47 g).  'The alcohol supernatant from the last precipi- 
tation was concentrated ancl dialyzed against running water. The dialyzate after concentration yielded o~ l ly  
a very s~nal l  amount of polysaccharide. 

Properties of Fiacl ion C u I  Polysacclzarides 
The material was de-ashed by passage through IR-lZO(H) resin and then isolated as a white powder. 

I-Iydrolysis of the ~naterial followed by chromatography in solvellts (A), (B), and (C) indicated the presence 
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of rhamnosc, galactose, and galactllronic acid in the ratio 2:1:2 as determinccl l ~ y  the weights of the fractions. 
The material had an ash content (23) of 0.7%; it had [ol]n"'+121° (c, 0.15) anel a neutralization equivalent 
of 400 (pH meter), indicating a 43.4% anhydl-o~rronic acid conteiit. 

T,isclizis I7~vestijiatiorr of the Fiact iol~ 
Fraction CuI (25 liig) mas dissolved in veronal buffer (0.1 .If, 10 rnl). Photographs were talcen of the 

ascending arm in a 'T'iseli~~s a p p a r a t ~ ~ s  after 17 minutes ('-1) and 55 minutes (B). T\\,o pealcs were observed, 
a large one with a  nobility ( p )  of l ~ I . 3 X 1 0 - ~ c n ~ ~ ~ ~ - 1 s e c - 1  ancl the other sn~all  peak with a mobility ( j ~ )  of 
12.0 X 10-%cm2v-1sec-1. 

O~iduf io71.  of Fiertio?l CZLI  by Pciiodnte 
Sarnples of dc-ashecl polysaccharidc ( (1 )  0.054!) g and ('2) 0.0518 g) \\.ere clissolvecl in distilleel water in 

\rolumetric flasl;s (100 ml) and the solutions mcre adjusted to pII 7 with sodium hydroxide solution (0.01 A'). 
Sodiurn metaperiotlate solution (0.3 Ad, 3 ml) was added and thc solutiorr was made up to volume (100 ml) 
and kept in thc tlarlc. The periodate uptalce was detern~il~ed by the thiosulphate method (2-I), and the  
formic acid by titration with socli~~m hj.clroxidc so lu t io~~  (screened inethyl red as  i~ldicatoi-) after addition 
of ethylene glycol. Thc follolving res~ilts were obtained as  mean values of the two series of analyses and arc 
q i~oted as  moles per mole of hexose unit (calculated as CcI-IloOj). Extrapolation of the 'overosiclation' part  
of the periodate ~~p ta l ce  and formic acid yield curve gave a periodatc uptalce of 1.34 ~nolcs and a forlnic 
acicl yield of 0.33 mole. 

-- -- 
, .. I lnie (hours) 5 19 45 .5  G !) 9:3 
Pcrioclate uptalce 0 .66 1.22 1 .41 1 .50  I. . 5-4 
Formic produccd 0 .35  0 .44  0 . -45 0 .50  
--- 

0 .08  

Large-scnle Oxidatio7~ of Fraclio?r. C Z I I  b y  Periodatc 
The  freeze-dried polysaccharicle (203 mg) in water (400 ml) was oxidized with sodium ~iletaperiodate 

solution (0.3 lM, 12 ml) for 20 hours. Ethylene glycol was added to destroy excess periodatc. !ifter dialysis 
to remove formaldehyde, ethylene glycol, and salts the polyalclchyde was rcduced with socliun~ borohydride 
solution (0.6 g in 10 ml) for 9 hours. The excess borohyclridc was destroyetl with dilute acetic acid and the 
so lu t io~~  \vas dialyzecl against rui~ning water for 3 clays. The dialyzate mas concentrated and poured into 
alcohol. The precipitate was removed by ceiitrifugation and dried to yield a white powder (I92 mg) having 
[ o l ] ~ "  +lgo  (c, 0.lG). 'The polyol (170 mg) was hydrolyzed ( I  N I-I?SOt) for IG hours on a boiling-water 
bath. After neutralization (EaCO:,) the col~centratecl solutioii was fractio~~atccl chromatographically using 
solvent (A). Spraying of the chronlatogram with p-anisicline i~iclicated the presence of rhainnose and galac- 
turonic acid, \\.it11 a trace of a niaterial which gave a pink colol-, R,I,,,, 1.53. Chromatograms developed in 
solvents (13) ancl (C) anel sprayed \vith silver  itra rate shomccl the presence of several other fas t -movi~~g 
components. 

S i l~ i t l~ - t ypc  De$i.cidutio~~ of f iact ior~ CziI 
A further portion (500 mg) of this fraction was oxidized with metapcriodate as  before and theli reduced 

with sodium borohydride. 'fhe polyol was dissol\red in sulphuric acid (1 W ,  3G ml) and left a t  room tcnipera- 
ture overnight (11). 'Thc solutioli was nei~tralizecl (EaC03) and the precipitate \\;as reinoved by centri- 
fugation. 'The ce~itrifugatc nras passecl through IR-130(1-I) resin and the eluate conccntratecl to  a syrnp. 
7 .  Ilie syrup \\-as poured into ethanol and thc precipitate (5 mg) mas renlovecl by filtratioll. ?'he alcohol 
supernatant was concentrated to a syrup (350 mg).  r1 portion of each material was hydro1)-zed. Chromatog- 
raphy in solvents (A) and (C) indicated the presence of rharniiose, galacturonic acid, and a trace of galactose 
in the precipitated n~aterial. Gl>.ccrol, a tracc of galactosc, and nialiy unidcntiliecl materials wcre indicated 
in thc alcohol supe r~~a tan t .  

Redzictio7~ of Fi.uitio?z C ~ L I  
Fraction CuI (5.0 g) was cleionized by IR-120(I-I) resin and then frcczc-dried. 'l'hc freeze-dried niaterial 

was powdcred and suspended in ether ('25 ml). Diazoinethanc (3 g) (25) in ether \\-as added drop\vise until a 
faint yellow color persisted. The ether \vas removed by filtration and the Inaterial was dissolved in water 
250 ml). Lithium borohydride solution (1 g in 100 ml) was added dropwise to thc solutiol~, nrhich \\.as 
allowetl to sta~itl  over~light. The excess borohydride was destroyed nrith dilute acetic acid and the solutio~l 
was dialyzed against riil~liing \lrater for 3 days. The dialyzate was colicentrated and then freeze-clrietl. Tlie 
reductio~i procedure was repeated twice in a boric acicl buffer (0.4 AI)  (18). 'I'lic r c su l t i~~g  material (2.1 g) 
showed a very much reduced carbonyl peak in the infrared spectrum. 

i ~ f c t l ~ y l o t i o t ~  of the Partially Rcdzlced Fraction C ~ L I  
Thc freeze-dried material (2.1 g) mas dissolved in water (45 1111). Tlie solutioii \\as kept a t  0' C (ice) and 

the11 adjusted to pH G by addition of dirnethyl sulphatc. Sodi~um hydroxide solution (30%, 13 1n1) was 
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added drop~vise, with vigorous stirring, to  the slightly acid solution. After each addition of base the pH was 
carefully a d j ~ ~ s t e d  to  pH 6 by further addition of dimethyl sulphate over an  8-hour period until dimethyl 
sulphate (10 ml) had been added to  the solution. This procedure was repeated over 2 days. The alkaline 
solution was heatcd for 1 hour a t  60' C. After cooling, the solution was brought to  p1-I 6 and extracted several 
times with chloroform. The aqueous layer \\,as dialyzed for 3 days against running water. The dialyzate 
was concentrated and the solution renlethylated. This procedure was repeated five times. The chloroforin 
extracts \\.ere united and then concentrated t o  a syrup (1.6 g). The syrup was dissolved irl water and passed 
through 11:-120(1-I) resin. The eluate was concentrated and dried to  constant weight. This syrup was 
dissolvccl in redistilled tetrahydrofuran (20 ~ n l ) ,  and diazomethane was added to  thc solution until nitrogen 
ceased to  be evolved. The solvent was removed and the syrup dried once again. The syrup was redissolved 
~ I I  tetrahydrofuran (35 ml) and the solution added dropwisc to a refl~~xing solution of lithium aluminum 
hydride (I g) in tetrahydrofuran (35 ml). After addition of the partially rnethylated polysaccharide, the 
mixture \\.as allowed to reflux for a further hour. The excess hydridc was destroyed with moist ethyl acetate 
and the resulting mixture was acidified. The aqueous solutiori was extracted several times with chloroform. 
The chloroform extracts were concentrated, and yielded a syrup (1.5 g). The syrup was subjected to  four 
P~irdie-type ~nethylations but the syrup (1.14 g) obtained still exhibited a slight hydroxyl peal; in the infra- 
red spectrum. The syrup \\.as then methylated by the I<uhn (26) procedure to  give a product \\ritli a negligible 
hydroxyl peal; in the infrared. The methylated polysaccharide hacl a methosyl content of 43.6%. No 
fractionation of the material could be obtained using chloroform - light petroleum (60-80" C). 

Hydrol~lsis of d&ethylated Fiactio7~ Cz1I 
The polysaccharide nras hydrolyred \vith formic acid (go%, 50 ml) in the cold for 13 hours. \\later (50 ml) 

was added and the solution ivas heated on a boiling-water bath for a further 9 hours. The formic acid \vas 
re~novecl by vacuuim distillation and the fornlyl esters present were hydrolyzed by several codistillations 
with mater. The resultant syrup was dissolved in a sil~all volume of water and the solution was passed 
through IR-12O(H) resin and A-4(OI-I) resin. The eluate \\.as concentrated to  a syrup (G6 mg). 

Separation of the ilJethylated F~agnlents 
The syrup \\.as separated on cellulose with light petroleu~n (b.p. 100-120") - butan-1-01 (7:3 changed 

later to 6:4) and butan-1-01 - metlianol (G:4) as  eluants to give 11 fractions. 
Fractiolz 1 (21 lug).-This sugar had [f f]D2'  +2G0 (c, 0.7) and gave rhamnose when dernethylated with 

boron trichloride (22). The syrup yielded a crystalline aniline derivative, which after recrystallization from 
light petroleuin (40-60' C) ,  had 111.p. 108-11O0, undepressed on admixture with authentic N-phenyl-2,3,4- 
tri-0-methyl-L-I-hai~lnosylaminc (27). 

Fractioiz 2 ($0 ?ng).-This fraction had [cu]02? +No (c, 1.98) and RG value identical with that of 2,3,4,6- 
tetra-0-methyl-D-galactose in all solveiits. The derived IV-pl~enyl-galactosylan~iiie, after recrystallization 
from ethanol, had m.p. and mixed lll.p. 192-193' C (25). 

Fractio7z 3 (7G mg).-This mixture was separated electrophoretically. The faster-moving conlponent was 
eluted fl-om the paper and yielded a syrup (1s ~ n g )  which \\'as added to fraction 4. The slo\ver-moving 
coillpone~it was 2,3,4,6-tetra-0-111ethyl-~-galactose. 

Fractiot~ 4 (00 ~?rg).-The sugar gave a positive reaction with triphen yltctrazoli~~rn chloride (29) a i ~ d  
crystallized from ether - light petroleunl. The crystals had +22" (c, 1.8) and m.p. 97-98" C undepressed 
on admixture \\;it11 authentic 3,4-di-0-nlcthyl-L-rhaillnose. 

Fractioz 6 (.$0 vzg).-This il~ixture of sugars was also separated electrophoretically. The slower-moving 
component was identified as 3,4-0-methyl-~-rha1111~ose. 

F~actio~z 6 (62 ?izg).-This sy r i~p  had an RG 1-alue identical with that of 2,3,G-tri-O-i11ethyl-~-galactose 
in all solvents. I t  had [ c u ] ~ ? ~  +70° (c, 1.3), which changed to -14' (c, 0.2) when dissolved in ~nethanolic 
hl.drogeu chloride (1%). A saniple of the sugar \\.as ositlized for 3 clays with bromine in \\rater. The crude 
crystalline lactone (30) \\,as isolated and recrystallized froin ether to  yield 2,3,6-tri-O-lneth!;l-D-galact- 
onolactone, lll.p. 9S0 C (31). 

Fraction 7 (26 ?~'g).-This fraction \\,as separated electrophorctically into two components. The slower 
component \!-as added to  fraction S. 

Fractiolz 8 (35 l/ig).-This syrup, mhich had [a]"?? +l lo  (c, 0.7), gave rhamnose 011 demethylation. Paper 
electrophoresis indicated that the illaterial had the same Rn value as  4-O-metl~yl-~-rl~a1nnose. I-Iowever, 
the syrup did not crystallize even when seeded. A portion of the syrup \\?as oxidized with bromine n~a tc r  
(3 drops in 1 1111) for 5 days. The crude lactone was isolated in the usual manner. Recrystallization of the 
material from acetone - light petroleum gave crystalline 4-O-methyl-~-rharnnol10-6-lactone, m.p. and nlixed 
1n.p. Sl-S2' C (32). 

Fractioii .9 ( I 5  ~ng).-This fraction was not investigated. 
Fractiol~ 10 (24 ?rzg).-This syrup had [01]0" +52" (c, 1.2), which became 11cg.ative in methanolic hydrogen 

chloride (1%). Demethylation of the syrup afforded galactose. The material failed t o  give a 'tetrazolium red' 
test, and it was chro~llatograpliically indistinguishable from sugar 5 obtained after ~nethylatioll of fraction 
CuII.  This \\.as believed to be 2,3-di-0-inethyl-D-galactose. A crystalline aniline derivative could not be 
obtainecl (33). 
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flIjXT A S D  JONES: LINSEED MUCIWGE 1273 

Acetolysis of Fraction CUT 
Fraction CuI (200 mg) mas mixed with acetic anhydride (4 ml) and concentrated sulphuric acid (0.1 ml) 

a t  0" C for 28 hours. The solution \\-as then heated a t  80-OO°C for 15 minutes and poured into ice water 
(34). The ~vhite precipitate was removed by filtration and washed several times with water. The material 
was dried to  a white powder (170 mg). 

The acetylated material (59 mg) was deacetylatcd with sodium hydroxide in acetone. The solution was 
deionized by passage through IR-lBO(1-I) resin and the eluate was concentrated to  a syrup. Chromatography 
in sol\.ent (A) indicated the presence of galacturonic acid and an orange spot, R,,, 0.43, and a pink spot, 
R,,I 0.13. X large streak, which probably represented higher oligosaccharides, was noted near the base line. 
X small portion (50 mg) of the original acetylated product was subjected to acetolysis and the product 
isolated and deacetylated as before. Chromatography in solvent (A) indicated the presence of three sugars, 
all of xvhich gave a pink color when detected with the p-anisidine spray and had R,,1 values of 1.00, 0.42, 
and 0.12. 

AirtoJtydrolysis of Fractiott ClrI 
Fraction CuI (100 lng) was dissolved in water (20 ml) and the solution was passed through 1R-120(H) 

resin. The acidic eluate (pH 2) was concentrated to a small volume (10 ml). This solution was refluxed 
and samples \\-ere removed a t  intervals and examined chromatographically in solvent (*%). Galactose mas 
the first to appear after 3 hours. Galacturollic acid appeared only after 5 hours. A disaccharide (Rmi 0.7) 
appeared after 10 hours; the disaccharide had disappeared when the next sample was examined. Rhamnose 
appeared between 10 and 21 hours and increased until, a t  53 hours, the concentration was almost equal to 
that of the galacturonic acid. 

Tiseliils Itr~estigatio~s of Fraction ClrII 
Fraction CuII (25 mg) was treated in the salne manner as fraction CuI. Photographs were ta1;cn of the 

'buffer arm' after 10 minutes (a) and 75 minutes (b). A single peak was observed which had a mobility 
(,u) of 12.3X10-%1n?v-~sec-~. Fraction Cu l l  had [ol]D2"5" (c, 0.35 in water) and neutralization equivalent 
of GOT. 

Osidalio~t of Fractiolt CuII  by Periodale 
The polysaccharide samples (a) 0.0488 g and (b) 0.0470 g were placed in volumetric flasks (100 ml) and 

oxidized \vith sodium metaperiodate as described for fraction CuI. The periodate uptake and formic acid 
released per mole of hexose unit (calculated as CbH100j) were determined as before. The following results 
were obtained as mean values of the t\vo series of analysis: 

Time (hours) 5 11.5  24 35 48 50 72 
Periodate uptake 0.54 0 .73  0 .78 0 .80 0 .81  0 .82 0.84 
Formic produced 0.0!) 0.11 0.15 0.20 0 .23  0 .24 0.25 

Extrapolation of the 'overoxidation' part of the periodate uptake and formic acid yield curve gave, for the 
periodate ~lptalce, 0.7G mole ant1 for the formic acid yield, 0.13 mole per mole of hexose. 

Large-scale Oxidation of Fractiofz CrrII by Periodate 
The pol)-saccharide (1.21 g, [ol]~?? -5") was oxidized with sodium metaperiodate for 30 hours as described 

before. The resulting polyaldehyde was reduced with sodium borohydride ( 2  g in 100 ml) overnight. The 
excess boroh!.dride was destroyed with dilute acetic acid and the solution was dialyzed against running 
water for ;3 clays. The dialyzate was concentrated to a syrup and poured into a large excess of ethanol. 
The resulting white material was collected and dried to yield a powder (1.15 g) which had [ f f ] ~ ~ ~  -95O 
(c, 0.13). The polyol was hydrolyzed with sulphuric acid (1 iV, 100 ml) for 1G hours on a boiling-water bath. 
The hydrolyzate mas neutralized (BaC03), filtered, and the filtrate passed through columns of IR-12O(H) 
resin ant1 -1-4(OI-I) resin. The neutral eluate was concentrated to a syrup (381 mg). The A-4 resin was 
eluted with sodiuiu hydroxide solution (1 N, 10 ml) and the eluate passed directly through IR-12O(H) 
resin. The acidic eluate was concentrated to a syrup (139 mg). Separation of the acidic eluate was not 
attempted. 

Separatiofz of the iVerrtrcr1 Fractiox 
The syrup (381 mg) was separated on a cellulose column with butan-1-01 half saturated with water as 

eluant, to give 11 fractions. 
Fractiolt A azd B.-This material had the same R, value a s  glycolic aldehyde in solvents (A) and (C); 

home\-er, glyoxal phcnylosazone could not be prepared fro111 it. 
Fraction C.-This syrup was not investigated. 
Fr(1c1ior1 D (70 v~g).-This syrup was identified as glycerol. The derived tri-0-fi-nitrobenzoate of glycerol 

had m.p. and mixed m.p. 101-193" (9). 
Fractio?~ E (138 n~g).-This syrup crystallized after a short time. The crystals were recrystallized twice 
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from moist acetone to yield L-rhamnosc hydrate, m.p. and mixed lll.p. 91-02" C and   or]^?? +go (c, 0.18). 
Fractiou F (70 11zg).-This inaterial nlas not investigated. 
Fraction J a d  I< (50 ilzg).-This lnaterial crystallized, and after recrystallization froill ~ncthanol the 

crystals had m.p. 160-162" C and [ol]~?' -87" (c, 0.56) (35). rldniixture with authentic L-galactose produccd 
no depression in the melting point. 

Smith-type Degradatio?~ of Fraction CuI I  
Fraction CuII (500 mg) was oxidized with sodiium metaperiodate and this material \\,as \vori~ccl up as 

described previously. After cold acid hydrolysis ( N  H?S04) an alcohol-insol~tble material (5 mg) and an 
alcohol-soluble syrup (310 mg) were obtained. Both materials were hydrolyzed and then chromatographed 
in solvents (A) and (C). The precipitate contained a largc amount of rhamnose, with traces of galactose 
and galacturonic acid, n~hereas the syrup contained glycerol, a tetritol, and many unidcntificd co~nponcnts. 

Redz~ctio7t a?zd ~lfethylalioir of Fractio?~ CZLII 
Fraction CuII (10.5 g) was deionized by passage through IR-120(I-I) resin and tlie eluate was freeze-dried. 

The freeze-dried material was powdered and treated with diazomethane in ether (25 1111)  until the yellon 
color persisted. The ethereal solutioil was removed by decantation and the po\vder \\;as clissol~ed in  water 
(500 1111). Sodium borohydride (3.0 g) in water (100 1111) was added dropwise over a 3-hour period. The excess 
borohydride was destroyed with dilute acetic acid and the solution nras dialyzed for 4 days. The reduction 
procedure mas repeated until the infrared spectrum showed that the carbonyl peak had been greatly 
reduced. The partially reduced polysaccharidc \\;as then methylated by the EIaworth procedure (four 
times). The chlorofornl extracts (of the acidified solution) from each methylation were combinecl and con- 
centrated to a syrup (4.1 g). This partially methylated polysaccharide was reduced with lithium al~uminum 
hydride in tetrahydrofuran as described before. A I<uhn-typc methylation follo\ved by a Purdie methylation 
yielded a syrup (2.45 g) which had   or]^^^ -15' (6, 1.42 in CHC13) and a methoxyl content of 44.9%. The 
material was not fractionated by light petroleuill - chlorofor~n and nras soluble in a high percentage of light 
petroleum. The methylated material was hydrolyzed with formic acid a s  described before. 

Separafiio?~ of the dfetlrylaled Sugars 
The syrup was separated on cellulose \\-it11 light petroleum (100-120") - butan-1-01 (5: 3 later 6: 4) and 

butan-1-01 containing some methanol as eluants, t o  give seven fractioiis. 
Sugar 1 (39 nzg).-The syrup froin fractions 1 and 2 had an R, value identical, in all solvents, n-it11 that  of 

2,3,1-tri-0-methyl-L-fucose, [cY]D?? -104O (c, 0.15). The syrup gave a crystalline aniline clerk-ative which, 
after recrystallization from ether, yielded N-phei~yl-2,3,4-tri-0-n~ethyl-~-fucosyla1i1e, 111.p. and mixed 
m.p. 133-134" C. 

Sugar 2 (980 ?)rg).-This material, from fraction 3, had [or]uE -04" and was i?entificd as 2,3,4,6-tetra-0- 
methyl-L-galactose. The negative rotation suggested that the L-form had beell obtained. The aniline deriva- 
tive, after recrystallization froin ethanol, had [n]n2' -48" (c, 0.17 in acetone) and lll.p. 104-105", tiepressed 
15" on admixture \vith authentic l V - p l i e n y l - 2 , 3 , 4 , 6 - t e t r a - 0 - m e t h y ~ - ~ - ~ i n c .  

Sugar 3 (122 i?rg).-This material was obtained as  the slower zone from fraction 4, using solvent (B). 
Further an~ounts  were obtained from the slower zone of fraction 5 after paper electrophoresis. The syrup 
had +84" (c, 1.342). The syrup (6 mg) in mcthanolic hydrogen chloride (1.5%, 5 1111) had [CX]D'~ -56" 
(c, 0.12) after 24 hours. The material was chroi~iatographically indistinguishable from 2,:~,6-tri-O-rnethyl-D- 
galactose. The sugar solutioil was oxidized for 3 days \vith bromine (3 drops) in water (1 1111) and the lactonc 
was isolated in the usual maliner. Crystallization from ether yielded 2,3,6-tri-0-methyl-D-galactonolactonc, 
n1.p. and mixed m.p. 97-08" C, and possessed [cY]D?' -37" (c, 0.98) (30, 31). 

Sugar 4 (181 ?n'g).-This inaterial was obtained from the electrophoretic separation of fractions 5 and ti. 
A portion of the syrup on demethylation afforded rhamnose. The sugar mo\.ed a t  a dif[crent rate to authentic 
2-0-methyl and 3-0-methyl-L-rhamnose. The syrup consumed 1.0 moles of periodate, suggesting it to be 
4-0-methyl-L-rhamnose. The syrup crystallized after 4 months. Recrystallization from acetone yielclccl 
white crystals, m.p. 110-111" C antl [or]021 +2G0 (c, 1.2). A portion of the s),rup was oxidized wit11 bromine. 
The resulting 4-O-metliyl-~-rhami~oi~01acto1ie after recrystallizatio~l from chloroform - light petroleum had 
n1.p. and mixed m.p. 81-82" C (32). A further portion of the sugar was refluxed with aniline in cthanol to 
give iV-phenyl-4-0-methyl-L-rhamnosylamine. ~vhich after recrystallization fro111 ethanol had 111.p. 157-158" 
C and   or]^^' +142' (6, 0.33 in pyridine) (36). 

Sugar 5 (58 mg).-This sugar was isolated from fraction 7 by multiple de\-elopment with .iol\;ent (13) on 
Whatman 3MM paper. The syrup shomed galactose on demctl~ylatioii and had [or]+ +f'; (c, 1.11) (37). 
The material was electrophoretically identical with 2,3-di-O-methyl-~-galactose. A portion of thc syrup in 
water (2 ml) was oxidized with bromine (3 drops) for 3 days. The resultant lactonc \\,as treated with 
methanolic ammonia (3%, 2 1111) for 2 days. Removal of the solvent yielded a white inaterial which had 
[ e ] ~ "  +24" (c, 0.08). This amide, spotted on paper, \vas sprayed with sodium periodate fo1lon:ed by a solutioll 
of inositol, then with a mixture of ammonia and acetyl acetone (37), when a yellow spot resulted, indicating 
release of formaldehyde. Oxidation of the ainide with sodiul~l periodate resulted in a periodate uptake of 
1.85 moles and a formic acid production of 0.90 mole per sugar molecule. The original syrup after trcatnient 
for 5 days with inethanolic hydrogen chloride (1.5%) had [e]D2' -16" (c, 1.0) (38). A crystallille aniline 
derivative could not be obtained. 
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HUNT AND JONES: LINSEED MUCILAGE 1275 

Szlgar 6 (95 ?17g).-This material was obtained from fraction 7 after multiple development in solvent ( B ) .  
T h e  syrup had zero rotation and showed galactose after demethylation. The  sugar was chromatographically 
different from 2-0-methyl and 6-0-methyl-D-galactose but was identical chromatographically with 3-0- 
111ethyl-D-galactose. Neither a crystalline aniline derivative nor an osazone could be obtained from the syrup. 

Szlgar 7 (55 11~g).-This sugar was also obtained from fraction 7 by  multiple development. T h e  sugar was 
chro~l~atographically indistinguishable from L-rhamnose in all solvents and had [o(]DZ2 +2O (c ,  0.7). T h e  mat- 
erial formed a phe~~ylhydrazone which, after recrystallization fro111 water, had m.p. 157-158' C and [ o ( ] ~ 2 2  

+42' (c ,  0.1) (39). Admixture with authentic L-rhamnose phenylhydrazone failed t o  depress the  11lelti11g 
point. 

Tiselit!s I~iz~estigntio~z of the Nezltral Fraction 
The  neutral fraction (50 mg)  was dissolved in borate buffer (0.05 14, 5 ml )  and dialyzed against borate 

buffer for 24 hours. T h e  electrophoresis was performed with the aid o f  the compensator. Pictures were talcen 
o f  the 'bulier arm' after 20 minutes (a ) ,  SO minutes ( b ) ,  and 390 minutes (c).  A small fast peak was observed 
followed by  two slow peaks o f  about the same size. 

When  the fast-moving peal: was no longer visible on the observation screen, the cell was closed and the 
current switched o f f .  The solutions contained in the 'buffer arm' and 'solution arm' were removed and 
hydrolyzed separately. Chromatography indicated that there was little difference in the sugar composition 
o f  each fraction, although the solution obtained from the 'solution arm' was apparently richer in arabinose. 

Large-scale Siizitlz-type Degradation of the iVeut~al Fraction 
The  neutral fraction (5.9 g) was dissolved in distilled water (1.2 I . ) ,  and sodium metaperiodate solution 

(0.3 21, 162 ~ n l )  was added. The  reaction mixture was kept in the dark. for 96 hours. T h e  excess periodate 
\\.as destro).ed with ethylene glycol (20 m l ) ,  and after dialysis t o  remove formaldehyde, ethylene glycol, and 
salts, the polyaldehyde was reduced with a solution o f  potassium borohydride (5 g in 100 ml) .  T h e  excess 
borohydride was destroyed with dilute acetic acid. T h e  solution was dialyzed for several days and then 
concentrated to  a thick gel. T h e  volu~ne was adjusted t o  150 ml with sulphuric acid (1 N )  and the solution 
lcept at  room temperature for 12 hours. After neutralization (BaCOa), the precipitate was removed b y  
centrifugation. T h e  centrifugate was passed through IR-12O(H) resin. The  eluate was concentrated and 
poured into ethanol. T h e  precipitate was collected b y  centrifugation and dried to  a white powder (850 mg) .  
The  alcohol supernatant mas concentrated t o  a syrup (2.1 g). 

Properties of the Sntitlt-type Degraded Polysaccharide 
Hydrolysis o f  a portion (10 mg)  o f  the polysaccharide followed b y  chrolnatography in solvents ( A )  and ( C )  

showed the presence o f  xylose and a trace o f  arabinose. T h e  polysaccharide had [ f f ] ~ "  -54' (c, 0.2). 
The  degraded material (4  mg)  and Eniyme AP19 (supplied b y  Rohm and I-Iaas Co.) (4  mg)  were dissolved 

in water (5 ml)  and incubated a t  3'7' C.  Aliquots were removed at intervals and chromatographed in solvent 
(A).  Sylose,  sylobiose, xylotetraose, and oligosaccharides were produced. 

The  degraded material (45.5 mg)  was dissolved in water and sodiunl metaperiodate solution (0.3 iM, 3 ml)  
added. The  solution \\;as made L I P  t o  vol~une (100 nil) and Icept in the dark while the oxidation proceeded. 
Periotlate uptake and formic acid production were determined as previously described. Extrapolation o f  
the 'overoxidation' part o f  the curves t o  zero time indicated that 0.57 mole o f  periodate was consumed 
and 0.10 mole of for~nic acid was produced per pentose unit (calculated as CaIlsO4). Hydrolysis o f  the mix- 
ture after oxidation followed b y  chromatography in solvents ( A ) ,  ( B ) ,  and ( C )  showed the presence o f  
xylose onll-. 

ilJetelitylation of the Degraded Polysaccl~a~ide 
T h e  polysaccharide (800 mg)  was dissolved in water (10 ml ) ,  and dinlethyl sulphate (30 ml )  and sodiunl 

hydroxide solution (30%, 10 ml )  were added, while the solution was vigorously stirred. T h e  solution was 
kept at  0" C and a t  pH 6-7. After 24 hours the basic solution was heated a t  GOo C. T h e  solution was neutral- 
ized with acetic acid and concentrated t o  a snlall volume (20 ml ) .  This solution was extracted several times 
with chlorofor~l~ and the combined chloroform extracts mere concentrated to  a syrup (770 mg) .  T h e  syrup 
was dissolyed in nlethyl iodide and methylated b y  Purdie's method. The  syrupy ~nethylated material 
(450 mg)  was extracted with boiling light petroleum (40-60"). The  solution was decanted from the insoluble 
material and concentrated t o  a syrup (113 mg) .  The light petroleum insoluble material (537 n ~ g )  mas dis- 
solved in ch loro for~~~  and concentrated t o  a glass. The  glass ( found:  OMc,  37.6%) displayed a negligible 
hydroxyl peak in the infrared spectrum. 

T h e  methylated material (525 mg)  was hydrolyzed with formic acid as previously described t o  yield a 
syrup (481 mg)  o f  methylated fragments. T h e  syrup \\'as separated on a cellulose column using light petroleum 
(100-120") - butan-1-01 (7:  3 )  and later butan-1-01 - methanol (10: l )  as eluants, t o  give six fractions which 
were again separated chro~~~atographically t o  give the following sugars. 

Idclrtijcation of the ililethylated Fragnfents 
Sz~gar 1.-This syrup (46 mg)  had an X I  v a l ~ ~ e  identical with that o f  2,3,4-tri-0-methyl-D-xylose and 

crystallized completely on nucleation. Recrystallization from ether yielded crystals, n1.p. and mixed m.p. 
88-89" C ,  which had [ o ( ] ~ ~ '  +19" (c, 0.7) (40). T h e  mother liquors were separated on paper using solvent ( A )  
and a further crop of  crystals (16 1ng) was obtained. 
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Sugar $.-This syrup (128 mg) was crystallized from acetone - light petroleum and yielded 2,3-di-0- 
methyl-D-xylose, n1.p. and mixed m.p. 80-81' C, and had [CY]D" $25' (c, 0.34) (41). The derived iV-phenyl 
glycosylamine was recrystallized from ethanol and yielded N-phe1~yl-2,3-di-O-1nethyl-~-sylosylan1i1e, m.p. 
and mixed m.p. 124-125' C, which had [CY]D2' +88" (c, 0.14 in ethyl acetate, 5% acetic acid) (40). 

Sugars 3 and 4.-The syrup (145 mg) was separated into two con~ponents by paper electrophoresis. The 
faster-moving material (9 mg) corresponded to authentic 3-0-methyl-D-xylose and had [ a ] 0 2 ?  +Go (c, 0.9); 
demethylation of the derivative afforded xylose. iS crystalline aniline derivative could not be obtained. 
The slower-moving fraction (101 mg) yielded xylose after demethylation; it ~noved slo\~er than 2- or 
3-0-methyl-D-xylose on paper chromatograms. The material gave a positive tetrazolium red test and had 
[CY]DB +6" (6, 1.01), in good agreement with the value reported by Hough and Jones (42) for s)rupy 4-0- 
methyl-D-xylose. When oxidized with sodium periodate the syrup (4.5 mg) liberated 2 moles of formic acid 
per mole of mono-0-methyl pentose. The syrup failed to  yield a crystalline aniline derivative. The derived 
phenylosazone had m.p. 160-161" C (43). Admixture with the authentic 4-0-methyl-D-xylosazone prepared 
by the  method of Hough and Jones (42) failed to depress the melting point. 

Szrgar 6.-This material (10 mg) was obtained from the same separation as  sugars 3 and -4. The syrup 
was chron~atographically indistinguishable from xylose in solvents (A), (B), and (C); it could not be induced 
to  crystallize. The syrup was treated with benzaldehyde and methanolic hydrogen chloride (44) for several 
days. The derived dibenzylidene dimethyl acetal of D-xylose after recrystallization from chlorofor~l~ - light 
petroleum had m.p. and mixed m.p. 207-208' C. 

Sugar 6.-This material (15 mg) was obtained from the paper chromatographic separation of sugars 
5 and 6. The syrup had a n  Rl value identical with that  of 2,4-di-0-methyl-D-xylose in solvents (A), (B), 
and (C). The syrup failed to crystallize or yield a crystalline aniline derivative. 

Sugar 7.-This material (10 mg) was obtained from the separation of sugar 2. The syrup yielded arabinose 
after demethylation and had a n  Rl value in solvents (A) and (B) of 0.91 and 0.85 respectively. The data  
suggest that  i t  is either 2,3,4-tri-0-methyl-L-arabinose or 2,5-di-0-methyl-L-arabinose (45); crystalline 
derivatives could not be obtained. 

Investigation of the Alcohol-soluble Sntith-type Degradation Prodz~cts 
1. Acetone Separation 
The syrup (2.1 g) was extracted three times with boiling acetone. The acetone solutions were decanted, 

combined, and concentrated to  a syrup (1.1 g). 
2. Separatiots of the Acetolse-insoluble Material 
The syrup (1.0 g) in water (3 ml) was absorbed on a colu~nn of Dowex 50\V resin 2% crosslin1;ed (lithiu~ll 

salt) (46). Water was used as the developing solvent and six fractions were collected. Chromatography of 
the first three fractions indicated the presence of higher n~olecular weight material. Hydrolysis of portions of 
each fraction indicated a mixture of glycerol and one or two sugars. 

3. Separation of the Acetone-soluble Material 
This material (1.1 g) was separated in the same manner a s  the acetone-insoluble material and the  follo\ving 

fractions were obtained. 

Component \\[eight 
Fraction Tube No. (R,],,,, solvent (B)) (mp) 

- 

Total 657 

Fraction 8.-This fraction was not investigated. 
Fraction B (230 mg).-This fraction was separated on cellulose using butan-1-01 half sat~rratecl with Ivater 

as  eluant to  give seven fractions. 
Fraction Ba (SO mg).-This fraction had an Rl value corresponding to  glycerol in all solvents. The syrup 

was characterized as the  tri-0-p-nitrobenzoate, 1n.p. 190-191" C undepressed on adiuixt~ire \vith authentic 
glycerol-tri-0-p-nitrobenzoate (8). All the other fractions were hydrolyzed ancl appeared to be glycerol 
glycosides of arabinose and galactose. 

Fraction C (317 ntg).-This fraction was fractionated in a manner similar to that used for fraction B to 
yield five fractions. 

Fraction C1.-This syrup was separated into two components (Rrham 1.64 and R,I,,, 1.24) using solvent (A). 
The fast-moving component (Rrhnm 1.64) yielded glycerol and a trace of aiabi~lose after hydrolysis. The slow- 
moving component (R,hn, 1.24) yielded glycerol and traces of arabinose and galactose after hydrolysis. 
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I-IUNT A N D  JONES: LIKSBED MUC1L:ZGE 1277 

Fractioz C2.-This syrup had [ff]D2? $13" (c, 1.3) and yielded equal amounts of glycerol and arabinose 
after hydrolysis. The material had an Rs~rc value of 0.87 in solvent (A) and 0.92 in solvent (B). IVhell oxidized 
with metaperiodate, the syrup consumed 1.80 moles of periodate and released 0.81 mole of formic acid per 
sugar molecule. Hydrolysis of the periodate-oxidized material followed by chromatography in solvent (A) 
indicated that  no monosaccharide was present but confirmed the presence of glycerol. The material did not 
crystallize but possessed optical rotation and R, values similar to  those of 2-0-a-L-arabinosyl glycerol 
glycoside obtained by Jones (14). 

Fraction C3.-This material was not further investigated. 
Fraction. C4.-This fraction was separated into three components by paper electrophoresis. The zones 

(a, 8, and ?) mere eluted with water and concentrated to  syrups. 
Fraction a,-This syrup (48 nig) had [ a ] ~ ? ?  +29" (c, 0.94) and Rrhlln value 0.61 in solvent (-4) which was 

identical with that of arabinose. The syrup was treated with saturated benzoyl hydrazine solution for 48 
hours. The derived L-arabinose b e ~ ~ z o y l  hydrazone had n1.p. and mixed 111.p. 189-191" C (47). 

Fractior~ &-This material (27 mg) had [a]D2? +18" (c, 1.38) and R,I,, value 0.68 in solveilt (-4). T h e  
syrup yielded arabinose and glycerol after hydrolysis. 

Fraction ?.--This syrup (27 rng) was a mixture and consisted of two components (Rrhnm 0.68 and 0.77) in 
solvent (A). l-lydrolysis of the misture followed by chromatography indicated the presence of arabinose, 
galactose, and glycerol. 

Fraction CS.-This syrup (5 mg) had [ a ]~? '  +23" (c, 0.38) and R,,1 values of 1.10 in solvent (A) and 1.2in 
solvent (B). The material gave a dark bro\vl~ color \\-it11 p-anisidi~ie and yielded about equal aiiiour~ts of 
arabinose and galactose after hydrolysis. Sufficient material was not available for further s t ~ ~ d y .  

Partial EIydrolysis of the Neutral Fraclion 
The neutral material (1 g) in sulphuric acid solution (0.5 N, 10 rill) was heated on a boiling-xvater bath. 

Samples were removed a t  hourly intervals for a period of 9 hours and examined cl~ron~atograp1~ically in 
solvents (A) and (B). The maximum yield of oligosaccharides was obtainecl a t  about 5 hours. These condi- 
tions were therefore chosen for a large-scale partial hydrolysis. 

The neutral fraction (29 g) was swollen in sulphuric acid solution (0.5 N, 290 ml) and heated on a boiling- 
water bath for 5 hours. The hydrolyzate was neutralized (BaC03) and the precipitate removed by centrifuga- 
tion. The centrifugate was passed through IR-120(H) resin and A-4(OH) resin. The neutral eluate was 
concentrated to  a small volume (75 ml) and dialyzed against distilled water for several days. The water 
used in the dialysis was concentrated to a syrup (23 g). The dialyzate was concentrated and then poured 
illto alcohol to yield the degraded polysaccharide (1.79 g) which had [a]D" -15" (c, 0.23). Hydrolysis of this 
material (30 mg) follo\rred by chrornatographp in solvents (B) and (C) indicated the presence of sylose 
and galactose but the absence of arabinose; trace amounts of rharnnosc ant1 galacturonic acid were also 
detected. The disaccharides \\?ere separated fro111 the moriosaccharides in the syrup (23 g) on a charcoal- 
celite ( I  :1, n,/\rr) column (48) using water as eluant. The disaccharides were removed with ethanol in water 
and yielded a syrup (2.1 g) upon concentration. 

Columtt Separa!ion of the Oligosaccharides 
The syrup (2.1 g) was adsorbed on a cellulose columl~ pre\.iously equilibrated with the developi~lg solkent 

(n-propano1:cthyl acetate:\vater) (7:1:1, v/v). Thirteen fractions were collected, all of which were lnistures. 
ill1 but fractions 12 and 13 were further separated on paper, using solvent (A). 

Identi$catiora of the Disaccharide Fragmwlts 
Disaccl~aride 1 
This material (352 nlz) hat1 Ialn?? +84" (c. 1.75) and sho\\rcd R,,I values of 1.18. 1.29. and 1.33 in solvenis -, . .- . . 

(A), ( I < ) ,  and ( ~ j r e s ~ e c t i v e l ~ .  I-Iydrolysis of the syrup followed by chrolnatography inclicated equal amoi~nts  
of arabinose and xylose. Bromine oxidation sho\ved that arabinosc was the reducing end-group. 

sniall portion (20 mg) of the disaccharide was dissolved in watcr (3 1111). Redistilled phen).lhyclrazine 
(0.18 ml) and glacial acetic acid (0.20 ml) \\:ere added and the niisture heated for several hours a t  40-45' C. 
Upon cooling of the solutio~i, ycllow crystals appeared, wllich were collected and recrystallized fro111 tvater. 
The crystals rapidly turned a dark brown color and had m.p. 121-135" C. 

A further portion of the syrup (25 mg) was dissolved in borate buffer (0.1 ilf, pH 7) and recluced with 
potassium borohydride solution (3 111g in 1 ml) for 1 day (49). The excess borohydride was destroyed n?itli 
dilute acetic acid and the so lu t io~~  was tlien passed through IR-120(H) resin and 11--$(OH) resin. l'he eluate 
was concentrated and codistilled several times with methanol. The dried syrup was treated twice wit11 
acetic anhydride (3 ml) and pyridine (5 ml) a t  room temperature for 40 hours. The acetate was isolated in 
the ~lsual manner but failed to  crystallize. The syrup had [a]D?' +Go (6, 1.27 in chloroform). The disaccharide 
acetate was dissolved in acetone (20 ml) and the solution refluxed with soclium hydroxide solution (0.1 N, 
5 1111) for 5 hours. The solutio~l was cooled and passed through IR-120(M) resin. The elllate \\-as tlien COIL- 

centratcd to a syrup. Paper chrornatography indicated a trace of unreduced disaccharide (R,,I 1.2) and the 
syrupy sugar alcohol derivative \vhich was separated using solvent (A). Tlie zone (R,,,I 0.70) \vas eluted 
with water and finally yielded a syrup (14.5 mg) n,hich had [LY]D?~ +4G0 (c, 1.45). \\illen the material was 
oxidized with lead tetraacetate in a Warburg apparatus, 1.5 ~iloles of for~nic acid were released. Tlie reduced 
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disaccharide consu~ned 3.47 nloles of periodate and liberated 1.60 moles of formic acid and 0.70 mole of 
formaldehyde (50) per ~nole of sugar when oxidized with sodium ~netaperiodate. Disaccharide 1 when 
chro~natographed in solvcnts (A) and (B) had R,,I 1.16 and in solvent (C) had RE,, 1.31. This inaterial had 
R,,I values which differed from those of 5 -0 -~ -~-xy~op)~ra1~0sy~-~-a rabofu ra1~ose ,  3-O-a-D-xyl0pyrall0sy~-L- 
arabinose, and 2-O-P-~-xylop)~ra11osyl-~-arabinose. 

Disaccharide 2 
This nlatcrial (125 mg) had [ a ] ~ ' ~  +94' (6, 1.23). The R,,,I values in solvents (A), (R) ,  and (D) were 

respectively 1.00, 0.88, and 1.02. The syrup was not identical with 3-0-a-D-xylopyranosyl-mylose and the 
sylobiose already identified. Ilydrolysis of a snlall portion indicated only xylose. The syrup (7 mg) was 
treated with phenylhydrazine to  yield yellow crystals which darkened in color very rapidly. After recrystalli- 
zation from hot water the crystals had n1.p. 154-156" C. 11'hen oxidized with sodium metaperiodate, the 
disaccharide consumed 3.10 moles of periodate and released 1.60 molcs of formic acid per sugar ~nolecule. 

Disaccharide 3 
This syrup (41 1ng) had [ a ] ~ ' ~  -16" (c, 2.0-1). The R, value in all solvents was identical with that  of 

4-O-~-D-xyl0pyran0~yl-D-~y~0~e. Hydrolysis of a portion of the syrup showcd only xylosc. When seeded the 
lnaterial crystallized. I t  was recrystallized from nlethallol and had 111.p. 104-196" C, undepressed on adnlix- 
ture with authentic 4-0-P-D-sylopyranosyl-D-sylose (40). The derived phenylosazone had n1.p. and mixed 
m.p. 210-21.2" C (decomp.). 

Disaccharide 4 
A small amount of this lnaterial (3 mg) was available. The syrup had [ a ] ~ ~ ~  +34" (c, 0.29). Hydrolysis 

followed by chromatography indicated arabinose and galactose. Bromine oxidation left the galactose unit 
~rntouched. The R,,I values on chromatogralns in solvents (A) and (B) \yere 0.92 and 0.65 respectively. 

Disaccharide 6 
This material (5 ~ n g )  possessed RF.1 0.42 in solvent (A) and R,,I 0.65 in solve~lt (B). The syrup had [ a ] ~ ' ~  

+25' (c, 0.48) and was shown to  be a galactosyl-arabirrose fro111 the results of hydrolysis and bromine 
oxidation. 

Disacclrauide 6 
This syrup (164 mg) had [ a ] ~ ' ~  4-14' (6, 8.2). Hydrolysis followed by chromatography indicated the pre- 

sence of sylose and arabinose. Bromine oxidation indicated arabinose to  be the reducing end-group. The 
derived phenylosazone had m.p. 185-187' C. The disaccharide consumed 4.34 moles of periodate and pro- 
duced 1.95 moles of formic acid. The material had R,,1 values of 0.00 in solvents (A) and (C) and 0.80 in 
solvent (B). 

Resilz Separaliow of Fractio7zs 12 and IS 
The cornbilled fractions 13 and 13 (155 111g) were placed on a column of Dowex 5011; rcsin, 2% cross-linked 

(46). Aqueous ethanol (50%) was used as  the developing solvent, to give four fractions. All fractions proved 
to  be mixtures. Fraction 4 crystallized and was recrystallized fro111 ethanol containing a trace of water. 
The crystals had 1n.p. 238-240' C. Hydrolysis follo\ved by chromatography indicated only xylose. The 
sugar had R,I, valucs in solvent (E) of 0.13 and R,,,, value of 0.20. 
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ISOTOPE RATE EFFECTS IN  T H E  ENOLIZATION O F  
OXALACETIC ACID 

GEORGE \V. I<OSICI<I 
Depni t~~zafrt of Cl~riilist,.y, E s s a  Collc~e, ~ l s ~ z i ~ ~ i p l i o ~ z  C')~ive~~Z'ty of PTJindsoi., Ilii?zdso1., Oi~taiio 

Itcceived February 16, 1962 

ABSTRACT 

Acid-catalyzed enolization of oxalacetic acid in 1320 and DzO gives rise to a constant iqotope 
rate cit'ect kn,o/k~?o of 2.4 over the pH (pU) range of 5.5 to 7.5. Base-catalyzed enolization 
of osalacetic acid in Hz0 and D20 gives rise to a constant isotope rate erect  knZO/kDzO of 
-1.5 over the p1-I (pD) range of 7.0 to 8.0. The percentage of en01 form of osalacctic acid was 
calculated to be 15.S76 a t  pII 8.0, using the absorption of the en01 form in ether a t  255 rnp 
and the absorption of the Iceto for111 a t  pH 0.5 i11 a n  aqLleoLis syste~il. The spectrophotometric 
~t~easurement of the isotope rate clfect i~lvolved in tlie enolization of osalacetic acld gives 
clirect evidence for the rate-deternlining step in both the acid- and the base-catalyzed reactions 
~ ~ ~ t h o u t  subsequent reactions. 

ISTRODUCTION 

During the study of tlie isotope rate effects of tlie citrate-condensing enzyme we 
observed certain specti-a1 changes in  the assay involving the enolization of oxalacetic 
acid (1). Osalacetic acid has been found to exist in the en01 form to tlie extent of 15.2 to  
15.8% in aqueous systenis from pH 5 to 10 (2). Enolizations of this type are general 
acid- and base-catall~zed reactions (3, 4) : 

0 0 1-1 0 
I o o y o  I 

O O I - I O  
1 1  ; I  I I /  fast I1 I I I slow 11 I i I i  

I-10-C-C-C-C-OH + H+ .---' I-IOC-C-c-C-OH 1-10-C-C=C-C-OH + H+ 
I + !  

1-1 1-1 

Base-catalj.zed : 

O O H O  O O H O  O 0 - H  O 
I I I l l  slow II II I I /  fast II I I I /  

-0-C-C-C-C-0- + B-# -0-C-C-C-C-0- + B1-I - -0-C-C=C-C-0- 
I 0 

The step involving tlie C-I3 bond cleavage has been shown to be rate limiting by follow- 
ing the rate of enolization by subsequent bromiilation (5, G ) ,  racemization, and deuteration 
(7) of the resulting enol. The rate of the base-catalyzed bromination is proportional to 
the concentrations of tlie lietone and base bu t  is indepenclent of the concentration of 
bromine. The  acid-catalyzed halogenation has properties similar t o  those of the base- 
catalyzed reaction, i.e. the rate is proportional to the concentration of tlie ketone and 
acid bu t  indepenclent of tlie conceiltratioll of the halogen. This illeans that  although 
halogen is consumed ill the overall reaction of both acid- and base-catalyzed enolizations, 
it beconies involved after completion of the rate-determining step. 

The rate of enolization of oxalacetic acid can also be followed spectropliotometricall~~ 
because the en01 forni has a illarliedly increased absorption a t  255 111p. This increased 
absorption is due to the conjugated bond systenl of tlie en01 form. In  this paper the rate 
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of enolization of oxalacetic acid is measured spectrophotoinetrically as a function of pH 
and pD. The results sho\v an isotope rate effect in both the acid- and base-catalyzed 
enolizations, indicating directly that C-I3 bond cleavage is involved in the rate-deter- 
mining step. 

EXPERIMENTAL 

The follo~ving materials were comn~ercial preparations: reduccd diphosphopyridine nucleotide (DPNH),  
oxalacetic acid, and malate dehydrogenase (C. F. Boehringer and Son, WIannheim, Germany). The DzO 
(99.78 at on^',; excess D) was purchased from Atomic Energy of Canada Limited, Ottawa. Tris(hydroxy- 
methy1)aminomethane (THAM) was primary standard grade. 

Oxalacctic acid concentrations were measured en~yinatically using malate dehydrogenase and DPNH in 
0.1 111 potassiun~ phosphate bulfer, pI-I 7.2 (8). In these cases, however, the malate dehydrogenase reaction 
\vas follo~ved to  completion in the presence of a n  excess of enzyme (200 units) and a limiting concentration 
of oxalacetic acid. In  a 1.0-1111 volume and 1.0-cm light-path reaction cell, 1.0 pmole of DPNH consumed, 
which is equivalent to  1.0 pmole of osalacetic acid, gives a change of G.22 absorbancy ~lni ts  a t  340 mp. 
Freshly dissol\ ed osalacetic acid samples werc stored in ice during the time of running a given series of 
readings in order to  minimize decarboxylation. 

The pl-I of each reaction cell was measured a t  thc cncl of the assay by a Beclrman i\/Iodel G pH meter. 
For thc D 2 0  s)stenls the nunlerical reading of pH was converted to pD by adding 0.4 units as  described by 
Lumrj- c /  01. (9, 10). This calculation received experimental confirn~ation by Glascoe and Long (11). For  
the assays in DLO thc same reagents used in the H?O systems were madc up in D:O. The D20 concentrations 
r e r e  routinel>. above 08% in the reaction cell. 

Thc ratcs of reaction were measured with a Becliman Model D.U. spectrophoton~eter. The temperature 
of the reaction cell was kept a t  25~t0 .2 '  C by a water-circulating bath. 

RESULTS 

Figure 1 shows the absorbancy of the equilibriu~n mixture of en01 and keto forms of 
oxalacetic acid measured in the direction of en01 formation. The equilibrium mixture a t  
pH 8.0 contains 15.3y0 en01 as calculated from the 255-mP absorption of oxalacetic acid 
in ether; the 1;etoacicl in ether is 1;nown to be i11 the en01 form (12). The lnolar absorbancy 
indes a t  255 mfi is 5.GOX103. The aqueous absorption a t  pH 8.0 was corrected for the 

FIG. 1. Equilibrium absorbailcy of oxalacetate. Each cell (0.5-cm light-path) contained 0.705 pmole of 
oxalacetic acid and sufficient NaOH (or I-ICI) to give the resulting pH (pD) values, and water to make the 
final volume 1.5 ml. For D?O systems the reagents were made up in D20. The absorbancy values are t h e  
highest readings reached for each reaction. 
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absorption of the Iceto form by using the absorption of oxalacetic acid a t  pH 0.3, where 
the molar absorbancy index is 0.41X103. At pH 2.5 oxaIacetic acid in H2O is 2.8y0 in 
the en01 form and a t  pH 12.4, 49%. The equilibrium absorption is approximately constant 
froin pH 5 to 10. 

The equilibriuill absorption in DzO is decreased, correspo~lding to 12.7% en01 form 
from p D  5 to 11. Above pD 11 the absorption in D 2 0  is shifted about 0.5 pD units. 

, The same equilibriunl values are reached by ketonization. Oxalacetic acid in NaOH 
(pH 12.5) or in ethanol, where the en01 form predominates, was neutralized with varying 
a~liounts of HCI or NaOH to give a range of resulting pH and equilibriunl values. At 
25" C the rate of ketonization is too fast to be followed by our method. 

Figure 2 shows the rate of absorbancy change as a function of pH in the range of acid- 
catalyzed enolization. The solid acid (enol form) equilibrated in H 2 0  (pH 2.5) correspo~lds 

FIG. 2. Acid-catalyzed enolization. Each reaction cell (0.5-cm light-path) contained O.SG5 pmole of 
oxalacetic acid, sufficient NaOH to give the resulting pH (pD) values, and water to  make the fil~al volume 
1.5 ml. The reactions were started by additions of 0.10 ml of a solution of oxalacetic acid in  HnO (pH 3) 
or in D 2 0  (pD 2.5). The curve for the H?O system is drawn with a constant isotope rate effect of k ~ ~ ~ / k ~ , ~  
of 2.4. 

to 2.8% en01 form. This solution of the keto form of oxalacetic acid was added to a solution 
of WaOH of varying concentrations so that the resulting pH values would be within the 
range of pH 5.5 to 7.5. The initial rates of absorbancy increase were measured a t  255 1 1 1 ~  

and expressed as absorbancy change per minute. 
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IiOSICKI: ISOTOPE RATE EFFECTS 1283 

The rate of absorbancy change as  a function of pD (Fig. 2) shows a similar acid-cata- 
lyzed enolization. The D1O system was measured under idelltically corresponding condi- 
tions, replacing Hz0 with D20. The rate of enolization in D?O depends on a higher 
concentration of acid, giving rise to a constant isotope rate effect kH20/kD20 of 2.4. 

In Fig. 3 the base-catalyzed enolization is shown for both Hz0 and D 2 0  systems. A 
solution of the lteto form (pH 3.0) was added to 0.67 M THAM-HC1, with the HCi 

FIG. 3. Base-catalyzed enolization. Each reaction cell (0.5-cm light-path) contained 0.680 pmole of 
oxalacetic acid, 100 pmoles of basic THAM, sufficient HCI to give the resulting pH or pD values, and 
water or D2O to make the final volume 1.5 ml. The curve for 1-120 is drawn with a constant isotope rate 
effect ~ F I ~ O / ~ D ~ O  of 4.5. 

concentrations varying so as to  adjust the resulting pH or pD values. The rate of base- 
catalyzed enolization was sinlilarly followed by the absorption increase a t  255 mp. The 
isotope rate effect of k,20/kD,o is a constant value of 4.5. Additions of salts of weak 
acids such as KHC03  or THAM-acetate increased the rate of enolization, thus shifting 
the rate curve of the base-catalyzed reaction to  lower pH values. 

DISCUSSION 

Approximately the sanle equilibrium value of 15.3% en01 for the pH range of 5 to 10 
is reached by acid or base catalysis whether approached from the en01 or lteto side of 
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the equilibrium. In the pH (pD) ranges where the rate of reaching the equilibrium is 

corllparatively slow the equilibrium absorption is slightly variable and decreases because 
of decarbosylation of oxalacetic acid to pyruvic acid (13, 14). In the strongly basic region 

the equilibrium absorption increases because of the formation of the enolate. The 
magnitude of the shift of the absorption curve for DzO to a higher pD value corresponds 

well to shift of pK values of weak acids in DzO as compiled by Glascoe and Long (11). 
I n  the strongly acid range the absorption of equilibrated oxalacetic acid decreases 

because full protonation of the carboxyl groups decreases any tendency to a conjugated 
double-bond system which is respoilsible for the 255-mp absorption. This is borne out 

by the fact that the 255-mp absorption of oxalacetic acid a t  pH 0.5 call be used as the 

alssorption of the keto form. 
The isotope rate effects in both acid- and base-catalyzed eilolizations of oxalacetic 

acid indicate that proton cleavage is illvolved in the rate-limiting step of both reactions. 

When the oxalacetic acid is equilibrated in DZO prior to the experinlent it quiclcly ex- 
changes to form the fully deuterated substrate (15). The C-D bond is then cleaved in 

the slow step. 
These data give further and direct evidence that the proton-carbon bond cleavage is 

the rate-limiting step in acid- and base-catalyzed enolizations. 

The author wishes to thanlc the Natioilal Research Couilcil of Canada for financial 
assistallce and Doctors P. A. Srere, R. J. Thibert, ancl K. G. Rutherford for their many 

valuable discussions. 
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The solutions were made up by weight and contained 5 mole% solute. At this dil~rtion, sol~rte-solute 
interactions nlay be ignored. The strongest solution of $-benzoquinone in methylcyclohexane that could 
be obtained was 1 1nole7~. 

All the liquids used were of White label or Research grade purity; the p-benzoquinone was purified by 
repeated sublimation. 

Chemical shifts were n~easurecl by the side-hand technique using T.M.S. (tetramethylsilane) as internal 
reference. These are accurate to f 0.1 cycle/sec. Tetra~nethylsilane was chosen because of its sharp reson- 
ance over the entire temperature range studied, -100° C to +140° C. 

RESULTS AND DISCUSSION 

The variation of chemical shift with temperature of dilute solutiolls of acetonitrile, 
p-benzoquinone, and N,N-diinethylformamide in inethylcyclohexane and toluene are 
shown in Figs. 1 to 3 respectively. I t  is observed that  in all three systems the proton 

TEMPERATURE ( O C )  

- 
'T -100- 
r 
Ul 

6 - 110- - 

FIG. 1. The temperature dependence of the proton chemical shift of acetonitrile in toluene and methyl- 
cyclohexane. The negative sign indicates a displacement of the signal to the low-field side of the reference, 
T.M.S. 

S O L V E ? i T :  M E T H Y L C Y C L O H E X A N E  I 
o ~ o - o - o - O - O  

shifts are almost completely independent of temperature when methylcyclohexane is 
used as solvent, confirnming the absence of solute-solvent complex species in these solutions. 
On the other hand, there is a progressive high-field shift of the solute protoils in toluene 
solutions as the temperature is reduced. 

Large shifts to high field occur in the p-benzoquinone-toluene system below +lo0 C. 
This is the result of the solution becoming more dilute as the solubility of the solid 
decreases. For this reason, the temperature coefficients of the shifts have been calculated 
using +lo0 C as the lower limit. The upper limit, +90° C, is fixed by the internal 
rotational behavior of N,N-dimethylformamide just above this temperature. The tem- 
perature coefficients are shown in Table I. 

The methyl derivatives, toluene and methylcyclohexane, rather than the parent 
hydrocarbons, were chosen as solvents since their much lower freezing points enable a 
wide temperature range to be investigated. In addition, certain physical properties, i.e. 

e I I I I I 

a -100 -50 0 i -50 +I00 
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HATTON AND SCI-IWEIDER: MOLECULAR COMPLEXES 

-390 

SOLVENT: M E T H Y L C Y C L O H E X A N E  
-0- ----- 0-0-0-0- 0-0- 

a -400 
-50 0 + 50 +I00 +I50 

TEMPERATURE ( " C )  

FIG. 2. 'I'he te~ilperature dependence of the proton chemical shift of p-benzocl~linone in toluene a n d  
~nethylcyclohexane. 

' G  

L o  

a - d o  

SOLVENT: T O L U E N E  

O.0. 
O-O.o, 

"\ 

5 I SOLVENT: ME:HYLCYCLOHEXANE 

5 -'8olo0 
I I I J - -50 0 + 50 +I00 + 150 

0 
L 
a TEMPERATURE ( O C )  

FIG. 3. The  temperature dependence of the  proton thenlical shifts of the N-dimethyl group of S,h-- 
dimeth) lfornlamide in tolue~lc and niethylcyclohexa~ie. . 
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TABLE I 
Temperature coefficients" of the proton shifts in toluene, d 6 / d T  

- --- -- 

Solute 

d 6 l d T  
((cycle/sec)/"C) 

Concentration of (between +loo C 
solute (mole(%) and +90° C) d ~ i ~ / d T  d6@/dT  

Acetonitrile 5 
10 

p-Benzoquinone 5 
N,N-Dirnethylfor111a111ide 5 

10 

*The negative sign indicates a shift to low field on raising the temperature. 

shape, molar volume, and dielectric constant, of these two molecules are so siinilar tha t  
we are justified in maliing the following two assumptions: 

(a)  The  van der Waals interactions between solute and solvent molecules \\rill be 
comparable for both solvents. 

(b) The  electric "reaction field" experienced by polar solute molecules will also be small 
and comparable in toluene and metl~ylcyclohexane. 

Furthermore, the use of an internal reference eliminates the effect of the bull; suscep- 
tibility of the solvent. Thus, we can neglect the ternls a,, and aE, and the observed 
difference between the solute shifts in toluene and methylcyclohexane, 48, \\-ill be a 
direct measure of the effect of (6,1+8c) on the solute molecule." 

The  formation of the colnplexes can be represented by the equilibrium 

solute + toluene to1uene:solute. [I] 

A t  sufficiently high tenlperatures con~plex forlllation is very unfavorable and the distri- 
bution of molecules is completely random. I-Iere, A8 is snlall and, in the limit, tends to 
zero. A t  lower temperatures the distribution of solvent molecules around each solute 
molecule becomes increasingly Inore ordered as  a result of complex formation, causing an 
increase in 48. 

Under the present experimental conditiolls the complexes are short-lived and it is not 
possible to isolate a pure speciest and to measure the chenlical shift. Thus, the actual 
value of 48 a t  any temperature will depend, not only upon the geometry of the complex, 
but  also upon the averaged configuration determined by the equilibrium constant of 
equatioli [I]. 

We have previously proposed, independently, tha t  the complexes are planar and tha t  
the ~nolecular interaction is dipolar1 in liature ( 5 ,  6). The  values of the temperature 
coefficiellts of the proton shifts (Table I) are consistent with the structure of these 
complexes, shown schematically in Fig. 4. temperature coefficients decrease in the 
order CIH:ICN > a-CI-I3 (N,N-dimethylformamide) > p-benzoquinone > P-CI-I;J (N,N- 
dimethylforma~~~ide) .  This  is also the order of the nlagnitudes of the anisotropic high- 
field shifts a t  each of these proton sites. 

*Since  A6 i s  obsewed to  be positive, and  6c  ?nay be erpected t o  ?!lake a negative contribzrti07z, 6:,, tlie roiztribz~tio~z 
dare t o  t l ~ e  ?~zagnetic anisotropy,  i s  responsible for t l ~ e  large "liiglz-Jicld" s l~z f t s  of the solzlte pioto77s i l l  arolizatic 
solve?cts. 

ti1 solid pl~asi: conrpot~?td with a 7 ~  i~zco?~grzrent ?izclling point i n  tlzc acetonitrile-be?zzelze systeil7. l ~ a s  rece7ztly 
been reported (10) a ? ~ d  observed i n d e p e ~ d c i ~ t l y  ila tlzis 1aboratoi.y. 

f Tlze co7nplexes formed b y  p-be?azoqzriuzo?se zirith a ron~a t i c  solr~ents ?nay be regarded a s  arisi?ag f i o i~r  p ~ a d r ~ c p o l e -  
indlrced qzradrzlpole i?steraction. 
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MATTON AND SCIINEIDER: MOLECULAR CO>lPLBSES 

FIG. 4. Schematic representation of the complexes for~ned between toluene'ancl (a )  S,S-climcthyl- 
formamicle, (b) acetonitrile, and ( 6 )  p-benzoquinorle. 

According to Gutowslry and 1-101111 the potential barrier to free rotation of the NMe. 
group of NIN-dimethylfor~na~llide about the C-N bond is 7 lrcal/mole (11). In Fig. 3 
i t  is observed that onset of "free" rotation of the NMez group (sufficient to cause averaging 
of the methyl chemical shifts) in the dilute solution in metl~ylcyclohexane occurs a t  a 
temperature of 99" C. However, in the tolue~le solution, free rotation (in the above 
sense) does not begin until a tenlperature of 125" C is reached. The temperatures a t  
which onset of free rotation occurs in toluene solutiolls of different N,N-dimethyl- 
for~nanlide concentrations are shown i11 Table 11. At first sight it would appear that ,  since 

TABLE I1 
The temperatures a t  which free rotation of the N-dimethyl group of 

N,N-dimethylformamicle occurs 

Solvent 
Concentration of T e m p e r a t ~ ~ r e  
solute (mole%) ( " 0  

YIethylcyclohexa~~e 
Toluene 

Nitrobc~lzene 

molecular interaction of the type considered here ma17 be expected to hinder internal 
rotation in the solute, these values are co~lsistent with the existence of complexes in the 
aronlatic solvent. I-Iowever, since the separations of the N-dimethyl resonances in the 
toluene sol~~tions are larger than those in the ~ ~ ~ e t l ~ y l c ~ ~ c l o l ~ e x a n e ,  the fastel- exchange 
rates required in the former may well account for the higher telnperatures a t  which free 
rotation sets in . :From the broadening of the resonance lines of N,N-dimethy1fo1-nlamide 
(below the coalescence te~nperature) in toluene and in methylcyclohexane, values of T, 

the average time spent by each methyl group in a given environment, have been calcu- 
lated. For the toluene solution these are T = 0.078 second (99°C) alld 0.014 second 
(125" C). In met t~g~lc~~clohexa~~e,  the value of T a t  coalesce~lce is 0.06 second (99" C). The 
larger value of T a t  99" C in toluene compared to that in ~nethylcyclohexane could arise 
fro111 the association postulated to occur between arnide and aronlatic molecules. I-Iowever, 
this conclusion cannot be definitely confirmed since the present data were not sufficiently 
extensive to malre an adequate assessment of errors and to  establish the level of signifi- 
cance of the observed difference in T values. 

*We are i~zde6trd to  the  referee for drawing OZLY attelltiolz to  tlris point. 
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The calculatio~l of thermodynamic quantities governing the formation of these coin- 
plexes is possible from the shape of the curves but their usefulness is questionable. The 
method i~lvolves a number of assumptions, which call introduce large errors. 

The very weak molecular interaction proposed suggests a s~nal l  heat of formation. 
This has been confirmed by calculations of A H  for these systems, which inlposes lower 
and upper linlits of -1 and -2 kcal/mole respectively. Recently, Abraham has pro- 
posed that methyl iodide forms a complex with toluene in which the C--I bond lies along 
the sixfold symmetry axis of the ring, with the methyl protons nearest the ring center 
(12). We venture to suggest that the interaction could equally be one in which the C-I 
bond lies parallel to the plane of the ring. I t  may be that  halogenated methanes do 
associate with a T-shape geometry, but nunlerous polar unsaturated solutes almost 
certainly associate with the aro~natic ring, so that the planes of both molecules are 
parallel (5-8). Moreover, there is no doubt that in complexes between polar solutes and 
non-polar aromatic hydrocarbons the solute protons tend to  be located above the plane 
of the ring and adjacent to the axis of symruetry. 

The situation existing in solutio~ls of polar aromatic molec~~les is inore complicated. 
The shift of the methyl protons of N,N-dimethylformamide in a dilute solution of nitro- 
benzene is to low field from their position in a dilute solution of cyclohexane. Furthermore, 
the temperature a t  which onset of free rotation of the NMep group occurs in a 10 1nole7~ 
solution of N,N-dimethylformamide in nitrobenzene is 103" C. This is very muc11 lower 
than the value of 121" C observed for the corresponding solution in toluene. 
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EFFECT O F  ADDED AMMONIA ON T H E  REACTIONS O F  
ACTIVE NITROGEN W I T H  CH4, C2H6, AND C2H4' 
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The small I-ICX yield from the CIH4 ancl C?Hc reactions in all ~~nhc;itecl, cylinclrical reaction 
\;essel is greatly reducetl in the presence of adclecl NIHB. The aclclition of XH:; coml~letely 
cluenches the Rame emission from the CI-I4 reaction, and greatll. reduces that from the C?I-Ic 
and C21-I, reactions. Both flame emission and HCN productio~l from the CI-I., ancl C2HG 
reactions appear to be initiated, a t  reaction temperatures of al>out SSO C, by a n  escitecl 
nitrogen molecule similar to that responsible for NI-I1 tlecomposition. 

IN'TRODCCTIOS 

The quenching effect of added NH3 on the flame emission froin the reactions of active 
nitrogelen with compounds of the type XCN,  where X represents a halogen atom, and 
also with CC14, recently led Bayes (I) to coilclucle that  the CN light emission from these 
reactions is iilitiatecl by N2(d38,,+) molecules. Since it is known (2) that  KH3  is quite 
efficient in removing from active nitrogen the excited n~olecule responsible for its decom- 
position, a brief study has beell illade of the effect of NH3, not only on the flame emission, 
but  also on the HCN production, from the reactions of active nitrogen ~vith CHi and 
CIHG, which, according to earlier suggestions (3, 4), might be initiated by excited N? 
molecules. At  the same ti~ile,  a brief examination has been lnade of the effect of NH; 
on the flame from the C2Hd reaction, where it has been establishecl ( 5 )  that addition of 
NH3 does not reduce the production of HCN. 

The experiments \\-ere made in apparatus (11) of a previous paper ( 5 ) .  The  a p p a r a t ~ ~ s  \\-as poisoned against 
surface recombinatio~l of N atoms by the introduction of a minute amount of water \.apor. 'This treatment 
avoided ambiguity clue to the poisoning effect of NI-I, itself (5, 6). The operating pressure \\-as :3 mm and 
the products fro111 a reactio11 of 100 seconds duration \ \we  trapped a t  liquitl air te~nperature. 'The amount 
of i l l  the products was estimated by titratio11 with standard sulp11~1ric acid while I-ICS \\as a~~a lyzc t l  
by titration with silver nitrate in the presence of added NH?,  with po ta s s i~~ i~ i  iodide as  indicator. 

T o  study the elfect of acltled NHa on HCN production from the hydrocarbo~~s, various flow rates of h!.dro- 
carbon \\,ere introcluced through a mobile jet a t  levels 15 and 30 cm l~elow a fixed XI-I3 jet a t  the "0-cm" 
or reference level. A glass-encased thermocouple on the  nob bile jet column perrnittcd a measure of the reaction 
teniperature a t  a point 3.0 cnl belo\\, the position a t  \\rhich the hydrocarbon was introducecl. 

Changes in the intensity of light en~ission in the active-nitrogen s t rea~n L I ~ O I I  introduction of hydrocarbon, 
or hydrocarbon plus added XIHa, \\.ere measured with a 1P21 photo~nultiplier tube (hereafter referred to  a s  
I'M) coupled to an  Eldorado photo~neter. 'The PM was positioned so as to \:ie\\r the active nitrogen strean1 
a t  a level corresponding to the ~naximum light intensity for medium Row rates of hydrocarbon, i.e., a t  a 
point 2 cm below a fised jet a t  the 0-cm level through which, in these experiments, the hydrocarbo11 was 
introduced. Ailother fixed reactant inlet, 0.5 cm above the jet a t  the 0-c~n level, permitted thc simultaneous 
introduction of NI-11, when its effect 011 the light e ~ n i s s i o ~ ~  \\.as to be studied. Although the P1,I readings arc 
only proportional to the light intensity in the active-nitrogen stream, a ~ ~ d  IIO resolution of the emission into 
the red and violet systems (7, 8) of CN was attempted, the cluenching erect  of added NHJ  on the liydro- 
carbon reaction flames was readily observed. 

1 T l ~ i s  work supported by tlte Geophysics Research Dziectorate, A i r  Force Cat7rbridge Researcli Divis ion,  U ~ Z L E  
by tlze Defe~zce Researclz Board of C a ~ ~ a d a .  

2Postdoctoral Fellozv. 

Caoa[lian Journal of Chemistry. Volume -10 (1962) 
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RESULTS 

Although HCK and Hz were previously reported (9) to  be the only significant products 
of the CH, and C2H6 reactions in a spherical reaction vessel, NH3 was found to be a pro- 
duct from both reactions in an unheated cylindrical vessel. The very small NH3 yield 
increased with flow rate of reactant, as illustrated in Table I for the CH4 reaction a t  
the 15-cm level. 

TABLE I 

Effect  o f  added X H j  on IlCN production from CI-J4 

CH.l Mow rate, Flo~v rate o f  added NI-JJ, EICN produced, NH3 produced from CH.,, 
mole sec-I ( X lo0) nlole sec-1 ( X  lo0) mole sec-I ( X lo6)  mole sec-1 ( X lo0)  

15-CIII level 
0.43 
0 .1 ,  

0.71 
0.19 

0.76 
0 .2 ,  

0.81 
0.86 
0.29 

30-cm level 
0.26 
0.14 

0.47 
0.11 

0.67 
0.29 
0.19 

0.67 
0.38 

TIze Effect of NH3 o n  HCN Productiofz f rom CH4 a n d  CzHc 
The estent of HCN production fro111 the CH4 reaction was very small"' (Table I )  but  

increased as the flow rate of reactant was increased. Even with the highest flow rates of 
CH2 alone, there was no significant change in the temperature of the active nitrogen 
(87" and '7s" C a t  the 15- and 30-cm levels respectively), no visible reaction flame, and 
no visible diininution of the nitrogen afterglow downstream. In the presence of NH3 
addecl upstream, there was a slight (lo to 2' C )  decrease in the temperature of the active 
nitrogen, and a marlied decrease in  HCK production, as shown in Table I. 

Altl~ough the HCN yield froin the CzH6 reaction (Table 11) was also small, it was 
considerably larger than that  obtained from CH.tt and approached the extent to which 
?TH3 was decomposed (5) by the active nitrogen a t  the same levels. The HCN yield 
remained dependent upon CZH6 flow rate, up to the highest flow rate of the hydrocarbon 
used. Even a t  the highest flow rates of C2H6, there was a negligible temperature change in 
the active-nitrogen stream and, although the eye could distii~guish a weak reaction flame 
tha t  estenclecl about 8 crn downstream, the afterglow did not appear to be diininished 
to  ail\- large extent further clownstream. When NH3 was added, a t  various ilow rates 

"The N-atovt $ow rate, il7.ferred f i . 0 7 ~ 1  maxi~i11zi711 I-ICN prodz~ction fronz C2I-I, (5 ) ,  was 29.6XlO-6 axd 
BO.SX10-6 .i~lolc scc-1 nl the 15- a?td $0-1:?11 levels respectively. 

tTlte sii~all pi~od2rcti07~ of  IlCN fi.0712 CH., was appare7zlly r~ot dzre to n lrnce of C?FIG as a?t inspz~rity i l l  the 
CH4 (9), si7ii.e 711ass spect~oiizetric a?talysis, ki7zdly perforlt~ed by DY. Leu7t PItillips of this depa~lwte7~t, slzowed 
that, ~ J L  the CI-It r~sed for the present erperi7tlenls, C?I-IG cozrld not have  bee?^ piese~tt to an este?tt grealer than 
1 part itt 250. 
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WRIGHT AND WIiYICLER: EFFECT O F  ADDED .-1MMONl.-1 

TABLE I1 
Effect of added NH? on HCN production from CPHG 

CPIIG flow rate, Flow rate of added NH3, IICN produced, 
mole sec-I ( X  loG) rnole:sec-I ( X  loG) mole sec-I ( X  10G) 

15-cm level 
0 

0 
0 

12.7 
30-cm level 

through the fixed jet, the temperature of the active-nitrogen stream, 3 cnl below the C2H0 
inlet, was decreased by about lo C, and the HCN productioll was significantly reduced, 
as shown in Table 11. 

T h e  E f e c t  of NH3 o n  tlze Xeuc t io?~  Iilames f r o m  CH4, C2Hc, and C2H4 
When NH3, a t  flow rates of 6.3 X and 12.7 X inole sec-I, was introduced above 

CH1, the Phi1 reading was decreased (Table 111) to the same value as that' observed 
when S H 3  aloi~e was added to the active nitrogen. With C2HG as reactant, however, 
addition of NH, did not cornpletely reduce the PM reacling to that obtained in the 
absellce of hydrocarbon. As shown in Table 111, the overall increase in the PM reading 
became greater, for either flow rate oE added NH3, as the flow rate of CzHG was increased. 
Finally, although NHJ reduced the light emission from the C2H4 reaction, the results in 
Table I11 indicate that  its effectiveness was coilsiderably less than with either CHI or 
C2HG. I t  inay be noted that,  for the highest flow rate of CaH, (7.0 XIO-G illole sec-l), the 
PM reading could be reduced to values of 380, 330, and even 200 (i.e. lower than with 
12.7X10-G lllole sec-l of NH3 alone) by aclding NH3 a t  flow rates of about 26x10-6, 
31 X alld 40 X ~llole sec-I respectively. 

DISCUSSIOK 

Although the extent of NH3 production froill the CHI and C2Hc reactions mas quite 
small, i t  amounted to about one-third of the s~llall HCN yield. I t  appears that some 
NH:, forinatioil maj7 be a fairly general characteristic (10) of active nitrogen reactions 

"11 decrec~se ira ilrterzsity of the  actiue-nitrogen afterglozw lzc~s beet2 obscrued (6)  dowtz to  t l ~ c  46-012 lcuel for intro- 
dz~ctiolz of ooi.ioz!sfEor~ fa t e s  of XI-I3 at  the  0 -cm  leuel in  tlze poisoned system. 
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'I'ABLE 111 

Effect of added NH:, on  the  flame emission during the  reactions of liyclrocarl~ons 
-- 

Flo\v rate of added S H B ,  ~ n o l e  scc-I (X10": 
- 

0 6 . 3  12 .7  
I-Iydrocarbon flow rate,  

mole sec-I (X106) I'M readings 2 c111 below the  hydrocarbon inlet (% trans.) 

CIH, 
0 480 420 340 

1 . 4  870 420 340 
3 . -1 040 -L20 350 
6 . 4  970 420 350 

C ? H G  
0 470 110 

*The upper limit of the PhiI was reached a t  a reading of 1000. 
t T h e  smaller P M  readings for these higher flow rates of C21-Ia are probably d ~ r e  simply to  a shift in 

position of the flame to  a positioll closer to the inlet jet. 

(5) and that its extent may depend on the structure of the reactant, as fou~lcl b ~ .  De~vliurst 
ant1 Cooper ( I  1) for the methyl-substituted silanes. 

The low HCK yields from the CH'I and CZHG reactions, in the unheated cj.lindrical 
reaction vessel, indicate tliat these liydrocarbons react directly with N atoms only to a 
very limited extent, if a t  all, a t  the low temperatures involved. This is perhaps not 
surprising, since a change of spin must occur before HCN can be produced from N-atom 
attacl; on these saturated l~yclrocnrbons. h1oreove1-, the persistence of tlie nitrogen 
afterglow downstream, in tlie presence of large amounts of CH, and C.HG, s~~gges ts  tliat, 
as \vitll tlie CaH4, n-butane, and but-2-cne reactions in an unheated cj-linclrical reaction 
vessel (5), there is little or no loss of N atoiiis through rapid recombination catal>rzed 
by reactant, such as appears to occur a t  lo\\- reaction temperatures in a spherical reaction 
vessel (1). These results offer evidence, tlien, that the CI-I4 and C2H6 reactions may be 
induced, a t  low reaction tempel-atures, by a second reactive species present in active 
nitrogen. I t  is iiot possible to calculate, as for the NH3 reaction (j), the lifetime ol the 
reactive species responsible for initiating the CH.i aiid CaHG reactions s i ~ ~ c e ,  although the 
extent of HCN formation was less for reaction a t  the 30-cm than a t  the 15-cm level, it 
slio~ved some dependence 011 the 1-low rate of reactant, even a t  high flow rates. 

Altliough addition of NHz reduces tlle amount of I-ICN produced during the CH,  and 
C2H6 reactions, no similar reduction is observed (5) when NH3 is added to the C,H4 
reaction. I t  would appear that,  in an unheated cylindrical reaction vessel, destruction of 
the added NH3, and formation of HCN from CH4 and C.HG, are competitive reactions. 
The coinpetitive nature of these reactions is also indicated by the further observation 
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WRIGIIT .\ND U'lK1;LER: EFlXCT 01; ADDED .ZMMOSI.\ 1295 

that ivllen SH:]  was added a t  thc 0-cm level its extent of destruction was progressively 
reduced when CH4 or C?Hs was added a t  the 30- or 15-cm level. I t  seems reasonable to 
coilclude, therefore, that the reactions of these hydrocarbons, like the destruction of 
NI-13, involve an ercitecl nitrogel1 inolecule, presumably K2(i138,,+). I t  is suggested that 
a collision of the Second I<incI between CH4 or CrHG ancl the excitecl nitrogen moleculc 
leads to some fragmentation of the hydrocarbon, followed by rapid reaction (3) of these 
Iragments with N atoms to produce HCN. Since CH.I produces considerably less HCN 
than C.1-16, it is apparently less effective in competition with NH3 for the excitecl nitrogen 
molecule illvolvccl. 'The s~nall increase in HCN procluction a t  higher flow rates of the 
hydrocarbons might be due partly to reaction initiated by s~llall amounts of N2(.4) 
molecules formed by the recoinbination of N atollls in the presence of reactant (2), and 
partly to a slow direct reaction of N atoms with the hydrocarboi~. The much higher 
maximum HCN yield a t  higher reaction temperat~~res (approximately equal to tliat Irom 
C2H., a t  about 400" C in either a spherical or cylindrical vessel (9, 4, 5)) is allllost certainly 
clue to a much faster rate of the direct N-atonl attacl; under such conclitions. 

The PM meas~~rements indicate tliat tile reaction flames from all three of the CH4, 
C21-16, and C?H4 reactions are also initiated by Nz(A) molecules. 111 this respect their 
behavior is similar to the reactants investigated by Bayes (1). However, the actual 
mechanism leading to the emission of the CN flaine remains unresolved. 

Since there is no effect of increasecl temperature ( 5 ,  12), or of NH3 added upstream 
( 5 ) ,  011 HCN procluctioi~ from CsH.1 in a cylindrical reaction vessel, HCN iornlatioil irorn 
this reactant need not be initiated by excitecl nitrogen molecules. Nevertheless, the 
results indicate that the C2H4 reaction flame is reduced in intensity i l l  the presence of 
NH3, although the quenching efficieiicy of NH3 is less than with CH4 or CZHG. This 
reduced efficiency of NH3 might be clue to a greater ability of C2HzI to compete with 
NH3 for N?(-'l) molecules. On the other hand, part of the flame emission iro~ll the C2HZI 
reaction might result from a direct reaction, a t  a considerable rate even a t  the low 
temperature involvecl, between K atoms and the unsaturated l i~~drocarbo~i  molecule. This 
is indicated by the similar rate constants obtaiilecl for the active nitrogen - C2H4 reaction 
by meusuring tile extent of HCN procluction (2), or by applicntioll of flame diffusioil 
techniques (13, 12). 
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THE REACTIONS OF ACTIVE NITROGEN WITH BORON 
TRICHLORIDE AND GERMANE1 

ROSEMARY STORR,~ A. N. WIIIGIIT,~ AND C. A. WINICLER 
Upper Atluospllere Chemistry Research Group, Plzysical Cltenzistiy Laboratory, ilt(GC1 Unweislty, I l f o l ~ t ,  enl, @ale. 

Received March 7,  1982 

ABSTRACT 

Chlorine and tetrachlordiborine were the main products from the reaction of active nitrogen 
with boron trichloride. The niaximum [low rate of chlorine recovered, about 4y0 of the a\rail;~l~le 
N-atom flo\v rate, was essentially independent of ten~perature in the range 100" to  305' C. 
I t  is suggested that the reaction is initiated by Np(A3Z,+), and that this is followed by N-atom 
attack on the r e s~~ l t ing  BCll radical. A sinlilar mechanism is suggested for a slight estent of 
reaction observed with germanium tetrachloride. 

I-Iydrogen and germanous nitride (Ge:,S.) were the products of the reaction of acti\;c 
nitrogen with germane. The amount of germane decomposed increased with an increase of 
temperature fro111 100' to 300' C ;  a t  the higher temperature it corresponded to not more than 
two-thirds of the N-atom flow rate ~ ~ s e d .  I t  is suggestecl that the reaction involves the clirect 
and complete clisplacement of hydrogen by atomic nitrogen. 

Of tlie many reactions of active nitrogen that have been studied, those with inorganic 
reactants have revealed several points that appear to be of interest in any consideration 
of the nature of active nitrogen. For example, the experimental data available a t  present 
indicate that the maximum extent to which NH3 is decomposed by active nitrogen is 
only about one-sixth of the maximum extent to which HCN may be produced from 
hydrocarbons or hydrocarbon derivatives (1-3). This, in turn, is comparable with the 
iiiaximum extents to which active nitrogen reacts with 0 2  (4) and NO2 ( 5 ) ,  but is con- 
siderably less than the maximum extent to which it reacts with KO (5, 6). Again, a t  least 
soine of the reactions with inorganic molecules, e.g. PH3 ('i), HBr (8), SiH4 (9), apparently 
involve hydrogen abstraction by atomic nitrogen, whereas this does not seem to occur 
with ally of tlie organic molecules yet studied. 

In the continuing prograin of investigations into the behavior of active nitrogen that 
has been in progress in this laboratory for several years, part of the effort is clevoted to 
the study of reactions for which little or no inforination is yet available, but \vliicli 
iiiiglit coliceivably reveal interesting aspects of the nature of active nitrogen. Of these, 
the reactions with BC13 and GeH4 have now been esamined, the first as a convellient 
inorganic halide, the second for comparison with the data available for SiH4 and CH4. 

Jevons (lo) believed that he observed three intense bands due to BN in the spectrum 
of BC13, excited with active nitrogen, while BN was deposited 011 the wall of the vessel. 
Mullikeli (11) later showed that Jevons Ilad really observed tlie spectrum of RO, due to 
oxygen impurity in the n i t ro~en used. However, evidence for a bancl system arouncl 
3600 A,  due to BN, has been obtained by Douglas and Herzberg (12), by passing a trace 
of BCI3 into a discharge through heliuln containing a small aiilouilt of nitrogen. 

'Tlzis work supported by tlze ~\~atTational Researrlz Cozlncil and the Defence Researcl~ Board. 
ZPresent address: Ayerst, i l k K e n n a  and Hari.iso?z, Ltd., Rozlses Point ,  IV. Y.  
3Postdoctoral Fellow. 
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STORR ET XL.: ACTIVE NITROGEX REACTIONS 1'387 

The reaction of active nitrogel1 with SiHd (9) yields no condensable product. Pre- 
sumably the silane is decolllposed to yield Hz and, possibly, SIN. I t  was suggested that 
the reaction proceeded by a hydrogen-abstraction mechanism, 

SiI-I, + N + SiIIa:+ S H ,  

followed by 

On the other hand, the products froin the reaction of active nitrogen with CH?, in a n  
unheated cylindrical vessel, are about two-thirds HCN and one-third S H 3 ,  and the 
reaction appears to be initiated by excited nitrogen molecules (6). 

EXPERIMENTAL 

The apparatus and procedures of the present study were sinlilar in all essentials to tllose outlined in the 
earlier papers from this laboratory. 'The reactions occurred a t  1.45 mm pressure, in a spherical reaction 
vessel. 

The products of the reaction with BC13 were separated with the Le Roy still (13). Chlorine distilled a t  
-110" C, a t  3 Inn1 pressure; BC13 a t  -80' C, a t  4 mnl pressure; and tetrachlordiborine a t  room temperat~~re .  
Chlorine was analyzed by absorption in distilled water and titration with sodium thiosulphate, with 
thyodelie as indicator (14). Unreacted BCI,, and the tetrachlordiborine, were both estimated by hydrolpsis 
and titration with standard XaOH in the presence of mannitol to  increase the extent of ionization of the 
boric acid fornred (14). This  neth hod was used in preference to the less simple &NO3 titration of the chloride, 
but concordant r e s ~ ~ l t s  were obtained by the two methods. 

The amount of unreactecl GeH4, following a n  experiment, was determined from its pressure in a known 
volume a t  room temperature. G e r ~ n a n i ~ ~ m  nitride, formed as  a solid on the mall of the vessel, was treated 
in a manner that  mill be described later. 

RESULTS 

Reaction with BCL3 
With this reactant, the yellow afterglow of active nitrogen was colllpletely replaced 

by a pale green reaction flame, and a small amount of white solid was deposited on the 
wall of the reaction vessel. 

In Fig. 1 are plotted the yields of Clz a t  100, 353, and 395" C, and of B2C14 a t  395O C. 
These yields are obviously very low in comparison with the active-nitrogen flow rate of 
9.5X10-6 mole/sec, estimated from the maximum amount of ~ ~ ~ l ~ r o d u c e d  fro111 C2H4 

,o-0- 

K\ 1.0 TEMP. = 395OC 

m 4 8 12 16 2 0  24  
BCLJ FLOW RATE - MOLE/SEC x lo6 
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a t  330" C. I t  might be noted that the ratio of the BBCli yield to tha t  of Clz increased from 
about 1:10 a t  low flow rates of BC13 to 1:2 a t  the highest flow rates of reactant used. 

The amount of solid deposited on the wall of the reaction vessel was insufficient for 
anal~.sis. I t  was assumed to be BN. If i t  is assumed that  the only chlorine-containing 
compounds in tile products were BClj alld BaClr, it may be estimated that,  since the Clz 

(0.3 x mole/sec) corresponds to 1 X lopG mole/sec of C1, and the B2C1 plateau 
(0.23X10-91nole/sec) also correspollds to lX1O-G mole/sec of C1, the total rate of C1 
recovery is 2XlO-'j mole/sec, equivalent to BC13 destructioll of 0.613X10-~ mole/sec. 
Hence, the allloullt of boron not accoullted for in the trap is 0.GGX 10pG mole/sec minus 
0. j X mole/sec appearing as BaC1'1, or O.1CiX mole/sec. This would, presumably, 
correspond to the amount of BN Eornled on the wall. 

Reactio7z with GeCL.1 
A few experiments were made with GeCli, instead of BCI3, but  even less reaction 

occurred. The nitrogen afterglotv was completely quenched, and a reaction flame was 
observed. This was pale blue a t  low flow rates of GeC14 and a beautiful royal blue a t  higher 
flow rates. No noticeable amount of solid nlaterial was deposited on the wall of the 
vessel, ancl the maximum yield of Cls a t  6.5" C was only about 0.13X 10-G mole/sec, eve11 
a t  relatively high flow rates of GeC1, (of the order of 20x10-"mole/sec). A c c ~ r d i n g l ~ ~ ,  
study of this reaction was not pursued further. 

Reaction zaith GeHI 
This reaction produced a yellowish-orange flame and destroyed the nitrogel1 afterglow 

completel!-. Ko NH3 or other condensable product was obtaiilecl in the cold trap, but  a 
dai-1; browll solid was deposited on the wall of the reaction vessel and of the tube con- 
necting the reaction vessel to the cold trap. Reproducible results were obtained 0 1 1 1 ~  after 
several erperimellts had been ll~ade and a uniform layer of the solid depositecl on the 
wall. Data were then obtained for the amount of GeH.l that reacted with active nitrogen 
a t  100" and 200" C, as illustrated in Fig. 2. Higher temperatures were avoided, si~lce 

GeH4 decoinposes thermally a t  about 380" C (15). The flow rate of active nitrogen was 
obtained by titration with NO (16-18), in the presence of the brown solid, and found 
to be about 10X10-6 mole/sec (corresponding to about GX mole/sec if based on 
HCN production from C2H4 (6)). 
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The solid product was insoluble in HzS04 or HC1, but  dissolved in H 2 0  or dilute 
NaOH to give a colorless solutioil from which the brown solid could be reprecipitated 
on acidification. Aminonia was evolved when the alkaline solution was heated. The color 
of the solid slowly became lighter when it was left exposed to  air. These observatiolls 
agree with the behavior of Ge3N2 (19), but  not with that  of Ge3N4, which is insoluble ill 
H 2 0  and colninon organic solvents, and is not affected by air a t  ordinary temperatures 
(20). Hence, the product froin the GeH4 - active nitrogen reaction appeared to be illaillly 
Ge3Ne. Analysis of the solid by the micro-kjeldahl inethod gave a value of 5.3% N 
(theoretical for Ge3N2, 11.4y0). The discrepancy was almost certainly due to air oxidatioil 
of the nitride. Accordingly, a lcnown weight of the material was treated with HCIOl to  
convert it completely to oxide, and from the change in weight it was found that 37y0 of 
the gerinaniuin in the original sainple was converted froin the nitride to  oxide. This may 
be coinpared wit11 a calculated value of 4170 for a inaterial containing 5.3y0 N and 
assurnecl to be Ge3N2. Again, the data  indicate that  the solid product from the GeHl - 
active nitrogel1 reaction was maiilly Ge3Nz. Exainination of the solid by X-ray methods 
showed only that i t  was a m o r p h o u ~ . ~  

DISCUSSION 

Reactio~zs with BCl3 and GeC14 
Of three possible inodes of attack of N atoins on BC13, two may be ruled out frorn 

energy considerations. These are 

BCla + N + BClz + NCI, A I i  = +63 Iccal; 

and 

BCls + N + BY + CI? + C1, AFI = +I75 kcal. 

The third possibility is a "catalyzed" atoll1 recoinbinatioil (21), which may be represented 
by 

Such a sequence would probably have a negative temperature coefficient, since, without 
any other energetically favorable path available to it, the coinplex can only suffer reversion 
to the original reactants, and its lifetime (hence the rate of tlze overall reaction) should 
clecrease with increase of temperature. Moreover, an initial reactioil such as  [I], followed 
by sinlilar reactions with BClp and BC1, or by direct attack of N on BC1 to  form BN + C1, 
woulcl be expected to cause much inore destructioil of BC13 than that  observed, unless 
back reactions, probably involving a third body, occurred to  a considerable extend, e.g. 

CI + BCl? + W + BC1a 
C12 + BCI + W + BC13. 

However, Holliday and Massey (22) and Frazer and Holzmailn (23) have shown recently 
that  B2C14 may be efficiently produced, a t  pressures less than 4 inm, froin the decompo- 
sition of BC13 in a microwave discharge, which suggests that  such back reactions should 
be quite uniillportant a t  the pressures used in the present experiments. Catalyzed re- 
combination of N atoms on the reactant therefore does not seem to provide an adequate 
mechanism for the reaction. 

4We are izdebted to  Dr. A. J. Frz~eh for tlze X - r a y  s tudy of the solid product. 
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The sillall extent of BC13 decomposition, relative to the coilcentration of X atoms 
available, and the negligible temperature coefficient of the reaction would both be 
consistent wit11 an assulnption that BC13 is decomposed by energy transfer from an 
excited nitrogen molecule, e.g. N2(A3Z,+) : 

The increase in the ratio of C12:BzC14 in the products is then readily explained if the 
BClz formed in [2] suffered extensive reaction with N atoms a t  low flow rates of BC13, 
but dilnerized to a progressively larger extent as the flow rate of BC13 was increased. I t  
is interesting to note that,  since the ground state of BN appears to be a triplet (21), the 
reaction 

BCI? + N + BN + CI?, AH = -18 1;cal 

may be both energetically and spin favorable. 
The reaction of active nitrogen with GeC14 is probably also initiated by excited mole- 

cules, but to a lesser extent than BC13, owing to the greater number of degrees of freedom 
into which the energy n ight  pass. 

Reaction with GeH4 
Since an increase of tenlperature fro111 100 to 200' C increased the plateau value for 

the amount of GeH4 decomposed by only about 25%, it seems reasonable to assume that 
the plateau value a t  200' (4.2X lop6 mole/sec) represents roughly the maximum extent 
of reaction possible with the flow rate of active nitrogen used (ca. GX10-6 mole/sec on 
the basis of HCN production from CzH4). If this be true, there would seem to be far too 
few N atoms available for the reaction to proceed by stepwise hydrogen abstraction, 
followed by disproportionation of NH radicals, since this would require 4 N atoms per 
GeH4 deconlposed (i.e. 16.8X10-6 mole/sec of N atoms) plus 2.8 N atoms to convert 
4.2 Ge atonls to Ge3N2, or a total flow rate of 19.6X10-6 mole/sec of N a t o n ~ s . ~  

Decomposition of GeH4 by excited Nz molecules alone also seenls to be an unsatis- 
factory explanation, since this would require a t  least 4.2X mole/sec of such a species, 
which would probably require a flow rate of active ilitrogen much greater than that 
ineasured even by NO titration (6). T o  achieve the observed extent of reaction, following 
initiation by excited inolecules, a sequence of reactions involving H- and N-atom reactions 
might be suggested, e.g. 

GeH4 + Nz' + GeI-13 + M 
GeH4 + H + GeH3 + I-Iz 
GeH3 + N + GeN + H + I-I, etc. 

However, the last reaction would be less favorable energetically than the direct and 
complete displacement of H?,  

which is almost certainly ex other mi^.^ I t  is suggested, therefore, that this represents the 
most acceptable mechanism for the reaction of GeH4 with active nitrogen. I t  is interesting, 

6Tlze data giclen i n  ref. 9 are i?tadeqz~ate for  detailed a?taly.sis, but tlris argu?i?ent does not seenz to ( ~ p j 1 ~  zoilh 
nearly the sante force to tlze silane reaclion. Approxiniately 1.65X10-? nzole/sec of SiH4 seems to luve  been 
decomposed, apparently with little SiN formation, and this zuould require sonte 6 .5X10-?  ?nole/sec of N atonts. 
Actually, t l ~ e  HCN production fionz C2H4 indicaled aboril 5 X 1 0 - ?  nzole/sec of N atovzs auailable (about 
8.5X10-7 ~nolc/sec on tlte basis of a NO titrution). 

GNo ualzie for the bond strengtlt of GeN i s  available i n  tlzc lileralzrre. A roziglz, and )robably esaggeraled, 
eslintate of 8 0  kcal w a y  be ?nude by considering nitrides of otlter ele?nents itt neigl~boring grorrps i n  the periodic 
table. A n  average of 7 0  kcal m a y  be sinzilarly eslintated for the GeH bond itt  GeH4. 
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perhaps, though obviously 110 argument in its favor, that  such a mechanism 117ould not 
seem to be applicable to  ally other active nitrogen reaction previously studied. 

Regardless of the mechanism assuined for its formation, it does seem reasonable tha t  
GeN is a precursor to Ge3N2, the main solid product of the reaction. Transformation of 
the simpler to  the lnoi-e complex nitride is probably accomplished in ~vall reactions, 
which might be relatively simple, e.g. 

or inight be considerably complicated by the attack of N atoms on the nitride film. 
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CONSTITUENTS OF THE OLEORESIN OF THE MALE FERN 
(DRYOPTERIS FILIX MAS L. )  

PART I. ALCOHOL AND STEROL FRACTIONS1 

TELFEIC LAWSON TIIOMXS? AND ALFRED TXLRINS 
Departtt~e?zt of Clzentist,,~, il[cGill University, ll[o?rtreal, Que. 

Received in origi~lal form December 23, 1960; as  rebiscd March 27, 19G2 

ABSTRACT 

The solid alcohol fraction of the oleoresin of the male fern mas shown to contain two higher 
primary alcohols, 1-tricosanol and 1-docosanol. 'The sterol fraction was found by means of 
chemicaland spectrographic evidence to  be 5,11(?)-stig1nastadien-3p-o1. 

1-Tricosanol was synthesized froin behenic (docosanoic) acid via tricosanoic acid, the 
latter being the product of Arndt-Eistert synthesis. 1-Docosanol \vas synthesized by LiAIH, 
reduction of behenic acid. 

DISCUSSION 

The oleoresin of the rhizome of the male fern, Dryopterisfilix mas L. (or -4spidi~~m.filix 
mas L.), has been used as an anthelmintic si~lce the time of Ancient Greece, although its 
composition was not investigated until the end of the nineteenth century. The anthel- 
mintic activity of the oleoresin was ascribed to a group of related con~pounds commonly 
known as "phenol fraction of the oleoresin" which were derivatives of 2-acylcyclol~exane- 
1,3-dione. Recently a review on these compounds has been published by Hassal (I),  who 
gives a number of references to the previous work. 

In addition to the phenolic fraction, the oleoresin of the fern rhizome contains a large 
amou~l t  of glycerides of fatty acids. Maizite (2-4) has investigated oleoresins of several 
fern species, including D.  filix mas L. Up011 saponification of the fat fraction, n-butyric 
and linoleic acids as lvell as glycerol were isolated from all the fern oleoresins. From 
Nepl~rodi~~rnfilix mas L. Maizite isolated, in addition, pallnitic and stearic acids. I-Ie also 
obtained an unsaponifiable fraction which he thought was phytosterol, but did not 
investigate further. 

The present paper describes the study of the solid alcohol and sterol fractions obtained 
from the ~nale  fern (D.filix mas L.) oleoresin. When the phenol fraction had been separated 
by the method described in the experimental part, the phenol-free residue was hydrolyzed 
and petroleum ether soluble and insoluble fractions were obtained. The  fornler was 
found to consist of higher aliphatic alcohols, and the latter of a sterol. 

Alcohol Fraction 
The crude solid alcohol fraction was recrystallized from petroleum ether and esterified 

with 9-phenylazobenzoyl chloride in order to facilitate the separation of substances by 
chromatography. Two main products were isolated from the chromatogram, and these 
esters were hydrolyzed to the original substances. 

The nlajor product melted a t  73.4-73.7O, showed no ultraviolet absorption, and had a 
lllolecular weight of 343. Analysis indicated that the compound had the empirical formula 
C&480. The  infrared spectra of the alcohol, its acetate, and azoate indicated that  the 
substance was a straight-chain primary alcohol with little, if any, branching. A monolayer 
of the alcohol was tested on a fill11 balance of the vertical pull type, similar to  that used 

1Tlzis work received financial assistance front the National Research Council of Canada, Ottawa, Canada. 
"Iolder of Quebec I'rovincial Bursary 1966-1966, and of a Natio?zal Research Coz~ncil Stlldentship 1956-1967. 
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?'IIOMl\S A T D  T.-\UKINS: M.\LE FERN 0LI:OKli:SIN 

0 19.2 2 k6 23.9 18.6 19.2 21.2 23.9 

A R E A  I N  S Q U A R E  A N G S T R O M S  P E R  A R E A  I N  S Q U A R E  A N G S T R O M S  P E R  
MOLECULE MOLECULE 

Fig. I .  I'ressure-area isotherm of major product extracted fro111 alcohol fraction of olcoresi~l. 
FIG. 2. Pressure-area isotherm of 1-tricosanol. 

by I-Iarkins and Anderson ( 5 ) .  The change in pull on the immersed plate was recorded 
electrically. The shape of the pressure-area isother111 (Fig. I ) ,  the area of the metliylene 
chain, and the area of zero co~npression (area of the polar group in this case) all i~idicated 
that the substance was a high molecular lveight, saturated, straight-chain, primary 
alcoliol. 

On the basis ol the foregoing evidence, the substance was believed to be 1-tricosanol 
( 6 ) .  In order to obtain further proof, an authentic sample of 1-tricosanol was prepared 
from erucic acid. Erucic acid was hydrogenated, using Adaiiis catalyst, to behenic or 
docosanoic acid, CH3(Cf12)zoCOOI-I, and the latter was converted via an Arndt-Eistert 
synthesis to tricosanoic acid, CH~(CI-I~)~lCOOI-I. The methyl ester of tricosanoic acid 
was reduced with lithium aluminum hydride to 1-tricosanol, C23fI.1701-I. Colnparison of 
the infrared spectra, pressure-area isotherms (Figs. 1 and 2), ancl determination of the 
mixed melting point showed that 1-tricosanol and the naturally occurring product were 
indeed identical. The spectra and melting points of 1-tricosanyl acetate and I-tricosanyl 
azoate and tlie corresponding esters prepared froni the natural product also were in 
co~llplete agreement. 

The second product isolated fro111 the chroniatogram inelted a t  72-73.3" aiid gave no 
precipitate with digitonin. The infrared spectruln of this inaterial and tliat of an autlientic 
sample of I-docosanol (6) were fou~ld to be identical. A mixed melting point determin a t '  ion 
of the two substances showed no depression. 

I-Tricosanol and I-docosanol were found to be present in tlie original fern rhizome 
oleoresin to thc extent of approxilllately 0.16-0.25% and 0.02-0.03% respectively. 

Sterol Fract ion 
The petroleum ether illsoluble portion of the unsaponifiablc fraction of tlie oleoresin 

was recrystallized fro111 ethanol. I t  was further purified via the digitonide, follo\tred by 
recrystallization. Infrared absorption spectra of the crude and purified material, take11 in 
Nujol, were identical, a i d  it was concluded tliat only one sterol was present i l l  the fraction. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1304 CAXADIAN JOURNAL O F  CIIEMISTRV. VOL. 40, 19G2 

The pure product nzelted a t  136.1-137O, and had the e~npirical forinula C291-15002. The 
sterol was tested for unsaturation with tetranitromethane, and the presence of a t  least 
two double bonds was indicated. The abseizce of absorption in the ultraviolet region of 
the spectrum led to the conclusioil that the double bonds were not in conjugation. The  
material was found to contain I molecular equivalent of water of crystallization. Two 
derivatives, the azoate and the benzoate, were synthesized and characterized (Table I).  

TABLE I 
Comparison of analytical data for sterol isolated from male fern oleoresin 

ancl 5,11 (?)-stigmastaclien-30-01 (10) 

Physical Sterol isolated fro111 5,11(?)-Stigmastaclien- 
constants male fern oleoresin 30-01 from oats 

M.p. 136.1-137" (corr.) 137" 
lain -36.7f 2" a t  18" C - 3 i . G f 3 "  a t  26" C 

~ e i l i o a t e  
clerivative 

1n.p. 148.8-140' 
Benzoate 
derivative 

 ID - l l . O f 2 " a t 2 O 0 C  -11 .8 f2"a t26"C 
p-Phenylazobenzoate 

derivative m.p. 189-191" 191" 

The presence of the hydroxyl group in the ~nolecule was further verified by the existence 
of;bands in the infrared a t  3610 and 1050 cm-I (in CS? solution). Since the sterol formed 
a digitonide, the hydroxyl group was considered to be in the 3P-position. When the 
spectrum was taken in chloroform solution, two distinct bands appeared in the C=C 
stretching region a t  1665 and l G O O  cm-l. The higher-frequency band could be due to a 
double bond in either the 5- or 7-position of the steroid nucleus (7, 8). I t  was believed 
that  the absorption a t  1600 cm-I was due to the existence of a double bond a t  either 
position 11 or 16, although bands due to double bonds in these two positions generally 
absorb a t  somewhat higher frequencies (9). Since the steric strain of a double bond in 
the five-membered D ring of the steroid nucleus usually results in an intellse absorption in 
the olefinic C-1-1 stretching region (3100-3000 cm-I), and this phenonzenon was absent 
in the present case, it was felt that  the double bo~zd was likely located a t  position 11. 
In the region 700-850 cm-l, in which the characteristic bands due to the out-of-plane 
bending vibrations of an olefinic C-1-1 occur, there was absorption a t  S37 and 782 cin-I 
(in CS2 solution). 

The infrared spectrum of the fern sterol (Table I1 and Fig. 3) was found to be identical 

FREQUENCY C M - I  

FIG. 3. The infrared spectrum of the sterol from ferll (in I<Br pellet). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THOMAS AND TAURINS: MALE FERN OLEORESIN 

TABLE I1 

Positions of the masinla (in cm-I) of the absorption bands in the infrared 
spectra of the sterol isolated from the fern and its derivatives (in I<Br pellets) 

5 , l l  (?)-Stigmastadien- 5,l  I(?)-Stigr~~astadien- 5,11 (?)-Stigmastadien- 
3/3-01 3P-yl azoate 3P-yl benzoate 

with the spectrum obtained by Idler and his co-workers (10) for the sterol from oats. 
The analytical data and physical constants of the fern sterol and its derivatives were 
found to correspond quite closely with those of 5,11 (?)-stigmastadien-3/3-01 (Table I )  
which had been isolated from oats. 

A quantitative Liebermann-Burchard reaction was run on the male fern oleoresin 
sterol. The graph of the reaction taken a t  420 n ~ p  was identical with that published by 
Idler and co-workers (10) (Fig. 4). Unfortunately it was not possible to obtain a sample 
of 5,11(?)-stign~astadien-3/3-01 from oats for further colnparison purposes. The sterol 
comprised approximately 0.17-0.25% of the oleoresin. 

EXPERIMENTAL 

The meltillg points below 200" were determined in an electrically heated Scientific Glass Apparatus 
Company No. 1855 interjoint melting point apparatus containing dibutyl phthalate. Melting points above 
200" were carried out in a melting point bloclr constructed according to the specifications given by Fieser 
(11). All melting points are corrected. Carbon, hydrogen, nitrogen, and oxygen analyses for all compounds 
except the benzoate of the sterol were carried out in the Schwarzkopf microanalytical laboratory, Woodside, 
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20 1 I I 

400 800 1200 1600 

T I M E  I N  S E C O N D S  

FIG. 4. Lieberinann-Burchard reaction of sLerol isolated from oleoresin of male fern. 

N.Y., U.S.A. The analysis of the benzoate derivative was performed in the laboratory of \V. Manser in 
Zurich, Switzerland. The infrared absorption spectra were determined by means of a Perkin-Elmer Model 21 
double-beam spectrophotometer. equipped with a sodium chloride prism, and the ultraviolet absorption 
spectra were determined using a Beckman DK-1 spectrophotometer. 

Isolation of the Phenolic Fraction 
Previous methods (12, 13) used for the separation of the phenol fraction of the oleoresin were excessively 

laborious and the method following was devised. Male fern oleoresin (453 g) was dissolved in diethyl ether 
and the solution mas added to  magnesium oxide (900 g), enough ether being present to form a thick paste 
with the oxide. More magnesium oxide was then added to this paste until "solidification" occurrecl. The 
ether was then allowed to spontaneously evaporate from the mixture. The magnesium phenolates were 
removed from the ether-free misture by leaching with water ( 5 x 5  liters). The aqueous solution ( a b o ~ ~ t  25 
liters) was acidified with dilute sulphuric acid, liltered, and a red-brown anlorphous product separated. This 
material, consisting of the phenolic substances, was washed \vith water until the  washings were neutral. 
The anhyclrous phenolic material was obtained in a yield of 26.4 g, i.e. 5.9% based on the original oleoresin. 

Isolation a d  Separation of Alcohols and Sterols 
The oil (200 g) remaining after re~noval of the phenol fraction was hydrolyzed with 47; ethanolic potassiunl 

hydroxide (1500 ml) in a nitrogen atmosphere. The mixture was refluxed for 5 hours, then the ethanol was 
removed under reduced pressure. The residual material was diluted with water (1000 ml). The slightly 
turbid so l~~ t ion  which fornled was extracted continuously with diethyl ether for 12 hours. T h e  aqueous 
solution was discarded and the ether extract was dried over anhydrous magnesium sulphate. The ether was 
removed, leaving a semisolid residue (1.9 g). This residue was triturated with petroleum ether (30-GO0) and 
the  insoluble fraction (0.75 g) was recrystallized from ethanol. The soluble fraction (1.15 g), after rccrystal- 
lization from a minimum volume of petroleum ether, weighed 0.0 g. Ethanolic digitonin had no elfect on the 
petroleum ether soluble p o r t i o ~ ~  but produced a flocculent precipitate with the insoluble fraction. 

Esterificalion and Identificc~tio?~ of the Coi~zpo~ze~zts  of tlze Alcohol Fraction 
The recrystallized petroleurn ether soluble material (0.9 g) was mixed with pyridine (10 ml) and nzoyl 

chloride (0.9 g). The  orange-colored solution was refluxed gently for 2 hours. I t  was then cooled, poured into 
cold 2% s o d i ~ ~ n l  bicarbonate solution, filtered, washed with water, and dried in oacz~o over phosphorus 
pentoxide. 

The ester mixture was chroniatographed  sing a Pyrex glass column 5 cnl in diameter, the  sides of \\rhich 
had been treated with a solution of silicone oil in chloroform. The adsorbent employed was 3:l silicic acid: 
Celitc 503. The chromatograms were carried out  in a nitrogen atmosphere, using as  eluent a mixture of 
petroleum ether (b.p. 90-120") and benzene, which was gradually changed from 3:l  to 5:l  petroleum ether: 
benzene. The change was completed \vl~en the lowest band had reached the middle of the column. Three 
bands were obtained in this way. The  column nras extruded and the colored sectioils were separated. Each 
band was extracted with hot benzene. The top band was found to contain mainly pyridinium conlpounds 
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TI-IOMAS 4 N D  T;IURINS: MALE FERN OLEORESIN 1307 

ancl unesterified alcohols. About 2 cm below the top of the col~imn was a very narrow band of azoyl ester 
and a t  the bottom of the column there was a large band of ester. 'The chromatographed esters were recrystal- 
lized from benzene and dried it6 t'aczro over phosphorus pentoxiclc. 

I-Tlic.osa,~yl Asoute 
?'he azoyl ester fro111 the lower band (0.45 g) mcltecl a t  82.0-82.2' after three recrystallizations from 

benzeile. The infrared spectrum of the ester was determined in potassium hromicle pellets (Table 111). 
Molecular weight (Rast), 548. rZ ~nixecl n~elting point determination with an  authentic sample of 1-tricosanyl 
azoate showed no clepression. Anal. Calc. for cac,HjGS,~zOr: C, 78.8'3; 14, 10.30; N, 5.11. Foond: C, 79.30; 
13, 10.03; x, -1.8lc;S. 

TABLE 111 

Positions of the maxima (in cm-I) of the absorption bands in the 
infrared spectra of 1-tricosanol, 1-tricosanyl azoate, 1-tricosanyl 

acetate, and 1-docosanol (in I<Br pellets) 

1-'I'ricosanyl 1-Tricosanyl 
1-'rricosanol azoate acetate 1-Docosanol 

3340 3400 

Isol(~tiott  of I -  Tl.i~osutz01 
'The azoyl ester (150 mg) fro111 the lower band was dissolved in benzene (5 ~ n l )  and treated with 870 

potassium hydroxide in 70% aqueous ethanol (3 ml). The mixture was refluxed for 1 hour, and then was 
cooled ancl extracted with benze~le. The benzene extract was dried, and the solvent removed itr vaczlo. The  
solid residue x a s  recrystallized from methanol ailcl nlclted a t  73.4-73.7'. Both bromine and potassium 
perrnanganate tests for ~ i ~ r s a t ~ ~ r a t i o i l  in the ~nolecule were negative. The s u b s t a ~ ~ c e  showed no absorption 
in the ultraviolet region of the spectrum. 11 monomolecular film of the alcohol was tested on a film balance 
sitnilar to that used by 1-lal.l;ness and Anderson (5). The balance was of the vertical pull type, and the pull 
on thc immersed plate was electrically recorded on a i\/Iinneapolis-Ho~~ey\vell Brown continuous recorder. 
The film \\;as spread on 0.1 IV hydrochloric acid from dilute benzene solution. The pressure-area isotherm 
is shown in Fig. 1. The area of zero compressio~~ was 21.6 .A2, and the area per ~nolecule a t  the liquid-solid 
film phase transition was 10.2 A?. i\lIolecular weight determiilations by the Rast and gravimetric methods 
irldicated that  tlte coinpound had a molecular weight of 343. rZ mixed melting point deternlination with the 
authentic sample of 1-tricosanol r e i ~ ~ a i ~ ~ e d  undcpressed. The infrared spectrum of 1-tricosanol was talrerl 
in I<Br (Table 111). Anal. Calc. for C?,H.jsO: C, 81.07; H, 14.22. Found: C, 81.00; 13, 13.78%. 

I -  Trit O S U ~ Z Y ~  i l  cet(~te 
1-l'ricosanol (0.5 g) was refluxed with acctyl chloride (-1 ml) and pyridiue (3 drops) for 30 minutes. T h e  

solutio~l mas coolccl and poured into ice water and allowed to  stand for 1 hour. 'The precipitate which formed 
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was filtered, recrystallized from ethanol, and dried. The  substance melted a t  52.0-52.s0, and a mixed melting 
point determination with the authentic sample of 1-tricosanyl acetate showed no depression. The  infrared 
spectrum of 1-tricosanyl acetate is recorded in Table 111. 

Isolatio?t of I-Docosanol 
The material from the middle band of the chromatogram (0.16 g),  after recrystallization fro111 benzene, 

melted a t  79-82'. The  azoate (185 mg) was refluxed with 8% potassium hydroxide in 7076 ethanol (3.8 ml), 
ethanol (8.7 ml), water (2.6 ml), and benzene (9.0 ml) for 1 hour. The  product was isolated, and after re- 
crystallization from ethanol i t  melted a t  71-7Z0. A mixed melting point with the authentic sa~nple  of 1- 
docosanol was not depressed. The infrared spectrum of the alcohol (Table 111) was identical with that  of 
the  authentic 1-docosanol. 

Syntltesis of I-Tricosanol 
Behenic or docosanoic acid, CH3(CH?)2oCOOH (10 g) (1n.p. 79.5-80") was converted by means of thionyl 

chloride to the acid chloride. The latter was added to  a n  excess of ethereal diazomethane, and the solvent 
and excess diazomethane were removed i n  vaczdo a t  10". The crude diazoketone was dissolved in 1,4-dioxane 
(100 ml), and the solution was added dropwise to a stirred mixture of sodium thiosulphate (11 g) and freshly 
precipitated silver oxide (7 g) in water (200 ml). The  mixture was heated a t  75" for 90 minutes, then the 
solid residue was filtered and washed with water. The precipitate was treated with dilute nitric acid, re- 
filtered, washed with water, and dried. The  material was then extracted with four 500-ml portions of boiling 
ether, each extraction lasting 1 hour. The ethereal solution was decolorized with Norite, concentrated to 
250 ml, dried over anhydrous magnesium sulphate, and concentrated further until crystals precipitated. 
The  crystalline material, after five recrystallizations from ligroin and finally from benzene, yielded tricosanoic 
acid, m.p. 79.5-80.5". The tricosanoic acid was converted with diazomethane to methyl 1-tricosanoate (3 g). 
The ester was reduced with ethereal lithium aluminum hydride, yielding 1-tricosanol, which after recrystalli- 
zation from isopropyl alcohol - ethanol (1:l) melted a t  73.4-73.5' (reported n1.p. 73.5-74.5 (6)). 

Synthesis of I-Docosanol 
Methyl behenate was prepared by esterification of behenic acid with diazomethane. The ester was reduced 

with lithium aluminum hydride to  1-docosanol, which after recrystallization from isoproppl alcohol - ethanol 
(1:l) melted a t  71.0-72.0' (reported m.p. 70.5-71.5' (6)). 

Sterol Fraction 
The unsaponifiable, petroleum ether insoluble fraction (410 mg) was recrystallized from ethanol. 
The filtrate from the recrystallization was treated with digitonin, and the precipitate which formed was 

filtered and washed with cold 1,4-dioxane. The digitonide was decomposed in pyridine solution, and ether 
was added to precipitate the free digitonin, which was then removed by filtration and washed with diethyl 
ether. The pyridine-ether solution was evaporated in oaczLo a t  30°, leaving the  sterol residue (140 mg). 
After three recrystallizations from ethanol, the melting point of the material remained unchanged a t  135- 
1 xfio. --- . 

The recrystallized sterol (1n.p. 127-130"; 200 mg) which had been obtained from the petroleum ether 
insoluble fraction was also purified via the digitonide as  above. The sterol (124 mg) obtained in this case, 
after three recrystallizations from ethanol, melted a t  136.1-137°, and remained unchanged on further 
recrystallization. 

A mixed meltinn point determination of the two sterols showed no depression and their infrared spectra 
(Nujol) were ideniical. 

The sterol was tested for unsaturation with tetranitromethane (121. Cetvl alcohol was used as  a blank. 
The color produced by the sterol was compared to, and found to be considerably deeper than, t ha t  produced 
by cholesterol. The  cetyl alcohol - tetranitromethane mixture remained colorless. I t  was concluded that the 
sterol contained a t  least two double bonds. The  ultraviolet absorption spectrum was taken, and there was 
no absorption in this region. 

Attempts to determine the  nlolecular weights by the Rast method gave unsatisfactory results due to the 
fact that the sterol underwent a considerable amount of decomposition above its melting point. 

A sample of the sterol (25.16 n ~ g )  was heated a t  l l O o  under 0.005 mm pressure until a constant weight 
was achieved. The loss of weight was 1.03 mg, indicating the presence of 1 molecular equivalent of water of 
crystallization for a co~npound of molecular weight 430. There was no change in melting point after dehy- 
dration. 

A quantitative Liebermann-Burchard reaction was run on the sterol using the Becl;man ultraviolet 
and visible spectrophotometer. The sterol concentration was 0.097 mg/ml in chloroform. One-centimeter 
cells were used. There was absorption a t  420 mp (Fig. 4), and a t  623 mp and 675 mp as  well. :it 653 and 675 
mp the rate of decrease of light transmission was slightly faster a t  first, but  on standing for a short time 
the transmission began to increase again. The initial rate of decrease of transmission was greatest a t  675 mp, 
next a t  623 mp, and slowed a t  420 mp. [ f f ]~ ' '  -36.7f  2" (c, 6.4, CHC13). Infrared spectrum (Table 11). 
Anal. Calc. for C29Hd80.H?O: C, 80.87; H, 11.70; 0 ,  7.43. Found: C, 80.91; 1-1, 11.76; 0 ,  7.99%. 
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TI-IOMAS AND T..\URINS: MALE FERN OLEORESIN 1309 

5,11 (?)-Stigt1zastadie?~-Sp-311 Benzoate 
5,11(?)-Stin1astadien-3fl-ol (25 mg), freshly distilled benzoyl chloride (7 ml), and pyridine (3 drops) 

were heated together for 4 hours on a steam bath. Then the reaction mixture was poured into cold water. 
When the excess benzoyl chloride had decomposed, the solid product was filtered, and the benzoic acid was 
removed by extraction with ethanol. The insoluble benzoate was separated by filtration, washed with 
ethanol, and recrystallized from acetone. The 5,ll(?)-stigmastadien-38-yl benzoate obtained in this way 
melted a t  148.8-149'. [ c ~ J D ' ~  -11.0=!~2~ (c, 1.6, CHC13). Infrared spectrunl was talien in I<Br (Table 11). 
Anal. Calc. for C35H5z0:: C,  83.68; H,  10.15. Found: C, 83.30; H, 10.54%. 

5,11 (I)-Sligtnastadien-3p-yl Aeoate  
5,11(?)-Stigmastadien-3p-01 (40 n~g) ,  p-phenylazobenzoyl chloride (3G mg), and pyridine (0.4 1111) were 

refluxed together in an oil bath for 2 hours. The orange-colored solution was cooled and added to ice water. 
The material which precipitated was filtered and dried. Then the product was dissolved in benzene and the 
insoluble pyridinium salts were filtered and discarded. The filtrate was evaporated under reduced pressure, 
and the solid residue was recrystallized from benzene-ethanol. The recrystallized material softened a t  180' 
and melted a t  190-200'. The crude ester was chromatographed on a 20-mm column using 3:l silicic acid: 
Celite 503 as the adsorbent. The eluent was a petroleum ether (90-120') -benzene nlixture, the ratio of 
which was changed rapidly from 4:l to G: l .  The column was extruded when the main band reached about 
2 cm from the bottom of the colunln. The center section of this band was cut out, extracted with benzene, 
and recrystallized from benzene-ethanol. After two recrystallizations, the ester softened a t  181' and melted 
at 191-193'. Infrared spectrum (Table 11). 

ACI<NOI17LEDGMENTS 

T h e  a u t h o r s  w i s h  to  t h a n k  Dr. W. A. R a b i n o v i t c h  for h i s  a i d  in  the fill11 b a l a n c e  work, 
a n d  Dr. Barbara G. I<etcheson f o r  t h e  e d i t i n g  of t h e  m a n u s c r i p t .  

REFERENCES 

C. H. HASSAL. I n  Progress in organic chemistry. Edi ted  by J. \IT. Cook. Butterworths Scientific Publi- 
cations, London. 1958. pp. 115-123. 

J .  Maizite. Acta Univ. Latviensis, Kim. Fak. Ser. 4, No. 1-5 (1938); Chenl. Abstr. 32, 7213 (1938). 
J. MAIZITE. Acta Univ. Latviensis, Kim. Fak. Ser. 4, No. 14 (1939); Chem. Abstr. 34, 1812 (1940). 
J. MAIZITE. Arch. Pharnl. 280, 132 (1942). 
\\I. D. HARIZNESS and T.  F. ANDERSON. J. Am. Chem. Soc. 59, 2189 (1937). 
A. LEVEKE and F. A. TAYLOR. J. Biol. Chem. 59, 905 (1924); Chem. Abstr. 18, 2120 (1924). 
R. N. JONES, P. HUMPHRIES, E.  PACI~ARD, and I<. DOBRINER. J. Am. Chen~.  Soc. 72, 86 (1050). 
P. BLXDON, J. M. FABIAK, H. B. HBNBEST, 13. P. ICOCH, and G. IV. IITooD. J .  Chem. Soc. 2402 (1951). 
R. N. JONES and F. HERLING. J. Org. Chem. 19, 1252 (1954). 
D. I<. IDLER, S. IV. KICKSIC, D. R. JOHKSON, V. IV. MELOCHE, H. A. SCHUCTTE, and C. '1. B.\uY%NN. 

J. Am. Chem. Soc. 75, I712 (1953). 
L. F. FIESEI~. Experimellts in organic chemistry. 2nd ed. D. C. Ileath and Co., Kew York. 19-11. p. 329. 
R. BOIIM. Arch. exptl. Pharm. 38, 33 (1897). 
A. M c G o o s ~ ~ ,  A. R o n ~ ~ v r s o x ,  and T.  H. SIMPSOK. J. Chem. Soc. 1828 (1053). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE PYROLYSIS OF TOLUENE 

S. J. PICICE 
Dcpai tulc?tt of C h c ~ ~ r i ~ t r y ,  Essex College, A s s I ~ I ~ z ~ ~ ~ o ? ~  U?tioersity of I/lfi/i?ldsor, TVindsor, O?ttario 

licceived Septcmbcr 28, lSGl 

The pyrolysis of toluene has been s t ~ ~ d i e d  in a Ilonf system from 913 to 11-13" I<. First-order 
rate constants are independent of tlie toluene concentration but decrease approximately 9y0 
when the contact time is r e d ~ ~ c e d  from 1.0 to 0.41 second. Increasing the contact time from 
1.0 second to 2.07 seconds does not affect the rate constant. 'The overall rate has been resolved 
into homogeneous and heterogeneo~is componelits. I t  is suggested tha t  the activation energy 
of the ho~iiogeneous process, 85 I;c.al/molc, ma); be associated mith D(CGHjCH2-H). 

Attempts to determine D(CbHbCH2-H) by pyrolysis, photobron~inatioi~, and mass 
spectrometric methods have led to values difiering by 15 kcal/mole. The n~echanisms 
proposed for all three types of studies have been questioned and it seei~~ecl possible that 
none of these methods could be used to obtain this bond dissociation energy. 

The initial research on the pyrolysis of toluene was carried out by Szwarc (1). He 
reported a first-order I~omogeneous process represented by log k = 13.3-77,500/2.311T 
and associated the activation energy with D(C6H5CH2-H). The mechanism proposed 
by Szwarc has been extellsively reviewed (2-5) and seeins to be substantially correct, 
although it does not explain the formation of solicl products other than dibenzyl. 

A second pyrolytic study was carried out by Blades, Blades, and Steacie (2). Their 
work disagreed xvith that  of Szwarc in several ilnportant details. First, the rate constant 
was found to clouble when the contact time was increased from 0.068 to 0.568 second. 
Second, the rate was slightly increased by an increase in toluene pressure. Tl~irdly, the 
solicl and involatile liquid products reported by Szwarc to be dibenzyl mere shown to be 
only 50 to 'i5y0 clibenzyl, the bull; of the renlainder being a inisture of dimethyl dipl-ienyls. 
Fourthly, tllej. found that the decomposition was par t l j~  heteroge~leous. Blades et a1. dicl 
confirm the constancy of the CH,,:I-12 ratio, but their ratio of 30:70 is considerably lower 
than the 40:60 ratio reported by Szwarc. Blades et al.  preferred not to associate their 
activation energy of 00 kcal/mole with any single bond rupture process. 

Anderson et al. ( 6 )  ]lave tried to establish D(CbHBCH2-H) bjr studying the photo- 
bromination of toluene. They obtained a value of 89.5 kcal/mole, but this has been criti- 
cized bjr Sehon and Szwarc (3),  who point out that the reaction of the benzyl radical 
with bromine, which was assignecl zero activation energy by Anderson et al. in their 
calculations, may have an activatioil energy of 5-8 Iccal/mole, giving D(CJ15CW2-H) 
a value of 81.5 to 84.5 kcal/mole. 

Sehon nncl Szwarc (3) have also reviewecl the mass spectrometric studies on toluene. 
I t  1nust be conclucled that these stuclies cannot be used to obtain D(C,H,CH,-I{). 

Iiecently Ta1;ahasi (4) has studied the pyl-olysis ol toluene prepnrecl iron1 o-toluidine. 
Fo1101vii1g Takahasi's suggestion (private co~~~muli icat ion) ,  his results using a reaction 
zone of only (3.4 cc have been disregarded. I t  tllerefore appears that,  qualitatively a t  
least, his rate constants do seen] to decrease with decreasing contact time. Although his 
results are somewhat scatterecl, it would also appear that  his rate const:unts are incle- 
pendent of toluene concentration. Identification of the main solid products seems to agree 
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PRICI.1: PYROLYSIS OF TOLUENE 1311 

with the results of Blaclcs et al. Ta1;ahasi reports, however, that the Arrhenius plot of 
the rate coilstants is curvecl ancl he assigns activation energies from 7.1 to 105 ltcal/molc 
to different portions of the curve. His results do not seem s~~fficiently accurate to wan-ant 
sucll detailed analysis and lor the present work his res~rlts will be represe~~tecl by a best 
straight line giving an activation eliergy of approxi~l lntel~~ 86 I;cal/liiole. 

~lI(~lei.:nl.s 
(a )  Unprepyrolyzccl toluene: 1;i;clicr reagent gr;~clc toluene clr~.ccl o\;cr sotliurn, fractioi~all!; distilled twice, 

clcgassed by bull,-to-bulb clistillation, ant1 stored over sodil~lu. 
( 6 )  l.570 prepyrolyzccl tolucnc: reagent grade tolucnc passed tl1rough a cluartz tube a t  S7So C with a 

contact tili~c of approxil~~atcly 1 sccond and thcn trcatecl as in (n j .  
(c) 30Y0 prcpyrolyzed toluenc: reagcnt grade tol~lelle passcd tllrough $1 quartz t ~ ~ b c  a t  900' C \\fit11 n 

contact timc of 3 to 4 seconds alicl t11e11 treated as in (a). 
(d) Toluerlc from n-toluidinc: toluc~lc prepared by the tliazotization of o-toluidinc followcd by denmination 

witli sodilrnl hypophospliitc. Thc organic layer \\.as fractiollally dislillccl. Thc fractiorl boiling bet\\rcen 
109-110" C (~lncorrcctccl) was dried 01-cr sodi~lm ailtl then treated as in ((1). 

i lppnicrt~~s ntsd Proccdz~re 
'The appnratl!s ~lsetl was ;L n~crtlilictl Sz\\.;lrc toluc!lc carrier slrstem. T o l u e ~ ~ e  pressures \wre mcasurccl 

using a mercury - clioctyl phthalate tlificrelltial manonleter. Thc volume of the reaction zolle ill the ~~npackecl 
quartz \~essel was 179 cc cxccpt 21s noted in the tables of results. Thc reaction vessel usecl to test for hetero- 
geneity was pac1;cd with thin-\vallecl vitrosil tubing approximately 2-nllu O.D. I t  had n volumc of 150 cc 
aricl a surface area approxinlatcly 10 tinles that  of the ~ltlpacked vessel. Cnrc was taken to  coli~pletely fill 
thc cross sectio~l of the rer1ctioll zollc so that flow would occur eve~lly through the tllbcs arlcl not above them. 
'The contact time was varicd by changing thc flow controllil~g the capillary scalccl into tllc lilie on the outlet 
sidc of the reactio11 \.csscl. i\ dry icc - acetone trap removed toluclle, dibenzyl, ant1 similar products. T h e  
rcmaini~~g products tvcrc trallsferrcd by a diffusion plump to  a Le Roy still kept a t  - 1GOo C to  renlo\;c 
traccs of tolucne and then to  a pump-down trap (-200°C) to remove C2MG i111cI C2H.I. The rcmaining 
1-1. and CIKI ncre transferred with the aid of a Tocpler pump, a t  intcrvals, past a noll-rctllrn valve into a 
gas burettc. r\fter the CH., + 1 3 2  rnixture had hcen measurccl samples wcrc take11 for combustion over 
CuO and/or cl~romatographic analysis. The burettc was thcn clcarccl, thc pump-don-11 trap \\.as brought 
to room tcnlpcrat~lre, a ~ l d  the C1 hydrocarho~~s nlcre siniilarly measurccl a l ~ d  thcn collectccl for chronla- 
tographic analysis. Thc products which can hc cor~dcnsed by a dry icc - acctolle trap have becn well charac- 
terizcd and mere not analyzed ill thc present work. 

Thc chromatographic al~nlyses were carried out using a 1-m silica gel coluliin a t  40" C with a flo~v rate of 
hclium of approximately 20 cc/rnin. Internal stantlards mere run \\sit11 cach set of al~nlyses, so that peak 
heights could be used. In thc CI-I: + M ?  mist~rres thc CI-I., was detcrniincd and the 1-12 calculated by dilfercnce. 
Experiments witli lalo\\-n CI-I.I-I-I: lnixtures sho~ved t h ; ~ t  this mcthocl ~~ielclecl satisfactory results. 

RI<SUIArI'S 

Tables I ,  11 ,  : i~lcl  111 give the results of the three major divisions oi this investigation. 
I n  acldition, two experinients were carriecl out a t  8-13' I< using ~~nprepyrolyzecl to lue~~e .  
Rate constants calculated fro111 the us~lal first-orcler rate expl-cssion assuming 

fraction decomposed = moles CI-I.1 + moles Hz 

moles toluene 

were approximately eight times as large as those subsequently found a t  this temperature 
~ ~ s i ~ l g  toluene iron1 o-toluidine. 

Quantities of C2 hydrocarbons were observed in all experiments. These ranged iron1 
I to 40 mole% of the CI-14 + Hz. In runs with 30% prepyrolyzed toluene this ratio was 
never above 10y0, while in runs with toluer~e from o-toluicline it  was rarely more than 
2-3%. Analysis showed that the C2 products were 0 to 5% CsHG, the remainder being 
C2H,. IATlie11 prepyrolyzed toluene is ~ ~ s e d ,  CzHs and C2H4 are ~indoubtedl~.  producecl by 
the deco~llpositio~l of impurities. 111 experi~uents using tolue~le from o-toluidine, C2H4 
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TABLE I 
E'yrolysis of 1.5% prepyrolyzed toluene 

Contact 
Temp. Pressure CH4 H 2 Toluene time k 

("10 (mm) (10-5 mole) (lo+ lnole) (10-"mole) (sec) (sec-l) 

TABLE I1 

Pyrolysis of 30% prepyrolyzed toluene 
-- 

Contact 
Temp. Pressure CH H? Toluene time k 
("10 ( ~ n m )  (10-5 mole) (10-5 mole) (lo-? mole) (sec) (sec-l) 

probably arises from secondary reactions of the beilzyl radical and possibly from rupture 
of the aromatic ring, while CzH6 is assuined to be formed by the recombination of two 
CH3 radicals. The fraction of decomposition in experimeilts using toluene froin o-toluidine 
should therefore be calculated from the moles of H z  + CH4 + 2CzH6. However, the 
quantities of CzH6 were often so sinall that  they could not be detected chromatographically 
and even the largest quantities of CzH6 found would increase the calculated rate by less 
than 0.j70. The fraction of decomposition has therefore been calculated from moles 
CH4 + H2. 
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PRICE: PYROLYSIS OF TOLUENE 1313 

TABLE I11 
Pyrolysis of toluene prepared from o-toluidine 

Contact 
Temp. Pressure CH 4 H 2 Toluene time k 
("10 (mm) (lo-& niole) (lo-& mole) (10-"ole) (sec) (sec-1) 

Wolume of reaction zone 195 cc. 
?Packed vessel, volume 150 cc, surface appros. 

The results in Table I show that  the rate constants obtained with 1.5y0 prepyrolyzed 
toluene are badly scattered. All attempts to reduce this scatter were unsuccessful. Further- 
more, the percentage of CHI in the CH4:Hz mixture was generally higher than expected 
and very erratic (43%8y0), although excellent agreement between chromatographic 
analysis and CuO combustion was always obtained on any one mixture. 

Table I1 shows the results using toluene that  had been approxilnately 30Y0 decomposed 
in prepyrolysis. The rate constants from these experiments are included in Fig. 1. 
Reproducibility was satisfactory and the CH4 percentage was lower and less scattered 
(36~47 , ) .  However, the quantities of Cz hydrocarbons were still larger than expected. 

Following the work of Taltahasi (4) toluene prepared from o-toluidine was used for the 
experiments recorded in Table 111. The percentage of CH4 in the CH4 + Hz mixtures 
was slightly lower and more consistent (33% 2%) than in runs with 30% prepyrolyzed 
toluene. Closer consideration of the results is therefore restricted to  the results in Tables 
I1 and 111, with major emphasis on those in Table 111. 

Runs a t  1106" I< (Table 11) and 1053" K (Table 111) show that over the range studied 
the first-order rate constants are unaffected by changes in the toluene concentration. 
Table IV shows that  the rate constant apparently decreases approximately 9y0 when the 
contact time is reduced from 1.0 to 0.41 second, although increasing the contact time 
from 1.0 second to 2.07 seconds does not affect the rate constant. The effect of contact time 

TABLE IV 
The effect of contact time on the first-order rate constant a t  1089' I< 

for the pyrolysis of toluene prepared from o-toluidine 

Contact time (sec) 0.41 0.45 1 .00 2.07 
k (sec-I) 5 .83  5 .80  6.43 6.40 
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FIG. 1. Asshellil~s plot for the  p).rolysis of toluene. All points calculated assul~iing fraction clccomposctl 
given by  moles 1-12 p l~ i s  moles CHd divided by  inoles toluene. 0 ovcrall reaction (0-toluidine t o l ~ ~ c n e ) ;  

ovcrall reaction (soy0 prepyl-olysis toluene); 8 ho~noge~leous component; Q hcterogencous component; 
a overall seactio~l in packed vessel; A heteroger~eous component in p;~clietl vessel. 

will be discussed in detail later in this paper. Rate constants cnlc~~latecl on the basis of 
the Szwarc mechanism are shown as open circles in Fig. I .  The curvature in the lower 
portion of the plot was attributed to a competing surface reaction. The slope of this 
lower portion indicated that above approximately 1050' I< the rate co~lstants should be 
effectively those of the l~omogeneo~~s reaction. Therefore the upper portion of the 
Arrl~enius curve was li~learly extrapolated and used as a basis for several approxiniations. 
The results of these calculatio~ls are shown by the resolvecl Arrlienius plots in Fig. 1. 
To  collfir~ll the heterogeneo~~s nature of the competing process, the surface-to-volunie 
ratio was illcreased by a factor of approxi~llately 12. As niay be seen irom Table 111 and 
Fig. 1, the rate co~lsta~lts  in the packed vessel illcreased by roughly the same ratio as the 
illcrease in surface to volume. The Arrhenius ecluatio~l for the homogeneous process is 
given bl- log k = 3.4.8-85,000/2.3RT. 

DISCUSSIOS 

Before ally sinlple mecha~lism for the t l~ennal  deco~lipositio~l of toluene call be con- 
sidered, the effect of contact time on the rate constant observed both in this and previous 
\.vorli (2, 4) ~llust be explained. Surface effects would appear to be ~uniniportant under the 
experimental cotlditioils used to checli the effect of contact time, and it is unlikely that 
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any l~o~llogeneous process could cause the observed effect unless benzyl radicals are 
~~ndergoing estensive side reactions. The deconlposition of dibenzyl has been studied by 
Blades et nl. (2). 'hey report that no C H ,  was iormecl, although consic1e1-able quantities 
of hydrogen were produced. The invariance of the CHe1:H? ratio with contact time would 
therefore indicate that under the conditions used to s t ~ ~ d y  the thermal deco~nposition of 
toluene little brealcclow~~ oi benzyl or dibenzyl is occurring. This is further subst:untiatecl 
by an esperiment a t  '788' C carried out in the study of the pyrolysis of climethy1 zinc in :I 

toluene carrier system (7). The quantity of hydrogen found in the p rod~~c t s  was essc~ltially 
that expectecl fro111 tlie clecomposition of toluene, even though illethane, ancl therefore 
bcllzyl radicals, were being produced a t  approsi[iiately 12 times the rate a t  1vhic11 they 
woulcl be procluced in the decomposition of toluene under the same experimel~tal condi- 
tions. 

One further possibility is that as the contact time is decreasecl thermal ec~uilibrium is 
not acl~ievecl in the initial part of the r eac t io~~  zone, thus effectively recluci~lg the reaction 
volulue. I t  is tentatively suggestecl that  this is the case ancl tha t  the rate constants obtained 
in the present work using contact times of approximately 1 seconcl are within :Z to 5% of 
the true first-order rate constants. Accepting this postulate, the thermal decomposition 
of toluene Inay be represented bj- tlie fo l lo~vi~~g mechanism: 

plus the climerization of benzyl ancl the various meth>.l p11en)-1 radicals to give dibe~izj-I, 
c1inletl~)~l clipheng-1, etc. and the breal;dow~~ ol sniall quantities of these products to form 
tlie other solid and liquicl products observecl by Blades, Blades, and Steacie (2). 

Whether reactions [5] ancl [GI occur a t  a sufficient rate to explain all tlie dimet11)-1 
diphe~lyl formation is uncertain. Blades and Steacie (5) indicate tha t  a t  1000' I< approsi- 
n~ately 10yo of the radicals may be abs t rac t i~~g froni the ring. Talcahasi's worli with 
deuterated t o l u e ~ ~ e  (8) woulcl indicate consiclerable reactivity for the meta ancl para 
positions a t  least. Berezin et al .  (9), using tritium labeling, find reaction [Ci] insignific~ult 
compared to reaction [4]. However, Berezin's work was carried out a t  much lo~ver tem- 
peratures and may not be particularly I-elevant to the present study. 

The possibility that reactions [81 and/or ['J] occur to any appreciable estent seems 

unIi1;eIy in view of the results of Leigh and Szwarc on the decomposition of 71-pl-opyI- 
benzene in the presence of normal toluene (10) and of Blades ancl Steacie ( 5 )  on the 
cleconiposition of n-propylbenzene in the presence of "toluene-d3". 

The activation energy of the homogeneo~~s process, 85 I ica l /n~~le ,  may therefore be 
associated with D(C6H~CHz-H) within the limits of the lcinetic method. This would 
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give a reso~~ance energy of 17.5 kcal/mole to the benzyl radical. I t  should perhaps be 
pointed out tha t  the observed frequency factor is within the limits expected in unimolec- 
ular processes (11). 

Finally it is of interest to compare the results of the four kinetic studies of the pyrolysis 
of toluene. This has been done in Fig. 2. The results of Szwarc are of the same order as 

FIG. 2. Compariso~l of the present results with those of previous investigations. Broken curve, Szwarc; 
open circle, Blades, Blades, and Steacie using contact time of 0.068 second (half-fitted circle, correction of 
open circle to I second contact time); solid curve from 103/T = 0.875 to 103/T = 1.08, present work; 
solid curve from 103/T = 0.800 to 103/T = 0.990, Takahasi. 

those of the other three investigations but  detailed agreement is lacking. The agreement 
between the present results and the present author's interpretation of Taltahasi's work 
is good. The agreement with the results of Blades et al. is somewhat unexpected. Both 
Blades et al. and the present worlt report decreasing rate constants as  the contact time is 
decreased. Yet, agreement has apparently been obtained using contact times differing by a 
factor of 15. The effect of contact time in any one investigation seems real and it  must 
be presumed tha t  the agreement observed is due to systematic errors in either Blades' 
work or in both Taltahasi's work and the present results. 
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PERIODATE-OXIDIZED PHOSPI-IOMANNAN Y -2448 : 
STRUCTURAL SIGNIFICANCE OF ITS REACTION WIT13 ALKALI1 

ALLESE JE..\NES AND P. R. WATSON 
i\rortlrun Refiinrral Researrlz Laboratory, i\'orthertt U t z l i ~ n t i o ? ~  Rcseaiclz and Dez~elopii~ctit Dinisio~z, :~Igri:-~rlt~cral 

Research Semi:-e, U.S. Depnrtiile?tt of Agriczllti~re, Peoiicl, Ill., U .S .A  . 
licccived January 29, 1962 

i\BS1 RACT 
l'hc diestcl-pliosphom:~~ian p r o d ~ ~ c c d  1))- I la t~se t~ t id i~  holstii NRRL Y-2448 \\:as s1ion.n by  

pcriodatc-osiclation analysis to havc 20% of its D-mannose units linl;cd through carbon-1 o n l ~ -  
(or  carbo~is - l  and -6), :33'i: through carbons-1 and  -2, and  47% through carbons-1 allel -:%. 
Informatioli regarding branching in this macromolecular polysaccliariclc derivative was not 
established. 'l'lie periodate-oxidatiori product i~eutralized dilute allcali rapidly a t  pH  8.5-10.0, 
with climination of about  :30yG of the phosphorus a s  inorganic orthophosphate. :\bol~t 80'ji 
inorganic orthophosphate \\.as obtained by  longer treatment a t  pI-I 10.1-10.5. Thcse observa- 
tions arc shown to  support t he  hypothesis t ha t  diesterorthophosphatc groups (0.30 mole/molc 
mannosc u ~ ~ i t )  arc held betwecn carbon-6 of units othcr\\~ise linked only through carbon-1, and  
carbon-1 o l  60% of the carbon-2-1inl:ed units. After pcriodatc oxidation, botll phosphoester 
bontls m a y  undergo p-alclehydo elimination by alkali; the unit having phosphatc in hemiacctal 
linlcagc ancl a mantiositlic at tachment a T  carbon-2 is presented as  t he  more rcactivc site. 
Pcriotlnte oritlation also prorll~rcs sites for B-deallcosylation by allcali. 

'The esocellular polysacc1iaride derivative syntliesizecl by the yeast Ha?zsen~~la holskii 
NIiRL Y-2448 a i d  isolated as the neutral potassium salt has tlie constituents D-mannose, 
phosphorus, and potassium in tlie ratio of 5 : 1 : 1 (1). This pliosplioiiiannan is sensitive to 
overoxidatioi~ by sodium inetaperiodate unless the reaction is conducted in tlie colc!; 
after neutralization of the formic acid liberated, the oxidized p r o d ~ ~ c t  shows activit)~ 
with nlild al1;ali ~iiiusual for a polysacc1iaricle. we have souglit a n  explanation for these 
behaviors i l l  relation to the structure of phospliomaiinan Y-2448. 

I t  is reasonable to consider overoxidation of this s~tbstailce possible since it seeins 
characteristic of yeast mannaiis to have a sigiiificailt proportion of their man~iose units 
(3lIU) 1inl;ed gl~~cosidically a t  carbon-2 and/or cai-bon-3 (2-5). If in a reduciiig encl 
position, such units are 1;iiown to be susceptible to overoxiclation (3-5). Phosphate 
gro~lps in sugar phosphates (6) aiid in a polyril~ose phosphate (7) do not cause over- 
oxiclation unless tlie position of the phosphate l.csults in formatio~i of a n  active metlij7lc1~e 
group (6). 

There are indications in the literature, however, that  the pl-esence of phosphate gi-oups 
might be involved ill the l~igli activity of periodate-oxidized phospliomannan with a1l;ali. 
Phosphates of p-aldeliydo alcoliols reaclily undergo phosphate elimination by mild alkali 
(8). Possibly closer pal-allels are pi-ovided by the smooth p-elimination, undei- mild 
alltalilie conditions, of tlie phosphate moiety from dialclehydes produced by periodate 
oxidation of substances such as ribonucleoside-5'-phosphate (9) and bj- the adaptation of 
this procedure to oligo- and poly-nucleotides (9, 10). 

Pi-eviously a fading e~icl poilit during alkaline titi-ation for formic acid in periodate- 
oxidation solutions of carbohydrates usually has been associated with tlie presence of 
0-foriiiyl esters derived from I-educing end groups (11-I.?), although other iiitei-pretations 
have been made (14, 15). 0-Formyl groups appear to be excluded as the source of "ester" 
acidity in  pliosphomaiiiian V-2448 by tlie high proportion of ester-tjrpe acidity in relation 

'Presetzted be fo~e  the Diuisio?~ o f  C(l.rbohydiate C l ~ e n ~ i s t r y  at t11.e 1SUt1~ dleetitig of the Ati/ericci?l Clle~~ti:.rrl 
Society, SI. Lo.ilis, ACissou,%, Af(~rclz 1Dfil. 
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to the reduciilg power of the polynler ( I ) ,  and also by the relatively slow rate of reaction 
we have observed a t  pH 8.5-10.0. Since 0-formyl esters saponify in the PI-I range 5.7-7.6 
(11) or 5.0-0.5 (12) they should react almost instantaneously under our conditioils for 
titrating ester-type acidity. 

EXPERIMENTAL 
drlnlerials 

The phospliomannan Y-2448 used, and the procedure for assuring samples of I~I IOWII  dry weight, have been 
described previously (1). Visking tubing,? frorn which soluble matter had been removed by soalcing in water, 
was used for dialysis. 

Phospl~orlrs .il?lalysis 
Carboh~drate-bound phosphate and inorganic phosphate were determined by adapting the  neth hod of 

Dryer, 'Tammes, and Ro i~ th  (16). 111 the digesting of samples to determine carbohydrate-bound phosphorus, 
nitric acid \\-as used instead of hydrogen peroxide (17). Sincc this luethod does not detect pyrophosphate 
under the conditions for inorganic phosphate (18, 19), any inorganic phosphate reported here is the ortho 
for~n.  

Pnper Clrro1~7alogri~pl~y 
Solvent systems used for separating the inor.p-anic components of dialyzates obtained fro111 periodate- 

oxidatio~l proclucts after treatnient with allcali or glycine buffer and neutralization were: 72-propyl alcohol - 
water - aqua ammonia (6 : l :  3, v/v) (20); ant1 the upper phase of ?z-butyl alcohol - pyridine - 1.5 N 
ammonium hydroxide (2:l :  2, v/v) (21). 

I'hosphate was detected by dipping chromatograms in an ammonium lnolybdate - perchloric acid reagent 
(22) and using ultraviolet light (3537 A) to bring out the spots (23). 

Periodale O s i d a l i o ~ ~  
For col~venience in calculatioll and expression of periodate-oxidation results, sample weights of the 

phospho~nannan (which is considered to have a repeating unit, (C~HloOS)lo(P031<)?) were calculated on the 
basis of (Ce1lloOj)lo. 

Oxiclations xere carried out in the dark; after a preliminary run of unbuffered solution a t  25' C all sub- 
seq~~e l i t  oxidatio~is were made a t  4" C. Solutions for periodate oxidation contained phospho~nannan Y-2448 
and soclii~n~ metaperiodate a t  concentrations of 0.1% and 0.0074 AT respectively, giving a ratio of 1.2 mole 
periodate ion per mole MU. 

Analytical data for structural analysis were from unbuffered oxidation mixtures in which initial and 
lil~al PI-I values were 5.0 and 4.0, respectively. For studies on quantitative eli~ilinatioli of phosphate groups 
fro111 periodate-oxidized phosphon~annan, periodate oxidations were conducted without buffer, in 0.065 111 
acetate buller (PI-I 5.0), and in 0.0'25 phthalate buffer (pH 6.0). 

Periodate \\,as mcasured by thc inethod of Fleury and Lange as described by Jac1;son (24). Solutions 
were cooled to 4' C before and cli~ring titration with iodine (25). 

Free i l  ~ i d i l y  
Ethylene glycol (1 ml) was added to  aliquots (10 ml) of unbuflered oxidation mixtlrres and then the free 

acidity was titrated rapidly to the first phenolphthalein end point with 0.01 iV barium hydroxide i~ndcr a n  
atmosphere of nitrogen. Comparable results mere obtailied by potentiometric titration. Acid titration 
values mere corrected for a reagent blalil;. Evidence that this free acid was formic was obtained by subjecting 
35-1111 aliquots fro111 a 400-hour oxidation mixture to distillatio~l and fincling 91% of the titratable free acidity 
in the distillate. 

"Ester1'-type Acidi ty  
&,Ieasurelnei~t for ester-type acidity was made arter titrating free acid in the oxidation reactiorl solution. 

\\'hen titr;ttillg for free acid, the first phe~iolplithalein end point faded within a few m i ~ ~ u t e s  and the pI-I 
decreased steadily. A ~ r ~ o r e  permanent elid point \\-as achieved by adding 0.2- to 1.0-ml portioris of barium 
hydroxide solutio11 a t  about 5-minute intervals during about 1.5 hours to maintain pH within the lower 
and upper limits of 8.5 and 10.0. Throughout this time, air was excluded by use of nitrogen gas. 

&,Ieasurenients on periodate-oxidatio~i solutions showetl iliorgariic phosphate preselit after titrating ester 
acidity but not before, and thus indicated that alliali was brcalcing some phosphate bonds. Co~lditions then 
were sought for more complete elimination of phosphate. 

Eliiitinatio17 of Phospl~ate  froti? Periodate-oxidized Plrospl~on~an?7a?~ 
Except as stated otherwise, this procedure was applied to periodate-oxidatio~~-reaction solutions after 

240 hours' oxidation, when further change had become very slow. The pfI of ulibuflered oxidation solutions 

'dlc7ltio1z oj' trade 7~a+lres shozlld 1201 be constfired as  a recotlzll~endatioi~ or endorse?~Le?zt by  the Depnrtttte?~t of 
..Igricz~ltllre one, those not ~ w e n t i o ~ ~ e d .  
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was made to about 5 before adding, to both buffered and unbuffered oxidation reaction mixtures, 1.01 
times the calculated amount of ethylene glycol to  reduce excess periodate. The solutions then were dialyzed 
(4" C)  against distilled water until free of iodate and buffer salts. All phosphate remained in the residue. 

Dialysis residues were treated (25" C)  with dilute potassium hydroxide solution under an  atmosphere of 
nitrogen, or with glycine buffer a t  pH 10.3-10.5 to eliminate the phosphate combined in the periodate- 
oxidized phosphomannan. Conditions for treatment with 0.1 N potassiunl hydroxide were (.A) adding alkali 
to  pH 11.90 and allowing to stand 1.5 hours, (B) adding alkali during 0.5 hour to  pH 11.35 and allo~ving to 
stand 18 hours, and (C) adding alkali during 36 hours to  maintain pH 10.45 and then allo\\-ing to stand 14 
hours. Treatment with 0.02 AB glycine buffer consisted of combining dialysis residue and 0.08 ill glycine 
buffer in ratio of 10:3 by volume and allowing to stand 18 hours. The solutions then were neutralized with 
hydrochloric acid and analyzed for phosphate. At times the neutralized solutions were dialyzed and dialyzates 
and residues were analyzed separately for phosphate. 

RESULTS 

Oxidation in Unbz~ffered Solution 
Oxidation of phosphomannan Y-2448 with sodium metaperiodate (1.2 nlole/inole ivIU) 

in unbuffered solution at  25' C resulted in extensive overoxidation. Eventually all 
periodate was reduced and iodine was liberated. Unbuffered oxidation a t  4' C apparently 

- - 

followed a normal course of reaction which, however, did not reach a sharp end point but 
continued to progress very slowly. Oxidation for 400 hours at  4' C resulted in essentially 
the same nleasured values as 24 hours' oxidation a t  25' C. 

As seen in Table I ,  reduction of periodate at  4" C was rapid during the first 24 hours, 

TABLE I 
Sodium metaperiodate oxidation of phosphomannan Y-2448 

in unbuffered solution a t  4" C 

Time, hours: 

10,-reduced 0.47 0 .57  0 . 6 4  0 . 7 3  
Free acid 0.072 0.096 0 .154 0 .201 
Single cleavage (A)* 0.326 0.378 0.332 0 .328 
"EsterM-type ac~d i ty  (B) 0.293 0 .203 0.321) 0.337 
(A)-(B) 0.033 0.055 0.003 -0 .OG9 

*Calculated from: 10'- reduced minus two times the free acld produced. 

but proceeded more slowly thereafter. Liberation of formic acid occurred slowly; only 
35% of the final amount was found at  24-hour reaction time. I11 contrast, when the 
neutral polysaccharide dextran B-512 is oxidized under the same conditions, it liberates 
63% of the final anlount of formic acid (0.60 mole/inole glucose unit) within the first 
24 houis. In contrast to the slow liberation of free acid froin the phosphornannan, 87% 
of the total ester-type acidity was obtained in 24 hours, and the value remained relatively 
constant the rest of the time. Cleavage of individual bonds (in 1,2-linked units) also was 
very rapid, and for each ~llole MU oxidized in this way there appears to be approxiinately 
one inole of ester acidity. The difference in these values, shown in Table I as (A)-(B), 
might represent the first, relatively rapid cleavage of MU from which formic acid would 
be liberated after the second, apparently much slower, cleavage was accoi~~plished. The 
value, -0.009, suggests that by 400-hour reaction time some formic acid was being 
liberated by oxidation of oilly one bond. This reaction would result if reducing end groups 
became available by acid hydrolysis. 
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JE.4NES AND WATSON: PHOSPEIOMANNAN Y-2448 1321 

Oxidation i n  Bz~flered Solutions at 4' C 
Curves for oxidation of phosphomannan in solutiolls buffered a t  pH 5.0 and pH 6.0 

paralleled that for unbuffered solution after the rapid, initial stages, but the rate increased 
with pH. Thus, inole periodate reduced per mole MU was 0.59 for unbuffered solutioil 
a t  122 hours, but a t  85 hours it was 0.62 for pH 5.0 and 0.68 for PI-I 6.0. These values a t  
pH 5.0 and 6.0 seeined to be approachiilg the 0.73 inole periodate reduced per inole MU 
observed for unbuffered solutions a t  400 hours (Table I). 

Elimination of Inorganic Phosphate from Periodate-o-t-idized Phosphomannan 
Analysis for inorganic phosphate in solutions of phosphomannan Y-2448 oxidized 400 

hours in unbuffered solution a t  4' C (Table I) showed none before or after titrating free 
formic acid, but 0.06 inole per mole MU after titrating ester-type acidity. 

Investigation of conditions for inaxinlum elimination of phosphate in inorganic for111 
showed the influence of rate of addition of alkali, maximum pH reached, and duration of 
reaction with alkali. Complete conversion to inorganic phosphate was accomplished only 
by adding the periodate-oxidation product to I N alliali. Milder treatment under con- 
ditions (A) and (B) resulted in 64% inorganic phosphate. Application of collditioil (C) 
to products of unbuffered and buffered periodate oxidation (Table 11) sho~vs that the 

TABLE I1 
Elimination of phosphate from periodate-oxidized phosphomannan Y-2448 

by treatment a t  pH 10.10-10.45 

Oxidation with NaIO, 
Buffer None Acetate Phthalate 
pH during oxidation 5.0-4.0 5 . 0  6 . 0  
Oxidation time, hours, a t  4' 123 85 85 
Mole 104- reduced/rnole MU 0.59 0 .62 0.68 

Oxidation product + 0.1 N I<OH, pH 10.45 
Inorganic P, % of total 57 63* 78 

Oxidation product + glycine buffer, pH 10.10 
Inorganic P ,  % of total 58 64 81 

'Ii it 1)r .~ssulnrd tllar the .llnount bf f re r  acid n.as tllr same a s  fcr rllr u~ll)t~ficrcrl rmction,  the 11!ule 
01.1-/mole frcr Poll- \volll<l b r  5.  1 for tllc a c r t ~ t c - l ~ u f i r r r d  alld .1:1 for t l l r  pllt11.1latr-l,ufierrcl reaction. 
Since frolli t l ~ r z r  1)ufitrrd rr~ir t lol ls  tllc free ?ci:~ [nay 1)e c s ~ ~ c c t t ' d  t o  1)e prentrr tllall f rom tllc ~ t ~ ~ h u f f r r r ( l .  
their  ratios actually \vould be lower than  those shown. 

anlouilt of phosphate eliminated increased directly in relation to the PI-I a t  which periodate 
oxidation was conducted, that is, directly in relation to the extent of oxidation. Essentially 
no change in results were observed when glycine buffer was used to lnaintaiil illild PI-I 
conditions for phosphate elilnination. Our use of glyciile buffer was an application of the 
procedure previously reported for elimination of phosphate fro111 periodate-oxidized 
nucleotides (9). 

DISCUSSIOK 

Previous work on phosphomannan Y-2448 has established that the molar ratio of 
phosphorus to mannose is 1:5 (I) ,  that phosphate occurs in diester linkage between the 
carbon-6 position of one manilose unit (26) and the carbon-1 hemiacetal position of 
another (1, 26), and that the phosphate appears to cross-link chains (1, 26). We now have 
strong evidence that phosphate is present in the ortho rather than in the pyro forln. 
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Our analytical ~neasure~nents  and paper chromatography of dialyzates of the dephos- 
phorylated periodate-oxidized phosphomannan (19) demonstrated that  orthophosphate 
was the only inorganic for111 present. The  experimental co~ldi t io~ls  for these reactions 
appear to  preclude hydrolysis of pyrophosphate if it had been present in the phospho- 
mannan. 

The  nature and proportion of the mannosidic linltages, as deter~llined by periodate 
oxiclation, are shown in Table 111. On the basis of all these experi~nental findings, the 

TABLE I11 

Linkages of mannopyranose units as indicated by periodate oxidation 

1;;f 
/C  Out of 10 Carbon atoms bearing linkages 

20 2 1 or 1 and G 
33 ('20f13) 3 1 and 2 (or 4):': 
47 5 1 and 3:' 

*Linkase a t  carbon-(i is indeterminate. 

types and proportions of groups constituting the average hypothetical repeat unit are 
depicted:in'Fig. 1. A total of 10 h4U are present, distributed on an  average of 5 between 

FIG. I .  Structural types and relative proportions of constituent mannosc units in phosphomannn~i 
Y-2448. Absence of branching and sonle cletails of sequence have not bcen established. 

a diesterorthophosphate group linlted between carbon-6 of one MU and carbon-1 of 
another which appears to be mannosidically linlted a t  carbon-2. As an  average, phosphate 
is linlced to 20% NIU a t  carbon-6 and to  20% a t  carbon-1. The  presence of sequences of 
1,3-1inl;ed mannose units has been established by isolation of neutral di- and tri-saccharides 
containing this linkage from partial hydrolyzates of the periodate-oxidized phospho- 
manilan (27). Evidence indicating l,2-linkages rather than 1,4- will be discussed later 
in this article. The  relative positions of 13% of the units linlted through carbons-1 and 
-2 and of the sequences of 1,3-linlted units are not established, nor is it ltnowil whether 
branching occurs. Therefore, linltages are not shown between the types of groups com- 
prising the hypothetical repeating unit (Fig. 1). 

These structural relationships (Fig. 1) appear to  be compatible with all our observations 
relating to periodate oxidatio~l and subsequent elimination of phosphate by alltali. 
Foriuic acid is believed to  come from the unit linlred through carbon-6 t o  phosphate. 
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Cleavage of the ring between cis hydroxyls would be rapid; subsequeilt cleavage between 
carbons-3 and -4 might be retarded by the electron-shielding effect of the phospllate ion, 
especially in unbuffered solution. Neutralization of this charge in buffered solution should 
permit an increased rate of oxidation, as was observed. In unbuffered solution, fornlic 
acid would be released slowly. Single ring cleavages presumably occur in  ini its linlied 
through carbons-1 and -2, and the rate of completion of this oxidation is strilcing (Table I). 
If the acid-sensitive hemiacetal-phosphate linltage should be hydrolyzed from one of 
these units, as might occur during unbuffered oxidation, overoxidation \ilould occur and 
continue down the chain until a linltage through C6 was encountered. 

The  structural representation is compatible with our observations that  the native 
pl~osphomannan yields no inoi-ganic phosphate under the conditions used for measuring 
ester acidity, nor even when heated a t  GO0 C for 12 hours in 1 N sodium hydroxide 
solution. After this heating in 1 N allcali, the product showed no secondary phospl~oryl 
hydrogen ions and no change in the primary ones. I-Iowever, in the presence of \veal< 
acid, the native phospholnannan readily yields a secondary phosphoryl hydrogen ion, 
but no inorganic phosphorous is produced (1, 2G). Direct correlation between the extent 
of periodate oxidation and the subseq~ient susceptibility of the phosphate to elimination 
by dilute alkali (Table 11), as well as the high percentage of phosphate ~v l~ i ch  can be 
eliminated, shows that both ester linltages of the phosphate become activated. 

After periodate oxidation both pl~osphoester bonds are in P-aldehydo positions (Fig. 2,  
units I and 11). The pl~osphoester attachinent in I is directly analogous to that in 

FIG. 3. T j~pes  of ~111its fro111 periodate-osidizcd phosphomannnn Y-2-4-48 susceptible to 8-alliosy carbonyl 
(*) and 8-phospho carbonyl (**) reaction with alliali. 

periodate-oxidized adenosine-5'-phospllate. From this dialdel~yde nucleotide, phosphate 
is eliminated in 85-90'70 yield by cons~~mption of 2 equivalents of alkali per nlole oi  
phosphate liberated (9) ; we have employed the same manner of treatment wit11 a l l~a l i .~  
There is analogy also btween the phosphoester attachment in I and that  of the carbon-3 
alkoxy group in 2:3-di-0-metl~yl D-glucose, which is eliminated readily by dilute allcali 
(28). There appears to be no previous report of a phosphoester attachment entirely 
coinparable with that  in 11. I-Iowever, the 3-carbon aldehyde to which the phosphate is 
attached is similar to the systems which react with allcali in 2:3-di-0-methyl D-glucose 

3 8 7 2  illzproved nzellrod for elit,1i77ali~~g p h o ~ p l ~ a t e  froi~t dialdelzyde ~zz~rleotides, rePoited lerently by J .  S. I ~ ~ I ~ I I L  
a7zd W. E. C o l ~ ~ r ,  J .  Biol. Clrenr. 236, P C 9  (1961),  also s l~oz~ld be applicable to a s y s t e ~ l ~  s l ~ c l ~  (1s O I L I S .  
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and in periodate-oxidized methyl cellobioside (29) in having substituents a t  carbons-2 
and -3 and in the absence of an a-hydroxyl. I-Iigh activity might be expected a t  the 
carbon-3 position of this aldehyde fragment (originally the carbon-1 position of MU) 
since it is the site from which either (or both) the phosphoryl or a-glyceraldehyde group 
~niglit undergo p-elimination. 

Periodate-oxidized phosphomannan Y-2448 has still other alltali-sensitive bonds. In 
units glycosidically linlted through carbons-1 and -2 (111), P-dealltoxylation might split 
out either of the two alltoxy groups attached a t  the original carbon-1 position. An 
additional postulated source for P-dealltoxylation would be a unit linked a t  carbon-3 if it 
were to become a reducing end group (30, 31). 

The moles alltali consumed per mole inorganic phosphate eliminated from periodate- 
oxidized phosphomannan Y-2448 is 5.5 under the conditions of Table I (400 hour) and 
4-5, or less, as estimated in Table 11. These ratios are high in relation to the value 1 
expected for normal dealltoxylation from a reducing sugar (32), 2 as  observed for phosphate 
fro111 periodate-oxidized adenosine-5'-phosphate (9), and 0 expected from a P-alltoxy 
aldehyde having no a-hydroxyl (28). Conditions contributing to our apparently high 
values might be conversion of some phosphate merely to the lnonoester state (81% being 
the maximum inorganic obtained), and the presence of alltali-sensitive groups other than 
phosphate. 

The ester-type acidity observed stems from bonds which become labile to alkali during 
periodate oxidation and which, a t  least in part, are phosphate bonds. I-Iowever, this 
lability is not all of equal degree. The main liberation of inorganic phosphate occurred 
relatively slowly or required strong alkali. Much more active was the ester acidity which 
apparently reached its full value within 24 hours' oxidation time, which showed a striltingly 
constant ratio of near unity to single bond cleavages by periodate, and. which reacted 
relatively rapidly with alltali under mild conditions but resulted in elimination of only 
about 30y0 of the phosphate (Table I).  These observations support our belief that this 
more active ester acidity arises from unit I1 rather than I. 

These observations and the fact that both phosphoester attachments become activated 
support our hypothesis of a mannosidic bond a t  carbon-2 rather than a t  carbon-4 of unit 
11. Cleavage of a carbon-$-linked unit would result in a substituted a-phosphoglycol 
aldehyde, which would be expected to be much less reactive with alkali than the P-phospho- 
glyceraldehyde postulated (8, 29, 32, 33). 

Additional evidence of a inannosidic bond a t  carbon-2 of the unit carrying phosphate 
in hemiacetal linkage (11) is the low reducing activity with alltaline copper reagents 
observed after mild acid hydrolysis of the native phosphon~annan (26). 

ACKNOWLEDGMENT 

We are indebted to Jay E. Pittsley for paper chronlatographic separation and identi- 
fication of orthophosphate and of the nlannose oligosaccharides. 

REFERENCES 
1. A. JEATES, J .  E. PITTSLEY, P. R. WATSON, and R. J. DIMLER. Arch. Biochem. Biophys. 92, 343 (1961). 
2. J .  A. CIFOSELLI and F. SMITH. J .  Am. Chem. Soc. 77, 5682 (1955). 
3. L. HOUGH and &I. B. PERRY. Chem. & Ind. (London), 768 (1956). 
4. P. A. J .  GORIN and A. S. PERLIN. Can. J .  Chem. 34, 1796 (1956). 
5. D. H. BALL and G. A. ADAMS. Can. J. Chem. 37, 1012 (1959). 
8. J. R. DYER. I n  Methods of biochetnical analysis. Vol. 3. Interscience Publishers, Inc., New Yorl;. 

1956. p. 143. 
7. S. ZAMETHOF, G. LEIDY, P. L. FITZGERALD, H. E.  ALEXANDER, and E. CHARGAFF. J.  Biol. Chem. 

203, 695 (1953). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



8. D. BI<o\\.s, I:. HAYES, a11d A. TODD. Ber. 90, 936 (1957). 
9. 11. XI. Bl<o\\rs, hI. I;NIED, and A. I<. TODD. J.  Chem. Soc. 2206 (1955). 

10. P. R. \\-I-IITFBLD. Biochem. J.  58, 390 (1954). 
11. I<. 13. hIHrai< and P. RATHGEB. I-Ielv. Chim. rlcta, 32, 1102 (1949). 
12. A'I. ~ I O R R I S O T  -1. C. I<UPYER, and J .  Ril. ORTEN. J. Am. Chem. Soc. 75, 1502 (1953). 
13. I. A. \\.OLFF, B:T. HOFRHITEL~, P. I<. ~ V ~ ~ T S O N ,  \I7. L. DBATHERAGE, and &I. hI. &IAC&~ASTERS. J .  -4m. 

Chem. Soc. 77, 1654 (1055). 
14. D. 1.1. I\:. . A s n a ~ < s o ~ ,  C. T. GREENWOOD, and E. L. I-IIRST. J .  Chem. Soc. 225 (1955). 
15. D. O'AIEAI<A and G. N. ~<ICH.%I<DS. J .  Chem. Soc. 1201 (1958). 
16. R. I,. DRYEI:, .A. R. TAMAIES, and J .  I. I~OUTH. J.  Biol. Chem. 225, 177 (1957). 
17. C. 1-1. FISICE and Y. SUBB.%IIOW. J .  Biol. Chem. 66,  375 (1925). 
18. J .  AI. R. BEVI;RIDGE and S. E. JOHXSON. Can. J .  Iiesearcl~, E, 27, 159 (1940). 
10. P. Ii. I\-=i'rsor, J .  E. I'ITTSLHY, and A. JEAXES. Unpublished. 
20. C. S. I - I a s ~ s  and F. A. ISI~EI<\VOOD. Nature, 164, 11.07 (1919). 
21. I<. J .  BLOCIC, E. L. DURRUM, and G. ZWHIG. Paper chromatography and paper electrophoresis. 

;\cademic Press. New Yorli. 1958. D. 415. 
22 S Run~<o\\-s. I:. s.' hI. GRYLLS. and 1: S. I-IAIIRISOX. Nature. 170. 800 (1052). -. - ~ - - , - .  . . . , 
23. E. S. Ro~<r:~r .  J .  ~hrol i la tog.  4, 162~(1960). 
24. E. I,. Jac~;sos .  I n  Organic reactions. Vol. 11. John Wiley and Sons, Inc., New York. 1944. p. 361. 
25. J .  C. I ~ A S K I X  and A. JHANES. J.  Am. Che~n .  Soc. 76, 4435 (1954). 
26. XI. E. SLODICI. Biochim. e t  Biophys. Acta, 57, 525 (1962). 
27. A. I e a s ~ s .  I. E. PITTSLEY. P. R. WATSON, and T .  H. SLONEKER. Unpublished. ., - , "  
28. I .  I\'EYXER and G. N. IIICHARDS. I.  hem. SO:. 2921 (1956). ,. . - ~~~ ~ - .  - ~ > ,  

29. I;. S. H. HEAD. J .  Textile Inst. 38: T389 (1947). 
30. J .  I<EXSER and G. N. IIICHARDS. J .  Chem. Soc. 278 (1954). 
31. \\'. &I. CORUHTT and J.  I ~ E N N H K .  J .  Chem. Soc. 3274 (1954). 
32. \\I. 11. CORBETT and J.  I<ENNBR. J .  Chern. Soc. 2345 (1953). 
33. C. E. BALLOU. Arch. Biochem. Biophys. 78, 328 (1958). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE FERMENTATION OF LONG-CHAIN COMPOUNDS BY 
TORULOPSIS MAGNOLIAE 

I. STRUCTURES OF THE IIYDROXY FATTY ACIDS OBTAINED BY THE 
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ABSTRACT 

The yield of estracell~~lar glycolipid producetl by Torlrlopsis ttzugi~olicre is increased three- 
to five-fold by the addition of s ~ ~ i t a b l e  compo~~ncls to the  growing culture. 'The supplement, 
which can be a long-chain acid, ester, hydrocarbon, or glyceride, is hydrorylated and converted 
to hytlrory fatty acid sopl~orosicles. Fat ty  esters of all chain I c ~ ~ g t h s  from Clo to CE, incl~icling 
several ~ ~ n s a t ~ ~ r a t e d  esters, and even-numbered hydrocarbons from CIG to Clr are readily 
fermented. Shorter-chain compounds are ~ ~ s e d  poorly or not a t  all. \\'ith compounds of 16 to 
18 carbon atoms, hydroxylation occurs a t  the terminal or penultimate carbon atom, depending 
on degree of ~~nsatura t ion and chain length. Substrates of more than 18 carbon atoms are 
mainly recl~~ced in chai11 le~igth by one or more two-carbon  nits and hydrosylatecl, giving 
C1, or C1s acids with the hydrosyl group 011 the pen~~l t imate  carbon atom. 'The various enzymic 
reactions which occur tluring the fermentation are discussed. 

The  estracellular oil produced by a particular strain of To.r,idopsis magnoliae in 
submerged culture has beell the subject of an  earlier investigation (1). I t  is heavier than 
water and consists of a mixture of liydroxy fatty acid glycosides of partially acetylated 
sophorose. The major components of the fatty acid portion of this "normal procluct" 
were 17-L-l~ydroxyoctadecanoic acid and 17-L-hydrosy-9-octadecci~oic acid. Several 
minor coinponeilts have since bee11 identified as  described below. 

I t  has now been founcl that  many long-chain compounds can be fermented bj- 7'orulofis%.s 
nzagnobiae with a substantial increase in the yield of glycolipid. The  proclucts are partially 
acetylatecl glycosides of hydroxy fatty acids as  before, bu t  the composition of the fatty 
acid portion varies with the substance aclcled. T o  study this variation the glycolipids 
were subjected to acid metlianolysis ancl the hydroxy fatty acicl esters producecl were 
analyzed by gas-licluid chromatography (GLC). 

The compositions iound when various fatty acid esters are incorporatecl into the 
medium are compared in Table I with that  oi  the "normal product". Two hyclroxy 
palmitic acicls are the major components of the hyclroxy acicls obtained irom thc fermenta- 
tion oi methyl palmitate and also occur as minor components of the "normal procluct". 
One was shown to be 16-hydroxypalmitic ncicl by oxidation to liexadecanedioic acid. 
The  other was thought to be 15-1~yclroxypalmitic acicl by analogy with the 17-h~-drosy 

acicl previously founcl (1). Bromiiiation-clehydrobromination followed by oxidation 
with permanganate-periodate gave tetradecanedioic acid ( 2 ) ,  and the clerived 0x0 acicl 
was shown to be iclentical with synthetic 15-oxopalmitic acid. The  starting material for 
preparation of the latter was erucic acid; cis hydroxylation gave th.reo-13,14-dil1yc1rox~~- 
behenic acid, which, after lead tetraacetate oxidation ancl hydrogenation, gave 13-hydroxy- 
tridecanoic acid. The w-Ilydroxy acid \\?as brominated to yield 13-bromotridecanoic acid, 

1Isslred as  IV.R.C. No. 6856. 
Piesei~ted at the 44th Caizudi(~?l CIre7lli~al Conference of the Chcnzical I?zstit?rtc of Cc~?zcrda, ilfontrccll, ilngltst 

1961. 

Canadian Journal of Cl~emistry. Volumc 40 (19132) 
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TABLE I 

Hyclrosy acids obtained by fermentation of esters of fatty acids with an even n~unbcr  of carbon atoms 

Percentage of hydrosy acid Yield of hydrosy 
-- ester from I g 

15-Hydrosy 16-Ilydrosy 17-llydroxy Unsaturated Unsa t~~ra ted  of ester 
Added compo~und GIG C ~ G  CIS 117-hydrosy CIS 18-hydrosy CIS Others (6) 

I'almitate 
Stearate 
Oleate 
L i~~o lea te  
11-Eicosenoate 
Erucate 
None 
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which mas converted to 15-oxopalmitic acid by the method of Bergstronl et al. (3). 
15-Hydroxypalmitic acid is dextrorotatory and is assumed to have the L-configuration 
(I) .  The other minor component of the normal product examined was an unsaturated 
18-hydroxy CI8 acid, hydrogellati011 and oxidation of which yielded octadecanedioic acicl. 

On addition of ethyl stearate and methyl oleate to the culture the principal fatty acid 
components of the glycosides are 17-hydroxystearic and 17-hydroxyoleic acids respectively. 
The acids obtained from the fernlentation of methyl linoleate were shown to be mainly 
a mixture of 17- and 18-hydroxy C18 diunsaturated acids, since on hydrogenation iollowed 
by oxidation with cl~romium trioxide they yielded a mixture of 17-oxooctadecanoic and 
octadecanedioic acids. Also, the known 18-l~ydrox~~octadecanoic acid was isolated fro111 
the mixture of hydrogenated acids. The clouble bonds in all the unsaturated 11~-droxy 
acids derived fro111 the various fermentation products start  a t  the 11i1lth carbon atom 
since azelaic acid is the o~l ly  clicarboxylic acid isolated on permanganate-periodate 
oxidation (4, 5). 

I t  appears from these results that the substrate largely determines the structure of the 
hydroxy acid portion of the product; thus when stearate is added the fatty acids are more 
saturated and when oleate is added they are more unsaturated than in the "nor~nal 
product". The hydroxy acids are probably produced by direct hydroxylation of the sub- 
strate and not by breakdown to acetate and resynthesis. Convincing evidence for this 
view was obtained by fermenting selectively hydrogenated soya bean oil metl~yl esters. 
Since this nlaterial contains isomeric mono- and di-enoic esters produced cluring Ilydro- 
genatioil, permanyanate-periodate oxidation yields a number of other dicarboxylic 
acids besides azelaic acid. Oxidation of the hydroxy fatty acids obtained after ferinentation 
gave the same mixture of dicarboxylic acids as did oxidatioi~ of the soya esters, showing 
that direct hyclroxylation had occurred. 

When meth\.l 11-eicosenoate and methyl erucate were fermented anothcr aspect of the 
reaction appeared. The major acid produced from both is 17-L-hydroxyoleic acid as shown 
by hydrogenation to 17-L-hydroxystearic acid and oxidation to azelaic and 8-hydroxy- 
pelargonic acids. Since the double bond in the added esters is in the 11.,12- or 13,14- 
positions respectively ancl is in the 9,lO-position in the product, two or four carbon 
atoms illust have been removed from the carboxyl end of the molecule. A 1q.clroxy Cro 
acid is a minor component of eicosenoate fermentation, and is probably 19-I~~.clroxy-11- 
eicosenoic acid, since undecanedioic acid was found in the oxidation products of the fatty 
acid mixture in an amount corresponding to the amount of C.0 acid present. A small 
percentage of a hydroxy C ~ O  acid appears to be produced from erucate, but no hydroxy 
Czz acid mas found. The methyl esters of linolenic, pentadecanoic, a i d  myristic acids 
were poorly utilized by the organism, and the products were con~plicatecl mixtures. 
Lower fat ty acids were even less readily fermented. 

Table I1 shows the composition of the fa t ty  acid portion of the product obtained when 
sollle esters of odd-numbered fatty acids are fermented. Heptadecanoate gives 16-L- 
l~ydroxyheptaclecailoic acid and some 17-hydroxy acicl. The foriller acid is also obtainecl 
from n~nadecanoate by loss of two carbon atonls, through 18-L-hydrox)~nonadecanoic 
acid is the major component of the Ilydroxy acids. With heneicosanoate, reduction ill 
chain length by four carbon atoms is the principal reaction leading to 16-~-hyc11-0xy- and 
17-hydroxy-heptadecanoic acids but some 18-L-l~ydroxynonadecalloic acid is also produced 
by loss of two carbon atoms. Only a very small amount of 1~ydroxyI~eneicosa1~oic acid is 
obtainecl. The location of the hydroxyl group was establishecl for I(;-l~ydrox).l~eptadecailoic 
and 18-hydroxynonadecanoic acids by hypoiodite oxidation to yield iodoiorm and 
hesadecanedioic ancl octadecanedioic acids respectively. 
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I t  appears likely that the productio~l of "normal product" usually proceeds slo\vly a t  
the same time as the supple~llent is fermented, which would account for the presence of 
CIS acids in the palmitate, nonadecanoate, and heneicosanoate fernlentations and the 
presence of unsaturated acids in the stearate fermentation. 

The hydroxy acids derived from the products of fermentation of sonle hydrocarbons 
are listed in Table 111. The results are similar to  those obtained with esters of the same 
chain length; chain shorteiliilg occurs with eicosane, docosane, and tetracosaue, and the 
principal acid produced is 17-L-hydroxystearic acid. 19-L-Hydroxyeicosanoic acid was 
isolated as a ininor component of eicosane fermentation. The hydroxyl group was sllojvn 
to  be a t  Clg by tlle formation of nonaclecanedioic acid on oxidatioil with hypoiodite and 
the formation of a mixture of nonadecanedioic and octadecanedioic acids 011 oxidation 
with permanga~late in acetic acid (6). However, no hydroxy Czz acid coulcl be detected 
in the products of the docosane fermentation. 

Finally the fermentation of substituted fatty acid esters was examined. Methyl 
12-l~ydroxyoctadecailoate is mucll less readily utilized than the other supplements but a 
small amount of dihydroxy acid, which is probably 12,17-L-dihydroxyoctadecanoic acid, 
is obtained. i\/Ietl~yl 10-methyloctadecanoate is readily fermented to products assumecl 
to be 17-1,-hydroxy-10-rnethyloctadecanoic acid and minor amounts of 15-L-hyclroxy- 
n~ethylpalmitic acid and the corresponding w-hydroxy acids. 

Methyl 8-l~gldroxyoctadecanoate, which was isolated fro111 hydrogenated isano oil, is 
also easily lerrnented, giving a good yield of 8,17-L-dihydroxyoctadecanoic acid. The 
positions of the hydroxyl groups in the starting material and in the product were co~~firmed 
by permanganate oxidation ( G ) ,  the loriner yielding mainly pimelic and suberic acids, 
and the latter azelaic and sebacic acids, in addition to the other two acids. The con- 
figuration of the hydroxyl group in the l~ydroxy acid of isano oil does not appear to have 
been determined. 

Glycerides such as olive oil and tallow, and free fatty acids such as tall oil acids, are 
also fermented easily and the products are very silnilar to those ohtailled before. The 
mixture of hydroxy acids produced is always that expected from the composition of the 
substrate. Thus, the product from tall oil acids contains w-hydroxy CIS acids corresponcl- 
ing to  the amount of linoleic acid in the tall oil. 

The possibility that  the "normal .productM is produced by direct hyclroxylatio~~ of 
glycerides in the yeast cells has bee11 examined. If this occurs the composition of the acids 
of the i'nornlal product" should be similar to that of the cell glycerides in chain length 
and degree of unsaturation. Cells grown on a low-nitrogen medium, when no extracellular 
oil is obtained but  appreciable amounts of intracellular lipid are procluced, and cells 
recovered after isolation of "normal product" were extracted and the fatty acid conl- 
position of the lipids detennined. They were quite similar to each other, with a high 
percentage of oleic acid and more palmitoleic than palmitic acid. Oils wit11 this col~~position 
would be expected to give a co~lsiderably higher percentage of unsaturated hydroxy acids 
than actually found in the "normal product". Therefore, the glycolipid is probably not 
produced in this way. 

The fermentation reaction may have practical applications, as quite good yields of 
hydroxy acids can be obtained. With hl-drocarbons and C20 and Czz esters 50-6070 of the 
suppleinent is converted to hydroxy fatty acids and with palmitate and CIS esters 70-80%. 
No suppleinent is recovered unchanged. Except for ricinoleic, long-chain hydroxy acids 
are not readily available and not easily synthesized. Unsaturated hydroxy acids, which 
can be preparecl by fernlenting inexpensive materials such as inedible tallow or tall oil 
fat ty acids, might be useful in resin or polynler preparation. 
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From a practical point of view the most important result of the chain-shortening 
reaction is that co~npounds with an even number of carbon atoms greater than 18 are 
converted to 17-hydroxy CIS acids and compounds with an  odd number of carbon atoins 
greater than 17 are converted to 16-hydroxy C17 acids. Therefore, the hydroxy fatty acid 
portion of the glycolipid obtained by ferinenting a mixture of conlpounds of various chain 
lengths should consist largely of only one or two components. Preliininary experiments, 
using rapeseed oil and a crude petroleu~ll fraction containing ilormal hydrocarbons with 
froin 13 to 2:3 carbon atoms, have indicated that  this is in fact the case. 

E~zzyrnic  React io~zs  Involved 
Since this type of fernzentation has not beell observed before, i t  is useful to consider the 

mechanism by which the added compounds are converted to  hydroxy acids. As the 
carbosyl group is free in the end product and esters are readily utilized the first stage 
may be hydrolysis by an esterase to the free acid. The next stage \vould probably be 

oxidation of --CHI to -CH?OH o ~ - ) c H ~  to  'CHOH. This reaction is similar to  that  
/ 

occurring in the well-lcnolvn ~nicrobiological hydroxylation of steroids. The enzyme 
appears to be fairly specific in its action since the relative amounts of hydroxylation a t  
the terminal and penultimate carbon atoms, which are shown in Tables I and 11, can be 
correlated with the length of the substrate molecule. Figures derived froin the worlc of 
Kicolaides ancl Laves (7), who measui-ed the lengths of fatty acids and esters as  urea 
complexes, were used. w-Hydroxylation does not occur with stearic acid (25.05 A), but  
with the shorter oleic (24.22 A) and heptadecanoic acids (23.80 A) i t  occurs to a small 
extent (13%). Elaidic acid (24.91 very close to stearic acid in length, was also not 
termiilally hydroxylated. With linoleic (23.51 A) and palmitic (22.55 A) acids, which 
are both shorter still, considerable w-hydrorylation occurs but to a lesser extent with 
palmitic than with linoleic acid, suggesting that palmitic acid is shorter than the 11iost 
favorable length for w-hydror~~lation. Pentaclecanoic and myristic acids are apparently 
too short for appreciable hydroxylation of any type to occur. Since linolenic acid (calcu- 
lated length 22.51 r\) is about the same length as palmitic acid i t  is probable that  i t  is 
not hydroxylated readily because the 15,lG-double boncl is too close to the site of the 
reaction. Also, 12-l~ydrox~~octadecailoic acid probably does not react easily because the 
l~).dros),l group is too near the reaction site. However, substituents in the 10- and 
8-positions appear to be too far away to interfere. I t  may be that  there are two active sites 
on the enz).me, one which can hold the carboxyl group and one which is involved in the 
oxidation, and only substrates of a certain critical length call fit oilto these sites. 

In the case of esters of more than 18 carbon atoms another enzyme systelll must be 
involved as the chain is reduced in length before hydroxylation. Since two carbon units 
are reinoved from the carboxyl end of the molecule, the reaction probably proceeds by 
p-oxidation silnilar to that occurring in fatty acid metabolism. The results of the fer- 
mentation of methyl erucate, for example, where about 50% is converted to hydroxyoleic 
acids, can be explained by assuming that  the chain-shortening reaction and the hydroxyla- 
tion reaction are proceeding independently. When the erucic acid has been reduced to 
IS carbon atonls it can be hydroxylated by the other enzylne system, but part is broken 
do~vn too far and inetabolized in other ways, accouilting for the lower percentage con- 
version. 

In  the utilization of hydrocarbons yet another type of oxidation probably occurs, that  
is the conversion of -CH3 to -COOH. A number of exa~llples are now lcilown in which 
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Nocardia and other bacteria oxidize long-chain hydrocarbons to  fatty acids of the same 
chain length ( 8 ,  9) and i t  is assumed that  this type of terillinal oxidatioil talces place. 
Hydrocarbon oxidation to  acids of shorter chain length has also beell observed (10 )  and 
appareiltly proceeds by P-oxidation. With Tor~i lops is  magnoliae the probable course of 
reaction is oxidation to  the fatty acid, and for longer-chain substailces reduction to  18 
carbon atoms and then hydroxylation as before. 

Linday and Donald ( l l ) ,  who studied hydrocarbon oxidation by Pscudotizo?~as and 
Nocardia, found the percentage coilversioll to  long-chain fat ty acids to be very lo\v and 
suggested that  this was due to  further oxidation to short-chain acids. In the present 
work this degradation does not occur to any great extent probably because rapid h~.drox- 
ylation followed by forination of the sophoroside effectively protects the fattl- acid. 
Stewart and co-worlters ( 8 )  found a gram-negative coccus which converted hexadecane 
to  cetyl palinitate in moderately good yield. Also Raymond and Davis (9), n7orl;ing 
with Nocardia, obtained nearly soy0 conversion of octadecane to  cell lipids which were 
partly glycerides and partly ester waxes. Here the fatty acids inay be protected by the 
forinatioil of esters either with long-chain alcohols or with glycerol. 

EXPERIMENTAL 
Melting points were determined using a Leitz hot-stage microscope. Optical rotations were measured 

a t  25" C in a 1-dnl tube. Davison silica gel, GO-200 mesh, was used without activation for column 
chromatography. Pet role t~~n of boiling range 60-80" C was used except where other boiling ranges are 
mentioned. 

Preparatio~t of the Sz~bstrates 
Methyl palmitate, ethyl stearate, methyl oleate, methyl linoleate, methyl 11-eicosenoate, and methyl 

erucate were prepared from vegetable oils and purified by the usual methods. These esters were shown by 
gas-liquid chromatography to be more than 99% pure. Ethyl linoleate was prepared by fractional crystalliza- 
tion of the ethyl esters of safflower seed oil and contained 20% of ethyl oleate. Selecti\rely hydrogenated 
soya bean oil esters were obtained from Dr. C. G. Youngs. 

Methyl heptadecanoate was prepared a s  folloms. 1-Octadecene was hydroxylated (12) and the diol 
crystallized four times from methanol. 1,2-Octadecanediol (10 g), m.p. 55-80" C, was dissolved in glacial 
acetic acid (150 ml), and lead tetraacetate (ca. 22 g) added. After 45 ~ninutes  benzene (150 ml) \vas added, 
the mixture was poured into water (600 ml) and shaken, the aqueous layer mas further estracted with 
benzene (100 ml), the extract was washed twice with water, and the solvent mas removed. The residual 
aldehyde was talten up in glacial acetic acid (80 ml) and a solution of chronlium trioxide (3.17 g) in water 
(5 1111) and acetic acid (20 ml) added in portions. After 30 minutes the inisttire was poured into water, 
sulphur dioxide passed in to reduce excess oxidant, and the precipitated acid filtered ol'f. The acid, m.p. 
60-GI0 C after crystallization from petroleum, was converted to methyl heptadecanoate by reflt~xing with 
4y0 ~methanolic hydrogen chloride. 

Methyl nonadecanoate was prepared by the method of Levene and Taylor (13). 
Methyl heneicosanoate was prepared as folloms. A mixture of tridecanoic acid (16 g) and methyl hydrogen 

sebacate (14) (8 g) was dissolved in methanol (130 1111) containing sodium (0.09 g) and e le~trol~zecl ,  and the 
reaction mixture worl;ed up a s  described by Greaves et al .  (15). The neutral product (8.1 g) was estracted 
with petroleuin and the acids (8.5 g) extracted with ether after acidification. Purification of the neutral 
fraction by distillation (b.p. 150" C a t  0.1 mm) and crystallization from methanol (1500 nil) gave pure 
tetracosane (3.9 g), m.p. 50.5" C. The acid fraction after crystallization froin metllano1 (100 ml) gave crude 
heneicosanoic acid (3.4 g),  m.p. G7-72" C (lit. (IG) gives 74.3" C). The acid (3 g) was esterified with methan- 
olic hydrogen chloride and the ester, crystallized from methanol (75 ml), had 111.p. 46-4i0 C (lit. (IG) gives 
47.2" C). 

Ilexadecane, octadecane, eicosane, and docosane were pure commercial products. l'etracosane was 
obtained as a by-product of the synthesis of methyl heneicosanoate. 

Methyl 12-hydroxystearate mas prepared from commercial 12-hydroxystearic acid. 
Methyl 10-mcthyloctadecanoate was prepared as described by Linstead and co-worl;ers (17). 
Methyl 8-hydroxyoctadecanoic acid was prepared from isano oil (18) obtained froin the Pacific Vegetable 

Oil Corporation. Isano oil (G5 g) was hydrogenated a t  40" C and 1800 p.s.i. over 5% palladium on charcoal 
(6 g) in ethanol (100 1nl) for 5 hours. 'The product was saponified and the acids distributed between 85% 
inethanol and petroleunl in two separating funnels. Thc polar fraction, after two crystallizations from 
acetone, gave 8-hydroxyoctadecanoic acid (6.5 g), m.p. 77.5-79' C. The methyl ester was prepared as usual 
and distilled, [ a ] ~  -0.4" ( 6 ,  12.7, MeOH). 
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ilfetlrorl I?/ Fer~rre)ltcttion 
An oil-producing strain of Torillofisis mngnoline was used. The medium consisted of glucose i1oC;), yeast 

extract (O.S%), and urea (0.1%). The n~edium (50 ml) was p ~ ~ t  in a 500-1111 conical flask ancl agitatcd on a 
shal;er of 230 r.p.ln. and a radius of 1 inch. The flask was shal<en for 1 day after inoculation, then the 
supplement (1 g) aclcled as  a stable emulsion or suspension in water, and the shaking corlt in~~ed for 2-3 
days. The oil n.as isolatecl by allowing it to separate from the medium in a 50-1111 centrifuge tube. 'flie product 
formed a layer a t  the botto~ii  of the tube, from which the yeast cells and rnediurn could be siphoned off. 
The mixture was not centrifuged because if this was done the yeast cells mere mixed with the product. The 
fermentation conditions and thc yields obtained from a number of fermentations which nfere carried out on 
a larger scale are described elsewhere (19). 

Isolation of t l ~ e  illethyl Esters 
The product was talcen LIP in ethyl acetate, separated from the water, liberated, ancl clried over sodium 

sulphate. The dry oil was rcfl~lxed overnight ivith 47;, lmethanolic hjdrogen chloridc (25 ml) poured into water, 
and the methyl esters of the hydroxy acids extracted with chloroform. The yield of methyl esters obtained from 
50 ml of inoculatecl medium without supplement \\.as the average of two separate fermerltations. Esact  
figures for thc percentage conversion cannot be obtained bccause the results varied slightly with different 
fermentations ancl the amount of "normal procluct" produccd a t  thc same tinle can not be measurecl accu- 
rately. 

Gas-Liqz~id Cl~rowratogmpl~ic .il~~alysis 
The apparatus used was clescribcd previously (20, 21). For routine analysis of the hydrox)- acicl methyl 

esters a 2-ftX1/4-in. copper c o l u m ~ ~  packed \\.it11 l : 6  silicone grease on 60-80 mesh acid-nashecl celitc was 
used. The apparatus was operated a t  200' C n.ith injector a t  250" and a flow rate of GO ml of helium/min. 
A typical result of the analysis of estcrs from the "normal product" is sho\vn in Fig. I .  

Not \.cry much worlc has been clone on the gas chromatography of hydrosy acicls (22) and apparently 
none a t  all on the quantitative aspects of the results or on mixturcs of hyclrosy acids of the samc chain 
length. As shown in Fig. 1 there is a good separation between w-hydrosy estcrs ancl esters with the hydrosyl 

SAT D. 
17-OH C18 

5 10 15 

TIME, m i n u t e s  

FIG. 1. Gas-liquid chromatographic analysis of hydrosy fatty acid esters using a silicone column 

group on the penultimate carbon atom. Ik7hen the equivalent chain lengths (E.C.L.) (T2) for thc hydrosy 
esters arc calculated the difference between the two types of ester amounts to almost 1 unit. The  figures 
for the saturated hydrosy methyl esters obtained in the fermentations are as  follo\vs: 15-hydrosypalmi- 
ta te  18.0, 16-hydroxypalmitate 18.8, 16-hydrosyhcptaclecanoate 19.0, 1'7-hydrosyoctadecanoatc 20.0, 
18-hydrosyoctaclccanonte 20.8, ant1 19-hydrosyeicosanoate 22.0. The corrcsponding 0x0 estcrs had the samc 
E.C.L.'s: 15-osopalmitate 18.0, 1.7-osooctadccanoate 20.0, 19-osocicosanoate 22.0. When the more polar 
fluorinated silicol~e QF-1 (23) is usctl the E.C.L.'s of the hydroxy csters are increased by 2 units cornparecl 
to the results with the ordinary silicone: 15-hydrosypalmitate 20.0, 16-hydroxyheptaclecanoate 21.0, 
18-l~ydrosynonadeca~~oate 23.0. This dirference in E.C.L>. on the t\vo typcs of silicone CO~LIIIIIIS Inay be used 
as  another way of distinguishing osygenatccl esters from norrnal csters which have the samc E.C.L. on onc 
col~unn. The column usetl was IS-ill.Xl/-1-in. stainless steel, was paclced \vith 1 :6  silicone QF-1 on Gas- 
Chrorn F (-40-60 mesh), and n.as operatcd a t  '700" C. 

I;igllre 1 also sho\\,s that the silico~le column can give a partial separation of satllrated and ~rnsaturated 
hydrosy esters (20), s~lfficiel~t to allow a rough estimation of thc relative amounts present. I t  was not 
possible to ~ l s c  a polyester column to separate the saturated and unsaturated hydrosy esters, as  can be done 
\\-ith ordinary csters (21, 24), because cstcnsive decomposition or reaction with the liquid phase occurred. 
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Accordingly the follo\ving procedure was used in the analysis of the products. The ratio of the combined 
area of the saturated and ~~nsa tu ra t ed  17-hydroxy CIS pealcs to  the area of one of the hpdroxy CIG peaks 
(the Clc esters are almost entirely saturated) is calculated. 'The spread between the saturated and unsaturated 
ester peaks can be much reduced by using a chart speed of one q ~ ~ a r t e r  of that  used to give Fig. 1. A portion 
of the esters is osiclized with the permanganate-periodatc reagent and separated into neutral and acidic 
fractions. From thc analysis of the former by GLC the ratio of the area of the saturated 17-hydroxy Cls 
peal; to the area of the hydroxy Clc peal; is calculatecl. The complete compositio~~ of the ester mixture can 
then be t\;orl;etl out. The quantitative results obtainecl by gas chromatography agreed with the l;no\vll 
values for a made-up mixture of saturated hpdroxy esters and also with the percentages obtainecl by frac- 
tional crystallization, clistillation, and chemical separations, within 5%. Some decomposition occurs on the 
col~rmn but since all the components are hydrox): compounds it is ass~rmecl that they all decompose to the 
same extent. 

To separate azelaic acid and other products obtained by oxiclation of the unsaturated esters or in per- 
manganate - acetic acid oxiclations a 10-ftX3/16-in. copper column pacl;ed with ethylene glycol-o-phthalate 
('24) 1: 4.5 on 40-60 mesh acid-washed firebrick mas used. The oven temperature was 209' C and the flow 
rate GO ml helium/min. T o  separate dicarboxylic esters of 16 or nlore carbon atoms obtained in llypoiodite 
oxidations the oven temperature \\;as raised to 230' C. 

Cl~oi~ical Alznlysis of the ITyd~osy Acids Prodz~ced by Fer~ilenlalio?~ 
Pnl~llilatc Fer?77entnbioi~ 
'The percentage of unsaturated esters was determinecl by two methods. (1) By oxidation: Esters (1.03 g) 

were clissol\;ed in tertiary butnnol (40 ml) and aclded to a ~nixture of perma~lganate-periodate solution 
(0.087 A{ in soclium rnetaperiodatc and 0.0025 dI in potassi~un permanganate) (40 ml), 0.25(h p o t a s s i ~ ~ n ~  
carbonatcsolution (4Oml),and tertiary butanol(80 ml),and the solutio~l shalien for 6 ]lours. Ethylenewas then 
passed in to destroy the excess oxidant, several milliliters of the carbonate solution added to raise the pH to  9, 
the butanol removed under vacuurn a t  50°C, and the saturated esters (0.88g, 87'%, rneasurecl by GLC 85%) 
extracted with ether. The amount of saturated Cis esters in this fraction was measured by GLC. After acidifi- 
cation the acidic products (0.16 g) were extracted with ether, corlverted to methyl esters with diazomethane, 
and found by GLC to be mainly azelaic and 8-hydroxypelargonic acids. (2) By hydrogenation: Esters (4.99g) 
\\;ere hydrogenated in ethanol (65 ml) over 5% palladium on charcoal (0.5 g) and tool; LIP 59 ml hydrogen, 
corresponding to l4Y0 monocne (theoretical 1-olume required for monoene is 412 nll). The percentage of 
w-hydrosy ester was determined by quantitative chromium trioxicle oxidation (25). The  hydrogenated and 
distillctl ester consumed 1.46 atoms of osygen, corrcspo~lding to 46% w-hydroxy co~npouncl (calculated by 
GLC 4.1%). 

Isolntiol~ o j  1 6-I-I~droxypnl~i~ itic Acid 
.i seven-stage fractional crystallization of the crude methyl esters (4.20 g )  from acetone a t  -10' C gave 

pure mcthyl 16-hydroxypalmitate (0.55 g) ,  m.p. 55.5-56' C (lit. (26) gives 55-55.jo C). Calculated for 
CliIH3lOn: C, 7 1 . 3 5 ;  I-I, 12.05i. Found: C, 71.37i8; H, 11.957c. Saponilicatio~l gave 16-hydroxypalmitic 
acid, which, after crystallization from acetone, had 1n.p. 95-96.5" C (lit. (26) gives 95" C). Calculated for 
CIG113Y03: C, 70.5%; H ,  11.870. Found: C, 70.8%; H, 11.8%. On chromiun~ trioxide oxidation the acid 
consumed 1.96 atoms of oxygen ancl gave hesadecanedioic acid, m.p. 119-122" C. The mixed melting point 
with the synthetic acid, m.p. 124-127" C, prepared by the method of Greaves et al. (15) \\;as 121-125" C. 
15-Ilpdroxypalrnitate could not be obtained in pure form from the mother liquors of the fractional crystalli- 
zation due to the presence of hydroxy Cis esters. 

Isolntio7~ of 15-~-fIydrorypal1t1itic Acid 
Partial acetylation of the crude esters, by relluxi~ig with 85% acetic acid for 2 hours, and dis t r ib~~t ion 

of the product between petroleum and 80% ethanol in t\vo separating funnels gave a polar fraction in which 
the collcentratioll of the desired ester had bee11 increased to 60%. This material was chromatographed on 
a silicic acid columrl and elution with petroleum containing 4y0 acetone gave all ester of 84'7; purity. The 
main impurity was 17-hpdroxy CIS esters. The  ester was acetylated by treatment with acetic anhydride 
a t  100" C for 2 hours and finally purified by preparative gas chroniatography. Batches of 42 mg were put 
t l~rough an 8-ftX5/16-in. copper col~rnln containing 1:6 silicone grease on acid-washed celite (60-80 mesh) 
operated a t  340' C with injector a t  290° and a flow rate of 60 ml heliuin/~lii~l. The recovery was about 88%. 
Ueacetylation and crystallization from petroleum (b.p. 60-80" C) yielded pure methyl 15-L-hydrosy- 
palinitate, 1n.p. 46-47" C. Calculated for CliH3103: C, 71.3%; H, 12.0%. 170und: C, 71.170; 11, 12.1%; 
[ f f ] ~  +5.0° (c, 10.0, MeOH). 15-L-Hydroxppalmitic acid was obtained by hydrolysis and crystallization 
frorn acetone a t  0°, m.p. 74-75" C. Calculated for C1cI13~03: C, 70.5%; 11, 11.8%. Found: C, 70.45y0; H, 
11.7%; [ f f ] ~  f5.4" (6, 6.5, CHICOOH). On ox ida t io~~  with ch romi~ i~n  trioxide the acid consumed 1.14 
atoms of oxygen and gave 15-oxopalmitic acid, m.p. 81-82" C, after one crystallization from petroleum. 
The nlelting point was not depressed by the synthetic acid. 

Synthesis o j  15-Oxopalnzitic Acid 
Methyl erucate (25 g,  prepared from rapeseed oil) was stirred with a mixture of 100yo for~nic acid (60 ml) 

and 30% hydrogen peroxide (9 g )  a t  40" C, and propionic acid (20 1111) was added to give a homogeneous 
solution. After 3 hours' reaction the solvent was removed, the residue saponified with 107, potassium 
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hydroxide, and the acid isolated. Methyl tl~reo-13,14-dihydrosybehe11:ite was prepared by esterification 
with methanolic sulphuric acid (2%) and crystallized from petroleum, m.p. 77-79" C. The  ester glycol was 
oxidized with lead tetraacetate, as  described for the oxidation of octadecanediol above, and the aldehyde 
hydrogenated over Raney nickel a t  100' C in ethanol. Sapoilification and crystallization from benzene gave 
13-hydrosytridecanoic acid (7 g),  i11.p. 72-77' C (lit. (26) gives 79O C). The acid \vas brominated with 30y0 
hydrogen bromide in acetic acid, esterified wit11 diazon~ethane, and converted to  the iodoester by refluxing 
with sodium iodide in dry acetone. After crystallizatio~l from ethanol the methyl 13-iodotridecanoate had 
111.p. 32-34O C. The iodoester (1.00 g), acetoacetic ester (0.36 g),  potassi~~nl carbonate (1.15 g), and 2- 
pentanone (10 ml) were refluxed for 22 hours (3). \Vater was added and the product was extracted with 
ether and hydrolyzed with 10Vo inethanolic potassium hytlroxide (a0 1111) a t  50' C for 24 hours. -4fter dilution 
with water and acidification crude 15-oxopalmitic acid (0.77 g) was extracted with ether. Two crystalliza- 
tions from ethanol gave the pure acid, m.p. 81-82" C. Calculated for C I ~ H ~ ~ O ~ :  C, 71.171; H ,  11.2%. Found: 
C, 71.29G; H, 11.3y0. 

Isolation of l\.li?tor Co?i?potretzts of the  " N o i ~ i z a l  Prodz~ct" 
Crude hydrogenated hydroxy acids, prepared as  before ( I ) ,  were crystallized from acetone to remove 

most of the Cis acids (19.5 g). The residue (4.1 g) in the mother liquors was converted to illethyl esters, 
acetylated, and separated ill batches with a silicoile colu~lln similar to  that  11sed above to give the two 
hydrosypalmitic acids. The 15-L-l~ydroxypalmitic acid had 111.p. 75" C, [ a ] ~  +4.G0 ( 6 ,  4.6, CH3COOH). 
Bromi~lation of the acid (15 mg) with hydrogen bromide in acetic acid (1 ml) followed by dehydrobroinina- 
tion, by refluxing with S-collidine, and oxidation with a q a e o ~ ~ s  permanganate-periodate reagent gave a 
dicarboxylic acid product. This material was found to  be mainly tetradecanedioic acid when the methyl 
esters were analyzed on the polyester column and also on the silicone column a t  200' C. Oxidation of the  
hydroxy acid with chromium trioxide gave 15-oxopalmitic acid, m.p. 80-81.5" C, undepressed on admixture 
with the synthetic acid, the X-ray powder photographs of the two acids were indistinguishable. Calculated 
for ClbH3003: C, 71.1%; H, 11.2%. Found: C, 70.7%; H ,  11.1%. The 16-hydroxypalmitic acid had m.p. 
81-88" C, and oxidation yielded hexadecanedioic acid, m.p. 123-124" C,  which did not depress the melting 
point of the synthetic acid, and the X-ray photographs of the two were indistinguishable. The  hydrogenated 
crude acids were oxidized with chromic oxide and the 0x0 acids were removed by crystallization from ethanol. 
Hesadecanedioic and octadecanedioic acids were isolated from the mother liquors by crystallizatio~l from 
hexane and separated as  methyl esters on the silicone colum~l. Thus purified the octadecanedioic acid had 
m.p. 122-123" C and did not depress the melting point of a synthetic sarnple (15). The X-ray powder photo- 
graphs were indistinguishable. 

Stearate Fer?l~entakion 
The crude ester was hydrolyzed and the  acid crystallized once from acetone, m.p. 79-81' C, 110 depression 

with authentic 17-1~-hydroxyoctadeca11oic acid. 
Olcate Fertne?ttatiort 
The crude esters were distilled, b.p. 168-170" C a t  0.07 mm, [ a ] ~  +3.2' (c, 8.0, MeOH). A portion was 

oxidized with the per~ilangai~ate-periodate reagent and separated into sa t~~ra te t l  material (10%) and oxida- 
tion products as  described for the palmitate product. The saturated ~ilaterial was analyzed by GLC to 
estimate the percentage of saturated CIS esters in the original product. GLC of the methyl estersof theoxida- 
tion products showed the presence of only azelaic and 8-hydroxypelargonic acids. Another portion of the 
esters was hydrogenated and 17-I.-hydroxyoctadecanoic acid isolated, 111.p. 77-80" C;  the ~nelting point of 
the authentic acid nlas not depressed. 

Linoleate Feritle?ttatio?t 
011 pern~anganate-periodate oxidation in tertial-y-butailol (5) the esters used 7.8 atoms of 0x1-gen; the 

products were azelaic acid and short-chai~i hydroxy acids. The esters for this experinlent were prepared by 
the fermeiltation of pure ~ncthyl  linoleate but all the other reactions were carried ou t  on esters derived 
from ethyl linoleate containing 20'2 ethyl oleate. The esters were distilled, b.p. 170-180" C a t  0.08 illin, 
[ a ] ~  +2.1° (c, 10.1, MeOH). During hydrogenation over 57; palladium oil charcoal (0.36 g) the distilled 
esters (3.06 g) in ethanol (55 rnl) took LIP 359 ml of hydrogen (calculatetl for 1.8 double boilds 398 ml). 
The  hydrogenated esters (5 g) were oxidized with chromic oxide (3 g) in acetic acid (GO 1111) as  described 
before. The product (4.33 g) \vas crystallized froill petroleum (b.p. 40-(iO0 C) (150 ml) a t  25' C and gave 
crude methyl hydrogen octadecanedioate (1.73 g, -1OCj6). The pu1.e half ester mas obtaiiled by crystallization 
from petroleum, m.p. 74-7Go C (lit. (27) gives m.p. 72-74" C).  Octadecanedioic acid was obtaiiled b y  
saponification and crystallized from ethyl acetatc, ii1.p. 123-126.5" C, illised illelting point with the synthetic 
acid 124-127.5°C. ?'he mother liquors, after separation of the half ester, yielded crude methyl 17-0x0- 
octadecanoate (2.60 g), which gave the pure ester after crystallization from peLroleuiil a t  O0 C, 111.p. and  nixed 
1n.p. with the s y ~ ~ t h e t i c  ester (1) 53-55" C,  17-Oxooctadecanoic acid was obtained by hydrolysis and 
crystallized from ethanol, m.p. and n~ised m.p. with sy~ithetic acid 85.5-87.5" C (1). 

Isolatio?t of l8-Hydro.vyoctadeca?1oic Ac id  
Ilydrogeilated esters (20 g) were acetylated, by treatment with acetic anhydride (250 in]) a t  100' C for 

"iours, and the reagent was removed under vacuum a t  70' C. The acetate ester was talcell up in illethanol 
(200 ml), urea (34 g) added, and the mixture warmed to give a solution. ?'he solid (33 g) was collected 
after 18 hours, decomposed with water, extracted with ether, aiid deacctylated with sodiunl methoxidc in 
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methanol. The methyl esters (7.GG g) so obtained, contained about 75-80% w-hydroxy ester. A portion 
(1.9 g) \\.as chromatographcd on a silicic acid colulnl~ alld eluted with petroleum containing tiyo acetone. 
Methyl 17-hydrosyoctadeca~~oate came off first follo\\wl Ily pure methyl 18-hydroxyoctadecanoate (2.91 g),  
which was obtained as  vcry long colorless needles after crystallization from petroleum, m.p. 61-62' C (lit. 
(3) gives G2.5" C). 18-I-lydroxyoctadecanoic acid was prepared by saponification and crystallized from 
acetone, m.p. 97-99" C (lit. (3) gives I)!)" C). Calculated for ClsI4,~Oa: C, 71.05%; I-I, lP.lYc. Found: C, 
71.8i;/$: H, 12.05;. 

Selcctk~ely fiI~vl;.ogclzatcd Soya Bean Oil BIctl~j'l Esters I;o.illcntatio7z 
The composition of the original estcrs was palmitic 11.8, palmitoleic 0.2, stearic 5.6, oleic and iso~l~ers  

62.7, iinoleic and isomers lI).5c/c. Osidation of these esters \vith the permanganate-periodate reagent (5) 
gave the follo\ving dicarboxylic acicls exprcssed as molar percentages: C6 1.2, Cl 1.6, Cg 5.1, Cq 58.7, Cia 
10.3, C l l  10.7, C1? 9.6, Cia 2.8. Osidatio~l of thc hydrosy methyl esters obiained after fermentation g a \ ~ :  
Ce 2.3, C; 2.0, Cs 3.8, Cq 57.6, CLa 11.8, C I I  9.6, C12 IO.G, Cl3 2.2. 

11-Eicosiv~oatc Ferlue7~tatio7z 
Crude hb-clrosy esters (0.162 g) wcrc oxidized as  described for the palmitate ferlnentatioli and gave 

lleutral product (0.018 g, 12.57; of original material). The oxidation products \Irere 8-hydrosypelargonic 
acid and azelaic acicl (859;: as a molar percentage of the total dicarboxylic acids) and undecanedioic acid 
(157;). Part of the esters \\.as hydrogenated, purified by GLC as  the acetate, and saponified, giving 17-L- 
I~yclrosyoctadecanoic acid, 111.p. and niised n1.p. 79-81" C. 

Eizlrc~/c Fei.qlre7ztntio7~ 
The acidic products obtained by the oxidation procedure used above were alnlost entirely azelaic and 

8-hydt-osyi~elargo~~ic acids. i\ portion \\.as 11)~drogenated and hyclrol!~zcd to give 17-L-hydrosyoctadecar~oic 
acid, m.p. and lnised m.p. 78-80" C. 

Ncptadcra71oate Fo17zentaLio7i. 
Esters (0.G3 g) were chromatographed on a silicic acid column and eluted with petroleurn containing 4% 

of acetone, giving methyl 16-L-hydrosyheptaclcca~~oate (0.44 g) free from the w-hydroxy compound, m.p. 
51.5-52.5' C, [CT]D +4.S0 (c, 4.75, h'IeOH). Calculated for C I E H ~ G O ~ :  C, 71.95%; H, 12.1%. Found: C, 
'71.95y0; H, 12.1%. The ester nras saponified, giving 1G-L-l~ydrosyheptadecanoic acid, which after crystalliza- 
tion fro111 acetone had m,p. SG.5-87.5" C, [ a ] ~  +5.2 (c, 4.0, CI-13COOI-I). Calculated for CliH3.103: C, 71.3%; 
EI, 12.07;. F o ~ ~ n d :  C, 71.1y0; H, 11.9?o. Acid (10 mg) was dissolved in dioxarle (2 ml), .57Gaq~1eous potassium 
hyclroside (1 ml) added, follo\\~ecl by a solution (ca. 1 ml) of iodine in aqueous potassi~~ln iodide (10 g iodine 
in 50 ml of :30(;/; potassi~rm iodidc solution) until the brown color persisted \vhcn heated to 60' C. The mixture 
was Icept a t  60' C for 2 minutes, potass i~~m llydroxide added to dissolve cscess iodine, and Ivater (5 ml) 
added. Toc1ofo1-m crystallized on standing. The so l~~ t ion  was evaporated to a \.olume of 3-4 1n1, acidilied 
with 4 A' sulph~~ric  acid, sodi~rm metabis~~lphite added, the acids extracted with ether, and treated with 
d i a z o ~ ~ ~ e t h a ~ l e .  The principal dicarboxylic acicl was shown by GLC to  be hesadecanedioic acid together 
\\.ith a vel->- small arno~111t of thc C,,  acid. 

l\'o~~nilec-t~i~ocrtc Fc'ci.17ze1itatio?z 
Batch\vise separation of the acctylated csters I,y GLC, as clcscribcd under 15-11ydroxypalmitatc purifica- 

tion, ancl worliing LIP as L I S L I ~ I  yielded 18-L-hydrosynonadecanoic and IG-L-hydrosyhcptaclecanoic acids. 
Crystallization of the former from acetone gave pure 18-L-hydrosynonatlecanoic acid, m.p. 91.5-92.5" C, 
[e]n +--L.4' (c, 2.8, CIIsCOO1-I). Calculated for ClsH,sOl: C, '72.6(7;; H, 12.2'3. I;o~lnd: C,  72.756; H, 12.:3y0. 
Osiclation \\.it11 hypoioclite as dcscribcd above yielclecl mainly octadecaneclioic acid and a small amount of 
the Cli acid. Treatment with diazo~nethane yielded methyl 18-~-1~ydroxy11onaclecanoate, m.p. 56-57" C, 
[ a ] ~  $3.4' (r, 3.5, CIHCla). Calculated for C?eHtoOa: C, 73.1';;,; 13, 12.3%. Found: C, 73.195;; I-I, 12.35%. 
The lCi-~-h~-dros~~l~eptadeci~~~oic acid \\,as also crystallized from acetolle ancl had 1n.p. 86-88" C. Calculated 
for C17H310:: C, 71.3y0; I-I, 12.05,L. Found: C, 71.57;; 11, 12.2y0. Tile X-ray po\\rder photographs of this 
acid ancl of the 16-L-hyclroxy C1i acid described earlicr \\Icre indis t i~~g~ris l~~tble .  

I-le7reicosa1~oate Fw111e7ztatio~z 
Chromatography of the esters on silicic acid arid elution \\.it11 pctrole~lm co~~taining 45/c of acetone yielded 

a fraction largely free from w-hydrosy esters. This fraction was acctylatecl and separated into Cl; and C19 
cster acetates on thc siliconc colunln by GLC as  above, After worl<ing up and crystallizillg from acetone, 
lG-~.-l~ydrox~~I~cptadeci~~~oic acid \\.as isolatccl, m.p. and [nixed 1n.p. 86.5-8S" C. The 18-L-hydrosynolladeca- 
lloic acid liad n1.p. and mixed m.p. 90.5-92" C. 

I-lcsadec-nric lic21.n~c7~tation 
The products were idcntificd by comparison of the GLC r e s ~ ~ l t s  w i t h  thosc obtained by palmitate fer- 

nlcntation. 
Ortndec-alrc Frr111~7ztatio7z 
On hydrolysis the esters yieldetl I7-~-11yclros~~octade~~.11oic acid, n1.p. and n~isecl n1.p. 80-81' C. Oxidation 

of thc csters as above gave 93'3; of lieutral material. 
Eicosa7ie Fei.r1le7ztatio1r 
The crude hj.droxy csters were first purified by rapid distillation, b.p. 160-180" C a t  0.1 mm, then ClG 

and CIS compo~rnds re~noved by fractioilal distillation through a spinning band colu~nl~.  Saponification of 
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a portion of the distillate and two crystallizations from acetone yielded 17-L-hydroxyoctadecanoic acid, 
lll.p. and mixed m.p. 78-80" C. The clistillation residue consisted of polymeric material, produced during 
the prolonged heating, and hydrosy Cno esters. The latter were largely separated from polymer by rapid 
distillation a t  200' C and 0.04 i n n .  The ester so obtained mas separated fro111 a s~nal l  amount of w-hydroxy 
ester by chromatograplly on a silicic acid column and elution with petroleum containing 6% acetone. After 
hydl-olysis 10-L-hydroxyeicosanoic acid was obtained and crystallized from acetone, m.p. 86.5-87.5" C, 
[DID f5.2" i r ,  1.4, CI-I3COOH). Calculated for CnoHaoOs: C, 73.1 Gjo; H, 12.3y0. Found: C, 73.3%; EI, 12.4y0. 
Esterification with iy; methanolic hydrogen chloride gave methyl 19-L-hydroxyeicosanoate, which was 
crystallized fro111 petroleu~n, m.p. 58-60" C, [O]D +3.G0 (6, 2.4, MeOH). Calculated for C?1H4203: C, 73.6%; 
I-I. 12.-15. Found: C, 73.75y0; I-I, 12.37;. IVhen the acid was oxidized with potassium permanganate in 
acetic acicl ( 6 )  the principal acids produced were nonadecanedioic and octadecanedioic in about equal 
amounts; minor amounts of shorter-chain acids were also found. Chrolni~~m trioxide oxidation of the acid 
yielclecl 19-oroeicosanoic acid, which crystallized from ethanol, m.p. 88.5-90.5" C. Calculated for C20113803: 
C, 73.6:';; H,  11.7%. 1;ound: C, 7S.455; H, 11.5'&. Oxidation of the 0x0 acid with hypoiodite gave mainly 
nonadecanedioic acid with small amounts of CIS and CI1 dicarbosylic acicls. 

Dorosu71c a d  Tctiacosaxe Fcrn~entcltio?~~ 
17-L-H~~droxyoctadecanoic acid \lras isolated fro111 both proclucts by saponification and crystallization 

from acetone, m.p. and mixed m.p. 78-80" C. 
19-FIydi.o.\.jortadt:r[~?zoate Fcrnlc?ztation 
The escer p r o d ~ ~ c t  (0.49 g, derived froin 2 g supplement) was saponified and chromatographed 011 silicic 

acicl; elution with chloroform removed monohydrosy acids and elution with acetone gave a dihydroxy acid 
(0.19 g) .  Crystallization fro111 ethyl acetate - hexane yielded 12,17-L-dihydroxyoctadecailoic acid, m.p. 
71-72" C, [O]D +S.2 ( 6 ,  4.9, CI13COOH). Calc~ilated for ClaH360,: C, 68.3%; 11, 11.5%. Found: C, 68.2%; 
H,  11.55;. Chromic acid oxidation gave 13,17-dioxooctadecai~oic acid, which crystallized from ethyl acetate, 
111.p. 5:3-X0C. Calculated for C18H320r: C, G9.27;; FI, 10.3%. Found: C, 68.0%; 11, 10.3%. 

10-.lIctlzyloc-ttrdccallonte I'omc~ttation 
W-I-Iydrosy esters were removed from the product (0.53 g, from 1 g supplement) by silicic acid column 

chromatography as clescribed for the heptadecanoate fermentations. Saponification yielded gummy 17-L- 
hydroxy-10-iiietl~yloctadecanoic acid (0.2 g), containing about 10yo of a 17-hydroxymethyl C16 acid, 
[O]D +3.2" ( I - ,  7.5, CI-13COOH). Chromic acid oxidation gave 10-methyl-17-oxooctadecanoic acid, which 
was purified by GLC as the methyl ester. The acid, after crystallization from petroleuin, had m.p. 35-36' C. 
Calc~~lated for C , ,H~~OS:  C, 73.0%; H, 11.6%. Found: C, 72.95%; H, 11.5y0. 

8-I-lydi~osyortadccar~oate Femietctation 
The crucle esters (1.01 g, from 1 g supplement) \\,ere extracted with boiling petroleum, and crystalline 

dihyclrosy ester (0.49 g) was obtainecl on cooli~~g. 'This ester mas saponified and the product crystallized 
from acetolle to gi\-e S,17-L-clih~~drosyoctadecanoic acid, lll.p. 82-83' C. Calculated for C I R H ~ ~ O , :  C, 68.3%; 
11, 11.56;. Found: C, 68.05%; H, 11.45y0, [DID $3.9" (c, 5.0, CM3COOH). Methyl 8,17-L-dihydroxyocta- 
decanoate \\-as prepared by treatn~ent with methanolic hydrogen chloride and crystallized from acetone, 
m.p. 77-78" C, [ a ] ~  +3.9" (c, 2.4, MeOI-I). Calculated for ClsI-I3aOa: C, 69.0y0; I-I, 11.6%. Found: C, 69.070; 
FI, 1l.G:;. Oxidation of the acid with perinanganate in acetic acid yielded the following dicarbosylic acids: 
Cl ancl Cs, lesser amounts of CQ and Cio, and ininor amounts of CG, C5, and Cr. Oxidation of 8-hydroxy- 
stearate in tile same xvay gave mainly CI and Cs dicarboxylic acids. 

Co~upositio~~ of ~ I I C  Oil of Torulopsi~ cwagnoliae Cells 
The yeast was grown on the following "low-nitrogen" medium: glucose lo%, yeast extract 0.2%, and 

urea 0.15;. The air !low was 1 liter per minute per fermentor, the agitator speed 400 r.p.m., and the tem- 
perature 30' C. S o  extracellular oil was producecl. The yeast was also grown on the usual medium for oil 
productioil arlcl the oil produced was separated. In both cases the cells were collected by centrifuging, 
mashed twice with distilled water, and dried i71 tlacuo a t  rooin temperature. Tile dry cells were ground and 
extracted with petroleum using the modification of Tro6ng1s method (28) developed for use with fungus 
spores (20). ?'he oil content of the cells grown on the "low-nitrogen" mediunl was llyo. Methyl esters 
were prepared in the usual way and analyzed by GLC (30). The fatty acid conlposition was: lnyristic 0.5, 
palmitic 12.9, pnl~nitoleic 15.4, stearic 6.7, oleic 62.8, linoleic 0.7, and unidentified 0.9%. The extract from 
the oil-producing cells was 2.4'% and only about 20% of this was fatty acid esters. The fatty acid composition 
was: palmitic G.7, palmitoleic 16.5, stearic 2.7, and oleic 74.1%. 

.4CI<NOL11LEDGIvIENTS 

The authors are indebted to Dr. C. G. I'ou~lgs for suggesting the ferinentation of, and 
supplying, selectively hydrogenated soya bean oil esters. The authors wish to thanlr Mr. 
N. R. Gardner, i\lr. L. L. Hoffman, and i\/Iiss S. F. Lubin for technical assistance, Miss 
I. 91. Gaffney for the X-ray powder photographs, and Mr. M. Mazurelc for the micro- 
analyses. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1338 CANADIAN JOURNAL OF  CHEMISTRY. VOL. 40, 1962 

REFERENCES 
1. P. A. J. GORIN, J. F. T. SPENCER, and A. P. TULLOCH. Can. J.  Chem. 39, 846 (1961). 
2. I<. HOFMAKK, G. J.  MARCO, and G. A. JEFFREY. J .  Arn. Chem. Soc. 80, 5717 (1958). 
3. S. BERGSTROM, G. AULIN-ERDTMAN, B. ROLANDER, E. STENHAGEN, and S. OSTLIXG. Acta Chem. 

Scand. 6. 1157 (1952). 
4. R. U. L E M I ~ U S  and E. VON RUDLOFF. Can. J. Chem. 33, 1701 (1955). 
5. E. vow RUDLOFF. Can. J .  Chem. 34, 1413 (1956). 
6. A. T. JAMBS, J. P. W. WEBB, and T. D. KELLOCIC. Biochem. J.  78, 333 (1961). 
7. N. NICOLAIDES and F. LAVES. J .  Am. Chenl. Soc. 80, 5752 (1958). 
8. J. E. STEWART, R. E. I~ALLIO, D. P. STEVENSON, A. C. JONES, and D. 0. SCHISSLER. J. Bactcriol. 78, 

441 (1959). 
9. R. L. RAYMOND and J. B. DAVIS. Appl. Microbiol. 8, 329 (1960). 

10. n. &I. WEBLEY, R. B. DUFF, and V. C. FARMER. Nature, 178, 1467 (1956). 
11. E. &I. LINDAY and M. B. DONALD. J. Biochem. Microbiol. Technol. Eng. 3, 219 (1961). 
12. D. SWERN, G. N. BILLEN, and J. T. SCANLAN. J .  Am. Chem. Soc. 68, 1504 (1946). 
13. P. A. LEVENE and F. A. TAYLOR. J. Biol. Chem. 59, 905 (1924). 
14. L. J. DURHAM, D. J. MCLEOD, and J .  CASOK. In Organic syntheses. Vol. 38. John \Tiley & Sons, 

Inc.. New Yorlc. 1958. p. 57. 
15. W. S. GREAVES, R. P. LINSTEAD, B. R. SHEPHARD, S. L. S. TI-IOXAS, and B. C. L. \\'BEDOX. J. Chem. 

SOC. 3326 (1950). 
F. FRANCIS a i d  s.'H. PIPER. J. Am. Chem. Soc. 61, 577 (1939). 
R. P. LINSTEAD, J.  C. LUNT, and B. C. L. WEEDON. J. Chem. Soc. 3331 (1950). 
J.  P. RILEY. J. Chem. Soc. 1346 (1951). 
J. F. 'T. SPENCER, A. P. TULLOCH, and P. A. J. GORIN. Paper presented a t  the 140tl 

American Chemical Society, Chicago, Illi~~ois. September, 1961. 
B. M. CRAIG and N. L. MURTY. Can. J. Chem. 36, 1297 (1958). 
B. M. CRAIG and N. L. MURTY. J. Aln. Oil Chemists' Soc. 36, 549 (1959). 
T.  K. MIWA, K. L. MIKOLAJCZAK, F. R. EARLE, and I. A. WOLFF. Anal. Chern. 32, 
W. J. A. VANDENHEUVEL, E. 0. A. HAAHTI, and E. C. HORNING. J. Am. Chern. Soc. 
B. M. CRAIG. Chem. & Ind. (London), 1442 (1960). 
R. U. LEMIEUX. Can. J. Chern. 31, 396 (1953). 
P. CHUIT and J. HAUSSER. Helv. Chim. Acta, 12, 463 (1929). 
G. MORGAN and E. WALTON. J. Chen~. Soc. 442 (1938). 
S. T R O ~ N G .  J. Am. Oil Chemists' Soc. 32, 124 (1955). 
A. P. TULLOCH and G. A. LEDINGHAM. Can. J. Microbiol. 8, 379 (1962). 
A. P. TULLOCH and G. A. LEDINGHAM. Can. J .  Microbiol. 6, 425 (1960). 

1 Meeting of the 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



T H E  GAS-LIQUID PARTITION CHROMATOGRAPHY O F  

CARBOHYDRATE DERIVATIVES 

PART 11. THE SEPARATION OF METHYL GLYCOSIDES AND 
OF ACETYLATED DISACCHARIDES 

H. G. JONES AND M. B. PERI~Y 
Departn~ent of Orgn71ir Clzenristry, Qzceen's Univc,.sify, Ki~rgsto~r,  Otrtario 

Rcceived iLIarch 15, 10G2 

ABSTRACT 

Gas--licluid partition chromatography has been used to separate anorneric methyl glycosides 
and also fully acctylated disaccharicles. 

Earlier work in this laboratory (1, 2) showed that  gas-liquid partition chronlatography 
(G.L.P.C.) provided an excellent nlethod for the separation of glycitol and glycose 
acetates. These results encouraged us to investigate the possibility of extending the 
method to tlie ailalysis of unsubstituted ~llonosaccharides and of acetylated carbohydrates 
of higher molecular weight. This paper describes the separation of ilnsubstituted methyl 
glycosides and of acetylated disaccharides by G.L.P.C. 

The recorded separations were obtained using saiuples (5-20 y) of the inethyl glycosides 
in dry methanol and of the acetylated disaccharides in dry cl~loroforin solution developed 
on a Pye Argon Cllromatograph fitted with an ionization detector (3), ailcl in cases where 
larger amounts of material (50-150 111g) were separated and collected, the Burrell I<ronzo- 
Tog I<-2 apparatus was used. 

Bishop ct al. (4, 5 )  and ICircher (6) have shown that G.L.P.C. can be applied to  the 
separation of methyl 0-methyl glycosides but  that  under the conditions used, methyl 
mono-0-meth\,l hexopyranosides and methyl hexopyranosides (5) have sucll large 
retention volumes that resolution of these coinpoullds was not satisfactory. I11 our work 
it was fourld that  the substitution of part of the usual Chrolnosorb W support material 
by glass beads coatecl with a suitable non-polar licluid phase greatly reduced the retention 
volumes oi these compounds, thus maliing their separation by G.L.P.C. practical. 

For the separatioil of methyl glycosides tlie two most suitable coluilln packing niaterials 
found, irom many trial experiments, were (a )  a column iilade up of an intimate mixture 
of Apiezon hl grease 011 Cl~romosorb W and butailediol succinate polyester on Chromosorb 
W paclie~l 011 top of a column of methyl silicoiie rubber gum on glass beads (colun~n 
packing I ) ,  and (b) an intimate mixture of Apiezoil M grease on Chromosorb TAT, butanediol 
succinate polyester on Chroinosorb W, and Apiezon M grease on glass beads (column 
pac1;ing 11). Typical separations of glycosides on column paclting I are show11 in Fig. 1, 
and on column pacliing I1 in Fig. 2. The retention volumes of glycosides on these colulnll 
packings are given relative to methyl P-L-arabinopyranoside (= 1.00) in Table I .  

The most suitable operating temperature was found to be 200-210°, under which 
coildition good separations were obtained on the Pye Argon Chromatograph without 
apparent decomposition of the compounds. However, although methyl pentosides were 
recovered unchanged from the effluent gas stream fro111 preparative separatioils using the 
Burrell I<romo-Tog I<-2 apparatus, methyl glucosides and methyl galactosides collected 
were found to be contaminated with p-glucosan (?) and P-galactosan respectively. I t  is 
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T l M E  (MINUTES)  

FIG. 1. Separation of glycosides: (A) ~nethyl  a-L-fucopyranoside, (B) methyl P-L-arabinopyranoside, 
(C) methyl 0-D-xylopyranoside, (D) iuethyl a-L-arabinofuranoside, (E) P-galactosan, (I;) methyl (methyl 
P-D-glucopyranosid) uronate, and (G) methyl P-D-galactopyranoside. 

0  5 10 i 5 2 0 2 5 30 

T l M E  (MINUTES)  

FIG. 2. Separation of methyl glycosides: (A) methyl P-L-arabinopyranoside, (B) meth>.l i3-~-sylo- 
pyranoside, (C) methyl a-D-glucopyranoside, and (D) methyl P-D-glucopyranoside. 

considered that  the decon~position of the methyl hexosides talces place in the heated part 
of the collection device and not on the colunln paclcing material. A genkral relatio~lship 
between the structures of the methyl glycosides and their relative retention volumes 
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J O S E S  A N D  PERRY: G.L.P.C. OF C.\RBOI-IYDR.\TE DER1V.-ITIVES 

TABLE I 

Retention volumes of glycosides relative to 11lethyl 0-L-arabinopymnosidc 
-- -- --- 

Column packing 

Methyl a-L-fucopyranosidc 
;\~letliyl 0-L-arabinopyranoside 
Methyl a-L-rhamnopyra~~oside 
hlcthyl 0-D-sylopyranosicle 
hlethyl p-D-ribof~iranoside 
Iblet11g.l a-L-arabiiiofuranoside 
hlethyl a-D-arabinopyranosiclc 
p-Galactosan 
Iblethyl a-D-gl~~copyranoside 
Methg-l (meth>-l P-D-glucopyranosicl) uronatc 
Methyl a-D-galactopyra~ioside 
Methyl cu-D-altropyra~iosicle 
Methyl p-n-gl~~copymnosicle 
Methyl a-D-mannofura~ioside 
Methyl p-D-glucof~~ranosidc 
Atlethyl a-D-mannopymnosidc 
Methyl 8-D-galactopyrai~oside 
h'lethj.1 p-D-glycero-u-gulopymnosiclc 
I'llenvl 0-D-eluco~vranoside 

could not be made since it  was found that reversal of the order of elutioil occurred in 
some cases on changing the nature of the liquid phases. In the case of each gl>.coside 
investigated it  was found that the anonlers showed fairly wide separation and it is con- 
sidered that  the G.L.P.C. method will provide a conveniel~t procedure for the detection, 
quantitative analysis, and pi-eparative-scale separation of these compounds. In general, 
paper chromatography has not provided a successful metl~od for the separation of anomeric 
methyl glycosides (6, i ) ,  although some success has been achieved using cellulose colulnn 
chromatography (8) separations on Florex S X X  (9) and on Dowex-1 resin in the chloride 
and borate forins (10). 

Attempts to  separate oligosaccl~aride acetates by G.L.P.C. were successful only when 
glass beads were used as the inert support material for the licluid phases. Two of the inost 
successiul columns were prepared using ( a )  a ~llisture of polyphenylether on glass beads 
and D-C silico~le oil 710 on glass beads (column paclting 111) and (b) methyl silicone 
rubber gun1 011 glass beacls (column paclii~lg IV) a t  23-23s'. Typical separations of 
disaccharide acetates are shown in Fig. 3 (colum~l paclting 111) and ill Fig. 4 (column 
packing IV), and the retention volumes of these derivatives, relative to octa-0-acetyl 
sucrose (= 1.00), are recorded in Table 11. 

The acetates of reducing disaccharides gave broad pealis under the collditio~ls described 
above, and good separations of the anoiners were not achieved. The best results were 
obtained with the acetates of 11011-reducing disaccharides and with glycosyl-glj~itol 
derivatives prepared by acetylation with pyridine and acetic anhydride of reduced 
(NaBI-Id) reducing disaccharides. 

Apparatus 
Separations \\.ere carried out ~isiiig the Pye Argon Chromatograph htted with an ionization dctcctor 

(SO pc racliun~ D) and employing straight glass columns (117X0.5-cm I.D.) pacl;cd with the appropriate 
support, enclosed a t  each end by small glass-wool plugs. Thc sa~nples (5-20 ?) in dry methanol 01- chloroforll~ 
solution were placed on the top of the colurnns using a micropipette, and development was made  sing dry 
argon a s  the carrier gas. 
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T I M E  ( M I N U T E S )  

I:IG. 3. Separation of clisaccharicle acctales: (:I) or-D-sylopyranosyl a-D-~~lopyranosidc ,  (B) 5-0-P-D- 
x).lopyranosyl-L-arabitol, (C) sucrose, and (D) cellobiitol. 

I A C O L U M N  P A C K I N G  E, 

T I M E  ( M I N U T E S )  

FIG. 4. Separation of disaccharide acetates: (-4) a-D-xylopyrarlos~l a-11-xylopyranosidc, (B) 5-0-P-D- 
xylopyra~ios~l-L-arabitol, (C) sucrose, ancl (11) maltilol. 

Prcparati! e-scale separations (50-150 nig) \IJcrc niade on U-shaped glass columns (250X1.3-cm I.D.) 
filled with the support material, using the Burrell I<romo-'Tog I<-2 apparatus fitted wit11 a thcrmal detcctor 
axid employi~~g heliurn as  thc carrier gas. 

Colr~~iz~z Packilzys 
Chromosorb IV (Johns-Mansvillc), 60-80 mesh, nras \vashed with 2 N hydrochloric acid and then with 

distilled water until the \\1ashings \\rere neutral, \\;as dried a t  110°, and was then scree~~cd to remove lilies. 
Glass beads, 60 plus mesh (MS-H; 9Iicrobeads IIIC., Jacl;son, Mississippi), \Irere washed with chlorofortn, 
acetone, water, hot dilute nitric acicl, and the11 with distilled water and dried a t  150". 
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JOSES A N D  PERRY: G.L.P.C. OF CARBOHUDR.&TE DERIV.\TIVBS 

TABLE I1 

Retention volumes of fully acetylated disaccharides relative to octa-0-;~cetylsucrusc 
- 

Column pncliing 

l>isaccl~aricle acetate 
- - 

a-D-Sylopyranosyl a-D-sylopyra~~osiclc 
5-0-8-D-Sylopyrarios~~l-L-arabitol 
a,a-'l?relialose 
Sucrose 
3 - 0 - ~ - ~ - h ~ I a n n o p p n o s y l - 1 ~ - m a n n i t o l  
Maltitol 
Lactitol 
Ccllobiitol 
hlelibiitol 
Gentiobiitol 

1.00 (4 min) 
1.00 
1 .38 

'l'hc following l i q ~ ~ i d  phases \\:ere used: (a) ipiezon >I vvau~1111 grease (Fisher Scientific Co.), (b) butanediol 
succinate polyester (m.p. 107-109") prepared according to the directions of Bishop et el. (4), (c) polyphenyl- 
ether (I; & VI Scientific Corp.), (d) 11-C silicone oil 710 (F & &I Scientific Curp.), and (e) methyl silicone 
rubber gum SE-30 (General Electric Co.). The packing materials were prepared by stirring a slurry of a 
weighed amount of thc liquid phase dissolved in chloroform with a weighed amount of the inert support 
while the bull: of the solvent was removed by stirring the mixture, which was heated on o boiling-water 
bath. The last traces of the solvent were ren~oved by heating the material i t z  -daclro a t  140°. 

The packing lnaterials were prepared as described below. 
(1 )  Col?~?tz?a packing I.-A colunln constructed of 40 cm of (a) a 1:l v/v nlisti~re of 0 %  \v/w Apiezo~~ hI  

grease on Chromosorb \V, 60-80 mesh, and 20y0 w/w butanediol succinate polyester on Chromosorb \V, 
60-80 mesh, placed on top of a 77-cm column of (b) column packing IV. 

(2)  Colz~~izn packing II.-A 1:1:2 v/v intimate mixture of (a) 20y0 \v/\v Apiezon VI grease on Chroiuosorh 
\V, 60-80 mesh, (b) 20% \v/w ht~tanediol succinate polyester 011 Chro~nosorb W, 60-80 mesh, and (c) 0.1% 
\v/w ilpiezon kI grease on 60 plus mesh glass beads. 

(3) CO~ZL?~ZTZ packing III.-A 1:21v/w intimate mixture of (a) 1% \v/w polpphe~~ylether on 60 plus mcsl~ 
glass beads and (b) lY0 w/w D-C silicone oil 710 on (iO plus mesh glass beads. 

(4) CO/~L?~ZTZ packing Ill.-Methyl silicone rubber gum SE-30, 1% w / \ \ r ,  on 60 plus mesh glass beads. 
The dried column packings were run into the  glass columns under gravity, with ge~ltle tapping to ensure 

even packing and the absence of any cavities. The paclced columns were pilrgetl with at-go11 gas for 3-31. 
hours a t  20-30' above the operating temperatures before use. The columns could be used for a t  least 100 
m~alyses before any noticeable deterioration irl their resolving power became apparent. 
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HALF-LIVES OF CsN1, Csl.", AND CS'.'~ 

ABSTIIACT 

The method of timed precipitations has been used to  measure the half-lives of Csl.", Cs"?, 
a n d  Cs1.'3, w:hic11 were found to  be 34&2 sec, 2.3~k0.2 sec, and  2 . 0 4 . 4  sec respectively. 

( A )  INTRODUCTIOS 

The occurrellce of Cs"', Cs14?, and Cs1.l3 alllong the fission products of UZ3j was implied 
by the discovery of their respective xenon precursors (1-3). Iiecently Wahl et al. (4) 
reported a half-life of 25&3 sec for Csl.ll and also gave evidence tliat tlie half-life of Cs14? 
is less than S sec. 

To  ineasure tlie decay periods of the three cesiunl isotopes the inethod of tillled precipi- 
tations (5) was used. Cesiuln is precipitated from a fission-product solution and the 
resulti~lg conipound is later allalyzed for a suitable daughter isotope. For this purpose 
32-day CelJ1, 92-mi11 La1??, and 14-mi11 La143 were selected. Their activity will be pro- 
portional to the number of cesium-parent atoins which were present a t  the time of the 
precipitation. By correlatilig tlie results of several runs with the time schedule of the 
precipitations, it  is possible to obtain the half-life of each of the three cesium isotopes. 
Each half-life determination requires a separate set of experiments since i t  is necessary 
to optimize precipitation times ancl counting conditions. Employing pcrchloric acid as 
the precipitation agent, this method has been used earlier to measure the half-lives of 
RbE, Rb", and Rb"'(6, 7 ) .  Because of tlle very similar chemical behavior of rubidium 
and cesium, only minor changes had to be made to adopt the principal part of the pro- 
cedure for tlie work on the cesium isotopes. 

(B) Csl." 

Samples of 200 pg UB3 were irradiated in the pneumatic-rabbit sj-sten1 of the McaIaster 
Reactor in a flux of 3x10" neutrons cm-?sec-' for 20 seconds. The irradiated uranyl 
nitrate solution (2 1111) was ~nixecl wit11 25 1111 carrier solution containing 900 mg cesium 
and divided into two approximately equal portions. Cesiuin was then precipitated as  
the perchlorate by the addition of the first portion of the fission-product solutioil to 10 
1111 percl~loric acid (20%) contained in a large membrane-filter assembly. Upon lor~iiation 
of the cesium perchlorate, which occurred immediately, the time was recorded and simul- 
taneously the suction pump WCLS started to draw off the liquid. The precipitate was 
jvashed once with dilute perchloric acid. This procedure was then repeated with the 
second portion of the fission-product solution. The two cesium perchlorate samples were 
dissolved in 3 -11 hydrochloric acid ancl small aliquots withdrawn for the later determi- 
nation of the chenlical yield of the cesium precipitation. After the addition of Ba, La, 
and Ce carriers the main portions were set aside for 2 days. During this time all the 
Cs141 and the inter~nediate inembers of its decay chain (IS-mi11 Ba141 and 3.9-hr La'.") 
decayed to 32-day Cel". ?'he ceriu~n was then isolated and purified using the method of 
Glendenin et al. (8). The resulting ceriunl oxalate was P-counted for several days in an 
automatic low-level unit to determine the relative quantities of Ce141 iin the two samples. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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The che~nical yields were obtained by ashing the cerium oxalate and weighing the resulting 
ceriuln dioxide. The chemical yields of the cesium precipitations were usually measured 
by bringing the small aliquots of the perchlorate solutions to complete dryness, dissolving 
the cesium perchlorate in water, passing the solution over a cation-exchange column, and 
titrating the resulting acid with 0.05 iM sodium hydroxide solution. In one case (run 
No. 4) the Cs'.I1 was carried down on rubidiunl perchlorate and the relative cesium yields 
were dctcrmined by analyzing the s~nall aliquots for their contents of C P 7 ,  which had 
been added to the rubidium-carrier solution. 

Table I shows the results of four half-life measurements for Cs'". The average value 

TABLE I 
S ~ ~ n i m a r y  of Csl4l half-life data 

CsCIO., precipitation 
F~LIS Duration of times (sec) Cslal 

~ 2 3 5  (neutrons irradiation - half-life 
Run (#g) c111-~ sec-I lo'?) (set) 1st ppt. 2nd ppt. (sec) 

of 24f 2 sec is in very good agreement with the half-life of 2 5 f  3 sec obtained by  Wahl 
et al. (4). 

(C) Cs"" 

a\ preliminary estimate had indicated that the half-life of Csl" would be around 5 sec. 
This was based on an experi~nent coinpletely analogous to the kind described for Csl4l. 
'The two perchlorate precipitates were analyzed for La l "hs ing  y-ray spectroscopy. 
Further worl;, however, indicated a collsiderably lower value. In fact, i t  was found 
illlpossible to perform two precipitations in a sufficiently short time interval. The quantity 
of Csll? in the second precipitate was so slnall that the amount of the lanthanum daughter 
could just be detected and 11ot properly measured. Therefore, i t  was decided to  modify 
the methocl in the following manner: samples of a mixture of uranyl nitrate and cesium 
nitrate dissolved in 5 1111 water were irradiated. The quantities of UZ3j (300 ELg) and cesium 
(300 mg) were the same for all experiments and the irradiation time of 10 seconds was 
kept constallt within 0.1 second. The recording of the precipitation time was achieved 
by connecting an electric stop watch to the rabbit-control system. This timer was started 
by the "reverse air-flow" signal which marks the end of the irradiation and was stopped 
when the cesium precipitate appeared. Filtration and washing were done as  described in 
Section (B). Besides analysis of the cesium perchlorate for LalA2, determination of the 
amount of Cs13' which resulted from the (n,y) reaction on the cesium carriers was carried 
out. The latter analysis permits the calculation of a correction factor which takes into 
account both the cesium yields and the possible day-to-day variations in the neutron 
flux. In other words the method is based on the assu~nption that the number of Csl42 
atoms produced is constant for each irradiation and that the quantity of Cs142 in the 
cesium precipitate is only a function of the precipitation time. 

Each cesiu~n pcrchlorate sample was dissolved in dilute hydrochloric acid, and barium 
and la11tha1lu1n carriers were added. Forty minutes after the end of the irradiation 
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lanthanum hydroxide was precipitated and reprecipitated in the presence of barium- 
hold-back carrier. The collected supernatants were set aside for the later determination 
of the correction for the cesium yield and flux variations. The lanthanum hldroside was 
dissolved and further purified using tributyl phosphate (9). The lantlzanum was finally 
counted as the oxalate. 

The counting of the LaH2 is hanlpered by the presence of luuch larger quantities of 
La14'. A gross p-decay curve shows practically no deviation froill the 3.9-hr half-life of 
La'"'. Associated with the decay of La1" is a strong y ray a t  640 Kev (10). In contrast, 
the only y line of La141 (1.37 Mev) is quite weali (10). The lanthanum saniples mere 
therefore y-counted for 40 minutes through a 2 g cm-Qoolyethyle~~e ab5orber using a 
shielded 3 x 3  in. NaI (Tl) crystal in connectio~l \vitll a 256-channel analyzer. The area of 
the 640 Kev pealc was deternliiled by numerical integration. Finally, the lanthanum 
oxalate salllples were ashed and the lantha~ium oxide weighed to  obtain the cliemical 
yields. 

From the collected supernatants of the first and second lanthanum hydroside precipi- 
tations, barium was removed as the carbonate a i d  the filtrates were -y-counted under 
identical geonletrical conditions. The -y spectra were quantitatively analyzed for Cs134 
and gave the correction factor for the chemical yield of the cesiuill precipitation and the 
neutron-flux variations. 

A total of seven cesiuln perchlorate precipitations were carried out. The precipitation 
times ranged from 4.9 to  12.3 seconds, nleasured from the elid of the respective irradiations. 
Figure 1 shows the resulting decay curve, indicating a half-life of 2.3&0.2 sec for Cs143. 
The value is consistent with the upper limit of 8 scc given by \;lTahl et al. (4). 

- 
C 5 -  .- 
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0 

\O 

'0 

\ 0 

- 

'1 \ 
I 1 I 
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TIME OF Cs PRECIPITATION (seconds) 

FIG. 1. Half-life of Cs"? from the timed precipitation of fission-product cesium. The normalized activity 
of Lau2 found during the later analysis of each cesium precipitate is plotted against the time of the cesium 
perchlorate precipitation as measured from the end of the respective irradiation. 
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(D) CS"~  

The half-life of Csl~'Gwas determined using the same procedure as outlined for csl.12. 
Since the fission yield of Csl" is lower (4), tlie amount of U?""vas increased to 500 pg. 
The cesiunl perchlorate samples were analyzed in the following manner. The precipitate 
was rinsed off the membrane filter into a 50-1111 centrifuge tube containing barium and 
lanthanum carriers. Lanthanum hydroxide was precipitated and centrifuging was started 
a t  exactly 2 minutes alter the end of the irradiation. At this time the intermediate member 
of the decay chain, 12-sec Bali" (4), had decayed completely. On the other hand, only 
relatively small quantities ol La1.'+and La1" liacl been fornied, due to the holdup by the 
11-min Bal.'" and the 18-mi11 Bal.". From then on the purification of the lantl~anum, as 
described in Section (C), was carried out as rapidly as possible and the counting was 
usually started a t  21 minutes after the end of the irradiation. 

The lanthanum oxalate samples were P-counted with a unit consisting of a '2x2 in. 
plastic scintillator coupled with an E M I  9536 photoinultiplier tube, a DD2 amplifier, 
and a single-channel analyzer. Only rays with energies in the interval 2.6 to 3.2 Mev 
were recorded, in 200-second intervals automatic all^^ for about 4 hours. In this way the 
conditions for the analysis of the La1" having a 0 energy of 3.3 i ' e v  (9) were optiinized. 
The energies of La1?' and are 2.4 and 4.4 Mev respectively (10). The resulting- 
decay curves were analyzed for their 14-mi~t La1" and 92-mi11 La1" components. T11e 
contribution of Ida1" to the initial counting rate ranged froill approximately 10 to about 
2070, depeildiiig on the time of the original cesium perchlorate precipitation. The initial 
counting rate itself was 450 c.p.111. for the strongest lantlianum saillple (correspoliding 
to the earliest cesiuill precipitation) and only about 70 c.p.111. for the weakest l an t l~anu~n  
sample. Co~tsequentl>~ the statistics of the individual points which ma1;e up the decay 
curve of Cs1.I3 were fairly poor. The preparation and analysis of five cesium perchlorate 
precipitates was done over a period of 3 days. A test of the counting unit over a similar 
time showed that  there was a randoin drift of the window. No pattern in the shifting 
could be detected. For example, the unit would be perfectly stable for hours, then fairly 
slowly drilt in one direction, remain constaiit, and after many hours return slowly to 
niore or less the original position. The total spread of the shifting did not exceed lyo. 
However, the counting of a Ru-Rh'OG standard, which has a spectrum similar to  that of 
Lal43, sllowed tliat this can cause fluctuations of approximately 10% in the counting rate. 
An effort was made to correct for this by storing the events which passed through the 
window in a 256-channel analyzer concurrently with the decay measurement. From the 
position of the window an estimate of the correction term was made and applied to the 
result of the decay-curve analysis. But since this is only an estimate tlie uncertainty in 
each point of the CS'"~ decay curve is necessarily increased. 

The corrections for the chemical yields were carried out using identical procedures as 
described above for Cs14?. The decay curve of CS'"~ is shown in Fig. 2, giving a half-life of 
2.0% 0.4 sec. I t  was pointed out above that in the lanthanum sainples the amount of 
La143 increased relative to  the quantity of La143 with increasing time of precipitation. 
I<nowing the half-life of Cs14', i t  is, ill principle, possible to calculate the half-life of Csld3 
from these data. In practice the errors of these ratios are too large to  permit a nieaningful 
calculation. However, the trend of the ratio values indicates that the half-life of Csld3 
is shorter than that of Cs14?, even though the errors are such that the individual measure- 
ments overlap (Csl" = 2 . 3 f  0.2 sec and = 2 . 0 f  0.4 sec). 
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\I TI = 2.0 * 0.4 s e c  

k 

lo2 I I I , 
2 4 6 8 I0 12 

T I M E  OF CS PRECIPITATION (seconds) 

FIG. 2. Half-life of Csl" from the t i~ned precipitation of fission-product cesium. The normalized activity 
of La143 founcl during the later analysis of each cesium precipitate is plotted against the tirne of the cesium 
perchlorate precipitation as measured from the end of the respective irradiation. 

(E) DISCUSSION 

All features and possible limitations of the method of timed precipitations have been 
discussecl previously (5-7). One would usually expect tha t  the largest errors originate 
from the u~lcertainty of the tinling and particularly from the assumption that the 
formation process of the precipitate is identical from sa~llple to sample. Furthermore, i t  
has been shown that daughter atonls (i.e. Sr and Ba) are easily extracted from the preci- 
pitate by the washing solutioll (6). This effect should have the most serious consequences 
in cases of short half-lives ( < I 0  sec) since i t  is, in practice, impossible to exactly duplicate 
the precipitation and washing procedure on a time scale involving fractions of seconds. 
The very good agreement of the results of Wahl et al. (4) and those of this worl: for the 
half-life of Csl." (25f 3 sec and 2 4 f 2  sec) indicates that these effects are a t  least not too 
serious for somewhat longer half-lives. Although Wahl's method was similar, it was 
based on the timed removal of the BaI4l daughter (as the nitrate) rather than on the 
direct precipitation of the cesium. 

Recently Stehney and Perlow (11) detected a delayed-neutron precursor among the 
decay products of fission-product krypton and found its half-life to be about 6 sec. This 
value agrees with the 5 . 3 f  0.5-sec half-life of Rb9%ad the 5.6h0.5-sec half-life of Rbg3 
(6). Although certain other collsiderations favor Rba as a delayed-neutron precursor, the 
measurements of Stel~ney and Perlow indicate, in any case, that  the method of timed 
precipitations is quite reliable for short half-lives. 

For the case of very short half-lives ( < 3  sec), which require a new irradiation for each 
point of the decay curve, no independent check is available a t  present. Here an additional 
source of error is introduced by the possibility that  the production of the nuclide in 
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question is not constant fro111 sample to sample. Experimental evidence, however, indicates 
that the errors in the counting of the respective daughter isotopes are inore serious. This 
is mainlj- due to the fact that these nuclides themselves are fairly short-lived and that 
their relative quantities must be determined in the presence of the large alllounts of other 
isotopes of the same element. 
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M. S. BAINS~ AND D. C. BRADLEY~ 
Depa~.t~~zent  of Cheii7istry, Birkbeck College, Ahlet  Street, Londolz, W.C. l ,  Engla?zd 

Received February 1, 1962 

ABSTRACT 

The field of metal alkoxide coordination compo~~nds  is surveyed briefly. The preparation 
of moderately stable complexes of hydrazine with aluminum isopropoxide, titanium ethoside, 
titanium isopropoxide, and zirconi~ul~ isopropoxicle is described. Some reactions of these new 
complexes are reported. 

AII interesting feature of the ~netal  alltosides is their preference for auto comples 
formation (i.e. polymerization) rather than the formation of addition co~iipleses with 
typical donor molecules. A general rule stating tliat the metal alltoside strives to achieve 
covalency expansion of the metal with the ~ i ~ i n i m u ~ i i  degree of polymerization has been 
proposed to explain this behavior iri terms of structural ~nodels (I). Another PI-operty of 
these compounds is tlie forniation of double al1;oxides (allcoxide salts), such as: 
I,i[Al(OEt)4] ; CalAl(OEt)4]2; I<2[Be(OEt)4] ; K[Li(OCaH7)2]. More than 50 such co~i ipo~~l lds  
were isolated by iMeerwein and Bersin (2) and these forniulations were supportecl by 
appropriate titrations of the reactants ill non-aqueous solvents, using conve~itioi~al 
indicators. 

111 spite of this great tendency 011 the part of the 111etal to attain its covalent>. nlasimuni, 
110 coordination co~iipleses resulting fro111 tlie simple union of an  alkoxide :uid a neutral 
molecule were reported prior to 1951 ( X ) ,  and aliiong tlie large nuinber of new al1;osides 
of transition metals prepared in recent years only the following compleses have been 
reported: Ti(OBui).i,Bu'OH; Zr(OPri).l,Pr'OH; Zr(OPri)4,C5H5N; Zr(OCGH5)4,CGH50H; 
Ce(OPri).,,Pr'OH; Ce(OPri)4,C5H5N; Ce(OC4HGC13)4,C5H5N; P u ( O P ~ ~ ) ~ , P ~ ~ O H ;  Pu- 
(OPri),,C5H5N; Hf (OPri),,PriOH; Th(OC,HGC13)4,2C5HsN; Sn(OPri)4,PriOH. 

The lack of complex for~iiation in boron and aluminum alkoxides was discussed 011 the 
basis of X-ray crystallographic data, ancl the difference in the reducing power of boron 
and aluminum alkoxides in the Meerwein-Ponndorf-Verley reduction was attributed 
to their relative ability to coordinate with carbonyl compounds in solution (3). 

I t  has been suggested (4) that oxygen in the alkoxide group attached to a nietal atom 
has a greater electron density and hence can be a better donor than oxygen in the typical 
organic donor molecules (e.g. alcohols, ethers, esters, ketones, etc.). This may well explain 
why metal alkoxides polymerize instead of complex with donor molecules. The alkoxide 
salt forniation is readily interpreted as due to the greater negative charge 011 the oxygen 
of the alkoxide group attached to tlie more electropositive metal. I t  also appears froni 
experimental observation tliat even nitrogen bases rarely form complexes with metal 
alkoxides. Zirconium isopropoxide, wliich fornis fairly stable addition con~pounds with 
isopropyl alcohol and pyridine, would not coordinate with donors such as diethyl ether, 
triethylainine, thiourea, diniethylamine, or a,a-dipyridyl (5). We have also found that  
aluminum alkoxides do not form stable complexes with bases such as ammonia, pyridine, 

'Present address: Departgnetzt of Chenlistry, Panjab Unhersi ty ,  Cha?zdigarh 3, India. 
ZPresent address: Department of Chemistry, T h e  Unhersi ty  of H~ester?z Ontario, London, Ontario. 
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BAIKS A N D  BRADLEY: COORDINhTION COMPLEXES 1351 

diethylamine, dimethylamine, triethylamine, quinoline, and picolines; ether; or acetone. 
However, the fact that the donor character of the solvent lowered the degree of poly- 
merization of tantalum allroxides (6) under ebullioscopic conditions coupled with 
Chelinzev's evidence (7) based on thermal data gives strong support to the view that  
addition complexes may be formed in solution. Moreover, coordi~~ation is proposed as 
the first step in the mechanism of certain organic reactions which are catalyzed by 
polymeric allroxides. An interesting example of the formation of weak coinplexes was 
revealed by the existence of an insoluble ammoniate of ferric ethoxide, Fe(OEt)a,sWHa, 
where x = 1-3, which was coprecipitated with ammonium chloride in the synthesis of 
ferric ethoxicle by the ammonia method (8). 
X consideration of the addition complexes of metal chloride alkoxides (4) suggested 

that as chlorines are s~iccessively replaced by alkoxide groups, the acceptor ability of 
the central metal atom decreases. Polymerization due to metal-oxygen intermolecular 
bonding increases and the coordi~lation of the nucleophilic reagent to the metal atom 
of the all<osiclc steadily decreases. Thus in the case of zirconium, the compounds ZrCld,- 
CHaCOOEt; %rC130Et,EtOH; ZrCls(OPri)2,PriOH; ZrC1(OEt)3,EtOH; and Zr(OEt)4 
were obtainecl. The compound ZrCl.?(OEt),EtOH is so stable tliat tlie alcohol of addition 
cannot be removed fro111 it but zirconium ethoxide does not form an addition complex. 

If an electron-attracting group is substituted in the alkyl group of the allroxide group, 
the electron density on the oxygen atom can be decreased and thus coordination of a 
ligand is enhanced. For example, when zirconium isopropoxide was treated with anhydrous 
chloral (5) the tetralcis-(tric11loroethoxy)-zirconium produced retained 2 molecules of 
acetone in the complex Zr(OCH2CC13).l,2(CH3)2C0. This emphasizes tlie electronic 
argnments lor the absence of coordination complexes of metal alkoxides. The chlorine 
atoms in tlic trichloroetl~oside group have made the chloroalkyl group electrol~ attracting 
instead of electron releasing. This has consequently drawn on the electron de~lsity of tlie 
oxygen atom on the one hand and to a diminished extent made the metal more electro- 
pliilic. Thus the oxygen in the tricl~loroethoxide group is a wealrer donor than the oxygen 
in acetonc. Gal ct nl. (1 I )  have sho \v~~  that  certain insoluble carbonyl compouncls would 
dissolve in thc presence of aluminum monochloride diisopropoxide, but  not in the presence 
of aluminum triisopropoxide. I t  appears that the carbonyl compound coordinates more 
readily with tlie monochloride al~cl thus goes into solution. 

Besides these electronic factors, the steric factors cannot bc ignored in the formation 
of addition complexes, although it seems liliely that in many cascs steric factors would 
favor the addition of a ligand rather than polymerization. The monomeric nature of cer- 
tain all;orides was interpreted in terms of steric arguments (9). 

In a recent publication (10) it was reported that the complex Ti(OPri)a,EtNH2 
ci-)~stallizecl from a concentrated mixture of the allioxide and excess ethylamine in 
72-clecane. I t  ivas also established by the vapor pressure method that both Ti(OPri),l,- 
",tNH4 zund Ti(OPri)d,EtNH2 existed in solution as unstable complexes. 

In attempts to find insoluble complexes of aluminum all<oxides we have found tliat 
h~~clrazine forms stable soluble complexes with metal alkoxides. The compouncls isolated 
and the related reactions are clescribed and discussed in this communication. 

EXPERIMENTAL 
~llnteritrls 

'I'hc alkosicles 11sec1 for this rcsearch were prepared by tllc methods described in the literatl~re and were 
piuificcl by disti l latio~~ 1111dcr rcduced pressure: a lu~n in l~m isopropoxide (12, 13); aluminum tcrt-butoxide 
(14); titanium cthoside (15); t i t a ~ l i ~ ~ ~ n  isopropoxide (16); zirconium isoproposide isopropylate (17). The 
p11rity of thc abovc compounds was cliecl<ed by the star~clard analytical lnethods given in the cited literature. 
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Solve7zts 
The solvents used were of "rlnalytical Rcagent" grade. Bcnzene, dicthyl ether, and petroleurn etlicr 

(b.p. 40-60; 60-80") were driecl over freshly extruded sodium wire. Sodium-driecl benzene was further dried 
by azeotropic distillation. 

Bases 
Pyridine, diethylamine, triethylamine, quinoline, a-picoline, and 0-picoline were kept over potassium 

hydroxide pellets and then refluxed over a fresh batch of potassi~~lu hyclroside and fractionally clistilled. 
A second distillation was perfor~ned if it was thought necessary. Dimethylamine \\.as used as  such from 
the ampoule. 

Hydrazine (98y0) was kept over potassium hydroxide for 2 days and then three successi\e distillations 
over potassiuin hydroxide through a small reflux column were performed. The liquid thus obtained was 
titrated against potassium iodate solution in strong hydrochloric acid, when 100&0.5yo hydrazine nras 
estimated. This purified hydrazine was kept in a desiccator and if left for more than a \\-eel; was freshly 
distilled before use. 

Analytical 11Jethods 
Zirconiuili and titanium \Irere determined using the inethod described ill the source describing the pre- 

paration of their alkoxides. Aluminum was determined by precipitating and weighing a s  the ozinatc (18). 
The a1l;oxide content of the pure metal alltosides was determined by the inethod ciescribecl by Bradley 

et al. (19) in the case of pure all<osides. 
The hydrazine content of the compleses \\.as deternlined by the follo\ving iodate inethod. Hydrochloric 

acid (conc., 30 ml) and water (20 ml) \\.ere taken in an  iodine flasl; (250 rill), and carbon tetrachloride (5 ml) 
was added as  indicator. A sample contaiiling about 0.05 g of hydrazine was added and the solution titrated 
with 0.15 iV potassium iodate solution with shaking between the addition until the organic la).er (CCI.,) 
was first clecolorized. This method was reliable even in the presence of all<oxide groups, since under the 
conditions described, blank experiments with Itnown amouiits of hydrazinc and excess alcohols sho\ved no 
interference by the alcohol. Elowever, the alkoxide content could not be estimated by the usual chromic 
acid method due to  interference by the hydrazine. 

1. Reaction between illv~nzi?zzc~i~ Isoproporide a l ~ d  fIydraziite 
T o  a sol~ition of aluminuin isoproposide (4.7 g) in anhydrous petroleum ether (40-60" C)  in a flasl; 

(100 ml) an excess of hydrazine (8.5 g) was added and caused the precipitation of a white solid. The reaction 
mixture was mildly reflused and allo\ved to  cool, when a crystalli~le product separated. The esccss of solvent 
and hydrazine \\;as evaporated off a t  low pressure and the product was dried ~inder  0.1 inn1 pressurc. The 
crystalline procluct on analysis corresponded to  aluminum isopropoxide hydrazinate, ;\l(OPr').;,SgI-I.,. 
Found: Al, 11.4, 11.5; N?H.l, 13.50, 13.54%. tll(OI'ri)3,S21-I( requires: Al, 11.47; N21-I.,, 1:;.5(i%. 

In another experiment hydrazine (1.5 g) vras added to  a benzene solution (50 g) of a l u m i n ~ ~ m  isoproposide 
(9.4 g). On shalcing, a sinall precipitate appeared, and a sticlcy product \\.as obtained on e\-aporation of the 
bcnzene under r e d ~ ~ c e d  pressure. An effort to crystallize it from benzene failcd b ~ i t  wlien an esccss of hydrazine 
\\,as addecl to the petroleum ether solution heat was evolved ancl a precipitate appcarcd. The product gave 
the same results as before. Found: i l l ,  11.4, 11.4; NII-14, 13.52y0. The above product on fl~rther e\.acuation 
a t  0.1 mm pressure for 5-G hours corresponded to ;\1(OPri)p,:S21-I.,. Found: 211, 12.3, 12.7; SzI-I.r, 7.51, 
7.48%. Al(OPri):l,-~N2M4 rcquircs: Al, 12.3; N2I-I.:, 7.30%. The firial product did not lose ail). f ~ ~ r t l ~ e r  amount 
of hydrazine. 

2. Reaclio?~ between A ~ z L ~ I ~ ~ ? L ? I I  tert-Buto.vidc a7~d fIydrazize 
'To a solution of alumi~lum tot-butoside (1.82 g) in ether, hydrazine (0.5 g) was added. The clear sup-r- 

natant solution uras decanted off ancl the solvent reinoved under low vacuum. The analysis of the product 
corroborated with thc c~npirical composition ! ~ I ( O B U ' ) ~ , ~ ~ S ~ I - I . , .  1;ouild: :\I, 8.6, 8.5; 321-I:, 2.5.50, ?j.7070. 
k\1(0Buf)p,2$5&l( recluires: Al, 8.30; X\.i?H.,, 24.54%. 

The above product fumed stroiigly in the air. I t  was subjected to  evacuation a t  0.1 mln prcssurc for half 
an  hour. On analysis the product was found to  have no hydrazinc. I;ou11d: Al, 11.8, 11.0%. ; \ I (ORLI~)~  
requires: Al, 10.95%. 

Attempts to isolate coordination complexes of quinoline, pyridine, diethylamine, trietll~,lamine, climetliyl- 
arninc, ethcr, or ammonia with aluminum isoproposide failed. The product on removal of volatile coiiteilts 
always corresponded to  aluminum isopropoxide. 

5. Rcnctiott bet we el^ Ti tani r~??~ Etkozide a d  Hydrasi7tc 
T o  a solutioi~ of titanium ethoxide (2.2 g) in ethcr (GO ml) hydrazinc (0.75 g) \\?as added. --\ colorless 

precipitate appeared, which turned light yellow after some time. Then the crystals redissol\.cd until a very 
s~nall  amount remained. 011 evaporation of the solvent undcr \\later pump pressure a colorless crystalline 
product \vas obtained. I t  \\;as then dried a t  0.1 mm pressure for a Lvhile, and left a product \\.hose analysis 
siiggested that 'Si(OEt)4,hX21-I., \\'as fori~led. Icound: Ti, 21.0, 20.9, 21.1; NzH4, 6.3y0. Ti(OEt):,3X2I-I., 
requires: Ti, 19.65; NZH4, 6.56%. 
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4. Reactions of T i t a n i u m  I sopropo~ide  and Ifydrasilze 
Titanium isopropoxide (7.7 g) in diethyl ether (100 inl) was caused to  react with an  excess of hydrazine 

and the solution was shaken during mixing. After being allowed to  stand for a few minutes the clear solution 
was decanted off from the excess of hydrazine, which remained as  a lower layer. Ether was renloved under 
water pump pressure and a colorless crystalline product obtained gave an analysis corresponding with the 
coinposition Ti(OPr')I,NzM~. Found: Ti, 15.3, 15.0, 15.0; N?I-11, 9.8, 9.7y0. Calculated for Ti(OPri)l,N?H4; 
Ti,  15.16; XGT?MI, 10.13%. 

In another experiment titanium isopropoxide (2.39 g) and hydrazine (3.4 g) were heated by means of ail 
oil bath for about 3 hours a t  about 130" C. An explosioil tooli place when the tenlperature was raised a little 
further. The green material collected from the side of the condenser did not react even with hot chromic 
acid. In these experiments it was noted that  the addition of hydrazine t o  the all~oxide was an exotherinic 
process. 

6. Reactions between Zirconiz~~rz Isopropoxide Isopropylate a ~ ~ d  Hydrazine 
Hydrazine (0.33 g) in diethyl ether (50 ml) nras allowed to  react with zirconiuin isopropoxide isopropylate, 

Zr(OPr')l,Pr'OH (2.5 g). Removal of the solve~lt and excess hydrazine by evaporation under 0.1 inn1 
pressure left zirconium isopropoxide hydrazinate. Found: Zr, 25.9; hTzH4, 8.3%. Zr(OPrz):,N?H I requires: 
Zr, 25.4; &'?HI, 8.9%. 

DISCUSSIOS 

The situation in the coordi~latio~l complexes of metal alltoxides has been briefly surveyed 
in the introduction. This study has shown that  hydrazine fornls some interesting, 
moderately stable complexes with metal allioxides. The followi~lg complexes appear to be 
established by analytical evidence: alulllinu~n isopropoxide hydrazinate, A1(OPri)3,K2H4; 
aluminum isopropoxide he~nihydrazinate, Al(OPri)3,$N2H4; titaniulll isopropoxide 
hydrazinate, Ti(OPri),,N2H4; titanium ethoxide hemihydrazinate, Ti(OEt)4,+S2H4; 
zirconium isopropoxide hydrazinate, Zr(OPri)4,N2H4. 

Although it is clear that more work must be done in order to elucidate the structure 
of these complexes a few com~nents now are not out of place. For example, it is note- 
worthy that  alurninum isopropoxide has a much greater affinity for hydrazine than has 
aluminum tert-butoxide. ?'he failure of AI (OBLI~)~  to coordinate hydrazine is presumably 
not due to steric factors, since the tert-butoxide is dimeric and there is less steric hindrance 
to the coordination of a molecule of hydrazi~le than to  dimerization. We assunie that  
bridging by tert-butoxicle groups is favored by the high electron density on the 0s)-gen 
which results froin the large electron release of the But  group. 

The ability of hydrazine to  form complexes with metal alkoxides is a t  first sight sur- 
prising in view of the fact that this ligand is a fairly weal; base. I t  is tempting to suggest 
that  the hydrazine behaves as a chelating ligand, thereby enhancing the stabilitj- of the 
complex. This would require the unusual arrangement (I) of a three-memberecl ring 
involving the metal and two nitrogens. 

Alternatively the hydmzine might behave as a monodentate ligallcl but 11rit11 additional 
stabilizatio~l due to ring formation in the hydrogen-bonded structure (11). \Ye were 
unable to determine accurate molecular weights on any of the new complexes due to their 
instability in solution. Therefore i t  is not possible to  assign structures to  these complexes 
a t  present. 
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During this worli i t  was observed that the hydrazine co~nplexes with titanium and 
zirconium allioxides underwent further chemical reaction on standing in solutioll and on 
being heatecl. The details of these reactions have not yet been elucidated but preliminary 
results suggest that allroxide groups may be replaced by hydrazine, giving compounds 
of the type &,I(OR)4-,(iY2H.+-,). This is remarlcable because it  has been found that amines 
do not as a rule displace allioxide groups whereas alcohols clisplace amines very vigorously 
from dialkylrunino clerivatives (21). However, i t  was found that the "titaniul~l hg~lra-  
zinate" prepared by means of the following reaction: 

~Ti( i \TEtz)~ + xN2H.4 -> [Ti(N2)], + 4sEt2SI-I, 

exploded violelltly after the removal of volatile products a t  rooill temperature (20). 
Thus it seellls reasonable to suggest that the explosion in experimei~t 4 was due to an 
unstable compound, Ti(OPri)4-,(N2H4-,), where x + 4. 
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METALLO-ORGANIC COMPOUNDS CONTAINING METAL-NITROGEN 
BONDS 

PART 111. DIALKYLAMINO COMPOUNDS OF TANTALUM' 

D. C. BRADLEY h N D  I .  NI. TIIOAIAS~ 
Depnrtnze?~t of Clrenzistry, University of Westeru Ontario, Lo?zdo?z, O?ztai.io 

Received March 6, 1'362 

Reactions involving 'I'aCl; a ~ l d  L i S  (where X = NMe?, NEt2, NPr?", S B L I ~ ' ~ ,  SiLIeBun, 
and NCjI-Ilo) were shown to  produce substantially the pentaderivatives 'I'aS;. The therlnal 
deconlpositio~l of T a x 5  (X  = NMe?, NEt:, NPrz7', NBu?", and Ni\leBun) was studied and 
only Ta(Nible,): could be sublimed ~~nchanged.  In other cases the main product of decom- 
position was n quinquevalent compound I I I \T=T~(NR?)~ and the secondary anline R?SH.  
Some oieiin and quadrivalent Ta(NR2)d were also detected and it is believed that  deconl- 
position involves the following sequence: 

Ta (NR2) j  -) Ta(NRt)*  + NR? --t RN=Ta(XR?)a + HNR? + (R-H, olefin). 

This is in contrast to the behavior of niobiunl compounds, which appears to be: 

Nb(NR?)G --t Nb(NRz) ,  + NR? (+ HNR?, imine, etc.). 

INTRODUCTION 

In a previous conzmunication (1) we reported that lithium dialkyla~nides reacted with 
the tetrachlorides of titaniunl or zirconiuin and formed the correspondillg tetrakis- 
(dialky1amino)-metal con~pounds: 

MCl* + 4LiNR2 + NI(NR2)r + 4LiCI; M = Ti, Zr. 

Alninolysis reactions (viz. M(NR2)4 + HNR'? + M(NR12)(NR2)3 + HNR?) revealed that 
the dialkylanzino groups exerted considerable steric hindrance to nucleopl~ilic attack on 
the central metal atom. I n  a recent communication (2) we reported on the reactions 
involving niobiunl pentachloride and several lithium dialkylamides. I t  appeared that 
the very powerful steric effects of the diallcylamino groups precluded the formation of 
stable pentalcis-(dialky1amii~o)-niobiulll conlpounds except in the cases of the least bulliy 
ligands, such as -NiVIen, -NMeBu7" and -NCSH10 (piperidide). With thc more bulky 
ligands (-NR2, where R = Et ,  Pr", Bun) the final products of distillation i r z  vacllo were 
the tetraleis-(dialkyla111i110)-niobiu~~~(IV) derivatives. Prelilninary results on the reactions 
of tantaluln pentachloride with lithiunz dialkylamides (3) showed that tantalum resemblecl 
niobium in forming a stable pentalcis-(din~ethylamino) compound. I-Iowever, with lithium 
diethylamide the final products obtained by distillation in vacuo contained mainly the 
surprising compound EtN=Ta(NEt2)3. In this paper we report the results from a detailed 
study of the reactions of tantalum pentachloride with various lithium diallcylamides, 
with special attention to the composition ol the initial pl-oducts of reaction. 

RESULTS AKD DISCUSSION 

In these reactions the tantalum pentachloride was added to a suspension of the 
equivalent quantity of lithium diallcylanlide in pentane a t  room temperature. After 
renloval of the insoluble lithium chloride by filtration the tantalum procluct was isolated 

'For Pnit  I I  see ref. 2.  
?Prcserzt nddress: S t a ~ ~ f f e r  Cl~crriical Co?rzpany, A?zderso?i Ditlisio?~, Weston, 31 ichigan, U.S..-I . 
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by evaporation of the solve~lt  i n  vacuo, thus avoiding the heating i~lvolved in our earlier 
technique (:3). By this lneans it was de~llonstrated t ha t  pentalcis-(dialltylamino) derivatives 
Ta (NR?) j  (R = Me, E t ,  Pr'" Bun) and also T ~ ( N M ~ B L I " ) ~  and Ta(NC51-Ilo)5 were 
initially- fornlecl in a substitution reaction: 

This is in contrast to  the behavior of niobiu~n pentachloride, which under comparable 
conditions (2) gave products which contained increasing proportions of quadrivalent 
niobium as the size of the dialkylamino group was increased. 

The thermal stability of Ta(Ni\iIez)5 was demonstrated by the recovery of 73% of the 
compouncl as  a pale yellow sublimate (100" C a t  0.1 111111). After heating a sanlple a t  
lSOO C for an hour about 60% was recovered by sublimation in vaczm. 

The  impure ' ra(NEts)5 decomposed when heated ancl a volatile pl-oduct distilled over 
a t  130" C a t  0.1 mm. From the tantalum and nitrogen analyses and a chemical detel-~nina- 
tion of the valency i t  was deduced that  the product consisted of Ta(NEt2)4  (5570), 
Ta(NEt2)j ( lo%),  and EtN=Ta(NEt2)3 (35%). In  a repetition of the experiment the 
final clistillate appeared to  be Ta(NEte).i (38%), Ta(NEt2)5  (l5%), and EtN=Ta(NEt2)3 
(4770). These results are significantly different from those obtainecl when the reaction 
was conducted in diethyl ether (3) and the final distillate appeared to  be substa~ltially 
pure EtS=Ta(NEt2)3. Repetition of the reaction in ether has confinned the earlier 
work, since the final distillate appeared to consist of Ta(NEtl). i  (20%) and EtN=Ta 
(NEt2)3 (80%). Further experi~nents showed tha t  the product obtained by distillation 
fro111 the reaction in petrol, when heated in diethylamine solution, was also converted to a 
~ n i s t i ~ r e  of Ta(NEt?). ,  (20%) and EtN=Ta(NEtS),  (807;). This suggests that  the 
tetraltis-(diet11ylamino)-tantalum is slowly oxidized by loss of an ethyl group from one 
diethylamino group and converted to  EtN=Ta(NEtz)a. This behaviol- underlines the 
lo~ver stability of the cluadrivalent tantalum co~npound relative to  Nb(NEtz)4, which 
does not appear to be converted to  EtN=Nb(NEtZ),. 

The  principal product from the reaction involving lithium di-n-propylan+le and 
tantalum pe~ltachloride was pentaltis-(di-n-propylan1ino)-tantalum contanlinated with 
about 10% of tetraltis-(di-n-propylan1ino)-tantalun. I-Ieating the product in vacuo gave 
an orange liquid which distilled a t  150" a t  0.1 mm and coiltained 93% quinquevalent 
tantalum. Analysis showed that  this product was substantially PrnN=Ta(NPr2"),. 
Treatment of this product with isopropanol liberated both primary-propylami~~e and 
di-n-propyla~nine and converted the tantalum to tantalum pentaisopropoxide. In addition 
to forming Pr1'N=Ta(NPr.)'")3 the thernlal deconlposition of Ta(i"\TPr2'q5 gave two more 
volatile fractions. One fraction, which condensed a t  ca. -78" C, was shown by gas 
chro:natographic analysis (g.c.a.) to  be %yo di-n-propylamine. The  amount of di-n- 
propyla~nine was approximately 1 ~llolecule per ~nolecule of Ta(NPr2n)s.  The most 
volatile fraction, which condensed a t  ca. -180°, was shown by g.c.a. to  contain propylene 
with some propane and butane or isobutylene. 

A similar sequence of reactions occurred following the addition of TaC15 to lithium 
di-72-butylamide. The initial product was substantially T ~ ( N B U ~ ~ ) ~  and this when heated 
a t  180" irz vacuo gave two volatile fractions. The most volatile was predominantly 
I-butene (S5Y0) with small proportions of isobutylene (or butane) and cis- and trans-2- 
butene. The  other fraction was di-n-butylamine (95%) in an amount corresponding to 
1 molecule per ~llolec~lle of Ta(NBu?")S. Besides the two organic fractions a third, least 
volatile fraction (b.p. 180" a t  0.1 mm) was predominantly B u " N = T ~ ( N B u ~ " ) ~ .  The  
presence of bothYprinlary butylamino and di-n-butylamino groups in the latter was 
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confirnzed by gas chromatograpliic ailalysis of the products of 7%-butanolysis, by means 
of \vhich the tantalum mas co~lverted to tantaluni pentabutoxide. 

I t  appears that  the overall products of thermal deco~~lposition of tantalum penta- 
dial1;ylamides conforln to the following equation (for the di-72-propylamide): 

This beliavior is in stri1;ing contrast to that of the corresponding niobium c o ~ ~ ~ p o u ~ i d s ,  
which are converted to tetrakis-(dialliyla~nino) co~l-lpounds. We are inclined to the view 
that the primary cause of decomposition of h4(NRz)j (M = Nb, Ta )  is tile same in both 
cases, name157 intramolecular congestion due to the steric effect of dial1;ylamino groups. 
I t  is tempting to suggest that a dialltylanlino radical is released from the pentaliis coin- 
poullds and that in the case of niobiuill a relatively stable tetraltis-(dialliy1amino)- 
niobium(1V) is produced together with the products of reaction of the RZN radical 
(amine, inline, etc.). I-Iowever, in the case of tantalum the quadrivalent T z L ( N R ? ) ~  is 
unstable and interacts with the R2N radical to produce IIN=Ta(NR2)3, R?NI-I, and 
olefin. I t  is noteworthy that  the ligailds (NXle2, Ni\4eBun, and NCJ-Ilo) which gave 
relatively stable pentacompo~~nds with i i iobi~~m also gave stable pentacompounds with 
tantalum. 'The thermal deco~llpositioi~ of T ~ ( N A ~ ~ B U ' ~ ) ~  was considered lilcely to  furnish 
further infor~uation on the inechanis~n of decompositioil since there was the possibility 
that  either NeN=Ta(NMeBu'") or B~i'W==Ta(Ni\4eBu'"~ would be formed. A sainple 
heated i t t  z l lac~~o a t  160-180' gave one volatile fraction wliich was predoininantly 
X-metl~ylbutylail~ii~e in the proportion of I molecule per molecule of Ta(NR4eBuz)S. The 
volatile tantalum product was a mixture of BU"N=T~(NA?~BLI~":~  ((major fraction) and 
Ta(SYleBu").l, which was separated by fractioilal distillation. I t  t h i ~ s  appears that i11 
the cleavage of the BuNIeN group it is the ~nethyl group which is detached. 

Worl; in this field is still in progress and further results on magnetic and spectl-oscopic 
properties oi these and related compounds will be reported when complete. 

EXPERIMENTAL 

Ge~leial Tei.?~~llqz/es 
XI1 reactions \verc contluctcd in carefully dried all-glass apparatus under an atmosphere of oxygen-free 

dry nitrogen. 
Amincs lvcre stored over sodium wire and distilled from freshly cut sodium as required. The purity of 

the amines \\as chec1;ed by gas chromatographic analysis (g.c.a.). 
Alcohols \\ere dried azeotropicallp with benzene, and stored in contact n-ith "molecular sieve" drying 

agcnl until required. 
Commerciall~ available tantalum pcntacl~loricle mas used without further purification. 

ilrznlytirc~l Teclir~iq~res 
Tnrita11l1ii.-Samples of the cliall;yla~~~ido compound were ~veighed directly into xeighed p l a t i n ~ ~ m  crucibles, 

allon-ed to hydrol>.ze, ancl finally ignited to tantalum pe~~toxide .  
~~~itiogerz.-II'eighed samples \\ere hydrolyzed in caustic soda solution and the liberated arnine steam- 

distilled into an excess of standard acid. The excess acid was back-titrated nrith standard alkali. 
Valtilc>l.-The average valency of the tantalum in these compoi~nds \\,as deduced by determining the 

ecl~~ivnlent weight of the tantalum by oxidation of quadrivalent tantalum with ccric sulphate solution. T o  
a\.oid premature oxidation of Ta(IV) whilst effecting solution of the sample prior to titration with ceric 
sulphate the folio\\-ing procedure was developed: IVeighed samples were added to 10-ml aliquots of a solution 
containing anhydrous ferric chloride (15 g) in absolute cthanolic (150 ml) sulphuric acid (15 ml). When a 
clear so l~~ t ion  was obtainecl (usually mithin 10 seconds), dilute sulphuric acid was added and the solution 
then titratccl against standard ceric sulphate. A "blanl;" determination was made on the alcohol -ferric 
chloride - sulph~iric acid reagent. 

f'reparcltio~i of Ptntakis-(di~~zetlz~~lanzi~zo)-ta~zlalu~~t 
Tantalum pentachloride (14.4 g) mas adcled to a stirred suspension of lithium climcthylan~ide (0.302 g- 

equiv) in pentane. -1 rapid reaction occurred with the transient appearance of an  orange solid and the forma- 
tion of a pale yellow solution. 'After the mixture hacl been stirred for 18 hours i t  was filtered and the filtrate 
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evaporated in vaczlo. A yellow solid (15.4 g, theory for Ta(NbIen)S, 16.1 g) re~nained. Found: Ta, 43.4; 
i\/IezN, 50.1; CI, trace; Li, zero; valency of Ta ,  5.0. T ~ ( N M C ? ) ~  requires: 'Ta, 45.1; NIe?N, 54.9%. .A sarnple 
(14.2 g) was sublimed a t  100' C a t  0.1 mm, giving a pale yellow solid (10.8 g). Found: Ta ,  44.8; Me&, 
53.5y0. Another sample (3.74 g) was heated a t  180' for 1 hour under an  atmosphere of nitrogen. The yellow 
solid melted to  an  orange liq~rid. 11 red sublimate (2.12 g) was recovered a t  80-90' a t  0.1 mm. Found: T a ,  
45.4%. Gas chromatographic analysis of the amine liberated by isopropanolysis showed that only tlimethyl- 
amino groups were present. 

Reactions between TaClj and Lithitcnz Diethyla~nide 
Tantalum pentachloride (13.8 g) was added over a period of 30 minutes to a stirred suspension of lithiirrn 

diethylamide (0.215 g-equiv) in pentane. A slow reaction occurred and the system became light brown in 
color. After 20 hours' stirring it was filtered and an orange liquid (20.0 g) remained after the removal of 
volatile products and solvent i n  vacua. Found: Ta ,  33.9; EtzN, 63.1; Li, trace; C1, trace; valency of Ta,  4.92. 
Ta(NEts)a requires: Ta,  33.4; EtzN, 66.6%. Gas chromatographic analysis of the product of ?L-butanolysis 
showed that  only diethylamine was liberated. 

A sample (17.2 g) of the foregoing product was heated in  aaczlo and gave a red distillate (12.7 g;  b.p. 125' 
a t  0.1 nun). Found: Ta, 38.8; N, 12.2; valency of Ta ,  4.45. Calc. for a luixtureof Ta(XEt2)r (5576), Ta(NEtz)j  
(lo%), and EtNTa(NEt2)a (3570): Ta ,  38.8; N ,  12.3Yu. Gas chromatographic analysis of the anlines 
liberated by n-butanolysis showed that both primary ethylanline and diethylamine were present. 

I n  another experiment under essentially the same conditions as  before the Ta(NEt?)s  was decomposed 
to  give a liquid (b.p. 120' a t  0.1 nlm) with the con~position Ta(NEt?)4  (3S%), Ta(NEt?)a (157;), EtNTa-  
( N E ~ Z ) ~  (47%). Found: Ta ,  39.0; N, 12.1y0; valency of Ta ,  4.63; ratio N:Ta, 4.01. 'The product \\.as then 
heated under reflux a t  120" a t  0.1 mm for 3 hours and then distilled. Found: Ta,  39.6; W,  12.47,; valency of 
Ta,  4.75; ratio N:Ta, 4.04. The  product was then reflused in diethylamine for 24 hours and f nally recovered 
by distillation in  vaczto. Found: Ta, 40.2; N, 12.35Yu; valency of Ta,  4.77; ratio N:Ta, 3.99. Finally the pro- 
duct was refluxed in diethylarnine for 4 days and the tantalum compound isolated as  before. Found: Ta, 
40.0; N, 12.5%; valency of Ta ,  4.81; ratio N:Ta, 4.04. I t  is noteworthy that the five tantalum conlpounds 
analyzed in the foregoing sequence of experiments had a constant nitrogen-to-tantalum ratio (4.02+0.02) 
but a steadily increasing valency. The  constancy of the N:Ta suggests that  very little Ta(KEt?)5 n a s  present 
and that the change in analysis corresponds to  the conversion of Ta(NEt?)a to EtN=Ta(l\jEt?)3. 

I n  a repetition of the previous experiment the product of the thermal decomposition of Ta (NEt? ) j  (9.10 g ;  
Ta ,  39.2; N, 12.0%; valency of Ta ,  4.66) was refluxed with diethylamine (20 rill) in pentane (20 ml) for 40 
hours. Removal of solvent and diethylamine left a light brown liquid (9.00 g ;  found: Ta ,  39.256; valency of 
T a ,  4.72). Distillation of some of this liquid (7.22 g) gave a light brown distillate (7.10 g ;  b.p. 110' C a t  
0.1 m u ;  found: Ta ,  39.'77u; valency of Ta ,  4.71). 

I n  an earlier experiment in which TaCIj was added to lithiurn diethylan~ide in cliethyl ether the solvent 
was removed and a tantal~rm compound (found: Ta ,  40.07;) distilled out i n  zlaczlo. Gas chroluatography of 
the amines liberated by 11-butanolysis showed that the compound contained both primary-cthylamine and 
diethylamine. Redistillation of the product gave a t  100-105° a t  0.05 nlnl a compouncl with an analysis 
('Ta, 40.3; x, 12.27;; N:Ta, 3.91) similar to those of the fna l  products of the prcvioi~s t x o  esperimcnts. 
I t  thus appears that  in the reaction carried out in ether the formation of EtN=Ta(KEt?)s is facilitated. 
Following the development of the technique for determining the valency of the tantalum we repeated the 
esperiment carried out  in ether as  follows: Tantalum pentachloride (17.7 g) was added to a stirred ethereal 
solution of lithium diethylanlide (250 1111 of 1.1 iVsolution). The ether was evaporated off nncl replaced by an 
equal amount of benzene and the system was then refluxed for 3 hours. After being allonecl to cool overnight 
the misture was liltered and the filtrate evaporated to dryness. Distillation of the residue gave a light brown 
liquid (11.0 g ;  b.p. 120" a t  0.1 mnl). Found: Ta, 40.6; N, 12.4%; valency of Ta ,  4.80; ratio N:Ta, 3.94. 
Calc. for a mixture of EtN=Ta(NEt2)3 and T a  (NEt?).,: 'l'a, 40.5; N, 12.0%. I t  is evident that the TaClj- 
LiNEtz reaction gives reproducible products whether it is carried out in pentane or in ether. 

Reactions bctzueen TuCls and Lithizrvr Di-rz-p~opyla?~tide 
Tantalum pentachloride (13.7 g) was aclclecl to a stirred suspension of lithium di-w-prop).lamitle (0.200 

g-equiv) in pentane and the fast reaction \\,as accolnpanied by the development of an  orange color. After 
the system hacl been stirred a t  room telnperature for 6 hours the crude Ta(SPrpn):, was isolated in the usual 
manner as  a deep orange viscous liquid (25.9 g). Found: Ta ,  25.6; PrzqlS, 67.7; Li, trace; Cl, trace; valency 
of 'Fa, 4.89. Ta(NPr2")S requires: Ta,  26.5; PrznN, 73.5%. Distillation ilz z~c~czio of this product (19.4 g) gave 
an orange distillate (14.7 g, i.e. 93% recovery o f T a ;  b.p. 150" a t  0.1 mm). Found: Ta, 31.7; X, 10.0; valency 
of Ta,  4.93; ratio N:Ta, 4.07. Pr"NTa(NPrz")3 requires: Ta ,  33.6; N, 10.4%. T o  a sample of the distillate 
(5.86 g) mas added isopropanol (10 ml) cooled to  0' C. After reflusing, the volatile products were shown 
by g.c.a. to contain both primary-)I-propylami~le and di-72-propylamine. Renloval of the volatile products 
and isopropanol follou~ecl by vacuum distillation alforded tantalum pentaisopropoxide (see also ref. 4) in 
quar~titative yield (4.87 g, 9876 of theory; m.p. 100" C, b.p. 110" a t  0.1 mm). Found: T a ,  38.0; X, zero. 
Ta(OPrt)j  requires: Ta, 38.07,. 

I n  a repetition of this esperiment there was obtained fro111 TaC15 (14.5 g) and LiNPrg" (0.22 p-ecl~iiv) all 
orange liquid (26.3 g): Found: Ta, 27.4; N, 9.G9%; valency of Ta,  4.92. A sanlple of this product (24.5 g) 
mas heated it1 E1aczio and volatile fractions were trapped a t  -78' ancl -180'. The most volatilc fraction 
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(0.5 ml colorless liquid) was shown by g.c.a. to contain propylene, propane, and isobutylene or butane. The 
less volatile fractiol~ (4.0 g) was shown by g.c.a. to be 957, PrlnNH. Titration with acid gave the equivalent 
weight of the base as  121.6 (Pr$'hTI-I requires 113). The ratio of molecules PrrnNH produced per molecule 
of Ta(SPr.fi)j  \\-as 1.0 based on the g.c.a. and 0.88 based on the volumetric analysis. The least volatile 
fraction was the tantalum compound, which \vas redistillccl to give an  orange liquid (16.6 g, recovery 
of original 'fa; b.p. 150" a t  0.1 mm).  Found: 'Ta, 32.1; N, !).88y0; valency of Ta,  4.90; ratio N:Ta, 3.98. 
Both primar!.-11.-propylamine and di-72-propylalnine were identiheel by g.c.a. as products of ethanolysis of 
the foregoing product. 

Reactio~rs of TaClj with Lithizuis Di-7s-bzrtylairtide 
Tantalum pentachloride (12.0 g) \\,as adcled to a stirred suspension of l i t h i i~~u  di-7r-butylaunide (0.188 

g-equiv) in pentane. During the fast reaction a yellow color developed. Afer refluxing for 6 hours and working 
LIP in the usual manner a red liquid tantalum compound (26.4 g )  was obtained. Found: Ta,  21.7; BupN,  
74.4; valenc!. of Ta,  4.89. Ta( l \TB~l~~ ' ) j  requires: Ta,  22.0; Bu?"N, 78.07;. Only di-fz-butylamine was identified 
11); g.c.a. as the product of 7s-butanolysis of this compoi~ncl. When heated i ? r  saczlo a sample of T ~ ( S B U , ' ~ ) ,  
(2'2.8 g) gave a yellow liquicl distillate (10.5 g, 57y0 recovery of T a ;  b.p. 180" a t  0.1 mm). Found: Ta,  27.G; 
N, 8.58; \;alency of 'Pa, 5.00; ratio X:Ta, 4.01. Bu"NTa(NBup), requires: T a ,  28.4; N ,  8.80%. 'To this 
procluct (-1.67 g) was aclcled 11-butanol (10 ml) and after reflusing the solution both primary-b~~tylainine 
and di-1s-butylamine were identified by g.c.a. as  products of the reaction. Re~lloval of the amines ant1 excess 
n-butanol gal-e a near-q~~antitative yield of tantal~um penta-K-b~~toside as a pale yellow distillate (3.74 g ;  
837; reco\-ery of T a ;  b.p. 200" a t  0.05 mm).  I:ound: Ta,  33.2; S, zero. Ta(OBun); requires: Ta,  33.1%. 

From aliother reaction involving TaClj (16.8 g) and IiNBu?" (0.25 g-equiv) the red l i q ~ ~ i d  product (40.3 g) 
\\!as prcclo~ninantly Ta(SBu$');,. I;ouncl: 'Ta, 20.0; N, 8.207,; valency of Ta, 4.92; ratio N:'l'a, 5.07. .A sample 
(38.8 g) \\,as heatecl under rellus a t  180° a t  0.1 mm for 1 hour and the volatile products were condensed 
into two fractions a t  -78O and -180". 'The most volatile fraction (0.5 ml) was sho\\rn by g.c.a. to be prc- 
domillantly I - b ~ ~ t e n e  (8576) with a small amount of isobutylene (or butane) (10%) and traces of cis- and 
tia?zs->-butcne. The less volatile fraction (6.40 g) \\as sho\\~n by g.c.a. to be ~nainly di-7s-butylamine (%yo) 
and b!, ticration to have a n  equivalent weight of 133.1&1.0 (di-?r-butyla~~iinc recluires 129). The molar 
proporti011 of BulrLXI-I to Ta(SBu2")j was calculated to be 1.05 (by g.c.a.) or 1.07 (by titration). 'The residual 
t a n t a l u ~ ~ ~  compound was then distilled ancl gave a yellow liquid (14.6 g ;  507; recovery of 'Ta; b.p. 176" a t  
0.1 inn) .  Founcl: 'Ta, 27.7; S, 8.60; valency of 'Ta, 4.98; ratio N:l'a, 4.01. Bu"NTa(NBuJ')a requires: 
Ta,  28.4; S ,  8 . 8 0 ~ 0 .  Ethanolpsis of the product was sllown by g.c.a. to liberate both BunNI-1: rund BulnNH. 

Pieparation of Perrtakis-(piperidi~so)-talstnlzins 
'Tantalum pentachloride (10.9 g) was caused to react \\-it11 lithium piperidide (0.155 g - e q ~ ~ i v )  in petrol 

(boi l i~~g range 35-60" C). After reflusing for 4 hours the systelll \\.as allowed to cool and \\.as then filtered. 
Evaporation of the filtrate to dryness gave impure pentalcis-(piperidin0)-tantalum as a light bra\\-n solid 
(19.4 g). 1:oullcl: ?'a, 27.1; CjlHloX, 62.3; valency of Ta,  4.90; ratio N:Ta, 4.96; Li, trace; CI, trace. 
'Ta(KC:HIO): requires: Ta,  30.1; C;I-IIoN, 69.9%. Sonle of this product (16.5 g) was fractior~ally crystallizecl 
from petrol (boiling range 35-60"), The first crop of light brown crystals (4.75 g) were still contaminated 
by impurities (iound: T a ,  26.7; CjIHloN, 57.0; Li, trace; CI, trace; valency of Ta,  4.90; ratio N:Ta, 4.58). 
Tile second crop appeared to be pure pentalris-(piperidin0)-tantal~1111 (6.90 g; found: T a ,  30.1; CjHloN, 
69.2'i;; valency of T a ,  5.00). 'The third iraction was a red paste (4.31 g ;  Found: Ta ,  27.7; CjHloN, 61.0%; 
1-alency of Ta, 4.7.5). 

The pentalcis-(pipcridi110)-tantalum \\.as also prepared by aminolysis as  follows: Piperidine (7.5 g) was 
added to Ta(X\TbIc2)j (4.32 g )  in petrol (boiling range 35-60'), and dimethylamine was rapidly evolved. 
The system was refluxed for 3 days, the solvcnt then evaporated off, and the c r ~ ~ d e  product recrystallized 
from petrol to give a pale yellow solid (1.62 g; 25y0 recovery of Ta ) .  Found: Ta ,  30.3; C ~ H I O N ,  70.276. 

Renctiof~ of Trr Cl:, rilitls Litlzizl7rs iV-illethyl-fs-bzltylamide 
Frorn the reaction involving TaClj (19.0 g) and LiNMcBun (0.27 g-equiv) in pentane a t  room temperature 

(4 hours), the pentakis-(N-methyl-~s-butylamino)-tantal~~~~~ was isolated after re~lloval of lithium chloride 
as an orange licluid (32.2 g). Found: Ta ,  29.7; N, 11.23; valency of T a ,  5.00; ratio W:Ta, 4.00; Li, zero; 
C1, trace. Ta(S>IeBun)j requires: Ta, 29.6; N, 11.45%. Butanolysis of a sample \\.as shown by g.c.a. to 
liberate only N-methyl-fs-butylamine. 

Some ' ~ ~ ( S ~ I ~ B L I ~ ) ,  (29.7 g) was refluxed a t  160-180' a t  0.1 mm for 1 hour and the volatile products 
\\rere condensed a t  -180°. The volatile fraction (4.50 g) mas shown by g.c.a. and by titration (equiv. wt., 
04.5f 0.2; B ~ i ~ b l e N H  requires: equiv. wt., 87) to be mainly a secondary alnine and the molar ratio of anline 
to T ~ ( S ~ I ~ B L I " ) ~  was 0.98. The  residual red liquid tantalum compound (25.0 g) was distilled to an  orange 
liquid (22.5 g, b.p. 150' a t  0.1 mm). Found: Ta ,  34.8; N, 10.72; valency of Ta ,  4.69; ratio N:Ta, 3.98. 
T a ( X h 1 e B ~ " ) ~  requires: Ta,  34.4; N, 10.67yo. BunNTa(NMeBun), requires: Ta ,  35.4; N, 10.799;. These 
analytical data suggested that the orange liquid was a mixture of B L ~ ~ N T ~ ( N ~ \ / I ~ B U ~ ~ ) ,  and T ~ ( N M ~ B L I . ) ~ .  
Fractional distillation of the substance (15.9 g) gave two fractions: An orange liquid ('2.00; b.p. 150-155' a t  
0.1 mm) which appeared to be BunNTa(NMeBun);; found: Ta, 35.3; N, 10.9; valency of Ta,  4.95; ratio 
N:Ta, 4.0. BuNTa(NMeRun), requires: Ta,  35.4; N, 1 0 . 8 ~ o .  The less volatile fraction mas a red liquid 
(6.80 g ;  b.p. 155-180" a t  0.1 mm) which according to  its tantalum and nitrogen analysis was Ta(NMeBun)4, 
but the valency determillation indicated the presence of a considerable proportion of quinquevalent material. 
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Found: Ta, 34.4; N, 10.57; valer~cy of Ta, 4.75; ratio .l':Ta, 3.97. Ta (S l~1eBu")~  requires: Ta ,  34.1; X, 
10.670j,. A sample (5.31 g )  of the Bif"'Ta(Xh4eB~1~)a was rellused in 71-butarlol (9.0 g) and it \\as shonn by 
g.c.a. that both primary-butylamille and N-rnethyl-72-butylarnine were liberated, b u t  no primary-n1et1lg.I- 
amine was detected. After the removal of arnines and butanol the residue was distilled T I Z  : tu i i~o ,  giving a 
quantitative yield of tantalum penta-?a-butoxide (5.40 g, 95% recovery of T a ;  b.p. 200" a t  0 1 mm) .  Fo~lnd:  
'Fa, 33.1; N, zero. Ta(OBun)5 requires: Ta,  33.1%. 

We are indebted to the U.S. Air Force for supporting this research through the Wright 
Air Development Division, Air Research and Development Command. Lire also thanl; 
the National Research Council, xvllose support has greatly facilitated our research. 

REFERENCES 

1. D. C. BRADLEY and I. hI. '~HOJIAS.  J. Chem. Soc. 3857 (1960). 
2. D. C. B~<ADLEY and I .  31. TIIOM-ts. Can. J.  Chem. 40, 449 (1062). 
3. D. C. BRADLEY and I. i\l. ?'HOIIAS. Proc. Clienl. Soc. 225 (1959). 
4. I .  ;\I. TIIOMAS. Can. J. Chem. 39, 1386 (1961). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

84
.2

2.
46

.9
8 

on
 0

9/
08

/1
2

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



A SIMPLE THERMOBALANCE FOR STUDIES OVER A PRESSURE RANGE 
OF 0 TO 60 ATMOSPHERES 

WEYDBLL J. BIER~IANN AND AIIENNO I ~ E I N R I C I ~ S  
Parker  Cheiilical Laboratories, University of Mani toba,  Wiizv ipeg,  JIanitoba 

Received January 15, 1962 

A design is presentecl for a thermogravity balance usable to a pressure of 1000 p.s.i. 'The niass 
sensitive clement is a tool steel cantilever rod, the displacement of \\-hich is measurecl by a 
linear variable differential transfor~ner. Thermogra~ns for the pyrol) sis of calcium osalate, 
chro~iliurn (VI) oxide, and hIohr's salt are included to show typical performanccs. 

A search of the literature to find a thermogravity balance design which woulcl enable 
us to  study solid-gas reactions over an extended temperature and pressure range disclosed 
only one design, that  reported by Rabatin and Card (I). This design en ip lo~  s ,I modified 
torsion balance as the nlass sensitive elenlent and an  optical lever - photoelectric cell 
transducer systenl to develop a voltage proportional to mass, for automatic recording. 
While there is no question of the intrinsic excellence of their design, the construction of 
their balance would seen1 to offer a ~l la jor  challenge to the machine shop facilities available 
in most university laboratories. 

I n  the present design, the Inass sensitive element is a tool steel cantilever rocl, rigidly 
fixed 011 one end and undergoing val-)ring displacement on the free end as  the sample, 
supported on the free end, changes mass. T h e  amount of displacenient is determined by a 
linear variable differential transfor~ner (LVDT), whose output is demodulated and fed 
to a recording potentiometer. Easy zero adjusting of the transducer after closing and 
pressurizi~lg the system is incorporated in the design, overcoming the major criticism 
of Rabatin and Card to the application of an LVDT as a clisplaccment tr,lnsducer. 

The cross-sectional drawing of Fig. 1 shows the mechanical construction of the 
thermobalance. Since recent papers by Newkirk (2) and Garn (3) outline in detail various 
general considerations regarding the design of thermogravitj. balances, i t  would seem 
superfluous to repeat them here. Suffice i t  to  say that  the present design is in harmony 
with their various suggestions. 

DESCRIPTION OF TI-IE APPARATUS 

The P r e s s l t r e  V e s s e l  

The pressure vessel consists of three cylindrical chambers. An upper clia~nber 34, 
with a re~llovable top plate, houses the furnace and sample. Communicating with the upper 
chamber through a tube is the transducer chamber S, from the side of which projects the 
third cylindrical chamber, housing the cantilever rod and its associated adjustment 
mechanisms. A removable bottom plate ancl a removable end plate pennit access to these 
latter chambers. The  entire construction was from type 304 stainless steel, enlploying 
wall thickness of 0.25 inch lor the clia~nbers, 0.50 inch for the flanges welded onto the 
open ends of the chambers, and 0.75 inch for the access plates. These plates were secured 
by hardened steel cap screws, ancl gas-tight closure was effected with Teflon "0" rings. 

Instead of using f la t  plates on the ends of the pressure chambers, they could alternately 
be machined to spherical segments which \vould permit the same pressures to  be contained 
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FIG. 1. hlechanical construction of the thermobalance. 

with thinner walls. I t  would also be better practice to  use radius cuts on the ter~llinatio~ls 
and joinings of the chambers rather than the right-hancl cuts n7hich are shown on the 
drawing. 

-4 tripod support, not shown on the drawing, llolds the pressure vessel about (i inches 
off the vibration pad on which it rests, permitting adjustments to  be made through the 
lower access port, using a mirror for vision. The vibration pad consists of several layers of 
lead and cork, sandwiched between plywood, and mounted onto a concrete blocl; wall 
by rigid brackets and was originally intended to  support an analytical balance. 

Calculations indicate that  the pressure vessel should safely hold a pressure of about 
1.500 p.s.i., and i t  has been tested LIP to  1100 p.s.i. by applying oxygen from a cylinder. 

A vertical quartz rod T supports the dish-shaped platinum foil sanlple pan on a tripod 
support N in the center of an electrically heated furnace. Fixed on the bottom of the 
quartz rod is the core of a Schaevitz Type 175 ES-L LVDT. This particular LVDT was 
chosen because we had anticipated more vibration background than was actually ex- 
perienced; the amount of deflection needed is much less than the linear range of this unit. 
A much shorter range LVDT can therefore be substituted. 

Immediately above the core, the quartz rod is supported by the calltilever rod H, a 
jewel-bearing supported pivot D allowing the quartz rod t o  remain vertical as  the angle 
between it and the cantilever rod changes as  a result of displacement. As displacen~ents 
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of only a few thousandths of an inch are used, this assembly is esse~ltially a strain gauge. 
Originally it had been planned to use a quartz rod for the cantilever, but experience 
shelved that  a rod thin enough to give adequate sensitivity was subject to frequent 
breakage. X 10-inch length of alloy steel drill rod (3/32-inch diameter) was then sub- 
stitutecl ancl i t  has proved to be highly satisfactory both as regards mecl~anical strength 
and retention of calibration. 

The furnace in the upper chamber was wound with I<anthal A-1 wire, backed with 
Aluncl~~m celllellt to give a rigid, cyli~ldrical heating element B, which surrounds the 
sample. -Asbestos fibers were paclced in the space between the heating element and the 
wall of the pressure vessel. Closure of the top was effectecl with a lid A, fabricated from 
an insulating firebrick, which sits on the paclced asbestos fibers. When the furnace is 
operated a t  1000' C, very little heating of the outer vessel takes place. Two platinunz foil 
radiation shields, in the vicinity of U in Fig. 1, minimize heat transfer to the lower sectio~ls 
of the pressure vessel. 

Electrical connection to the heating element was made by slipping a cover of Teflon 
tubing over brass rods and then leacling them t h r o ~ ~ g h  the wall of the pressure vessel with 
Conas sealants (Conax Corporation, Buffalo, N.Y.) with Teflon seals, as shown a t  C on 
Fig. 1. 

Temperature in the vicinity of the sample is ~neasured by means of a conventional 
high-temperature thermocouple L, led in through a Conax sealant P and having an  
exposecl platinum, platinum-rhodium junction for low thermal lag. A similar thermocouple 
employing a chro~uel-alumel junction has also been employed. Placement of the thermo- 
couple in different positions gives no change in the temperatures a t  which mass changes 
occur, indicating that  no important thermal gradients exist in the vicinity of the sample 
pan. 

The L\'DT R in the lower co~npartment was mounted on a triangular brass plate, 
suppo~-tecl near each corner by an acljusting screw, one of which is shown a t  0, permitting 
leveling ancl approximate vertical positioning of the transducer body. Conax pressure 
sealants with neoprene seals were used to pass the adjusting screws through the wall of 
the pressure vessel. Three adjusting screws, one of which is shown a t  I ,  mere ~ ~ s e d  to  
center the transducer case about the core. Once the transcl~~cer case has been positioned, 
it requires no further adjustment between runs, vertical adjustment of the core for 
zeroing being clone with the cantilever rod adjustment. 

The fixed end of the cantilever rod H is anchored in a small brass plate, shown ill both 
side and front view as F, which is in turn supported on a pivot which call rotate in ball 
bearing assemblies fixed to the carriage V. The angular position of this small plate is 
fixed by the end of the threaded rod G, against which i t  is pressed by a firm coil spring. 
This rod can be movecl horizontally by rotatio~l, being threaded through a block on the 
end of the carriage (40 threads/inch). A conax sealant, with a neoprene seal, passes this 

rod through the end plate with a gas-tight seal, and permits it  to be turned 
xVith the 8-inch handurl~eel J after pressure buildup. This very sinlple system permits 
s~~rprisingly precise adjustments of core position with no difficulty whatever. 

The entire carriage assembly can be moved l~orizontally along the dovetail track E by 
means of a drive screw. This adjustment was intended to allow coarse adjustments of 
se~lsitivity bl- changing the length of the cantilever rod. Thus far i t  has been superfluous, 
the linear range of the LVDT being sufficiently long, and the stability and sensitivity of 
the other components sufficiently high that a change in range is more easily accomplished 
by talcing greater or lesser fractions of the demodulator output. 
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Demodulator 
Although the output of the LVDT is greater than would be required for full-scale 

deflection of a 10-mv recorder, tlle output signal is put through an alnplifier stage before 
rectification to  circumvent the difficulty of finding a rectifier with linear characteristics 
a t  low voltages. Following half-wave rectification of the amplified signal, a portion, 
usually 1/12, is selected by a variable potential divider networl; for feeding to a 10-mv 
recorder. The demodulator circuit is shown as Fig. 2. I t  will be noticed that  the recorder 

Tronrducer 

FIG. 2. Demodulator circuit. 

output voltage fed to  the recorder is opposed by a variable voltage talcen from a mercury 
cell. This is a conveniellt way of setting the recorder to zero when beginning a run with 
the trallsducer slightly removed fro111 its null point to  get into a lnore linear region, and 
also to  eliminate the effects of any collstant inductive effects before the rectifier. 

This demodulator is probably more co~llplex than required. In principle, as there is 
adequate voltage from an LVDT in this situatioll to drive a recorder clirectl!-, i t  should 
only be necessary to follolv the rectifier, even though non-linear, with an IIC circuit 
having a time constant several times as  long as the duration of a cycle in the LVDT 
output. We have not yet explained our failure to achieve satisfactory operation n,ith the 
si~npler circuit. 

The recorder used was a two-pen, 10 mv/chan~~el  ServoRiter recording potentiometer 
(Texas Instrument Company, I-Iouston, Texas) which permitted simultaneous recording 
of the LVDT and thermocouple outputs with 10-inch deflections on a comlnon time axis. 

Tenzperatzire Progra~nnzcr 
When the power supplied to the furnace was varied by lillear variation of the 1-oltage 

across the heater with time, the resulting time-temperature plots showed only moderate 
changes of slope. As this curvature was not great enough to be a handicap in an)- work 
we have in mind, a relatively simple lllotor and gear box drive was used to turn a variable 
autotransformer, with a lilllit switch a t  the end of its range. This was fecl b!. a secollcl 
variable autotransforiner, much in the manner used by Reisman (4). By selecting suitable 
gear colllbillatiolls a wide range of heating rates can be selected. 

I'ERFORhIASCE OF TIIE TIII<Ri\IOBLZT,:ZSCE 

Operation 
With the bottoln plate removed, the transducer case is centered coasiallj, about the 

core in the vicinity of the null point by manipulation of the six adjusting scl-en-s which 
deterlllille its position. As lnelltiolled previously, this adjustlllellt seldom needs to be 
repeated. 
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As the demodulator is not phase sensitive, deflections on either side of the null point 
are not disting~~isl~able by the recorder. I t  is, therefore, easy to locate the null point by 
moving the cantilever roc1 with the handwheel until minimum deflection oi the recorder 
is noted. Because an LVDT is generally non-linear in the immediate vicinitj- of its null 
point, it is most convenicnt to displace the core dowilmard sufficiently to come into a 
linear region, the displacement with this apparatus being equivalent to about 40 mg in 
the sample pan. The region of linearity of the LVDT, in this apparatus, extends over a 
sample mass in excess of 1 g and the voltage developed across the 2-meg ~o ten t i a l  divider 
in the GHG plate circuit is about 1.0 mv/mg load in the sample pan. Since the recorder 
used gave full-scale deflection with 10-mv input, it was found convenient i l l  most cases 
to use 1/12 of the demodulator output ancl to choose samples of such size that the illass 
change xvould be of the order ol 0.1 g. 

When set up as above, calibration was done directly by the addition ol a s~iccession of 
iractional weights, and the resultant sensitivity was 1.23 mg/chart division (0.1 inch), 
linear within the uncertainty of interpolating between chart marlcings. Greater or lesser 
sensitivity can be obtained, i f  experimentallj7 convenient, by using a different fractioil 
of the demodulator output. Zeroing of the recorder a t  different positions within the linear 
range is accomplished by applying a counter voltage in series with the clemodulator 
output. The magnitude of the counter voltage, obtained from a mercury cell, is determined 
by the settings of the 3.5- and 0.1-meg potentiometers iunctioning as variable resistors 
and giving a coarse ancl f ne control, respectively. 

With the transducer core positioned a t  the beginning of the linear region, an appro- 
priate-sized sample is then placed on the sample pan. If mass is to be lost, the recorder is 
set near full-scale deflection, ancl where mass is to be gained by reaction with the atmos- 
phere xvithin the pressure vessel, the recorder is set near zero deflectioil. \;\''bile i t  xvould 
be possible to record the absolute mass of the sample, greater usc is made oi the sensitivity 
of the apparatus by wcighing the sample oil a balance and, using the above method of 
setting the recorder ancl an appropriate setting of the sensitivity selector, recording only 
the loss or gain in mass. 

IZeslflts 
Typical plots of mass and temperature as functions of time were traced froin the 

recorder charts of the apparatus described above, ancl are reproducecl as Figs. 3, 4, and 5 .  
The temperature curve is easily clisting~iisl~ed from the loss of weight curve by the absence 
of inilection points. Calibration of the thermocouples by conventional calibration a t  
invariant points served to fix the tcmpcraturc axis. 

Figure 3 shows the pyrolysis oi a 0.2-g sample of calcium oxalate. The first plateau, 
representing completion of drying, begins a t  a temperature of 230" C, and the third 
plateau, coinpletion ol conversion to calciuni oxide, occurs a t  S60° C, both temperatures 
being in substantial agreement with Newliirli (2). The center plateau, formation of 
calcium carbonate by the loss of carbon monoxide, is apparently reached a t  435" C,  
substantially lower than 8'ewl;irl;'s value, but the irregularity in the temperature curve 
in this vicinity suggests that oxidation of the carbon monoxide is probably responsible 
for the rise ill sainplc temperature, and served to  underline the stress laid by Newkirk 
and by Garn and I<esslcr (5) 011 the effect of atmosphere ancl venting on the shape of 
the thcrmogram. 

Figure 4 is a tl~ermogram for the pyrolysis of chromi~~rn (VI) oxide under an oxygen 
atmosphere of 200 p.s.i. A precisioil potential divider allowed all, half, or one fifth of the 
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FIG. 3. Thermogram obtaillecl by heating calc i~~nl  oxalate. 

L -1- 1 --I. 
I 

1 1  i --I- 1 -- _ 
100 90  80 7 0 60 50 4 0 30 2 0 

T I M E  ( M I N U T E S )  

FIG. 4. Thermogram for heating chroi~~ium (VI) oxide under oxygen pressure of 200 p.s.i. 

chromel-alumel thern~oco~~ple  output to be fed into the recorder, thus leading to the 
three temperature axes sllomn on this thermogram. Oxygen is lost in three steps, the 
~veig l~ t  losses in these steps being in the ratio 4.10:1.97:9.00, which agrees with the succes- 
sive for~nat io~l  of CI-5013, Cr6Ol?, and Cr203, as  reported by Mellor (6). The 258.2-mg 
sample gave a residue of 194.8 mg, compared to the theoretical value of 196.1 mg. 

Figure 5 is a pyrolysis curve for Mohr's salt. This thennogram can be tentatively 
interpreted by postulating a decompositio~l in the following steps: 

(1) a loss of 4, and subsequently 2 more, moles of water per mole of Mohr's salt, with 
the loss of lnass being 34.68% of the sample weight (34.58% theoretical); 
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TIME ( M I I ~ J U T E S I  

FIG. 5. Thermogram obtained on heating hIohrls salt. 

(2) a loss of 1 mole of ammonia and $ mole of hydrogen simultaneously, the loss of mass 
being (5.G4% ((5.69% theoretical) ; 

(3) the simultaneous loss of 1 mole of anlmonia and 3 mole of sulphuric acid, the mass 
loss being 21.29y0 (21.1970 theoretical) ; 

(4) the loss of I$ moles of sulphur trioxide, corresponding to a mass loss of 38.39y0 
(38.42% theoretical). 

The authors are indebted to  Mr. L. W. V7ill;ins for the construction of much of this 
apparatus and for his suggestions about its design. We also gratefully ackno~vledge thc 
financial aid given by the Sational Researcll Council. 
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LIQUID-LIQUID EXTRACTION OF BERYLLIUM 
I. A STUDY OF FACTORS AFFECTING EXTRACTION 

:\ consideration of factors l;no\\l11 to go\.ern the formation of coordination compounds \ ~ i t h  
metal ions let1 to the conclusion tha t  the best ligantls to ~rsc  in attempting to separate beryl l i~~m 
froin other metal ions of inert gas configuration by liq~litl-licl~lid extraction \voulcl be easily 
polarizable, monof~rnctional liga~lds. I t  is suggested tha t  the thioryanate ion, as ammoni~im 
thioc\.nnate, is par t ic~l l i~rI \~  promising for metallurgical application. 

The organic solvent \\,as shown to play arl active role iri the cstraction, ketone or hytlroxy 
groups on chains containing six to eight carbons giving gootl extraction \\.it11 lo\\, solvent loss. 

Most of the existing literature concerning the chemical metallurgy of beryllium is 
directed towards the processing of beryl, until recently the only commercially important 
beryllium mineral, to produce beryllium oxide, destined for use mainly as a ceran~ic 
oxide or for productio~l of beryllium-copper alloy (1-3). Recently there has been a resur- 
gence of interest in the estractive chemistry of berylli~~ill as a result of the cliscovery 
of nenr types of mineralization, extensive and rich enough to be lllore attractive than the 
traditional hand-cobbed beryl (4). The requirements of the nuclear energy field have also 
placed a far greater emphasis on purity than has heretofore existed. 

A variety of studies has been in progress in this laboratory, designed to establish 
process information useful in meeting these new requirements. A series of comi~~~~nica t ions ,  
of \vhich this is the first, will describe one aspect of this work-the separation of berylliu~ll 
from other elelnents which might coexist in natural deposits by liquid-liquid extractioil 
techniques. 

In oscler to be ~ ~ s e f u l  on a commercial pi-oduction scale, several criteria m ~ ~ s t  be met. 
First, a11c1 most obvious, costly 1-eagents and solvents I ~ I L I S ~  be avoided, otherwise there 
will be no practical advantage over existing practice. Recovery of reagents ancl solvents, by 
ecoiloillical means, lil<elvise is an advantageous situation. Second, seine selectivity of the 
extraction s~7stem for beryllium is necessary if anything is to be accomplished. Third, 
after partition of the berj-ilium between the liq~~icl phases, it must be easily possible to 
strip the berylli~~m-rich phase. 

In principal, any reagent or group of reagents which can react with the aquatecl beryl- 
l i ~ l ~ l l  ion and, by displacement of water molecules in the primary hyclration laj.er, produce 
a 1  uncharged structure \vould enhance the solt~bility of the beryllium ion in "organic" 
solveilts and coulcl ~ ~ I L I S  serve as the basis of a solvent extractioil system. A brief considera- 
tion of sollle of the principals i~~volvecl shows, however, that most of the potential systems 
will be of little practical value. 

Various c1assificat:ioi~s of liquid-liquid extractioil systems have beell proposed ( 5 ,  6), a 
broad classification into ion associatio~l systems ancl coordillatio~l complexes being 
CO111111011. 

Whether the ion associatioll aggregate has any physically real distinction from the inore 
common interaction involving coordination of ligailcls to the ceiltral atom is debatable. 
Geilerally, me~nbers of the ion association groups are those in which one would predict 

Canadian Journal of Cliernistry. Volume 40 (1962) 
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\veal; coordination bonds between the central atom ancl the ligands. Since there seemed 
to be no possible advantage to maintaining thesc categories in planning a search for 
practical extraction systems, we considerecl that  all extractions of beryllium would be of 
species containing coordinately bonclecl ligands with two associatecl negative charges, 
required to  give an electrically neutral species. 

A large a~nouu t  of the moclel-n solvent extraction literature is concerned with the 
coordination of polvfunctional bases to  the central atom, giving the generally very stable 
chelate complexes. I t  has bee11 shown by various investigators that  the formation con- 
stants of cllelates with a given ligancl but various central ions can be, a t  least qualitatively, 
relatecl to tllc charge of the central ion and its radius. Beryllium is often an exception to  
this generalization, the formation coilstants being too low, presunlably because of steric 
hindrance effects arising from its very small radius. Advantage is frequently taken of 
this effect, as when beryllium is separated from ions with similar or smaller charge-to- 
raclius ratios, notably aluminum, by chelatillg agents such as  ethylenecliaminetetra- 
acetic acid or S-quinolinol. Where a stable chelate is formed ~v i th  berylliuln ion, the 1,3- 
dil.cetones being familiar exalnplcs, almost all other cations except those of groups In and 
IIa  form equally, or more, stable complexes. We therefore rejected polyfunctional ligands 
as generally not ineeting our criterion of specificity and, secondarily, as  generally being 
on the expensive side. 

This left us 1vitl1 only monofunctiollal liga~lcls as  potential extraction agents. I-Iere we 
restricted most of our experimental \vorl; to those systems in which a priori considerations 
and reagent costs together established a t  least an  hypothetical basis for an efficient and 
reasonablj~ selective extraction system. 

While the orbital theories of chemical bonding are useful in predicting forlnulae and 
geometry of coordination conlpounds, the electrostatic approach was far more useful in 
attelnpting to predict the usefulness of various ligands. In general the strength of the 
bonds, and hence the formation constant, will be cletermined by Coulomb's law (7). In the 
case of small, noble gas configuration cations and sinall anions one generally can get a t  
least semiquantitative results by the simple use of conve~ltional ionic charges and radii. 
When dealing with larger anions, particularly when the central cation shows a high eifec- 
tive charge-to-radius ratio, polarization effects can completely alter the expectations 
derived from the simple picture. The inversion of the order of stabilities of the halo 
colnpleres of the elements a t  the ends of the transitional series has been successfully 
explaii~ecl on this basis, it being postulated that the effective charges on these ions are 
unciuly high because of the ineffectual screening of the nucleus by the electrons in the 
d orbitals. 

We 11o11~ have two possible paths, regarding selectivity, for a solvent extraction system 
to follow. \3?e ~llight employ slnall ligands, suc11 as fluoride ion, and use a basic solvent to  
supply the remaining two ligands to give an unchargecl beryllium complex with the usual 
coordination number of four satisfied, or we might seek a large negatively charged anion 
allel rely on the polarizing power of berylliunl to  distort the anion sufficiently to give a 
sufficiently stable bond to permit estraction. 

The first would not be expected to  give gooel separation from aluminum, lithium, or 
other elements of fairly high charge-to-radius ratio, but might be effective with solme of 
the heavier elements, nrhich are, ho\vever, seldoln a difficulty in the metallurgy of 
berylliunl. Because of the large energy of such coordinate bonds, for exanlple between 
beryllium and fluoride ions, i t  is difficult to avoid a negatively charged, hence less extract- 
able, ion. 
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Using large, hence deformable, a~ l io~ l s  seems to be the more promising approach. 
Since the polarizi~lg power of an ion varies with the ratio of the charge to the square of 
the radius, such an easily polarizable ion should give good selectivity irom elelne~lts with 
inert gas configurations, because the beryllium ratio is much larger than for other conl- 
monly coexisting ions like aluminum and lithium. Interference would be espected from 
those elements which occur about the ends of the transitional series, but since it  seems to 
us that interference is inevitable, this would a t  least co~lstitute the less objectionable type 
of interference. The fact that  formation constants with ligailds of this type 117ould be 
lower than for small, or highly charged, ligands can also be advantageous in that i t  
becomes easier to  avoid anionic forms of beryllium and that  stripping should be facilitated. 

Because this picture i~lcludes the solvent as a coligand to the actual anionic reagent, 
the basic nature and water solubility of the solveilt should be closely related to the 
extraction of beryllium. Solubility in water should, by a mass-law effect, increase estract- 
ability, and some strongly basic functional group should be necessary for appreciable 
extraction. 

The systems studies were chosen in accordance with the above considerations, and the 
results were coillpletely consistent with expectation. 

EXPERIMENTAL 

In essence, the experimental worli, consisted of taking water solutions of I;no\\rn berylliutll co~lcentration 
and any other reagents whose effects were to be studied and equilibrating with an  appropriate organic 
solvent. The actual extractions were made in glass-stoppered separatory funnels, shalcing until estraction 
was complete. I t  was assumed that when the beryllium concentration of the aqueous phase was reproducible 
after longer shaking intervals, equilibrium had been reached. I n  no cases studied were more than 1 or 2 
minutes required to reach such equilibrium. For simplicity of comparison, equal vol~unes (40 1111) of aqueous 
and organic phases were used. Analysis of the aqueous phase after extraction then permitted calculation of 
the percent beryllium extracted, which is simply related to the distribution coefficient by D = (percent 
extraction)/(lOO-percent extraction) in the equal volume situation, provided the t\vo solvents show little 
miscibility, as  was generally the case. 

Where extraction \\;as sufficiently high to be promising, the experiments were repeated  sing a11 ecluivalent 
amount of aluminum ion in place of the beryllium, the distribution coefficients of aluniinum and beryllium 
serving as a measure of the selectivity of the extraction for inert gas configuration ions. 

A major part of the experimental worli was analysis of aqueous and organic phases for beryllium ancl 
aluminum, and some complications were encountered here because of the coordination of beryl l i~~m and 
aluminum ions to thiocyanate and solvent. There see~llecl to be a tendency to prevent complete precipitation 
of the beryllium in sonle gravimetric methods, ancl in the determination of berylliulll by  optical absorpLio11 
of beryllium-reagent complexes, results were similarly often low. 

Ultimately two standard methods were adopted, a photonletric method using p-nitrobenzencazoorcillol 
(8) which proved applicable in some cases, and the precipitation of beryllium as  NI-I.,BePO: ((J), followed 
by ignition to BezP207 a t  900' C. The latter method proved to  be generally reliable, the uncertainty being 
no worse than &0.5%. 

Alun~ inun~  was determined by EDTA titration  sing llematoxylin as a n  indicator (10). The reliability 
was shown to be within &0.5% uullder the prevailing conditions. 

The aqueous aluminunl solutions were prepared from reagent grade alu~llinurn sulphate, xvith no further 
purification. Beryllium solutions were prepared from beryl l i~~m sulphate tetrahydrate, supplied by .A. D. 
MacICay, Inc., and \\.hose purity was verified by chemical analysis. A range of grades of solvents, determined 
mostly by availability, mas used and, when the results \\.ere thought to be significant, the solvents were 
purified by fractional distillation. 

EXPER1i\/IENrrAL RESULTS 

Our attempts to extract a solvated hydroxy conlplex of beryllium, using solvents with 
oxygen donor atonis in various functional groups, proved uniformly unpromising and 
were soon discontinued. The percentages of beryllium extracted were generall>~ less than 
0.1%. 
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BIERMAKIU ASD ~ ~ C C O R K E L L :  BERYLLIUM EXTR.\CTION 1371 

Conlnlercial di-n-butyl phosphate proved to be a fairly able extractant for beryllium 
when used in kerosene suspension, but as shown by representative results collected in 
Table I ,  it is not notably selective. Since, in addition, we encountered some difficulty in 

TABLE I 

Thc extraction of bcrylli~lm and other metals from 1.0 Ad aqueous 
nitric acid solution by 1;erosene s~~spensions of commercial 

di-11-butpl phosphate 
(Initial metal conce~ltration 0.050 111, extraction time 5 m i n ~ ~ t e s ,  

eq~ia l  v o l ~ ~ m e s  of organic and aqueoLis phases) 

Butyl phosphate 
coilcentration Percentage metal 

Metal ion (moles/litcr) estracted 

getting clean separations of the liquid phases, due to emulsion formation, we discarded 
this as an inlpractical system. 

In Table I1 are collected results of extractions using anions of various weak aliphatic 
acids as ligands. The aqueous layer was prepared by raising the PI-I until the beryllium 

TABLE I1 

Estraction of 0.2 ilJ beryllium S O ~ L I ~ ~ O I ~ S ,  in the presence of various 
carboxylic acids, with chlorofor~n 

Acid conceritratioil Percentage Percentage 
Acid (moles/liter) extractioil ~ l l + ~  estraction 

Acetic 5 .0  3 . 3  
Pi-opioilic 5 . 0  
Butyric 2 . 0  
B~itpric 3 . 0  
B~rtyric 4 . 0  
BLI tyric 5 . 0  
I-Iesanoic" 
Octanoic 100 100 

*Used illstead of clilorofor~n as organic phase. 

precipitatecl as an hydroxide, after which it was redissolved by addition of an excess of 
the acicl being tested. While the results showed good beryllium extraction, little differentia- 
tion fro111 aluminum was noted, so no further attempts were made to develop this as a 
practical system. 

As would be predicted fro111 the introductory considerations the large, polarizable, 
halicle-type anions proved to be particularly suitable for extraction. Table I11 shows the 
extractability of chloride, bromide, iodide, and thiocyanate complexes of berylliu~ll and 
aluminunl under similar experi~llental conditions. Of these ions, the low cost of ammonium 
thiocyanate nlade this reagent look particularly attractive, and seemed to justify a 
concentration of work on thiocyanate extraction systems. 
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TABLE 111 

Extraction of metal ions from solutions of 
halide-type ions with 12-amyl alcohol 

(Initial metal concentration 0.100 116, p1-I = 3.00) 

Metal Salt 
Percentage 

metal extracted 

4 ill NMdCl 
4 4.t ICBr 
4 1M ICI 
3 ill II;H,C-\TS 

Since we postulated that the solvent would play an active role in forming the co- 
ordination coinpouncl, which is the actual extracted species, distribution coeficieilts 
were deternlined with a variety of solvents. 

The standard conditions of compariso~l were: an initial berylliunl concentration of 
0.100 M ,  as beryllium sulphate; an initial thiocyanate concentration of 3.00 JI, as 
anlrno~lium thiocyanate; and a pI-I of 3 . 0 0 f  0.01. I t  was noted that the clistribution 
coefficient was pI-I sensitive, probably because a high proton concentration lowers the 
concentration of the somewhat basic thiocyanate ion, and a low proton concentration 
lowers extraction, presurnably because of the fornlation of species like BeOHf. The  
results of the solvent studies are tabulated in Table IV. 

TABLE IV 

The distribution ratios between the organic and aqueous phases of beryllium and aluminium ions 
in the presence of thiocyanate ion, for various organic phases 

(Initial concentration of metal in the aqueous phase 0.100 iM, of 
thiocyanate ion as ammonium thiocyanate 3.0 iW, pH = 3.00+0.01) 

Distribution ratio Distril~ution ratio --- 
Organic solvent Alu~ninum Berylliu~n Alurn i~ i~~m Beryllium 

Alcohols 
Cyclohexanol 3 .O 6.70 
72-Amy1 alcohol 0.701 3 .27 
Isoamyl alcohol 0 .  673 4.55 
Methyl amyl alcohol 0.145 2 .03 
1-Hexanol 0.770 2.59 
2-Ethylhexanol 0 .30 

0.513 7: 1-Octanol 
0.080 1 .28 2-Octanol 

Thioalcohols 
Lauryl mercaptan 0.004 
Octyl mercapta11 0.000 
Hexyl mercaptan 0.030 

Esters 
0.256 1 .27 Ethyl acetate 

Amyl acetate 0.012 0.115 
Isoa~nyl acetate 0.183 1.22 
2-Ethyl hexyl acetate 0.000 0.003!) 
2-Ethyl butyl acetate 0.008 0.0395 

Icetones 
blethyl isobutyl ketone 0.122 '1.38 
Acetopheitone 0.103 2.37 
Methyl isopropyl ketone 4 .87 
Methyl ?a-amyl lietone 0.110 1.63 
2,4-Dirnethylpentanone 0.005 0.1S8 

Aldehydes 
Paraldehyde 0.235 
Paraldehyde 

(2 A[ kerosene solution) 0 .11  
But~raldehyde 0.161 2 .5  
Butyraldehyde 

(2 ill in 1;erosene) 0.0'75 0 .64  
Acetaldehyde 

(4 M in kerosene) 0 .31 

Ethers 
Butyl ether 0.000 0.000 
Isopropyl ether 0.000 

DISCUSSIOY 

These results seem to be consistent with our allalysis of the problem. The degree of 
differentiation that thiocyanate ion shows between the extraction of aluminum and beryl- 
liuill is illore than adequate to serve as the basis of a liquid-liquid estl-action 
system for beryllium. 
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BlERMANN ; lSD McCORKELL: BERYLLlUM E S T R h C T l O N  1373 

The best organic solvents to use seer11 to be six- to eight-carbon alcol~ols, or solvents 
containing double-bonded oxygens associated with five or six carbon atoms. Probably the 
lower efficiency of longer-chain coinpou~lds is merely a lowering of the concentration in 
the water phase as a result of the lower solubility. 

I t  xvould seem that polarizability of the solvent is not an important contribution to  
the stability of the complex, as noted by the very poor extraction by tlie tl~ioalcohols. 
This seems reasonable because the charge seen by the ligand should be quite low after 
the negative thiocyanate ions have been coordinated. 

With cost considerations, as well as effectiveness of extraction and separation con- 
sidered, methyl isobutyl ketone, 1-hexanol, isoamyl acetate, and 2-octanol seemed to  
be particularly promising solvents. A detailed investigation of berylliuin-thiocyanate 
extraction systems  s sing these solvents has therefore been undertalten, and a description 
of this worli will constitute the second paper in this series. 

The emphasis given to the thiocyanate ion in this work raises the question of the 
unique~less of thiocyanate ion, implied by the failure to investigate tlie numerous other 
negatively charged ions which could coordinate to  beryllium ions. If polarizability of the 
anion is an essential factor, then it seems evident that the negative ligand must be pro- 
duced by dissociation of an acid in which the proton is associated with some element 
other than osygen, since the nucleophilic atom would be more subject to  polarization 
than atoins more remote from the coordinate bond. The cyanide ion, for example, would 
seem to meet our basic requirements of a ligand, but it does not exist as a free ion in the 
pI-I region where ber~7llium is free of hydroxylation. Other ions, such as selenocyanate, 
might work as well, or better than, the thiocyanate, but those which have occurred to  
us were rejected either on the basis of toxicity or economic consideration. 

REFERESCES 

1. D. W. BUIII~E, JR.  and J. E. 11-IIITB. The 111etal beryllium. 12merican Society for hIetals, Cleveland. 
1955. 

3. B. R. I;. I<JEI,I.GI~ES. B c r y l l i ~ ~ n ~ .  III  Rare mctals handbook. 2nd ecl. Edi ted  b y  C. A. Hampel. Reinhold, 
New York. 1961. 

3. G. E. D.\I<\v~N ancl J .  H. BCDDERY. Berylli~~m. Butterworth, London. 1960. 
4. A. \\I. I<SOI:~III. Eng. Mining J. 113 (1960). 
5. G. H. A ~ ~ O I I I < I S O X  and H. E'ICBISEN. Solvent cxtcaction in analytical chemistry. John Il'iley and Sons, 

Inc.. Xew York. 1057. Chan. 3. 
6. R. M. 'D~auox~  and D. G. 'TUCIC. Extraction of inorganic compounds into organic solvents. Ia 

Progress in inorganic chemistry. Vol. 11. Edi ted  b y  F. A. Cotton. Interscience Publishers, S e w  York. 
1 OAfl  

7. F. Baso~.~  ancl R. G. P~~\nsow. Mechanisms of inorganic reactions. John \\'iley and Sons, Inc., Xew 
York. 1'358. p. 16. 

8. 1. C. \I\.'HITE, .%. S. ~ ~ E Y E I I ,  and D. L. &IASNISG. .%ilal. Chem. 28, 956 (1956). 
9. E. S. MEI,ICI~. The analytical chemistry of her),lliurn in analytical chemistry in nuclear reactor 

technology. Edi ted  b y  C. I). Susano, H. S. House, and M.  A. hlarler. AEC publication TID-7555. 
1'358. 

10. F. J .  \\'E~,cHI~I<. The analytical uses of ethylencdia~~~inctetraacetic acicl. Van Sostrand, Princeton, 
K.J. 1958. p. 165. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



A SYNTHESIS OF MIMOSINE 

1 . 1 ~  D. SPENSEI~ AND ALBEI~T D. NOTATION 
Depart711ent of Clze~~zis lry ,  ~l/JC~IIasler U7civci.~ily, f I a n ~ i I ~ o i c ,  O~zlar io  

Received March 9, 1962 

DL-n.Iimosine has been synthesized by debenzylation and detosylation of the product 
obtaiiied by condensation of 3-benzyloxy-4-pyro~ie with p-amino-a-tos~~lan~i~iopropionic acid. 

A new method for the isolation of mimosine from Lea~cae71a gla~trcc Benth. is described. 

The amino acid mimosine (VIII S V )  was first isolated (1) from the sap of dTimosa 
pudica L. Investigation of its structure (1, 2) and of the structure of leucaenol (leucaenine) 
(3-9), isolated someu~liat later (10) from Leucaena g l a ~ ~ c a  Benth. (I<ao Haole), made it 
lilcely that the two compounds were identical (1, 3-7). Direct comparison (11) confir~ued 
this identity1 and a synthesis of mimosine has been reported (1.2). 

In con~lectio~l with an iilvestigatioll of tlie biosy~lthesis of mimosine, we required the 
compouncl in quantities which could not be conve~~iently obtaiiled fro111 i16. pz~dica.  
Attempts to repeat the reported synthesis were disappointing. By reaction of S-iiietlioxy- 
4-pyridone (111) with a-acetamidoacrylic acid (IV), Adams and Jolinso~i (12) had obtained 
an ~~ncharacterizecl adduct, regarded as 0-methyl-N-acetyl~iii~nosine (V), tvl~ich gave 
mimosine (VIII) in 2.5% yield on vigorous hydrolysis with hydriodic acid. We were unable 
to obtain the amino acid by this method. The final product of tlie reaction was a mixture 
tvl~ich, 011 the basis of paper chromatographic analysis, did not co~ltain mimosine but  
appeared to consist mainly of 8-hydroxy-4-pyrido~le (VI) and alanine. 

Another approach to synthesis, which had failed, was by the Streclter route. Although 
coiiclensation of 3-ii~etl~oxy-4-pyridoi~e (111) with bromoacetaldeliyde diethylacetnl (13) 
ancl condensation of 3-metIiox~~-4-pyrone (I) with aminoacetaldehyde diethylacetal (14) 
gave derivatives of the requisite aldehyde (VII),  further conversion of these to inimosine 
proved unsuccessl'ul (13, 15). 

The present sj;ntIiesis was based 011 the condensation ol suitably substituted derivatives 
of 3-hydrosy-4-pyroi~e and a,P-diaminopropioilic acid. I t  liad been reported earlier that  
3-11ydroxj~-~l--p):i-one or 3-methoxy-4-pyroile did not react n~itli glyciile, a,P-diamino- 
propionic acid, p-amino-a-bromopropionic acid (IS), or with P-zumiiio-a-hydroxypropiol~ic 
acid (12). Since the crucial step in the pyrone-pyridone conversioi~ is generally regarded 
as analogous to carbinola~nine formation (IG), a nonprotonated amine is required as the 
nucleophilic reactant, and it was lil;ely that the iailure of these amino acids to condense 
was clue to their zwitterion structure, in which the amino group is protonated. No attempt 
liad been iliacle to control the ionic state of the reactants (12, 15). Indeed, it was subse- 
quently shown (17) that condensation of glycine with a number of 4-pyrone derivatives 
taltes place only in tlie presence of an ecluimolar amount of base. 

The desired condeiisatioi~ of a pyrone with a,P-diaminopropionic acid requires tlie 
species N,'H2-CH2-CH(NH;j+)C00- of the latter. The assignment of pK values (pR2, 
G.GD (a-NH?); pica, 9.50 (@-NH?)) (18) indicates that  in aqueous solutiolls this species 
in unobtainable in significant amounts. The species KH,l+-CH~-CH(NH~)COO-, 

1Si~cce the rcavrc "17zi7wosine" was  tlre,firsl lo be coilzed ( I ) ,  proof of cde7zlity lrrakes the ?zanies " l e z ~ c a e ~ ~ o l "  ( l o ) ,  
"leiiccnol" (4), n)zd " lcz~cae~zi~ze"  (6)  r e d z ~ t ~ d e ~ t t .  
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SI'IINSEl1 A S D  iiOT.\TIOS: MIMOSINE SX'IUTIIESIS 1375 

which overwl~elmingly predominates in the isoelectric range of the amino acid, xvould on 
coilcleilsatioil with 3-hyclroxy-4-pyrone yield an isomer (IX) of mimosine. Condensation 
of the pyrone with the amino acid a t  p1-I > 11, i.e., with the species NH2-CH?-CII 
(NH2)COO-, woulcl lead to a inixture of mimosine (VIII) and its isomer (IX). For an 
unequivocal synthesis of mimosine, protection of the a-amino group was therefore 
required. 

I,  R = CH, 
11, I< = CcI-IsCM! VII 

I 
'N 1-1 :, 

1 vl l l  I 

112, I'd 
/ 0' S 

0 I 

/ CEI-CI I-CO0I.I 

/ I 
+ S 1-1 Tos 

\ /  
XI-13-CH?-CI-I-COOI-I AT '\ S I I I  

I I \ 

N MTos C I I r C 1  I-COOH \I-II 0 
I \ 

S N H '1.0s V c 1 I 3  + \;I + \:I11 
XI ,  11 = CH3 0 

S I I ,  R = CcH,CM? N 
1 

The chosen clerivative was ~~-~-ami1~o-a-tos~-l~~1~~i11o~~ropionic acid (X), which was 
prepared, according to Ruclinger (19), by I-Iofmann rearrangenlent of a-N-tosylasparagine. 
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Condensation of the tosylamii~o acid with 3-methoxy-4-pyrone in the presence of an 
equiinolar quantity of sodium hydroxide gave ~-(l,4-dih~~dro-3-inetl1oxy-4-oxo-l-pyriclyl)- 
N-tosylalanine (0-i~~etl~yl-N-tos~~li~~i~~~osine) (XI) in 46% yield. Hydrolysis with hydro- 
bromic or hydriodic acid under a variety of conditions gave mimosii~e (VIII), but was 
accompanied by considerable N-alkyl cleavage. I t  would appear that whereas mimosine 
itself is stable towards llalogen acids (4, 5 ) ,  derivatives of its 0-methyl ether are not; 
this was pres~~mably the reasoil why Adams and Johnson obtained a poor yield in their 
s~~nthes is  (12), and why we could not repeat their worli. Under conditions where reilloval 
of the alanyl side chain from XI  was minimal, detosylation did take place, but ether 
cleavage was incomplete. The product was a mixture of n~imosine (VIII) and its 0-methyl 
ether (XIV), fractionation of which proved to be tedious. 

The difficulty was overcome by a minor variation in the route of synthesis. Condensa- 
tion of ~ ~ - ~ - a m i n o - a - t o s y l a i ~ ~ i ~ ~ o p q i o n i c  acid (X) with 3-benzyloxy-4-pyrone (11) gave 
~-(3-benz~~loxy-l,4-dih~~clro-4-oxo-1-pyridyl)-N-tosylalanine (0-benzyl-N-tosylinimosine) 
(XII)  ill 70y0 yield, which on catalytic debenzylatioil 1;ieldecl /3-(1,4-dihydro-3-h)~droxy-4- 
0x0-1-pj.ridy1)-N-tos):lalanine (N-tosylmimosine) (XIII)  in yields of 80%. Hydrolysis 
of the tosyl group by hydrogen bromide in glacial acetic acid gave DL-p-(l,4-dihydro-3- 
hydroxy-4-0x0-1-pyricly1)-alanine (VI I I) ,? melting a t  228-230' (decamp.). The melting 
point and infrared absorption of this synthetic material were very similar to the melting 
point (11, 12, 20) and infrared absorption3 (9, 12, 20) of sanlples of natural inimosine, 
obtained from M. pz~dica L. and from L. glaz~ca Benth. The ultraviolet absorption curves 
of the s).nthetic and the natural (4, 9) material were identical. 

Synthetic and natural mirnosirle showed identical dissociatioil co~lstants (pIC1, 2.1 
(COOH); PI<?, 7.2 (NH,+); pICa, 9.2 (OH)). The values for pIC2 and pK3 are in good 
agreement with those calculated (7.28 and 0.19 respectively) from reported potentiometric 
data  (5). The dissociation, PIC?, was the only one depressed in the presence of formaldehyde 
and inust therefore be assigned to the a-an~ino group of mimosine. Its value, un~~sual ly 
low for the a-amino group of an ainino acid, corresponds to reported values of the dissocia- 
tion constants of similar SH3+ groups in 1,2-diammoniun~ derivatives (e.g., NH3+CI-I, 
CH(XH3+)COO-, PIC?, G.G0 (a-i\THn+) (18); NH3+-CHI.-CH-NH3+, pR1, 6.98 (22)). 
The factor which lowers the basicity of the KH2 group in these coillpounds is the polar 
effect of the proximal, charged NH3+ group. Since the PIC,; of the a-alnino group of 
~ninlosine is of sin1ila1- magnitude, it is likely that the species XV is an  important resonailce 
contributor. 

? A n  attevzpt to sy?zt/tesize the L-isotner, starting from L-0-tosyla?aino-p-a,nil~opropiowic acid, failed, since 
conde?rsation of this co?npoz~nd wi th  5-benzylo.vy-4-fiyrone under  0211- conditions was accon~panied b y  
racenzzeation. 

3The  observation that the infrared spectrzl?n of a  amino acid i n  the solid state (ICBr) dzTers from the spectra 
of the indzoidz~al D- and  L-isonzers has been repeatedly co?z$rn~ed (e.g., ref. d l ) .  
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Unequivocal proof of identity, and incidentally, confir~nation of structure, were ob- 
tained by comparison of the nuclear ~nagiletic resonance spectra of synthetic and natural 
mimosine, recorded 011 samples dissolved in deuterium oxide containing sodium deu- 
teroxide. X trace of water (H20)  was present for internal reference. The two spectra 
were superinlposable and showed four signals (chemical shift in parts per million froin 

I 
water): (a) a triplet f1.20, f1.12, f1.03 (-CH-); (b) a doublet f0.71, f0.63 
(-CHZ-); (c) a doublet -1.57, -1.67 (CS-H); (d) a singlet -2.49 (C2-H) super- 
in~posecl on a doublet -2.52, -2.62 (CG-H). The areas of the signals were in the ratio 
1: 2:1:2. This spectrum fully accounts for the structure of the amino acid. 

Extraction of mimosine from the seeds of L. glaz~ca Benth. by reported methods (3-6) 
requires large volun~es of solveilt and the removal from the extracts of considerable 
cluantities of protein and polysaccl~arides (23). Partial hydrolysis of the latter in the 
course oi extraction leads to gummy intractable residues from which the desired product 
is obtainable only with great difficulty. 

X simple but effective method for the separation of mimosine from the seeds of L. glulccu 
has nour been cleveloped. Finely powdered seeds were dialyzed against distilled water. 
When the clialyzate was concentrated and allowed to  stand overnight, allnost pure 
mimosine crystallized in high yield. 

iUimosine \\.as also isolated from the exudate obtained on cutting the stellls of -11. pzsdicn. 
In bios~,nthetic experiments kvith +!If. p ~ ~ d i c u ,  radioactivity from carbon-14 dioxide 

and DL-3-CH-aspartic acid was incorporated into mimosine. Degradation of the labelled 
inimosine from the latter experi~nent is in progress. 

EXPERIMENTAL 
3-IIydrosy-4-pyrone (Pyro~~ieco~zic Acid) 

3-Hydroxy-4-pyro11e, melting a t  116-llSo, vTas prepared (24) in GGyo yield by pyrolysis of anhydrous 
meconic acid and was purified by sublimation a t  110" and mm. 

3-illeLl~osy-4-9 yronc (I) 
3-Methoxy-4-pyrone, melting a t  93-95", was obtained in 84y0 yield by methylation of pyromeconic acid 

with diazomethane in ether solutioll (24). I t  was purified by distillation a t  5X10-3 mnl and 100-110". 

3-Benzylo.vy-4-pyro7ze ( I I )  
h mixture of 3-hydroxy-4-pyrone (2.24 g, 0.02 mole), potassium iodide (0.30 g, 0.00019 mole), anhydrous 

potassium carbonate (2.67 g, 0.019 ~ ~ l o l e ) ,  and benzyl chloride (2.70 g, 2.45 ml, 0.022 mole) in dimethyl- 
formamide (100 1111) was heated for 8 hours on the steam bath with continuous stirring. The hot mixture was 
filtered, the residue washed repeatedly with ethanol, the combined filtrates evaporated to  dryness, and the 
residual solid exhaustively extracted with ether. The extract was dried (Na?SO.,) and concentrated to yield 
crystals of 3-be~zzyloxy-4-pyrom (3.30 g, 81%), melting a t  84-85' after recrystallization from ether. (Found: 
C, 71.0; 13, 5.0. CI?H1003 requires: C, 71.3; H, 5.070.) 

L- axd ~~-~-~-111~i~io-a-tosy1anzi~zo~ropio~zc Acid (X) 
This \\.as prepared according to Rudinger et al. (19) from L- and DL-a-N-tosylasparagine respectively. 

p - ( 1 , 4 - D i J z y d r . o - 3 - 1 ~ 1 e t I z o x y - 4 - o s o - l - p y r ~ l a n i n e  (0-AJelhyl-N-Losyl?itinzosi,2e) (XI) 
3-Methoxy-4-pyrone (1.39 g, 0.011 mole) in water (10 ml) was added to a solution of DL-p-amino-a- 

t~s~larninopropionic acid (2.58 g, 0.01 mole) in 0.1 sodium hydroxide (100 1111, 0.01 mole). The mixture 
was heated for 3 hours on the steam bath and then concentrated to  a volume of 50 mI, when the pH, origi- 
nally above pH 11, had dropped to  pH 9. The pI3 was adjusted to pI3 7 by dropwise addition of concentrated 
hydrochloric acid and the solution was allowed to stand a t  5' for several hours. Unreacted tosylamino acid 
(0.31 g, 0.0012 111oIe) was filtered off and the pH of the filtrate was adjusted to  pH 2 with concentrated 
hydrochloric acid. Crystallization of the product started almost immediately and was complete after 12 
hours a t  5', yieldi~lg ~~-~-(l,4-dilzydro-3-melhoxy-4-oro-l-pyridyl)-N-losylalazne (1.51 g, 47%), melting a t  
200-201' (decamp.) after recrystallization from water. (Found: C, 52.7; H, 5.1; N,  7.6; S, 9.0. CIGHJEN?OGS 
requires: C,  52.5; H, 5.0; N, 7.7; S, 8.7%.) 

Condensation of 3-mcthoxy-4-pyrone with L-D-amino-a-tosylaminopropionic acid in place of the DL- 

conlpound was accompanied by racemization, also yielding optically inactive condensation product. 
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p-(3-Be~zeyloxy-l,4-dilz~~dro-Q-oxo-l-~yridyl)-N-tosylala~~i?1~ (0-Bc7tzyl-N-tosyl~?~inzosilte) ( S I I )  
3-Benzyloxy-4-pyrone (2.24 g, 0.011 mole) in ethanol (15 ml) was mixed with a solution of DL-P-amino-a- 

t~s~laminopropionic acid (2.58 g, 0.01 mole) in 0.1 114 sodium hydroxide (100 ml, 0.01 illole). The illixtnre 
was warmed and shaken until homogeneous, and the solution was heated on the steam bath under reflux 
for 8 hours. Concentrated hydrochloric acid (3 ml) was added with rapid stirring and the solution alloived 
to stand a t  5" overnight, when ~-(3-be~tzyloxy-l,4-dihydi.o-~-oxo-l-pyridyl)-N-losylala1i1zc (3.25 g, 74%), 
melting a t  203-205' (decomp.) after recrystallization from ethanol, was obtained. (1:ouncl: C, 59.5; H ,  5.3; 
N, 6.3; S, 7.4. C2aIIz~N206S requires: C, 50.7; I-I, 5.0; N, 6.3; S, 7.2y0.) 

p-(1,~-Dil~~~dro-3-l~ydrory-4-oxo-l-~yridyl)-N-tosylala?~i?zc (N-Tosylntir~zosi?ze) (X'III) 
0-Benzyl-N-tosylmimosine (1.00 g, 0.0023 mole) in diinethylforman~icle (100 inl) was s1lal;en 45 hours a t  

room temperature under hydrogen at  18 p.s.i. in the presence of 5% palladium 011 charcoal (1.00 g), the 
catalyst having been prehydrogenated a t  25 p s i .  in ethanol (50 1111) a t  room temperature for 3 hours. 
The reaction mixture was heated and filtered and the catalyst exhaustively washed with hot ethanol. The 
filtrate was evaporated to dryness and the residue crystallized from ethanol, yielding p-(l,.4-dil~ydro-5- 
lzydroxy-4-0x0-1-pyridy1)-N-tosylale?zi?ze (0.64 g, SO%), melting a t  203-205' (decomp.). (Found: C, 51.0; 
H ,  4.8; N, 7.8; S, 9.3. Cl~H16N206S requires: C, 51.1; H ,  4.6; N, 8.0; S, 9.1y0.) 

p-(l,~-Dikydro-3-hydroxy-Q-oxo-l-~y~idyl)-alani~tc (DL-il&i?izosinc) (VIII)  
The tosyl derivative (XIII) (0.40 g) was dissolved in sufficient glacial acetic acid (approximately 25 1111) 

to give a homogeneous solution. Phenol (0.40 g) was added and the solutioi~ was saturated a t  rooill tempera- 
ture with dry hydrogen bromide and left at  60-65' in a stoppered flask. The reaction mixture was repeatedly 
monitoreel by ascending paper chron~atograpl~p (phenol-ethanol-water, 3:l : l)  and incubation \\.as coiititlrled 
until the phenolic spot corresponding to N-tosylmimosine (XI 0.78) failed to appear and only that corrcspond- 
ing to illimosine (XI 0.27) was observed on dcveloplllent of the chromatogram with ferric chloride solution. 
This generally required 2-3 days but in some runs additional hydrogen broillide was passed into the solution 
after 3 or 4 days in order to complete hydrolysis. The cooled solution was diluted with dry ether (400 ml) 
and allowed to stand a t  5' until the separation of mimosine hydrobromide was conlplete. The supernatant 
liquid was decanted and the residue repeatedly extracted with ether and then dissolved in water. The 
aqlieous solution was basified with concentrated a~llmonium hydroxide arid evaporated to dryness under 
reduced pressure. The remaining solid was repeatedly moistened with water and evaporated to  dryness 
under reduced pressure to remove excess ammonia, and finally dissolved in hot water, decolorized with char- 
coal, and allowed to crystallize, yielding DL-lllim~~ine (0.10 g, &yo) melting a t  222-225' (decomp.). For 
analysis a sanlple was recrystallized from boiling water and thc product filtered from the hot solution, to  
give anhydrous DL-mimosine, inelting a t  228-230' (decomp.). (Found: C,  48.7; I-I, 5.4; N, 14.1. Calc~llated 
for CsHloN?O4: C, 48.5; 11, 5.1; N, 14.l%.) Dissociation constants (determined by half-titration of minlosine 
in 0.04 d l  aqueous solution with 0.10 M sodium hydroxide and 0.10 114 hydrochloric acid, and applicatioll 
of water correction): PIC], 2.1 (--C001H); pRp, 7.2 (a-NI-13+); PKJ, 9.2 (pheiiolic -OH). Only pK2 was 
depressed in the presence of formaldehyde. Ultraviolet absorption (A,,:,,, i11p (log E ) ) :  in water: 283 (410); 
in 0.07 M HCI: 277 (3.87); in 0.07 M NaOI-I: 309 (4.04). Iiifrared absorption (ICBr) (cm-I): 3400 (broad) 
(01-I), 2900 (broad) (NH), 1640 (s) (C=O), 1588 (s) (COO-), 1490 (s) (NI12+). 

Jfin~osiuc frola the Sccds of ~ezrcaena glazrca 
Coarsely crushed dried seeds were pulverized to  a fine powder in a ball mill. The po\vdcrcd sceds (50 g) 

were placed into a dialysis bag (length 35 cm, cross section 3 cm) which was the11 filled with distilled water 
and conlpletely ii~lillersed in distilled water (1 I.). After three changes of external solver~t the dialyzate 
showed only a weal; phenolic reaction. Each dialyzate was concentrated a t  reduced pressure to 25 1111, when 
almost pure product crystallized. iLIimosine (0.61 g, 1.2%), melting a t  227-228' (deconlp.), after recrystalliza- 
tion from water, was obtained from 50 g of seeds. Dissociation constants: pK1, 2.1; pX?, 7.2 (a-NH3+); 
pKs, 9.2 (OM). Ultraviolet absorption: (X,,,,, mp (log E ) ) :  in water: 283 (4.11); in 0.07 ill HC1: 277 (3.86); 
in 0.07 d I  NaOI-I: 309 (4.04). Infrared absorption (ICBr) (cnl-I): 3400 (broad) (OH), 2850 (broad) (NI-I), 
1640 (s) (C=O), 1590 (s) (COO-), 1530 (s), 1490 (s) (NI13+). 

dti'irrtosine from ~lIi?nosa p~ldica (cf. Ref. 1) 
The exudate from freshly cut green stems and petioles of iVi?rLosa was aspirated into a lailibda pipette. X 

sainple (250 pl) was rubbed with ethanol (5 ml), when crude mimosine (12 nlg) precipitated, which after 
treatment with charcoal and recrystallization from water melted a t  22&22G0 (decomp.). .-1 saillple of exudate 
(250 pl) \\.as evaporated to dryness in a vacuum desiccator to  give a brown residue (39 mg) which was 
dissolved in water, decolorized with charcoal, and yielded mimosine, melting a t  221-223' (decomp.). 

A sample of exudate (250 pl) was dissolved in phthalate bulfer (pH 4, 0.2 M) (3 ml), and applied to  a 
cation exchange column (Dowex 50-X4) in the hydrogen form. Water eluted a fluorescel~t material which 
was not further investigateel. Mimosine was displaced with ammonia (0.02 Ad). The eluate was col~centrated 
in  vactro and dried in a vacuum desiccator over concentrated sulphuric acid, yielding minlosine (9 mg), 
ineltiilg a t  225-226' (decomp.). 
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SPENSER AND N0T:ITIOS: LMIMOSINE SI'STHESIS 1379 

Paper Clzro?~zatograplzy 
Reaction mixtures and plant extracts were monitored by ascending paper chromatography on \\'hatman 

KO. 1 paper, using phenol-ethanol-water, 3:1:1, as the solkent. Spots were developed with ferric chloride 
(1%) and/or ninhydrin (3% in acetone). Before cievclopmcnt the papers were dried for 1 hour a t  80' to 
ensurc complete remoi.al of phenol. 

Under thcse conditions the following XI values were found: 3-hydrosy-4-pyronc, R, 0.83; 3-hydroxy--1- 
pyridolie, R, 0.70; 0-metl~ylrni~nosir~e, R, 0.61; iV-tosylrnimosine, R, 0.78; lllimosine, R, 0.27. 
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ABSOLUTE YIELDS IN T H E  y-RADIOLYSIS O F  GASES1 

R. A. Bac~c, T. W. \~VOODWARD,~ AND K. A. MCLAUCHLAN~ 
Dinision of Pure Cl~emistry, iVatio?zal Research Colrncil of Cutzada, Ottawa, Canada 

Reccived March 27, 1062 

ABSTRACT 
Absolute yields of hydrogen from the ?-radiolysis of hydrocarbon gases have been obtai~led 

by relating the hydrogen produced to saturation ion currents measured in the radiolysis 
vessel. \.alucs for GII, of 1.28, 1.20, 6.25, 5.40, and 5.00 have been estimated for ethylene, 
propylene, propane, n-butane, and isobutane respectively. These values are consistently 
lower than those obtained previously with a-rays, and this is discussed as a n  effect of radiation 
qualit).. ;\rguments arc advanced for the use of M / N ,  the yield per ion pair, rather than G, a s  
a measure of yielcls in the racliolgsis of gases. 

Despite the very considerable amount of work done in recent years on the y-radiolysis 
of gases, the dosimetry of these systems, especially the absolute dosimetry, is very far 
from satisfactory. iVIost workers have calculated G-values by a comparison with other 
gas-phase "dosimeters", such as ethylene, acetylene, or nitrous oxide, using a correction 
for differences in stopping power (usually simply an electron-density correction), although 
these "dosimeters" have never been well calibrated for gamma radiation. Others have 
simply estimated the energy absorbed from the measured y-ray flux, with some assunlptioll 
about a n  energy absorption coefficient for the gas, which can lead to large errors for 
gases a t  atmospheric pressure or lower. The basic difficulty in y-ray dosimetry a t  these 
pressures is that in nlost cases the direct absorption of y-radiation in the gas is quite 
negligible, and almost all the chemical effects are due to secondary electroils ejected from 
the \valls oi the irradiation vessel. accurate estimation of absorbed energy beconles 
very difficult in this situation, especially in the absence of precise knoniledge of the 
energ). distribution of the electrons, and of their rate of eilergy loss in the gas. 

Surprisingly little use has been made in the radiation chemistry of gases of the measure- 
nlent of saturation ion currents in the gases themselves during irradiation. Essex and 
co-worlxrs (I),  ~1siilg very \veal< sources of a-rays, have related chemical yields to satu- 
ration ion currents for a few gases, but the method has never been applied to y-radiolysis 
systems. I t  appears to offer a very simple way to obtain absolute yields in the y-radiolysis 
of gases, and the present paper describes the results of some illeasurements made with 
simple hydrocarbons. 

Unlilce a-rays, r-radiation cannot be restricted conveniently to a region between two parallel plates, so 
a cylindrical reaction vessel, shown in Fig. 1, was used in which the cylirldrical wall itself was the collecting 
electrocle. 'The vessel was made of 60-mm o.d. Pyrex tnbing, while the cathode and guarcl ring consisted of 
graphite coatings, originally applied as colloidal graphite irl aqueous suspension. The anode was a tungsten 
wire of 1.5-nlm diameter, while tungsten leads through the glass walls made connections to the cathode 
and guard ring. 'The vessel \\,as thoroughly baked under vacuum before its initial use, and before each 
experiment. In the initial baking a t  400" C, a tarry inaterial slowly distilled out, presunlably formed from 
the decomposition of the suspension agent mixed with the graphite. After the first several hours of baking, 
no further material was ever evolved. 

'Issued as N.R.C. No. 6906. 
'National Researciz Council of Catrada Postdoctoral Fellow, 1960-62. 
3Natiolzal Research Co~r?zcil of Canada Postdoctoual Fellow, 1959-60. Present address: National Physical 

Laboratory, Teddington, Middlesex, England. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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BACK ET AL.: Y-RADIOLYSIS 

GUARD RING -, 

COLLECT1 NG 
ELECTRODE- 

FIG. 1. \-cssel used for r-radiolysis of hydrocarbon gases, and for measurement of saturatio~l ion currents 

The preparation of the reaction vessel and the hydrocarbon gases, and the analytical techniql~es, were 
similar to  those previously described (2) .  The hydrocarbons were all Phillips Research Grade, and sho\ved 
no change in behavior upon careful treatment with sulphuric acid to remove any olefin present. Hydrogen 
was the only product accurately measured, and corlversions were always low enough so that the yields 
were close to true initial values (2). 

Ion currents were measured by passing the  current fro111 the collecting electrode to earth through a 
calibrated Rubicon spot galvanonleter equipped with a suitable shunt. The guard ring was held a t  the satne 
potential as the collecting electrode, while a variable high potential, LIP to  5 I;v, could be applied to  the 
central anode. Saturation ion currents were always t~leasured a t  the beginning of the irradiation, and the 
time during which the held was applied was always negligible compared to the  total time of irradiation, 
which \\-as usually about 16 hours, and so~uetirnes much longer. In a few experiments, ion currents were 
also measured a t  the end of the radiolysis period, and were found to be unchanged. 

The source of yradiation was a CoGo unit, nominally of about 200 curies. The radiolysis vessel was 
mounted in a n  approximately reproducible position, end-on to the source, and about 8 inches away.* 

RESULTS AND DISCUSSION 

Figure 2 shows typical plots of ion current against applied voltage for ethylene and 
n-butane a t  800 111111 pressure. The slower approach to saturation in the latter is probably 
due partly to the higher electron density, with consequent higher rate of absorption of 
energy, higher ion conce~~trations, and hence faster gas-phase recombination, and partly 
to a slower diffusio~l of electrons and ions to the electrodes through the heavier gas. 
Similarly good saturation behavior was found with all the gases studied. 

*We are gratefzrl to the Division of Applied Physics of these Laboratories for the use of the Co" source. 
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ETHYLENE 
B 

I I I I 

I 2 3 4 

APPLIED POTENTIAL-  (KILOVOLTS) 

FIG. 2. 1011 currents in the y-racliolysis of ethylene ancl 71-butane a t  800 mill 

111 Table I are sholvn values of thc yield of Iiyc11-ogen per ion pair, (ilI//lN),, (following 
Lind's usage (3)), for several pure lig~clrocarbo~~s, and several with addecl scavenger. Also 

Ilydrogen yields in thc y-radiolysis of hydrocarbon gases 

Sa t~~ra t ion  H ydrogcn GH? 
ion yielcl (ild/hr)n2 I.V 

c~ l r re~ i t  ( p l i i ~ l e ~ / l ~ r )  (~nolecl~les/ (ev/ion This Other 
Gas (ralllp) X lo2 ion pair) pair) work values 

-- 

CzII 4 0.196 0.275 0 .34  1.28 2 . 0  (4) ", 5:s 

1 .14 (5) 
1 .3  (6) 
1 . 2  (7) 

~ ~ 

5 . 9  (10) 
8 . 2  (a-rays 

0.645 0 .40 24 1 .67  
(11)) 

C:,Il, f 0.400 2 . 1  (6) 
scavenger 1 . 6  (!)) 

x - C ~ H I O  0.520 2.72 1 .29 24s 5 .40 9 . 0  (a-rays 
1 1 1 ) )  

scavenger 
,~-CIM~O 0.4'71 5 . 0  7 . 4  (a-rays 

(11)) 
i-C41-Il~ + 0 .  -187 0 .  774 0 .42 24 1 .75 

scavenger 

"W. P. Jesse and U. Sadnuskis. Phys. Rev. 97. 1008 (1955). 
tEstinlated from value lor nrouane. , - -  ~~~~~ ~ ~ . . 
$Ref. 6. 
$Estimated from value of 25.9 for a-rays (G. J .  I-Iine and G. L. Bro\\.oell. Radiatiorl dosimetry. Academic Press, New York. 1956). 
IITaken to be tlie same as 71-butane. 

sho\\rn are values of W ,  the average energy absorbed per ion pair, talten from the literature, 
arid values of GE12 calculated from the relation G = (114/1V) X lOO/W. All the pure hyclro- 
carbons in Table I were studied at  800 mln pressure and room teniperature, and each of 
the values of ( ~ l l / N ) ~ ,  represents all average of a t  least two experiments agreeing to 
f2% or better. To all the  data in Table I ,  a correction of about 5% was applied to take 
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illto account tlie "dead space" around tlic guard ring and in the sicle arm fro111 which 
ions were not collected ancl ~neasured. 

The systems ~vitli added ethylene scavenger, I-anging iro~ii 3 to 10 ~ n o l e y ~ ,  were main- 
tained a t  constant electron density, equal to tliat of the pure paraffin a t  800 m111 and 25' C. 
7 .  1 he data were then extrapolated back to 0% scavenger in a way similar to that describecl 
previousl~. (2). The T/V-values then used in computing GIlr for unscavengable hyclrogen 
were those lor the purc paraffin. The similarity of the values of W for paraffins and 
olefins, and tlie nl~nost unchanged ion currents observed with added scavenger, justify 
this procetlure. 

Several features of the results in Table I deserve comment. The ratio of G-values 
obtai~led with ancl without scavenger for propane, butane, and isobutane are almost 
iclentical xvitli those found previousl>~ by simple measurements of relative hydrogen 
yields (2). This indicates tliat olefin impurities were not affecting the results, and sholvs 
that the saturatio~z ion current method a t  least yields reasonable relative values in the 
presence and absence of olefin scavenger. 

The values of TV shown in Table I ,  ancl ~ ~ s e d  in the calculatio~l of GHI, were estimated 
by a variet~-  of means, as indicated, and while probably not very reliable, they are unlikely 
to be grossly in error. There is no direct inlormation available about W-values for 
y-radiation, as their measurement is practically impossible. The values of T/V appropriate 
to the secondary electrons \vliich are effective in the present systenls are probably close 
to those measured for P-radiation. 

In tlie last column of Table I are some values of Gu, talcen from the literature. The 
agreement between our measured values for ethylene ancl propane and tlie Inore recent 
literature values for y-radiation is q~l i te  good. The values of GI12 for a-racliolysis of propane, 
?z-butane, ancl isobutane are consistentlj~ much higher than our present measured values 
for y-radiation. This may be a true effect of racliation quality, and, if  so, is one of the 
few examples of such an effect to be observed in gases. Tlze larger hydrogen yield found 
in the a-radiolysis might be explained by the neutralization of a large fraction of the 
h~drocarbon ions in the a-ray tracks, \\lit11 subseque~lt decomposition of the highly 
excited neutral species. With y-rays, especially a t  the low intensities used in tlie present 
work, neutralization coulcl be predomi~~antly a t  the wall, with stabilizatio~l of the resultant 
iragment or molecule, ancl a decreased yield of proclucts. I n  sonze recent experiments 
(1 2) ,  it has bee11 found that  a saturation held applied during the course of the y-irradiation 
of 12-butane ancl isobutane causes a clecrease in (M/fV),? of about 30y0, which supports 
the suggestion tliat neutralization a t  a surface could cause a reduction ill hydroge~l yield. 
This also suggests that a t  least 30y0 ol the ions in the y-racliolysis normally do not reach 
the wall, but this would still allow enough ~leutralizatio~l a t  the wall to account lor the 
cliffere~lce between a- and y-radiolysis. 

The absolute v a l ~ ~ e s  of G,, for a-radiolysis fou~ld by Back and Miller (11) depend 
essentially upon a single measurement of the strength of their poloniunl source, and 
xvllile this is reasonably certain, some confirmation of these values xvould be very desirable. 
Freeman ancl Ramnradhj~a (13), in tlie only co~nparable worli,"' have reported a similarly 

" I t  slzoi~ld be noted that all  tlze early worlz 011 tlle a-rndiolysis of Izydrocarbot~s ( S ) ,  u s i ~ z ~  radon, w a s  done at  
s ~ ~ c h  high c o n v e r s i o ? ~ ~  tlzat the reported nalues of hydrogclz yields are undoclbtedly I I L I L C I L  lower t h a n  the in i t ia l  o~zes ,  
due  to  scarengin:. c f cc t s  of products, and  co?znot be z~scflrlly co71~pared zoitlz more wce?rt n i eas i~ro t~en t s .  Eve11 in  
the work  of E s s c . ~  n l ~ d  PVillia71rs ( I d ) ,  z ~ s i n g  the satllration-cz~rre~lt  tc~cthod i n  the  a-rc~diolys is  of ethaize, a n d  
Jro71~ which G<rr,;cn4, = 5.7 ca11 be co~~rp i l t ed ,  the connersio~z of abolrt 0.0670 wwhich was  attai?zcd w u s  hiylz e n o i ~ g h  
so that  ILL(;^ of tlze origi71al scaoengcable I~.ydi.oget~ ~ ~ z z ~ s t  11,aoe beet1 lost,  so that the higher ocrlz~e of GII., = 8.8 found  
rece?ztly b j  Y n ~ l g  and  Ga111(8) for the -,-mdiolysis of ethane a t  tt~zzch lower conirersions probably does no t  represelzt 
a rcirersal of the  depe~zdolcc  on radiclto~z qual i ty  d i s c ~ ~ s s e d  abooe. 
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"high" value of GEB = 8.0 for the a-radiolysis of cyclohexane vapor, wliich is again much 
higher than the values reported for P- and 7-radiation, although the latter data are very 
uncertain. Thus while there is some confirination of a strong dependence on radiation 
quality in these systeins, further measurements with both a-  and y-radiation, particularly 
the former, would be very useful. 

Finally, sollie cogent arguinents may be advanced for the general use of _If/iV rather 
than G as a measure of absolute yields in the radiolysis of gases. Both clua~ltities are 
empirical, but G depends upon the n~easurement of total energy absorbed in the gas, 
which is almost impossible to determine directly for y-radiation, and is usually estimated 
by some rather arbitrary, indirect, and uncertain method of dosimetry. J f / N ,  on the 
other hand, when measured by the saturation-current method, is obtained directly from 
two well-defined and easily measured quantities. The saturation-current  neth hod is 
applicable to most gases, and to all types of radiation, and should be very useful in the 
comparison of results in different systems and from different laboratories. The use of 
i l f /N  was, of course, common in the early days of radiation chemistry, when it was 
regarded as somewl~at alciii to a quantum yield. I t  fell into disrepute when it becaine 
evident that processes other than ionization could be important in radiolysis. However, 
M / N  is still a more fundamental quantity than G, and a more directly useful one, especially 
for relating radiolysis products to mass spectra, as has become very popular recently. I t  
is generally realized today that radiolysis inechanisms are undoubtedly very complex, 
and there seems to be little danger now that anyone would assume that the use of Jd/N 
implied a one-to-one relation between ion pairs and product molecules. Thus the rein- 
staten~ent of 114/N as a respectable quantity in the radiolysis of gases appears to offer 
few drawbacks and several distinct advantages. If W, the average energy dissipated per 
ion pair, could be inore easily measured, then i l f / N  and G would of course be readily 
interchangeable. 
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HYDROGEN FORMATION IN Y-IRRADIATED HYDROGEN CHLORIDE 
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ABSTRACT 

Hydrogen yields from pure liquid and solid hydrogen chloride irradiated \\zit11 CoGo 7.-rays 
\\'ere G~,(liquid) = 6.50iO.10 and G~r~(solid) = 3.30i0.10 a t  -79' C and -196" C respec- 
tively. The yield fro111 solid hydrogen chloride was only slightly reduced by the addition of 
chlorine; but the yield from liquid san~ples was reduced sharply by low concentrations of 
chlorine to  a value of about 4.5, and then much more gradually by larger concentrations. A 
GH? value of 2.1 persisted a t  10 mole% chlorine. The results were interpreted in terms of the 
formation of hydrogen in the reactions 

and 
H + HC1 -t 1-12 + C1 

1-1 (hot) + HC1 -t Hr  + C1. 

Reduction of the hydrogen yields by chlorine was attributed to the reactions 

and 
H + Clr -t HCI + C1 

I-I (hot) + Cl? + I-ICI + C1. 

Values of kll/kls and kll"/klj* were estinlated to  be 1.7X10-3 and 0.10 respectively, while 
those of Gn and G~(h,,t) were 2.431 0.2 and 4.010.2.  Electron scavenging by chlorine \\.as con- 
sidered as  a less lilcely mechanism for reduction of the hydrogen yield. Sources of the thermal 
and hot hydrogen atoms were examined and i t  was suggested that the decomposition of 
electronically excited molecules might be an important mode of decomposition. 

INTRODUCTION 

The decomposition of hydrogen halides by ionizing radiation has long been a subject 
of interest. Most of the earlier worlc was carried out with radon a-particles (see for 
example ref. I) ,  but nlore recently, Zubler, Hamill, and Williams (2) have irradiated 
gaseous hydrogen bronlide with X rays. 111 this study the results were interpreted 
according to the mechanism of Eyring, Hirshfelder, and Taylor (3). Although it was 
suggested that the dissociation of electronically excited molecules might make a snlall 
contribution, most of the observed decomposition was considered to result from the 
ionization of hydrogen bromide molecules. Very few studies of the radiolysis of hydrogen 
halides in the liquid and solid states have been reported, and i t  seems that the effects of 
free-radical scavengers on the hydrogen and halogen yields have never been investigated. 
The present worlc was therefore initiated with the intention of extending our 1;nowledge 
of the radiation chemistry of these conlpounds to condensed phases, and of determining 
the effect of scavengers on the product yields. This paper describes the results of an 
illvestigation of the radiolysis of liquid and solid hydrogen chloride (hereafter referred to 
as HCl). The effect of chlorine and ethylene on the hydrogen yields is also reported. 

A pparatzts 
A mercury-free vacuum line for purifying and storing HCI and chlorine was fitted with an  oil dilfusion 

pump and colistructed so that samples of hydrogen and other volatile gases could be transferred from it via 
the oil diffusion pump to a conventional hydrogen analysis system. This feature permitted repeated irradia- 
tions of the same sample of hydrogen chloride without its being contaminated with mercury vapor from the 
analysis system. Pyrex bulbs and traps were provided for purifying the gases and storing them a t  liquid 
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nitrogen temperature, and a set of calibrated bulbs was used for ~aeasuring out  samples of chlorine. These 
were connected to  one side of a differential diaphragm manometer, the other side of which was attached 
to  an  auxiliary vacuum line with a conventional mercury manometer. Chlorine pressures were read on the 
mercury manometer, the differential manometer being used as a "null" instrument to  equate the pressure 
in the auxiliary line to  tha t  of the chlorine in the calibrated bulb. The measured quantity of chlorine was 
distilled into the irradiation cell prior to  the introduction of the IICI. 

The 16-mm O.D. pyrex irradiation cells were cleaned by standard techniques and attached to the vacuum 
line via capillary "seal off" tubes. They were provided with "break seals" for re-entry into the vacuum 
line after radiolyais and were flamed to the sodium emission temperature under vacuum before the reagents 
were introduced. After they had cooled a small quantity of I-ICI was introduced and lcft in them for about 
30 m i n ~ ~ t e s  to displace or react with possible contaminants adsorbed on the walls. The cells were then 
rcfla~lled while the  HCI was pumped out to a n  ultimate pressure of 5X10-G lnln of Hg. 

-4 200-curie CoGO source, housed in a concrete cave, was used for the radiolysis. Liquid IICl samples were 
irradiated a t  -79' C in a dry  ice - alcohol bath. Solid sanlples were irradiated a t  -196' C in liq~lid nitrogen. 
The Friclx dosinleter was used and corrections were made for the different electron density of HCI. Chlorine 
molecules would ~lndoubtedly have contributed a certain fraction of the total prilllary absorption of y-rays 
in the system. IIowever, they should also have absorbed a roughly equivalent fraction of the energy of the 
electrons set in nlotion in the medium. 111 solutions containing chlorine, the dose was therefore calculated 
for IICl alone, and energy absorption by chlorine was neglected. 

jlIate~ials 
Chlorine (99.5'h r n i n i m ~ ~ ~ n  purity) fro111 a Matheson lecture bottle nras purified by bulb-to-bulb distillation 

and stored in a liquid nitrogen trap. Degassed hydrogen chloride of 99.OC;; n~ in i l l l~~n l  purity, also obtained 
from Matheson, was purified from hydrogen bromide and other impurities by preirradiation for a day or 
by treatnlent with chlorine. Both procedures oxidized the hydrogen bromide to bromine, which (together 
\vith excess chlorine) was s~ibsequently removed by  passage through copper foil. The  hydrogen chloride 
was then stored in a liquid nitrogen trap. Samples for irradiation were f ~ ~ r t h c r  purified by sublimation 
from a trap a t  -100' C through a second t rap  a t  the same temperature into a liquid nitrogen trap. A second 
s~~b l i lna t io~ l  from -100' C to  a calibrated bulb followed. The required quantity of this HCI was then 
roughly measured out  as  a liquid a t  its melting point and sublimed into the irradiation cell. Ethylene was 
purified in the sanle way as  the chlorine. 

,I~zalytical Appara t t~s  a71.d Tecl~n,iqzle 
The hydrogen analysis system, consisting essentially of a McLeod Gauge and Tocpler pump, was similar 

to  that described by Allen and co-\vorl;ers (4) escept that a palladium thimble was used, in place of the 
comb~istion techniq~~e,  for identification of the hydrogen. 

The liquefied HC1 samples were sha1;en after irradiation to  equilibrate the dissolved hydrogen with 
tha t  in the vapor phase, and then frozen. All the non-condensable gas was introduced into the analytical 
a p p a r a t ~ ~ s  by either connecting the irradiation cells directly to  i t  or by connecting them to  the purification 
system and transferring the gas with the diffusion p ~ u u p .  There was no difference between hydrogen yields 
measured by these two methods, and the hydrogen content of this first sample of gas was ~ ~ s ~ l a l l y  95y0 or 
better. After melting and refreezing the hydrogen chloride a second portion of non-condensable gas was 
taken off. I ts  hydrogen content was ~ ~ s u a l l y  a b o ~ ~ t  109% of the first, and that  of further degassings was 
negligible. 

After the hydrogen had been extracted the I-IC1 was either purified from halogen and transferred to another 
cell for a second irradiation or absorbed in water and titrated with standard sodiu~n hvdroside to  determine 
acc~rrately the size of the sample. The latter was the eventual fate of all I-IC1 san~ples except those with an 
appreciable concentration of chlorine. These were absorbed in standard sodiuln hydroxide and "back- 
titrated" to  determine the total chloride. The original molecular chlorine content \\;as then determined 
from the hypochlorite for~necl by iodimetry, and the HCI by difference. The chlorine content determined 
in this way agreed within a few percent with the gas phase measure~nent. The q ~ ~ a n t i t y  of HC1 ~ ~ s e d  was 
usually in the range 2.4 to 2.7 g. 

Hyclrogen yields from pure liquid HC1 and fro111 solutions of ethylene and chlorine 
in liquid HC1 have beell plotted as a function O F  dose i l l  Fig. 1. In all cases they were 
linear ~vi th dose over the range iised, and for pure HC1 repeated irradiation of the saille 
sample to a total dose of 5X101%v/g produced no change in the hydrogel1 yield. The 
yields were reproducible to within &ly0 when reasoilably large doses were used. The 
absolute accuracy is probably fO.1  G units. 
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1'1~. 1. Hyclrogcn yieltls from l iq~~id  HC1 a t  -79' C plotted against absorbed dose: 0 purc IIC1; 
8 l l c l  + K O  (lo-' M ) ;  C I-ICl + C2M.j (5.6X10-I 111) ; f I-ICl f C12 (7.1iX lo-' 41) ; @ l I c l  f cl, 
(4.65X10-' iW); 8 HC1 + C12 (1.52 ill). 

I t  call be see11 from Fig. 1 that etllylene was by far the less efficient of the two scavengers, 
and very high concentrations of it would have beell required to reduce the hyclrogen 
yield to the levels achieved with chlorine. I11 view of this and of the fact that  there is a 
free-radical chain addition reaction between ethylene and HC1 (5), which ~voulcl have 
consumecl the olefin, chlorine was chosen as the scavenger most suitable for detailed 
study. I11 the two experiments which were conducted with ethylene a small quantitl- of 
nitric oxicle was addecl to inhibit the chain reaction. This quantity of nitric oxide was 
shown to be without effect on the hydrogen yield, but its efficiency as an inhibitor can 
only be presumed until a detailed study of the reaction is made. 

The results for solutions of chlorine a t  several different concentrations in HCI have 
been summarized in Fig. 2. The hydrogen yields have been plotted as GH? values against 
the corresponcling solute concentrations and it can be seen that a n  abrupt decrease in 
hydrogen yield from 6.5 to 4.5 resulted over the concentration range 0-2X10-.L mole 
chlorine/g HC1. Further acldition of chlorine caused a much more gradual decrease. 
G H P  value of 2.1 was finally reached a t  a chlorine concentration of 2.9XlOP mole/g or 
about 10 m 0 1 e ~ ~ .  Obviously, two hydrogen-forming species, xirlihich are scavenged with 
clifferent efficiencies by chlorine, must be present. 
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c 

1-0 2.0 
[CIA (rnoles/g of HCI X lo3) 

FIG. 2. Val~res of GI!, plotted against chlorine coricentration, which is expressed in ilioles/g I-ICI: 0 liquid 
I-ICI a t  -70" C ;  @ sol~d I-ICI a t  -106" C. 

So te :  Thc curvcs are theoretical and were calculated on the basis of eouation liil: --- values of Gn. 
GET*, kl~/kII,,arld k ~ j : * / k ~ ~ *  ~rncorrected; - - - values of Gn, Gn*, k ~ j / k ~ ~ ,  and k;j"/kIl* clrrected by successive 
approslmatron. 

Hydrogen yields from pure HC1 samples irradiated in the solid state were inuch lower 
than those from liquid HC1, and showed a tendency to decrease with close. Yields were 
therefore measured a t  the minimum practical dose (-2X 10IS ev/g), and these have been 
preseiltecl in Fig. 2. The addition of cl~lorine to these samples had a much less pronounced 
effect than in the liquid samples. A concentration of 2X lo-' mole chlorine/g I-IC1 caused 
a decrease in GIIL fro111 3.3 to 2.7 and further addition of chlorine appeared to have little 
or no effect. I t  nlay be concl~icled from this that  the more readily scavenged species does 
not produce n~uch hydrogen in the solid state. Experiments with still larger amouilts of 
chlorine (10 ~noleo/,) .cvoulcl have shown wl~etllci- the second species was scavenged by 
chlorine with the same efficiency in the solid state as in the liquicl state. This information 
is obviously highly desirable, but such experiments were not conducted because of the 
difficult\, of obtaining homogeneous solid solutions of high concentration. 

DISCUSSION 

At this point i t  will be convenient to review briefly the ionic reactions which are likely 
to occur in irradiated HC1. Mass spectroilletric studies (G,  7) have demonstrated the 
formation of the followiilg positive ions oil bombardmei~t of HC1 with electrons: HC1+, 
HCl++, C1+, C1++, and H+. From the data  of reference 7 the approximate relative abun- 
dances of the first four of these may be estiinated to be 100:2:10:12 respectively a t  electron 
impact energies of 150 ev. The parent ion (HCl+) is t l ~ ~ i s  by far the most abundant ion 
in the mass spectrum, and it may be inferred that this will also be the predominant ionic 
species forilled in irradiatecl HC1: 

I-ICI -- HCl+ + e .  [GI 

A consideration of the electron-stopping power and electron density (3.5X 10" electrons/ 
1111) of HC1 in the liquid state a t  -79' C leads to the concl~ision that  the L.E.T. (and hence 
the distribution of ions along the radiation traclis) should not be very different froin 
that occurring in liquid water for the same type of radiation. 
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Seconclar!. electrons ejected from the ionized illolecules woulcl lose energy to the 
liquicl nledium and might eventually become thermalizecl. Because of the comparatively 
small dielectric constant of HC1 (approx. 10 a t  -79' C (S)), interionic forces would be 
large ancl therinalized electrons would be unlilrely to escape recombination with positive 
ions. They n-ould probably give rise to energetic radicals through dissociative combi- 
natioils: 

e + HCIi -> MCI* + 1-1 + CI + energy. [71 

As usual, the time required for the ther~nalizatioil and return to the positive ions cannot 
be cletermined with any degree of certainty. However, as a first approximation it inay 
be assumed that this period will be siillilar to that  estiinated by Samuel and iVIagee for 
electrons in liquid water (-10-l3 sec, see ref. 9). Obviously, other ionic processes which 
could occur ~vithin this time and lead to alternative decomposition mechanisms must also 
be considered. 

The reaction 

I-ICI+ + MCI 4 H?CI+ + CI PI 

has been sho\vn to proceed with a I-ate constant of 4.4XlO-'O ml/molecule sec in the gas 
phase (10). -4ssuining the same rate constant in liquid 1-1'21, where the concentration of 
HCI molecules is 1.9~XlO2/m1, it  can readily be shown that the lifetime of HCI+ ions 
with respect to this reaction should be of the order of 10-l3 sec. Hence reaction [S] could 
conceivably precede ion recombination, and reactions [gal and [9b]: 

c + I-I?Cl- + H + EIC1 + energy [gal 

-, II + 1-1 + C1 +energy, [gbl 

must be regarded as alternatives to reactioi~ [$I. 
Several investigations of the electron resonance capture reaction: 

e + I-ICI 4 1-1 + C1-, 

have recently been reported (11-18). The value of the energy threshold in the gas phase is 
virtuallq- the same as the calculated endothcrmicity (0.65 ev), and most &udies indicate 
that the capture cross section passes through a m a x i ~ n ~ ~ r n  a t  about 0.8 ev and then ialls 
to a ver!. low value a t  1.5 ev. Obviously during the course of their thermalization in 
liquid HCI the secondary electrons must pass through this energy range. Their lifetime 
with respect to capture while in it can be estiillatecl using the data of Buchelnikova 
(mean cross section for the above energy range TV 2X10-18 cm?/nmolecule in the gas 
phase) ancl the co~~centration of molecules in liquid HCI. This lifetime again turns out 
to be of the orcler of 10-l3 sec. Thus the possibility of capture cannot be excluded. Further- 
more, there is strong evidence lor hydrogen boncling (14) in the conclensed phases of the 
h\.clrogen halicles, ancl CI- ions are linown to associate strongly with HC1 ~llolecules 
(15-17). Thus the reaction 

e + I-I-CI - - I-I-CI --t M + CI-I-I-CI- [10al 

should replace reaction [lo] in liquid HCI. Because of the greater thermodynamic stability 
of the ClHCI- ion, the endothermicity of this reaction should be less than that of reaction 
[lo]. Electroil capture would therefore be extended to lower energies than in the gas 
phase, and coulcl in fact be the exclusive fate of secondary electrons in liquid HCI. If 
lormed ill reaction [lOa] the CIHCI- ions would diffuse relatively slowly. There would 
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then be no doubt that reaction [8] would occur prior to neutralization. The H?CI+ and 
ClHCI- ions would react according to the equation 

I-I?CI' + CLHCI- = 3MC1. [lob] 

This reaction is the reverse of the self-ioilization process in HCI, for which there are now 
a t  least two indepe~ldent sources of evidence (lG, 17). 

From the preceding cliscussio~l it can be seen that several reaction paths of the "Sam~~el-  
iVIagee" type are possible in liquid HCI: reactions [GI-[i] ;  reactions [GI-[8]-[gal; ancl 
reactions [GI-[8]-[gb]. These are all liltely to produce "hot" hydrogen atoms. As in the 
case of HBr the decomposition of electronically excited molecules must be included, 
and present Itnowledge (18) of the energy levels of the HCl molecule indicates that dis- 
sociation to H and C1 atoms in their ground states would occur, with the fragments 
gaining a consiclerable excess of ltinetic energy (up to about 50 lccal). BIost ol this energy 
would again be acquired by the hg~drogen atoms (cf. the photolysis of HBr and HI ,  ref. 
20). The fraction of the hot hydrogen atoms froill these sources which would be therma- 
lized before reacting with HCI (see reaction [ll'" below) should be comparatively small. 
LLHot-atom effects" similar to those observed in other irradiated systems are therefore 
to be expected. In contrast to the above processes the alternative "Lea" type decom- 
position path involving reactions [GI, [8], [IOU], and [lob] should produce hydrogen atoms 
of thermal or comparatively low energies. 

Hydrogen and chlorine atoms may undergo the following reactions in HCI: 

1-1 + IICI --, 15: + C1 

I1 (hot) + I-IC1 --, 11: + C1 

1-1 + C1 + M + HC1 + M 

I1 + H + M -, 112 + &I 

C1 + Cl + hI --, C12 + hI. 

The activation energy of reaction [I l l  is coilsidered to be about 5 kcal (19). Assuming 
identical steric [actors for all of tlle above reactioi~s and activation energies of zero Tor 
the last three, simple calculation shows that  the ratio of kl l  to k14 or kl5 a t  -7!1° C should 
have a value of about 1.0-". The excessively large concentration ol I-ICI in the pure licluid 
a t  -79' C would be more thail sufficient to co~l~pensate for this, and oilI\- ;1 few h~-dl-ogei~ 
atoms \vould be expected to take part in reactioils [12] ancl [13]. At -190" C,  llo\vever, 
the ratio of k l l  to k12 or k1.i would be of the order of 10-I' and hardly any thermal h\.drogen 
atonls would react with HCI. Hot hydrogen atoms on the other ha i~d  should react almost 
exclusively ivith I-ICI a t  both temperatures. The large cliffereilce between the hydrogen 
yields in the solid ancl liquid samples of I-IC1 can t h ~ i s  be attributed largell- to loss of the 
hydrogen \vhich is lormecl in reaction [I l l  a t  the higher temperature. The slight effect 
of chlorine i l l  the solid phase may be due to the scavenging of thermal l~ydrogen atoms, 
which would otherwise have undergone reaction [:13]. The remainder ol the lqdrogen 
yield, GH? = 2.7, a t  -19G0 C must be formed in reaction [ll:"], a i d  therelore gives a 
measure of the yield of hot hydrogen atoms, GI$*. I t  seems that this is considerably less 
than ill the liquid (see below). 

As products accumulated in the system, reactioi~s [l5] and [IB] \vould have been 
expected : 

1-1 + CI, -, I-ICI + CI [151 

Cl + Hr 4 I-ICI + M. [I61 
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In pure HC1 their occurrence would have resulted ill a decrease in the hydrogen yield a t  
higher doses. Since tlie yields in liquid EIC1 were linear, we may collsider tha t  reactions 
[l5] and [IG] \\;ere negligible for the s~llall chlorine and hydrogen concentrations which 
accumulated during the radiolysis. However, in the Inore coilcerltrated sy~ltlletic solutiolls 
of chlorine in EICl reaction [Is] must have been occurring, but it appears that reaction 
[IG] xvas still insignificant si~ice the yields remained linear. Hence in all cases the hydrogen 
yields from liquid EIC1 may be regarded as true "initial" yields unaffected by secondary 
radical reactions. The tendency for the yields froni solid HC1 to decrease with dose may 
be attributed in part to reaction [15], and also to reaction [I21 since chlorine atoms would 
have been trapped in the solid matrix and their concentration should have built up to a 
fairly high level a t  tlie larger closes. 

At the concentration employecl ethylene could only have reacted with the thernzal 
hydrogen atoms: 

Reductio~i of the hydrogen yield by it may be talten as further evidence for the formation 
of 11)-drogen in reaction [IS]. Chlorine, on the other hand, nlay react with electrons: 

e + C12 + Cl- + ~ 1 ,  [I81 

as well as xvith thermal hydrogen atoms. Reductio~i oi tlie hydrogen yielcl might then 
arise in three xvaq-s: (a) a competition between reaction [18] and reactions ['i] or [9]; (b) 
a competition between reactions [18] and [lOa]; and (c) a competition between reactions 
[15] and [I l l .  If it is assumed that the last competition (c) is responsible for the reduction 
in the hydrogen yield, then the usual steady-state approximation leads to the equation 

AGIl,(sl is the reduction of the total hydrogen yield a t  chlorine concentration (CI,), 
and GH is the yield of thermal hydrogen atollis, which in the absence of chlorine would 
have undergone reaction [I].]. A similar treatment of alternative (b) above wo~~lcl have 
yielded an analogous expression except that G,, klo, and kls would have replaced GH, 
kll, and k15 respectively. A plot of I/AG,, against I/(C12) for all but the two very dilute 
solutions of chlorine in HC1, which have very large possible errors in AGRt ( ~ 1 0 7 ~ )  and 
do not warrant inclusioll, has been given in Fig. 3. This plot resolves into two parts: 
a linear portion corresponding to the low chlorine concentrations a t  which the abrupt 
decrease in hydrogen yield occurred and a second steeply curving portion which intercepts 
the Y axis a t  about 0.15. As would have been expected this intercept corresponds to a 
total AG*? of (3.5 a t  infinite chlorine concentration. The intercept for the linear portion, 
l/Gn, gives a value of 2.G for the yield of thermal l~ydrogen atoms in the system and fro111 
the slope a value of 1.9+~0.2X10-~ was calculated for kll/klj. Klein and Wolfsberg (21) 
have recently shown that the ratio of k l l  to k15 for thermal hydrogen atoms in the gas 
phase is given by the equation k l l / k l ~  = (0.143&0.03) exp -(154O/RT). Extrapolation 
of their data to tlie temperature used in this study predicts a value of 2.5XIO-3. The 
substantial agreement of this figure with tlie present result strongly supports the assump- 
tion macle above, and the calculations in the following paragraph are based on it. However, 
as already indicated, electron scavenging could give rise to entirely allalogous effects. I t  
should not, therefore, be categorically excluded a t  this time. 
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FIG. 3. The reciprocal of the reduction i n  thc hydrogeil licld (l/AGrr?) plotted against thc reciprocal 
of the chlorine concentration (l/(CIJ). 

Reaction [ll'" appears to be the most reasonable process which can account for the 
relatively large hydrogen yield persisting in the presence of 10 mole% chlorine. On the 
assumptioils that  a competition between reaction [15"']: 

FI (hot) + Cl? -+ HCI + C1, [ l j*]  

arld reaction [ll':] is responsible for the reduction in the hydrogen yield a t  the higher 
chlorine concentrations, and tha t  H and 13 (hot) are fol-mecl ant1 react independently, 
equation [iij  may be derived: 

Here GH and GH:* represent the yield of 13 and I-I (hot) in  the system and are assumed to 
be inclependent of chlorine concentration. GH, and GII,:3 are their contributions to  the total 
hydrogen yield, GI12(totnlp Using this e q ~ ~ a t i o n  along with Gll and k15/kll determined above, 
GH. ma). be calculated and subtracted fro111 GII,(totnl) to  give GIs?*. The values of GH2* 
determined in this way remained co~ i s t a~ l t  until a C12 concentration of 2 X mole/g Cln 
was reached, and only then did they decrease in a regular lnanner. The initial constancy 
is no doubt due to  the assumption which was implicit in the calculation of GH and k l j /k l l r  
namely that  the entire AGII, a t  the lower chlorine concentrations was due to  thermal 
hydroge~en atom scavenging. By substitutillg the values of ilGII,* for the higher chlorine 
concentrations into an  ecluation a~lalogous to (Ii] and using GII:+ = 6.50-2.(j0 = 3.90, the 
rate constant ratio klj:b/kll'i: call be evaluated. The figure obtained, 0.13, was the11 ~lsed 
t o  correct AG1-I,, and t l i~ls  to  evaluate GII, GH*, kl l /k l j ,  and,  in turn, klj: '/kll+ lnore accu- 
rately. This methocl of successive approxilnation gave: = 2.3; GII* = 4.2; k l j l k l l  = 

1.7X10-3; and kIj:'/kll': = 0.10. These values cliffer little from the original olles and 
k -"/k :' . 

, 11 IS still comparable to the pre-exponential factor of Iilein and \;\iolisberg, which 
nro~~ld  seen1 to be a reasonable ratio for the rate constants co~lcerned. 
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The validity of equation [ii] was further tested by inserting the values of the four 
parameters ancl calculating the total hydrogen yielcl, GR2(tot:,l). Tlle "solid curve" in Fig. 2 
was obtained with the uncorrected parameters and the "clashecl curve" with those fou~ld 
by successive approximation. The agreement in the latter curve is a clear indicatioll that 
the results can be explainecl oil the basis of chlorine scavenging first thermal h!.clrogen 
atoms and then highly energetic ones. 

Although a n  unequivocal choice of the origin of the hot hydrogerl atonls is not a t  
present possible, it shoulcl be pointed out that  a t  high co~lce~ltrations chloriue ~vould be 
expected to react both with electroils and with positive iolls in the exothermic charge- 
transfer reaction : 

FICI+ + CI. + MCI + C12+. [I91 

If reactions [TI and [!I] are responsible for the formation of the hot hydrogen atoms, 
chlorine should then behave as a dual scavenger, removing both the hot atoms and their 
precursors. X much more drastic reduction in the hot-hydrogen yield mould therefore 
have been expected in the presence of 10 moleyo cl~lorine. 111 view of this it may be 
suggested that electronically excited molecules and not ions are the precursors of the hot 
atoms. As indicated earlier in the discussion, reaction [ I O U ]  is a very lilcely source of the 
thermal hydroge11 atoms. 

Further \vorlc wit11 other scavengers of different types is ilow in progress and the effects 
of these 011 the chlorine ~,ield will also be investigated. 

The author wishes to express his appreciatioil to the Chemistry and hletallurgy 
Division of Atomic Energy oi Canada Ltcl. for a summer appointment in 1960. He also 
acl;no~vIedges many helpful cliscussions with Dr. F. C. Aclam and other nleinbers of the 
University of Alberta, Calgary, Chemistry Departinent. 
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SULPHONIUM SALT SOLVOLYSIS 
PART 111. NUCLEOPHILIC ROLE OF ANIONS IN SOLVOLYSIS 

OF DIMETHYL-t-BUTYL SULPEIONIUM SALTS 

J .  B. HYNE .1ND J .  H. S E N S E N  
Depa~L~ire?zt of Chenz~stry, U~tzvers~ty of Alberta, Calgary, Albsr la 

Received March 22, 1962 

ABS'I'RACT 

The elTect of variation of added anion type (I-, C1-, NOa-, CIO.I-, CE13COO-) on the kinetics 
of solvolysis of climethyl-t-butyl sulphonium ions is interpreted as evidence supporting a 
nucleophilic role for the anion in low-polarity solve~~ts .  The specific case of acetate is discussed 
in terms of its relation to biochemical trans~llethylatiotl reactions involving methionine. 

ISTRODUCTION 

In the previous paper of this series (1) it was suggested that tlie anion plays an 
increasingly important role as a n~~cleophilic species in the solvolysis of s~~lphonium salts 
as the polarity of the solveilt mediuin is reduced. In tlie particular case of solvolysis of 
dimethyl-t-butyl sulphonium salts in ethanol-water mixtures, it has bee11 shown (1, 2 )  
that  in highly aqueous n~eclia the rate of solvolysis is independent of ailion character, 
in keeping \vitli the SN1-type mechanism involving the production and subsequent fast 
solvolysis of the t-but171 carboilium ion. As the solvent polaritj~ is decreased by increasing 
the ethanol content the observed rate of solvolysis becoilles increasingly dependent on 
anion type. The form of this dependence has beell analyzed in terms of a lriiletic expressioil 
involving the oilset of both ion pairing ancl a n~~cleophilic role of the anion (2) as solvent 
polarity climinishes. PI-evious experimental study of such solvolyses has been limited to 
a narro\v range of anions of relatively sinlilar nucleophilicities (e.g. the halides). In order 
to investigate further the possible n~~cleophilic role oi the salt anioils in solvolysis we 
report here a series of kinetic s t ~ ~ d i e s  of the solvolysis of dimethyl-t-butj~l sulphonium 
salts in highly ethanolic solvent inedia with variation of anion over the series I-, C1-, 
KOa-, C10.,-, and CH;IC00-. 

.?\I1 kinetic studies were carried out by the radiocheinical gas flow counting technique used in previous 
work (1, 2) ancl described by 1-1 yne and Wolfgang (3). Labelled (C1.'-methyl) dimethyl-t-butyl sulphonium 
iodide was prepared as described previously (3) and nletathesized with the corresponding silver salts. In a 
few cases this metathesis was not carried out so that the kinetic systenl contained ill iodide in addition 
to the anion concentration of the added salt. I t  was found that the effect of this iodide ion was very s~nal l  
a t  the high co~icentrations of added salt used and was within the experimental uncertainty of the kinetic 
data.  .All \vorking solutions were i l l  sulphoni~im salt in 0.945 mole fraction ethanol-water mistures. 
Acldecl anions were I-, C1-, CI-I3COO-, SOX-, and C10-4in the form of their lithium salts. In a few selected 
runs potassium salts were used instcad of lithium to check the independence of rate on cation type. This 
\\;as foulid to be true in every case tested. All salts were vacu~lm-dried and assayed for water of crystallization. 
Since our primary interest in this work was in the dependence of ki,' (see equation [I.]) on anion nucleo- 
philicity, rate investigations were limited to the linear portion of the kOb, vs. [S-] relationship, i.e, higher 
addecl salt concentration. In the acetate case, however, rate studies \\,ere carried out over the complete 
range of addecl salt concentrations. All rates were run a t  69.46" C and rate analysis from the log (counts/min) 
versus time plots (see ref. 3) were made by least mean square analysis on a n  11331-1620 computer. Rate 
data are presented in tabular form in Table I and plotted in Fig. I. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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HYNE .\ND JENSHN: SULPllONILhl S.4LT SOLVOLYSIS 1395 

TABLE I 
Overall ratc of solvolysis (rate of production of dimcthyl sulphide) for di~ilcthyl t-butyl 
sulpl~onium salts in 0.945 mole fraction ethanol in water a t  69.4G0 C as a function of 

atltled anion (LiS)  concentration 

[I-] X 10' k a ~ i X 1 0 4  1 [Xq X 103 kOb.x 10" IS-] x lo3  kobsX 10' 
(molar) (sec-l) (molar) (seccl) (molar) (sec-l) 

28.2 
44.7 
56.8 
56.6 

CI- 
13.01 
28.55 
39.57 
53.72 
71.47 

XOTE: KO added salt l?ob3 = 3.3410.02X10-4 sec-1. 

DISCUSSION 

A rate equation was previously derived (I)  which described the observed solvolytic 
rate behavior (kobs) as a functioll of anion co~lceiltration [X-1. This equation has the forin 

where k+ is the rate of S,l solvolysis of the sulpholliulll ion predo~niilating in high- 
polarity solvent media; k,, is the rate of reaction of the sulpho~liu~ll ion pair (association 
constant I<,) and is possibly associated with an SNi lllechailisnl where the ion-pair anion 
acts internally as a nucleophile; and kip' is the rate of n~~cleopl~ilic attack of an external 
anion on the ion pair and predominates a t  high added anion concentration, accounting 
for the observed linear dependence of hob, on [X-] (see Fig. I ) .  As was shown in the pre- 
vious paper ( I ) ,  equation [ l ]  reduces to the approxilllate form [2] a t  higher [X-I, where 
ICAIX-] becomes large colnpared with unity and k+: 

According to equation [2] approxiinate values for both k,,' and ki, can be obtained fro111 
the slope and intercept of the linear sections of the plots in Fig. 1. The rate values thus 
obtained are tabulated in Table 11. If the postulated inechanislll involving a llucleophilic 
role for the ailion in both the kip' and kip rate steps is correct, we would expect the kip' 
and kl, values to be related to the nucleophilicity of the anion. 

In Table I1 nucleopl~ilicit~~ n values (4) are recorded for the anions used. Since the 
nucleophilicity constants are derived fro111 a free-energy type of relationship (log k/ko = 

Sn), log kip' rather than k,,' is plotted against n in Fig. 2. The precise value of the 
nucleophilicity constant for C104- is not kilown but it is generally assumed to be less 
than zero on the arbitrary scale used here (4). A value of - 1.2 would place the C1O4- 
point on the straight line established in the plot of Fig. 1 based on the three points for 
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FIG. 1. Observed rate of solvolysis of dimethyl-l-butyl solphonium salts i n  0.045 mole fraction ethanol 
in water a t  60.4Go C as a function of added anion concentration. 

TABLE I1 
Apparent kip and kip1 a t  69.46' C for various anions fro111 c q ~ ~ a t i o n  ['3] 

kipX1O" k i P 1 x  lo3 n 
-Y- (sec-1) l./mole sec (nucleoehilicitv S-) 

*Values of n from ref. 4. 
1,Bracketed value is tha t  required for linearity in Fig. 2. 

I-, C1-, and Nos-. I t  is, however, not critical to the argument that this linear relationship 
should hold precisely. I t  appears justifiable to  claiin that  the rate constant (kl,') does in 
fact depencl on the nucleophilicity of the added anion, X-, thus constituting further 
support for the claim that  this step involves the uucleopl~ilic attack of the anion on the 
ion pair. 
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- 1.0 0 1.0 2.0 3.0 4.0 5.0 
nucleophilicity, nx- 

FIG. 2. Log k l p l  rate valucs (cc1l~ation ["I) \.crstls nucleophilicity constants (n) for ~ a r i o u s  addccl anions. 

The failure of the acetate anion to confornl to the relationship apparently obeyed by  
the other anions is of particular interest on several counts. The apparent enhancement of 
nucleophilicity of the acetate anion in this particular mecha~lisrn over that expected 
from the n value may be related to the fact that  in its nucleopl~ilic role in sulphoniiin~ salt 
solvolysis the duality of the carboxylate group as a nuclcophile, due to the two resonance 
forms possible, is of importance. This would suggest that the precise coilfiguration of 
the ions with respect to one another in the t rans i t io~~ state of the nucleophilic attack is 
of importance. I t  should also be noted that this enllanced i~ucleopl~ilicity of acetate is 
also reflected in the higher kl, value for acetate. Since this rate is presumably associated 
with the internal nucleophilic attacli of the acetate anion of the ion pair on the t-butyl 
entity of the sulpl~onium ion, it is to be expected that  the duality of the carboxylate anion 
as a nucleophile would enhance the number of favorable configuratioi~s possible for in- 
ternal nucleopl~ilic attack. I t  is also notexvorthy that the carboxylate anion is probably 
involved ill the analogous sulphonium salt reaction of methionine in biological trans- 
illethylations. The particular facility of acetate anion ill enhancing the rate of cleavage 
of the sulpl~onium salt therefore raises the interesting question as to the possibility of a 

1-1 ,C IIZC 0- 
\+ 

S -t-BLI 
\+ 

S-CI-I, 
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similar role of the methionine carboxylate anion in biological transmethylation. Further 
investigation of this aspect of anion involvement in transmethylatiol~ is now in progress. 

I n  the x03- and C1O.k- cases it ~vould appear from the values of k,, obtained by back 
extrapolatio~l that  these ionic entities are such weal; nucleophiles that cleavage oi the 
sulphonium ion by internal nucleophilic attack within the ion pair is Icinetically unim- 
portant. The value of kl, obtailled by back extrapolation in these cases is virtually 
identical with the observed rate in the absence of added anion. 

By virtue of the fact that the approximate form ol the rate expression (equation [2]) 
has been used in the analysis of the rate data presented here, no reference has been made 
to  the effect of variation of the ion-pair association constant ICA as the anion character 
is changed. I t  should be noted, however, that the major effect of changes in ICA 011 the 
observed rate of reaction is in determining how rapiclly the linear relationship between 
kObs and [X-] is attained as [X-] is increased. The larger the value of I<:\ the greater 
mill be the effect of initial increases in [X-] in converting the sulpl~onium ion essentially 
.completely to ion pairs. The effect of I<, variation on the lzl, ancl, particularly, the kl,' 
values obtained by equatioi~ [2] will therefore be small. 

The kinetic effect of variation of anion type in the solvolysis of climeth~~l-t-butyl 
sulphonium salts in low-polarity media is clearly related to the nucleopl~ilicity of the 
anion. This observatio~l represents further eviclence for the nucleopl~ilic role of the salt 
anion under conditions where the SN1-type mechanisnz is suppressed. The failure of the 
kinetic effect of the acetate anion to conform with the nucleophilicity of that species as 
observed in other reactions is suggestive of the fact that in sulphonium salt reactions 
the specihc orie~ltatioll of the anion nucleopl~ile is important. This observation is in 1;eeping 
with the il~volvement of ion pairs in the kinetic mechanism proposed and suggests possible 
interesting extensions to the case of biological transmethylation mechanisms i~lvolvi~lg 
methionine. 

The authors wish to aclc~lolvledge fillallcia1 support lroill Research Corporation 
(scholarship to J. H. J.) and the National Research Cou~lcil in this worlc. 
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5,6-DIMETHYLBENZ[a]ANTHRACENE AND 
5,6-DIMETHYLBENZO[c]PEIEN!WTHRENE 

P. nil. G. UXVIN' 
C11e)nistry Depart?rze?zt, tlze Uniuersity, Hirll, England 

Received i\/Iarcll 1'2, 19GZ 

5,6-Dimethylbenz[aIi~~~thracene and 5,G-dimethylbenzo[c]phe11a11t11rene have been synthe- 
sized, the latter by a novel route. 

The  synthesis of benzo[c]phenanthre~~e and its derivatives has presented interesting 
problems, largely overcome by the use of partially hydrogenated intermediates (1, 
pp. 158-160; 2 ;  3). T h e  successful ring expansion of benzo[c]fluorenone by the Schmidt 
reaction (4) and our earlier worl; with benzo[b]fluorene (5) prompted experi~nents with 
benzo[c]fluorene. 

7-Acetylbenzo[c]fluorene (Ia) was prepared by the Claisen condensation and was 
~nethylated in the usual way (cf. fluorene (6) and 9-acetylfluorene (7)). Reduction and 
subsequent dehydration-rearral~ge~llent by heating with phosphorus pentoxide under 
xylene (8) gave crude 5,6-dimethylbenzo[c]p11e11a11t11rene (IIa) in 80% yield. Purification 
through the trinitrobenzene conlplex and by chromatography gave the pure hydrocarbon, 
m.p. 98-99', characterized by conlparison of its ~lltraviolet spectrum with those of 
benzo[c]phenanthrene and its methylated derivatives (9, 10). T h e  availability of benzo[c]- 
fluorenones from arylpropiolic acids (11, 12 and references quoted therein) lnay lnalce 
this novel route to benzo[c]phenantl~renes and other sterically hindered hydrocarbons 
an attractive one. 

T o  extend the above synthesis methyl benzo[c]fluorene-7-carboxylate (16) was prepared 
and methylated by a general method (5). Reduction gave the alcohol (Ie) as  an  oil, the 
tosylate (If) not being obtained pure. T h e  acetate (Ig) crystallized during 18 months and 
was recrystallized only with difficulty. Sufficient experiments were carried out to  show 
spectroscopically that clehydration-rearra11ge111e11t of Ie gave a mixture of approximately 
equal alllounts of 5- and 6-methylbenzo[c]p11e11a11tI1re11es (IIb and 116). 

' I .C.I .  Fellow, 1058-60. Present address: S m i t h  Rl i l te  and French Laboratories Ltd., ilJundells, W e l w y n  
Garde~ t  Ci ty ,  Englalzd. 

Canadian J o u r ~ ~ a l  of Chemistry. Volulne 40 (19G2) 
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1400 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1063 

5,6-Dimethylbenz[a]a11tI1racene (111), of interest because its carcillogeilic index has 
been preclicted from the results of quarltum mechanical calculations (13), has beell 
syilthesizecl by a illore conventional route (cf. 5-methos)7benz[a]a11tl1racene (14)). Tlle 
Friedel-Crafts reaction of 1,2-dimeth>7liinphhlene with phthalic anhydride gave a good 
yield of lceto acid, assigned structure IVa by analogy with other substitutioli reactions 
of 1,2-dimeth~llnaphthalene (bromination, sulphollation (15); chlorometlylatio (16); 
acetylatioll (15, 17)). Cyclization of the reduced acid (IVb) ~rsiiig a variety of reagents 
has not been achieved in satisfactory yield. I-Iowever, reduction of the crude cyclization 
procluct and careful purification gave pure 5,G-dimetl1ylbenz[a]a11tl1racene, 111.p. 111-1 12", 
in 5-10% yield. The hydrocarbon was characterized as its trinitrobenzene complex arid 
by comparison of its ultraviolct spectrum with those of benz[a]antl~racene and its 
methylated derivatives (18-20). 

CH3 CI-I, 

E X P E R I N  E S T A L  

Microanalyses n1arl;ed SICF are b y  Miss Doreen Hardiman, Smith ICline and French Laboratories L t d ;  
others are b y  11-eiler and Strauss, Oxford. Melting points are uncorrected. 

7-ilcetyl-7-n1ethylbe1t~o[c]fEz~oretze ( Ib )  
Benzo[c]fluorene (4 g) (21) was acetylated in the ~ ~ s u a l  way (6).:* The  c r ~ ~ d e  ketone was ~~ns tab le  (c f .  

9-acetpifluorene ( 6 ) )  and was i~umediately rnethylated (7).  T h e  ketofze crystallized from acetone-methanol 
as lustrous plates (0.9 g) ,  m.p. li0.0-170.5°. Found: C ,  88.41; M, 5.97. Calc. for CEaI-I1c,O: C ,  88.20; H, 5.92%. 
Carbonyl stretching frequency: 1702 cm-I. 

5,6-Di1~1etl~ylbe~1~o[c]plze~zantlzrene ( I I a )  
T h e  ketone (0.3 g) was reduced with lithium aluminum hydride to  give the alcohol as an oil. Dehydration- 

rearrangement b y  boiling in xylene (10 ml)  with phosphorus pentoxide (1 g) for 4 hours gave crude IIa. 
Preliminary purification b y  passage o f  a solution in hexane through a column of  activated alumina gave a 
colorless oil showing an intense blue lluorescence. The  1,3,5-trinitrobe~1ze?~e conzplex separated as bright orange 
needles (0.42 g, 825;) from ethanol, m.p. 145.0-145.5° after sintering at 144'. Found (SICF): C ,  67.0; H ,  
4.26; N ,  8.76. Calc. for C ? G H I ~ N ~ O ~ :  C ,  66.52; 11, 4.08; N, 8.95%. T h e  hydrocarbon was regenerated b y  
passage o f  a solution o f  the co~nplex in hexane through a column of  alumina, crystallization o f  the eluted 
material from methanol giving small, colorless, lustrous plates, m.p. 98-09'. Found (SICF): C ,  93.6, 93.8; 
El, 6.30, 6.50. Calc. for CroHlc: C ,  03.71; H ,  6.297;. 

Be?zso[c]fEz~oretze-7-carboxylic Acid 
Preparecl in the usual way (5 ) ,  the acid crystallized fro111 benzene-hexane as colorless ~leedles (81%), 

m.p. 212-214" with decon~position. Found: C ,  83.21; I-I, 4.59. Calc. for C18H1202: C ,  83.06; 1-1, 4.65%. 
Eq~~iva len t  wt .  found: 262; calc.: 260.3. 

T h e  t~zetl~yl esler ( Ic) ,  prepared b y  esterification in methanol-chloroform ( 1 : l )  saturated with hydrogen 
chloride, crystallized from acetone-nlethanol as colorless, glistening plates (86%), m.p. 129-130". Found: 
C ,  83.40; I- I ,  5.11. Calc. for CIqHljO~: C ,  8.3.20; I-I ,  5.15%. 

Methyl 7-JIethylbenzo[c]jlz~ore~~e-7-carboxylate ( Id )  
iLIethylation of the preceding ester b y  a general method (5)  gave the ester ( Id )  as glistening plates (927,), 

n1.p. 184-183". Found: C ,  83.46; I - I ,  5.59. Calc. for C?aM1~0?: C ,  83.31; H, 5.50%. 

"For alternatioe sy?ztheses of 9-acelyljlzroretze front n7elhyl .S)-lzydroxyjl~rore1le-9-carbozylale a?zd 9-ethi~zyl-9- 
jlz~ore?zol see refs. 22, 25; for the prodzlct of the reactiotz betweerz acetyl chloride and j'lztore?tyl litlziz~111 see refs. 
24,2s. 
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BAVIN: ANTI-IRACENE A N D  PI-IEhrANTI-IRENE 1401 

I-lydrolysis antl decarboxylation b y  boiling wi th  potassium hydroxide in ethylene glycol (26) gave 
7-methylbenzo[c]fl~~orene, which crystallizcd from acetone-methanol as white needles, m.p. 85-86". (L i t .  
m.p. 80.2-82.0" cor. (21).) Found: C ,  92.35; El, 7.86. Calc. for ClaEI1.i: C ,  92.26; H ,  7.74y0. 

7-.1Ictlr~l-7-betz~0[r]$z~0~e~zyl~~~etlzyl ilcetate ( Ig )  
lleduction o f  the ester ( Id )  with cthercal lithium a l u ~ n i n ~ ~ l n  hydride gave alcohol (Ie)  as an  oil, not obtained 

crystalline during 2 years. T h e  tosylatc ( I f ) ,  prepared in thc  usual way (26) ,  was not obtained pure. It was 
obtainetl after se~rcral crystallizations from benzene-hexane as an amorphous powder which sintered between 
SO antl 120' and finally turned blaclc a t  180". Found: C ,  76.48, 76.49; H ,  5.57, 5.60. Calc. for C?GH??O~S:  
c, 75.33; 1-1, 5.35(T0. 

Esterilication o f  the alcohol with acetic anhydride containing a trace o f  concentrated sulphuric acid gave 
the nc.~tnte ( I g )  as a yellow gum. Material eluted frorn alumina with hexane-benzene (10: l )  was colorless 
and cl.).stallized during 18 months. T w o  recrystallizations from hexane, which required careful seeding, gave 
colorless needles, m.p.  79.5-81.0". Found: C ,  83.66; H ,  5.85. Calc. for C 2 1 1 ~ 1 8 0 ? :  C ,  83.42; H ,  G.0070. Reduc- 
tion with lithium aluminum hyclridc gave alcohol ( Ie)  iclentical (infrared spectra) with that  obtained from 
ester ( Id ) .  

6- G-~det~zy~be?ezo[~]p/re~~n~~t/~re?zes ( I I b  a~zd I I c )  
T h e  alcohol ( I I d )  (0.2 g )  and xylene (10 m l )  were boiled under reflux for 6 hours with phosphor~~s  pentoxide 

(1 g).  T h e  procl~rct relnaining after evaporation o f  the xylenc was dissolved in hexane and passed through a 
column o f  activated alumina. 'The eluted oil (0.17 g)  was colorless. Examination o f  the  ultraviolet and infrared 
spectra suggested the presence o f  approximately equal amounts o f  5- and 6-methylbenzo[c]phenanthrenes. T h e  
ultraviolet spectra have been reported elsewhere ( 9 , l O ) ;  infrared spectra were obtained from small samples o f  
authentic specimens (2 )  provicled b y  Professor NI. S .  Newman. At tempts  t o  separate the  hydrocarbons 
through complexes wit11 trinitrobenzene, picric acid, or trinitrofluorenone were not successful. 

2-(1',3'-Di1~1ethyl-~aplzthoyl)-be72 Acid ( I V a )  
Finel), powclered anhydrous aluminum chloride (14.8 g)  was added to  a solution o f  1,2-dimethylnaphtha- 

lene (7.8 g)  (15) and phthalic anhydride (7.4 g )  in dry sulphur-free benzene (100 ~ n l ) ,  maintained a t  5O. 
After being kept at room temperature for 12 hours the  mixture was poured onto ice, acidified, and steam- 
distilled. T h e  residual solid acid was dissolved in aclueous sodiuln bicarbonate solution, clarified w i th  
charcoal, and poured into esccss hydrochloric acid. One crystallization from benzene-hexane gave pale 
yeIlo\vprislns (10.5g, 71701, m.p. 187-189°. Founcl: C ,  78.71; 1-1, 5.52. Calc. for C2oH1603: C ,  78.93; H ,  5.30%. 
Equivalent w t .  found: 310; calc.: 304.3. 

d-(1',8'-D~i11zetl1~l-./t-?zaplzthy~l~itetlzyl)-be?taoic Acid ( I V b )  
T h e  preceding acid (10 g)  was reduced b y  stirring and boiling undcr reflux for 15 hours with aqueous 

sodium hydroxide (250 1111, 10yo) and zinc clust (30 g )  activated with copper. Aqueous ammonia solution 
(5  ml ,  d 0.88) was added cvery half hour for the first few hours. T h e  acid separated from benzene-hexane 
as colorless prisms (7  g ) ,  m.p. 211-212". Found: C ,  82.46; EI, G.37. Calc. for C&11802: C ,  82.73; H ,  6.2570. 
Equivalent mt.  found: 285; calc.: 290.3. 

6,6-Din~etltylbor-[n]a?cthrace?ce (111) 
T h e  reducecl acid (1.45 g)  was dissolved in concentrated sulphuric acid (10 g, 98y0) containing boric acid 

(0.5 g)  (27).  T h e  dark solution, protected from atmospheric moisture, mas lef t  at room temperature for 12 
hours and then poured onto ice. 'The precipitated yellow gum was reduced b y  boiling and stirring for 15 hours 
with aqueous sodil~m hydroxide solution (250 ml ,  l o%) ,  toluene (50 m l ) ,  and zinc dust (30 g)  activated 
lvith copper, aqueous ammonia (5  ~ n l ,  d 0.88) being added a t  half-hourly intervals for the first few hours. 
T h e  crude l~ydrocarbon was dissolved in hexane and the  solution passed through a colun~n o f  activated 
alumina. Eluted material readily crystallized from methanol as colorless needles (0.15 g, l l Y 0 ) ,  m.p. 111- 
112". Founcl: C ,  93.40; H ,  (3.57. Calc. for C ~ O H I G :  C ,  93.71; H ,  6.29%. T h e  1,3,6-trinitrobenzene contplex 
crystallized from methanol as deep orange needles, 1n.p. 179-18O0. Found: C ,  66.93; I-I, 4.13. Calc. for 
C,GI-I~~S,OG: C ,  66.52; H ,  4.08%. 

Attempts were made t o  improve the cyclization, using hydrogen fluoride, aluminum chloride and the  acid 
chloride, benzol.1 chloride, zinc chloride, and acetic acid - acetic anhydride, but  ~v i t hou t  marked success. 

Ultruuiolet Spertru 
T h e  ultraviolet spectra were obtained using a Beckmann Dl<-2 recording spectrophotometer, wi th  

ethanol as solvent. Shoulders are marked b y  an asterisk. Wavelengths are in ~ n p ;  intensities are recorded 
as log E. 

5,6-Di1~1etlz~~lbe~uo[c]pltenanthre?te 
379.5 (2.41);  3G1 (2.62); 330*; 317.2 (4.05) ; 305"; 298.9 (4.25); 285.8 (4.84); 27G.2 (4.72); 266.5"; 255*; 

245.8*; 221.0 (4.39) ; 225". 
6,6-Dirrrethylbe?~z[a]a?ttleracelte 
389 (2.52); 367"; 358 (3.18); 352"; 341.5 (3.32); 301*; 292.8 (4.47); 282 (4.42); 272 (4.23); 260 (4.17); 

237"; 229.5 (4.70); 22-1.5 (4.71). 
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S o n l e  of t h e  p re l i ln ina ry  exper i lner l ts  w i t h  benzo[c]fluorene were ca r r i ed  o u t  by D. F. 
A r n o l d  and R. C. Wi l son  at  E-Iull, where t h e  a u t h o r  ca r r i ed  out  most of the work .  
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STRUCTURES OF CYCLOHEXAPTONE-UREA CONDENSATION PRODUCTS' 

C. PODESVA, E. J. TARLTON, AND A. F. !\/IC~<AY 
L .  G. Ryalz Researcl~ Laboratories of ll!fo?zsanto Cafzada Livzited, Lasa!le, Qzie. 

Received fillarch 9. 1962 

A new series of urea derivatives was prepared by condensing cyclohexanonc with urea, 
thiourea, and their monosubstituted derivatives. 

A new series of urea derivatives was prepared by condensing urea, thiourea, and their 
monosubstituted derivatives with cyclohexanone in the presence of acid. 'The derivatives 
for~lled by the coildeilsatioil of 2 inole equivalents of cyclohexanone with the ureas and 
thioureas were forimed also by condensing 2-cyclohexylidene-cyclohexai~one with the * 

saille ureas and thioureas. Thc new compouncls prepared in this study are described in 
Table I. 

Two structures (I and 11) were coilsidered for the product fro111 the condensation of 

cyclohexailoile with urea. If one assumes the substituted N atom to be equivaleilt 
to carbon for calculating the ultraviolet A maxirna of these unsaturated structures 
then the calculated values for structures I and I1 are 239 inp and 326 mp respectively 
(I).  The observed A,,, of 238.5 n ~ p  given in Table I1 is in good agreement wit11 the cal- 
culated value for structure I. This structure was confirmed by an i1.m.r. spectrum of the 
compound. The vinylic protoil peak a t  4.G7 p.p.m. definitely excluded structure I1 
from consideration. A peak a t  7.99 p.p.m. is assigned to the four hydrogens of the 
methylene groups which are unshielded by the dieile system. The rest of the hydrogen 
atoms of the remaining inethyleile groups gave a peak a t  8.4 p.p.111.~ 

The infrared spectra listed in Table I11 show that all of the urea and thiourea derivatives 
possess this salne general structure 111. The bands between 3060 and 3080 cm-l are 

R = hydrogen, aryl, cyclohex-1-enyl, or allcyl 

assigned to  C-I-I stretching vibration of the -C=C-H group. The strong absorptioil 
band between 1673 and 1685 cm-' is tentatively assigned to the stretching vibrations 

'Contrib~rtiolz No. 56. 
?S,ixty-megacycle n.m.r. spectrum was ?izeaszrred with Varia?t n~odel  HR-60  higli-resolzltio?~ spectrometer. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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TABLE I 

Urea and thiourea derivatives 

- u 
R S RI1.p. ("C) Yield Formulae Calc. Found Calc. Foul~d Calc. Found w C 

Z 
I-Iydrogen 0 234235" 16.3" C ~ ~ H ~ O N ~ O  70. (35 71.10 (3.16 9.18 12.73 12.56 * t- 
Hydrogen S 274-276" (57.01 CI~I-II?ON?S GG.05 66.01 8.53 8.46 11.86 11.740 o 
Ethyl 0 1G41GGb 88.0' ClaI124N10 72.53 72.48 9.74 $1.76 11.28 11.56 7 
Ally1 0 154155" 85.51 CloIl,rN?O 73.80 73.97 9.29 9.2') 10.7G 11.05 C 
Pllenyl 0 233" 31.21 C I ~ H ? ~ N ~ O  76.99 7(j, 78 8.16 8.24 9.45 0.40 n * 

Phenyl S 105 (decomp.)~ 37.51 C19HxNPS 73.03 73.32 7.74 7.93 8.97 9.13" 
4-Chlorophenpl 0 241-343c 42.41 CIQII,~CIN?O 68.97 (j8 . 0 1  7.01 G.99 8.47 8.Gci 
4-Chlorophenyl S 211 (decamp.)" 62.01 (18.4~) CI~I-I,~CIX?S 65.78 (j5.76 6.68 6.G6 8.08 8.35f 

2 
w 

4-Hydroxyphenyl 0 268-269" 68 .31 CI,II?,NIO~ 73.05 73.08 7.74 7.71 8.97 8 .  96 5 
3,4-Dichlorobenzyl 0 243-244" 86.81 (73.3') C?06IzaCl?N20: 63.32 63.13 6.38 6.24 7.39 7.48" 
3,4-DichlorophenyI 0 228-229" 31.0" C I ~ H ~ ~ C I ~ N I ? O ?  62.47 62.75 6.07 6.25 7.67 7.92' 2 
a-Naphthyl 0 257a 37. 61 C~~I- I?~NI?O 7!1.73 79.65 7.5G 7.52 8.00 8.14 r 

-5 
"Crvstallized from ethanol. 
bFr6m aqueous ethanol. #- a 

Tram benzene-ethanol (1:l). n 
LO 

d ~ i r o n ~  butyl cellosolve. 
'Method B. 
/Method A. 
US calc 13.56%, found 13.29%. 
'1s calc: 10.2G%, ioul~d 9.96%. 
tC1 calc. 10.72%. found 10.80%. 
'CI calc. 10.22%, found 10.00%; S calc. 9.21%. iou~ld  8.93%. 
"1 calc. lS.GO%, found 19.01 %. 
'C1 calc. 19.41%, ioun<l 19.GO'/o. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



PODISSVA ET AL.: URE.1 DERIVATIVES 

Ultraviolet absorptionn 

R S Xmsr (111/1) 6 n z x  

Hydrogen 0 238.5 3,865 
Cyclohex-1-cnyl 0 33-3 (5,670 
Phenyl 0 24ib 5,850 

220 . -- End absorption 
I-lydrogen S 2 / 0  9,020 

356 9,580 
320 End absorption 

Phenyl S 3 0 3  10,280 
220 Encl absorption 

"The ultraviolet spectra were determined on ethaoolic solutions of the com- 
ponntls with a Beckman DK-1 recording spectrophotometer. 

h ~ h e s e  absorption bands were broad and unsymmetrical. The phenyl groups 
contribute to the general absorption in the region covered by tl~ese broad bands. 

of the -NI-I-C=C-C=CI-I or -NI-I-C=C- group. The CRR=CI-IR group gives 
an absorption band around 1670 cm-' (2). This absorptiorl is generally weal;. Coiljugatio~l 
in a dieile system shifts the absorption solne 30 an-' to a lower frequency but the intensity 
of the band is generally increased considerably. In aliphatic co~ljugatioll of C=C bonds 
splitting of the two double-bond absorption bands usually occurs (2). In inost of the 
compounds in Table I11 the band assigiled to the -C=O group appears as a strong, 
separate band ~vllile in 2-c~~clohex-1-enyl cyclohex-1-enyl-~~rea, 1-(cyclohex-1-eny1)-3- 
(2-cyclohex-1-enyl cyclohex-I-eny1)-urea, and 1-(4-11g~droxyphenyl)-3-(2-c~~clohex-l-eny1 
cyclol~ex-1-eny1)-urea the C=O absorption band has coalesced with the strong band 
tentatively assigned to the conjugated unsaturated group. 

During this study 1,2-dicyclohexylisourea was prepared. This compound gave a 
strong, broad infrared absorption band a t  lG30 cm-' which includes the C=N stretching 
and IS-1-1 bending modes. 

2 - C y ~ ~ 0 ~ 2 ~ . ~ y ~ i d e 1 2 ~ - ~ ~ ~ 1 0 ~ 1 ~ . ~ ~ 7 ~ 0 l t ~  
2-Cyclohexylidenc-cyclohesanone (b.p. 153-155" a t  20 mm) xvas prepared in 697; yield by the method of 

Gault et al. (3). 

S,/t-Dichlorobe~rsylzrrea 
3,4-Dichlorobenzylurea (m.p. 104-165") was prepared in 82% yield fro111 3,4-dichlorobenzylamine hydro- 

chloride and sod i~ l~n  cyanate by the general procedure described by Vogel (4). rlnal. Calc. for CsHsCI2NpO: 
C, 43.86; H, 3.68; C1, 32.37; N, 12.7970. Foilnd: C, 4 . 0 4 ;  I-I, 3.77; CI, 32.38; N, 12.55y0. 

Etlzylenedizrrea 
Ethylenediurea (m.p. 199" clccomp.) was prepared in 73% yield by a ~nodification of Volhard's (5) nlethod. 

Sodium cyanate was used in place of silver cyanate. 

Preparation of 2-Cyclohex-I-enyl cyrlo7ze.v-I-enyl Derivatives of Ureas atzd Tlzioureas 
The con~pounds described in Table I were prepared by either of the processes given in detail below for 

the ~ r e ~ a r a t i o n  of 1-(3,4-dichlorobenzyl)-3-(2-cyclohex-1-enyl cyclohex-1-enyl)-urea. 

31111 melting points were deternzi~zed o n  san~ples  sealed i n  evnczlated capillary tzrbes. T h i s  ierlztzique w a s  
essential i n  obtaining reprodzrcible 91zelting points. .l~irroatzalyses were determined by Micro-Teclz Laboratories, 
Skokie, Illinois. 
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TABLE 111 

llnlfrarcd absorptio~nl band (cm-1) assiglnllnl1cntsa 

-- 
w 
z 

Stretching motles > r 

R S N-~H Other bands 
0 
'il 

1-1 ydrogcn 
Allyl 
Cvclohes-1-envl 
I'flenyl 
4-Chlorophenyl 
3,4-Dicl~loroplienyl 
a-Naphthyl 
4-I-l ydrosypl~enyl 
3,4-Dichlorobcnzyl 
1-(2-Cyclolics-1-e11yl cyclolics- 

1-enyl)-ureidoctl~~~lenc 
Hydrogen 
4-Chlorophcnyl 

aAbsorptior~ spectra on hTujol mulls of the crystalline 

:3o(io (c=cM~, l(j20 (c=c) m z 
3070 (C-Cl-I), 1023 (C=C) t; 
3075 (C=CI-I), 1623 (C-C), 15515 (aryl) 4 

1623 (C-C). 15'33 iarvl) 5 
~, 

305:) (C=CI~ j; 15'34 iaryl) ' ' 3 
3080 (C=Cl-I), 1628 (C=C), 1502 (aryl) r 
3060 (C-C1-I), lGl0 (aryl) o 6 - 
3060 (C=CI-I) a m 

3060 (C=CM), 1553 (XI-I), 1366 (C=S) " 

1610 (aryl), 1366 (C--S) 
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PODESVI\ ET XL.: UREA DERIVATIVES 1407 

1Mel/tod A 
i-1 niisti~re of 3,4-dichlorobenzyl~~rea (10.25 g, 0.047 mole), cyclohexanone (49 g, 0.5 mole), and con- 

centrated hydrochloric acid (5 g, 0.05 mole) \vas refluxed for 30 minutes. Crystals separated from the 
solution during the refluxing period. These were separated and washed with ethanol, yield 15.4 g (86.8?6). 
The melting point (343-244") was not altered by further crystallization. 

111elhod B 
This procedure was the same as given in RiIethod A with the exception that  2-cyclohexylidene-cyclo- 

hexanone (17.8 g, 0.1 mole) was used instead of cyclohexanone. The yield of product (n1.p. 243-244") was 
13 g (73.370). 

I,2-Dicyrlohexylisoz~rea 
A solution of bromocyanogen (5.3 g, 0.05 mole) in ether (50 ml) was added dropwise over a period of 

35 minutes to a cold (-5 to 0') solution of freshly distilled cyclohesyla~nine (9.9 g, 0.1 mole) in ether (50 nil). 
After the mixture was stirred for an additional 30 minutes, the precipitate of cyclohesylamine hydrobromide 
was re~noved by filtratio~i and the filtrate a t  OD was treated with cyclohexanol (50 g, 0.5 mole). The solution 
was stirred for 90 minutes, after which dry MCI gas (5.7 g) was added. This solution was allowed to stand a t  
roo111 teluperature for 5 days a ~ i d  then the ether and excess cyclohexanol were removed i7t vacuo. The resid~re 
was suspended in water (20 ml) and the pH of the suspension was adjusted to 10 with sodium hydroxide 
solution. A crystalline suspension was obtained after the mixture had remained a t  roo111 temperature for 
4 days. The crystals (m.p. 78") were recovered by filtration, yield 1 1 . Q  (10070). Two crystallizations from 
petroleum ether (b.p. 65-110") (5 ml/g) raised the melting point to 96', yield 73.3Y0. Anal. Calc. for 
C13H?.iN?O: C, 69.60; I-I, 10.78; N, 12.49yG. Found: C, 69.80; H ,  10.76; N, 12.51%. 

1,I'-Bis-(2-cycloher-I-enyl cyclohcx-I-c7tyl)-elhj~lc~tcdiz~i.ca 
Etliylenediurea (14.G g, 0.1 mole), cyclohexanone (58.8 g, 0.6 mole), and concentrated hydrochloric acid 

(0.2 mole) were heated under refli~s for 75 minutes. Tlie crystals were re~noved from the cool solutioll b y  
filtration, yield 35.1%. These crystals clid not ~ n e l t  below 300" and they were very insoluble ill the common 
organic solvents. Anal. Calc. for CzvIH.I?NjO?: C, 72.05; H,  9.07; S, 12.00%. Found: C, 72.18; H, 9.06; 
N, 12.337;. 

I-(C~~cloAe.v-l-e~~yl)-5-I2-cyclohen.-l-eityl cyrlohex-1-e7tyl)-z~rea 
Urea (GO g, 1 mole), cyclohexanone (98 g, 1 nlole), and concentrated hydrochloric acid (100 g, 1 mole) 

were heated i~nder  reflus for 90 minutes. After cooling of the mixture to room temperature the organic 
layer was separated and the unreacted cyclohexanone, together with sonle water, was removed in i~ar710. 
The oily residue was diluted wit11 ethanol (25 1111) and the solution pourecl into water (400 ml). This mixture 
was neutralized with aqueous soclium hydroxide, after which the oil solidified. The product (n1.p. 180-200') 
was separated by filtration and washed with water, yield 08 g (98%). Two crystallizations from ethanol- 
benzene (1:l) raised the melting point to a constant value of 221-223". In some preparations a crystalline 
modification melting a t  238' was obtained. The infrared spectra of these tnro crystalline modifications 
were identical. Anal. Calc. for Cl9H?8N?O: C, 75.9G; H, 9.39; N, 0.33'jc. Found: C, 75.62; H, 9.40; N, 9.14%. 
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THE REACTION OF SULPI-IURYL CHLORIDE WITH REDUCING SUGARS 
PART I 

14. J. JENNINGS AND J. I<. N. JONES 
Deparl7iret1& of Clre?t~istry, Queen's U71iuersily, k'r~igston, O~ztario 

Iteceived February 13, 19G2 

ABSTRACT 
The reaction of sulphuryl chloride with D-glucose, with D - x Y ~ o ~ ~ ,  and with nlaltose is de- 

scribed. The products were fully substituted compounds containing both chlorodeosy and 
chloros~ilpl~ate groups. 1;ornlation of the methyl glycosides and subsecluent removal of the 
cl~lorosulpl~ate groups enabled structural investigations to  be carried out on the resultant 
cl~lorocleoxy methyl glycosides. 

Previous communications (1, 2) on the reaction of sulphuryl cllloride wit11 methy1 
glycosides have described the isolation of fully substituted glycosides containing chloro- 
deoxy and cyclic sulphate groups. I11 the case of ~nethyl a-D-glucopyi-anoside the 2,3-cyclic 
sulphate derivative was desulphated to yield substances characterizecl as methyl 4,G-di- 
chloro-4,G-dideosy-a-D-galactoside and 4,G-dichloro-4,G-dideoxy-D-galactose (2). Wlleil 
conditions similar to those described by Bragg et al. (I) were employed the reaction of 
sulphuryl chloride with reducing sugars produced coilsiderable degradatioil of the 
carboh\,drate, and a crystalline product, tentatively identified as a dichloro pyridine 
derivative, was isolated. Wlleil the reaction was carried out a t  a much lower temperature 
degradation of the sugar was reduced and good yields of carbollydrate derivatives were 
obtained. Changes in reaction conditions also produced a new range of carbohydrate 
derivatives \vhich coiltailled the chlorosulpl~ate group. 

DISCUSSION 

I11 view of the ~vorlc of Bragg et al. (1, 2) it was considered liliely that sulphuryl chloride 
would react with reducing sugars in pyridine solution to yield cyclic sulphate derivatives 
with the possible replace~nellt of the hl-droxyl group of C1 by a chloro group. Analysis of 
the crystalline clerivative fro111 maltose illdicated that such a reaction had in fact occurrecl 
but that the cyclic sulphate grouping was absent. Further examination of the crystalline 
derivative from maltose and of the syrupy products from D-glucose and D-xylose showed 
that chlorosulphate residues as well as cl~lorodeoxy groupings were present in the products. 
The infrared spectra of the compounds had two characteristic strong absorption fre- 
quencies, a t  1431-1435 cm-l and 1105-1200 cm-l, the values of which conlpared well 
with the frequencies of absorption of the 0-S02-C1 group reported by Robinson (3). 
The spectra also showed the absence of hydroxyl absorption. Tlle presence of the chloro- 
sulphate group was further substantiated by the reaction of the compouncls with aniline 
and pyridine (4) to give a characteristic red dye. This dye was previously reported by 
Iconig and Bayer (5) and was prepared by them from a wide range of inorganic acid 
chlorides. 

The reactions of sulphuryl chloride with D-glucose (experiments i ancl ii) gave syrupy 
products \vl~ich were probably mixtures of the a- and P-chlorodeoxy compounds (I). 
The formation of the methy1 glycosides and the si~nultalleous dechlorosulphation with 
nletha~lol alone produced, as the main product, inethyl 4,G-dichloro-4,G-dideoxy-a-D- 

Canadian Journal of Chemistry. Volume 40 (1962) 
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JEKWINGS AND JONES: SELPIIURYL CHLORIDE - SUGARS REACTIONS 1409 

galactopyranoside (11). The corresponding p-anomer (111) was obtained when methanol 
ancl silver oxide were employed. This was evident because both I1 and I11 gave on 
hydrolj-sis 4,6-dichloro-4,6-dideoxy-D-galactose (2) (IV). The reasoil for the isolation 
of both the ct and P methyl glycosides is not clear and could be attributed to either a 
prepoilderailce of the a- or P-1-chloro con~pound in the original product (I) due to different 
reaction conditions, or to the different methods used for the formation of the inethyl 
glj-cosides from I. If i t  is assuined that in all these reactions the chlorosulphate group is 
substituted and renloved without inversion, discouilting the less likely process of double 
inversion; then compound I was 4,6-dichloro-4,6-dideoxy-D-galactopyranosyl chloride 
2,3-dicl1lorosulpl1ate. 

CH, CI 

The reaction of sulphuryl chloride with D-~ylose gave a syrup (V) which was dechloro- 
sulphated with great difficulty using silver oxide and aqueous methanol. Analysis indicated 
the presence of one cl~lorodeoxy group in the dechlorosulphated methyl glycoside (VI) 
and periodate oxidation of VI gave results (1 mole/mole uptake) consistent with the 
presence of adjacent hydroxyl groups. I-Iydrolysis of VI yielded a monochloropentose 
(VII) \\-hich formed a phenylosazone which still contained chlorine. D-XyloSe may have 
reacted in the p>;ranose or furanose form and the cl~lorodeoxy group could be assigned 
to positions C4 or Cg depeilding whether V was a pyranose or furanose derivation. 
Periodate oxidation of the i~1onochloropentito1 (VIII) (produced by reduction of VII) 
liberated 0.9 inole of formic acid and proved that the cl~lorodeoxy group was on position 
C4 of the molecule, thus establishiilg that the original sugar had reacted in the pyranose 
form. The high positive rotation of VI (+23'i0) suggested that illversion of configuration 
had taken place a t  C4, forming an L-arabinose derivative, and this was supported by the 
fact that VI remained unchanged when treated with sodiuill hydroxide solution. If 
inversion had not occurred the con~pound would have remained in the D-xylose con- 
figuration, and it is known that under alkaline conditions chlorine is eliminated from 
methyl 4-chloro-4-deoxy-a-L-xyloside to give the 3,4-anhydro compound (2). Compound 
VI was found to have a specific rotation similar to that of methyl p-L-arabinopyranoside 
(+ 245.5") (6) and therefore it was characterized as methyl 4-cl1loro-4-deoxy-~-~-arabino- 
pyranoside. On this evidence V was probably 4-chloro-4-deoxy-L-arabinopyranosyl 
chloride 2,3-dicl~lorosulphate. 
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The reaction of sulpl~uryl chloride with maltose gave a crystallille product (IX) 
(C12H14016C18S4). Forlnation of the lnethyl glycoside and decl~lorosulpl~atio~~ ~lsing 
sodium iodide gave two crystalline products, one of which was shown by analysis to be 
a trichlorotrideoxy methyl glycoside (X). Sodiunl iodide was elnployed because of the 
difficulty encountered in dechlorosulpliating this product by the previous methods. 
Hydrolysis of X produced a syrup from which two main products were separated and 
identified as chlorodeoxy hexoses (I11 and XI) .  The crystalline diclilorodideosj~ liexose 
(111) was characterized as 4,6-dichloro-4,G-dideoxy-D-galactopyraiose (2). The other 
chlorohexose (XI) ,  which could not be obtained crystalline, was identified as 6-chloro-6- 
deoxy-D-glucopyranose on the following evidence. I t  was found to have a specific rotation 
similar to that of the equilibrium value obtained for crystalline 6-cliloro-6-deoxy-D- 
glucopj~ranose (7) and gave a plienylosazone (XII) identical witli the phenylosazone of 
6-cliloro-6-deoxy-D-glucopyranose obtained by a synthetic route (8). Tlie phenylosazone 
(XII) was oxidized with periodate by tlie method of I-Ioug11, Powell, and Woods (9) and 
initially consumed 1.93 inoles of periodate, releasing O.G4 mole of formic acid and no 
formaldehyde, with an immediate precipitation of the 1,2-bisphenyll~ydrazone of mesoxal- 
dehyde (XIII).  Tlle low yield of formic acid agreed with the findings of I-Iough, Powell, 
and Woods, who obtained similar results from the periodate oxidation of phenylosazones 
(9), but the gradual loss of forlnic acid with time callnot be satisfactorily explained. Tlie 
initial results, however, are consistent witli the presence of a chlorodeoxy group on 
position CG of the molecule. Accordingly compound X was characterizecl as lnethyl 
4-0-a-4',G'-dicl~loro-4',6'-dideoxy-~-galactopyranosyl6-chloro-G-deoxy-~-glucop~~ra~1oside, 
and the fully substituted compound (IX) fro111 which it  was obtaiiled would be 4-0-a-4',6'- 
dichloro-4', 6'-dideoxy -D-galactopyranosyl -6-chloro-G-deoxy-D-glucopyranosyl chloride 
2,3,2',3'-tetracl~lorosulphate. 

The other crystalline compound obtained fro111 I X  gave, on hydrolysis, products 
similar in properties to those observed when X was hydrolyzed. Failure to obtain a 
sharp melting point aiid a consiste~lt analysis of the crystalline product from I X  indicates 
that it is probably a mixture containing tlie a-  and /?-anomers of compound X .  

EXPERIMENTAI, 

Melting points were determined on a Icoller hot stage and were uncorrected. Optical rotations were 
measured a t  21fi3" C. Solutions were concentrated under reduced pressure below 50" C. Paper chroma- 
tography was carried out by the descending method on Whatman No. 1 filter paper using the following 
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JENNINGS AWD JOKES: SULPpIURYL CHLORIDE-SUGARS REXCTIONS 

solvent systems (v/v):  (a )  ethyl acetate, acetic acid, formic acid,-water (18:3:1:4) and (b)'butan-1-01, 
ethanol, water (3:l : l) .  Sugars were located on chromatograms by p-anisidine hydrochloride (10) or all~aline 
silver nitrate (11) sprays and the rates of ~ l ~ o v e ~ i ~ c n t  are quoted relative to  that  of D-xyloSe (R,). Sugars 
containing the chlorosulphate group mere located specifically with a spray made of a butan-1-01 solution 
of aniline and pyridine (4). Infrared absorptions were measured as  solutions in chloroform or as  a powder 
suspended in a potassium bromide pellet on a PerGitl-Elmer Model 21 spectrophotometer. A11 solutions 
were deionized by passage through Amberlite IR120 (H form) and Duolite A4 (OH form) unless otherwise 
stated. 

Getzeial Method 
The reducing sugar (10 g), previously dried over phosphoric oxide, was partially dissolved in d ry  pyridine 

(40 mi). Chlorofornl (100 ml), dried over anhydrous sodi~lln sulphate, was added to the pvridine solution. 
A - 

and of some of 'the reducing sugar occurred. The hkterogeneous I-eaction mixture was cooled 
in a solid carbon dioxide -acetone bath, and an excess of redistilled sulphuryl chloride was added drop 
by drop over a period of half an hour with vigorous stirring (21 ml of sulphuryl chloride for a pentose and 
26 ml for a hexose or disaccharide). Cooling mas continued for a further 2 hours and the reaction mixture 
was then allowed to come to  room temperature. During this rise in temperature the viscosity of the solution 
decreased rapidly and a white precipitate, possibly of pyridine salts, was formed. The  precipitate was 
filtered from the chloroform solution, and the chloroform solution was mashed successively with 10yO 
sulphuric acid, s a t ~ ~ r a t e d  sodium bicarbonate solutiol1, and distilled water. The final chloroform solution 
was dried over anhydrous s o d i ~ ~ ~ n  sulphate, filtered, and the filtrate mas concentrated to  a syrup which 
crystallized on standing, in the case of maltose. 

~-Glz~cose (i) 
The general method was applied and the reaction mixture was allowed to  stand for 24 hours a t  room 

temperature. D-Glucose gave a pale yellow syrup (8.8 g) which could not be obtained crystalline. I t  had 
[ a ] ~  +6Go (6, 2.8 in chloroform) and paper chromatography in solvent ( a )  gave one spot t ha t  moved with 
the solvent front (aniline/pyridine spray). 

Methyl ~,6-Dichloro-~,6-deo?iy-a-n-galacto9ylaoxide 
The above syrup (8.2 g) was refluxed in anhydrous methanol (200 1111) solution for 12 hours. The  methanolic 

solution was passed through Duolite -44 (OH form) ion exchange resin and concentrated to  a pale yellow 
syrup (4.5 g) which crystallized on standing. The  crude crystals were dissolved in water, the solution was 
continuo~~sly extracted with chloroform, and the chloroform solution on concentration gave a crystalline 
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mass. Recrystallization from chloroform - light pet role~~nl  (b.p. 40-60' C) gave long colorless needles 
(2.5 g) of m.p. 157" C and [O]D + l i g O  (c, 2.1 in water). The nlixed melting point nrith an  authentic sample 
of methyl -1,6-clichloro-4,G-dideoxy-a-D-galactopyranosd (1, 2) was 157" C. The crystals gave an infrared 
spectrum identical with that of the authentic specimen of the galactosicle derivative. 

D-Glz~zose (ii) 
The same methocl was applied as in thc previous case (i) except that the reaction product \\!as isolated 

immediately after the reaction mixture had attained room temperature. D-Glucose gave a pale yellow syrup 
(8 g) which coulcl not be obtained crystalline and paper chronlatography in solvent (a) gave one spot that 
nloved with the solvent front (aniline/pyridine spray). 

JIetl~yl 4,6-Dicl~loro-4,6-dideoxy-P-~-galactopyra1zo~ide 
The above syrup (6 g) mas dissolved in anhydrous methanol (150 ml) and the solution was shaken in a n  

aluminunl foil covered Ilasl< with silver oxide (10 g),  'drierite' (5 g), and glass beads for 24 hours. Distilled 
water (10 1111) was then added to the reaction mixture, which was shaken for a further 24 hours. The hetero- 
geneous 111isture was filtered and the filtrate was deionized and concentrated to a syrup (2.5 g) which crystal- 
lized immediately. Two recrystallizations from chloroforn~ - light petroleum (b.p. 40-60" C) gave colorless 
needles (0.5 g) of 1n.p. 154" C and [ a ! ~  -8" (c, 0.8 in water). Analysis: Calc. C.IH~?CI?O~:  C, 36.4'h; H, 
5.27,; CI, 30.7%. ITound: C, 36.3Y0; 1-1, 5.5%; CI, 30.4%. 

The crystals \\rere hydrolyzed with iV sulphuric acid and the solution was neutralized with barium carbo- 
nate, filtered, and thc filtrate mas deionized to give a syrup which crystallized on standing. Recrystallization 
fro111 methanol gave colorless crystals of m.p. 154' C (decomp.), [a]n +130° (30 minutes) -+ + O i O  (equili- 
brium, 24 hours) (c, 0.98 in methanol), and mixed melting point with authentic 4,G-clichloro-4,G-c1ideos)r-D- 
galactose (2) 184" C (decomp.). 

n-Xylose 
The reaction mas carried out by the general method and the reaction p r o d ~ ~ c t  mas isolated after the 

reaction mixture had been allonred to  stand a t  room temperature for 4 hours. D-XyloSe gave a yellow syrup 
(9.5 g) which had [O]D -41" (c, 5.8 in chlorofornl) and did not crystallize. Paper chromatography in solvent 
(a) gave one spot t ha t  moved with the solvent front (aniline/pyridine spray). 

JIethyl 4- Cltloro-4-deoxy-~-~-arabi~ropyra?~oside 
,The above syrup (5.5 g) was treated in the same way as  the syrup from D-glucose (ii). Dechlorosulphation 

of the syrup using silver oxide, methanol, and distilled water was found to be incomplete even after 96 hours. 
Therefore, the sulphur-containing syrup (3.75 g) was dissolved in chloroforin and the chlorofornl solution 
\\ras evtracted with distilled water. The  distilled-water fraction was conccntrated to a syrup (0.75 g) which 
partially crystallized and which was found to be free of sulphur. The semicrystalline mass was thcn dissolved 
in water and continuously extracted with ether. The ether extract on concentration produced a crystalline 
procluct (0.7 g). Recrystallization from ethyl acetate gavc needle-shaped crystals of m.p. 152" C and [ale 
+",3i0 ( r ,  0.96 in methanol). Analysis: Calc. CGHIICIOI: C, 39.4%; H ,  6.0%; CI, 19.5%. Fo~und: C, 39.4%; 
15, 6.37;; CI, 19.170. 

4- Chloro-4-deo.t.y-~-c~rabi?tose 
The above crystals (0.3G g) mere refluxed in N sulphuric acid solutiol~ (50 ml) for 10 hours. The  solution 

was ncutrali~ed with barium carbonate, filtered, and the filtrate mas deionizcd and conccntratcd to a syrup 
(0.33 g) which crystallized on standing. Recrystallization fro111 ethanol gave colorless crystals of m.p. 
150" C and +l55' (10 minutes) + +119" (equilibrium, 36 hours) (c, 0.4 in water). Analysis: Calc. 
C5HsC1O4: C, 35.6%; H,  i51.47~; CI, 21.0%. Found: C, 35.67,; PI, 5.65;; Cl, 20.4%. 

'The phenylosazone of the above conlpound mas inade and purified by three successive precipitations 
from methanol solution using distilled water to give fine ycllo~v crystals of m.p. 123" C (decom~.).  Analysis: 
Calc. C17H19CIS402: Cl, 10.3%; N, 16.2%. Found: CI, 10.0%; N, 15.8%. 

4- C/~loro-$-deoxy-~-arabi101 
The crystalline monochloropentose (0.15 g) was dissolved in distilled water (50 ml) and a n  excess of 

sodium borohydride (0.15 g) was added. When the solution bccame non-reducing acetone was added to  
deco~npose the excess sodium borohydride. The solution \vas deionizecl and concentrated to a syrup which 
was codistilled (X10) with methanol. The resultant colorless syrup (0.14 g) did not crystallize and had 
[elD +loo (c, 0.9 in water). The syrup contained chlorine and gave one spot with allialine silver nitrate (11) 
a t  R, 1.0 on paper chroinatograms when developed in solvents (a) and (b). 

Periodate Oxidations 
The oxidations mere carried out in the dark a t  25O C, using a small sample (20 mg) of the compounds in 

distilled water (25 1111) containing 0.3 ibf sodium metaperiodate (1 ml). Aliquots (1 1111) were removed a t  
intervals and the consumption of periodate (12) and the production of formic acid (13) were measured. 
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0.xidation of .iIetI~yl 4-Chloro-4-deosy -~-~-arab i?zo~~y~a~tos ide  
The moles of periodate consumed were as follo\vs: 0.37 (3.25 hours); 0.37 (5 hours); 1.01 (23 hours); 

1.13 (68 hours). S o  formic acid ~ v a s  produced. 

Oxidatiot~ of 4-Cl~loro-4-deoxy-L-arabitol 
The moles of periodate consumed and moles of formic acid produced were respectively as  follows: 2.04, 

0.89 (0.5 hour); 2.08, 0.9 (9.5 hours). 

Reaction of -1Iethyl 4-Cl~loi.o-4-deory-P-~-a~abinopyranoside wit11 ~ O ~ ~ L L I J Z  FIydroxide 
The crystals (18 mg) were dissolved in 0.1 IV sodium hydroxide solution (2 1111) and the solution mas 

left to stand for S hours. Titration of the solution with 0.1 iV sulphuric acid, using phenolphthalein as the 
indicator, indicated that  only a negligible quantity of the sodium hydroxide solution had been spent in the 
reaction (0.02 1111). The solution was deionized and concentrated to  a crystalline Inass (18 mg) which was 
recrystallized froin ethyl acetate to give a product with m.p. 151" C and mixed melting point with the 
starting material 150-151" C. 

Idaltose 
The general method mas applied except that the reaction product was isolated immediately after the 

reaction mixture had attained room temperature. Maltose gave a pale yellow syrup (11.6 g) which crystallized 
on standing, Recrystallization was carried out by cooling a saturated solution of the crude crystalline 
procluct in chloroform in an  acetone - solid carbon dioxide bath. The crystals (6.8 g) \\,ere isolated by 
liltration and I\-nshed with chloroforn~ -light petroleum (b.p. 40-60" C) (1:1, v/v). The crystals had 111.p. 
'203" (decomp.) and [O]D +1-43" (c, 1.28 in chloroform). Analysis: Calc. CI?I1~4C18o1jS~: C, 18.2%; 11, 1.8yA; 
Cl, :35.8(5,; S, lG.lc?,. Found: C, 18.0%; H, 2.0%; CI, 335.4%; S, 15.7%. Paper chromatography in solvent 
(a) gave one spot that moved with the solvent front (aniline/pyridine spray). 

il%tltyl .~-O-ol-~',6'-dicl~loro-~',5'-dideoxy-~-ga~n~topyrat~osyl 6-c l~ loro-6-deo .~y-~-~ l~~copyranos ide  
'l'he above crystals (10 g) were clissolved in anhydrous methanol and reflused for S hours to form the 

methyl glycoside. Sodiurn iodide (10 g) was added to the solutio~l and a n  immediate evolution of iodine and 
sulphur diosicle was noticed. 'The reaction ~nis ture  was left to stand for 8 hours. lodine was renloved fro111 
the solution by passing hydrogen sulphide through it and the excess hydrogen sulphide mas removed by 
aeration. The solution was neutralized with barium carbonate and filtered. Silver nitrate was added to  
remove the iodides from solution and after filtration of the silver iodide, potassium chloride was added to 
the soli~tio~l to remove the excess silver nitrate. Finally the silver chloride was filtered from the solution 
ancl the solution was concentrated to a sernicrystalline mass, which was extracted with cold acetone (X3) .  
Evaporation of the acetone solution gave a colorless syrup (5 g). The syrup mas dissolved in water and 
extracted cont i r~~~ously  with chlorofor~n for 4 hours and then for a further 4 hours, giving two fractions, 
A and B. 

Frn:tion A 
Conce~~tration of the chlorofor~n solution gave a colorless syrup (2 g) which did not crystallize. Crystal- 

lization occurrecl froin ethyl acetate - chloroform and recrystallization from n-propanol gave colorless 
needles (0.25 g) of m.p. 184-186" C and [O]D +17-4" (6, 0.58 in methanol). klnalysis: Calc. for the mono- 
hyclrate ClaI-I!iOsCla: C, 36.2%; I-I, 5.6y0; C1, 24.7%. Found: C, 36.0%; I-I, 5.0%; CI, 24.67;. The  sainple 
above was dried to constant weight a t  60' C in  vacz~o over phosphoric oxide. Analysis: Calc. for C13H?208C1B: 
C, :3T.S(;i;: 11, 5.3%; Cl, 25.8%. Found: C, 37.8%; H, 5.1%; CI, 26.1%. 

6-Cliloro-5-deo.vy-~-g~1~cose and ~,6-Dicltloro-/t,6-did~oxy-~-~nL~~close 
'I'ha crystals of the monohydrate above (0.25 g) were dissolved in ~Vsulphuric acid (50 ~ n l )  and the solution 

\\.as rcllu\ed for 16 hours. The reaction mixture was ~leutralized and deionized as described for previous 
hydrolyzates. Corlcentratiorl of the resultant solution gave a syrup (0.2 g) which was shown by paper 
chromatography in solvents (a) and (b) to  contain t\vo major r ed~~c ing  components a t  R, 1.7 and R, 2.5. 
A minor reducing co~nponent a t  Rs0.G3 cochrornatographed with D-glucose in solvents (a) and (b). The syrup 
\vas fractionated on Whatman 3L1li\l paper using solvent (b). End strips of the chromatogram were sprayed 
with al1:aline silver nitrate and the  areas of paper corresponding to  the t u ~ o  con~ponents a t  R, 1.7 and R, 2.5 
were eluted with water to  give solutions of the two components. 

Co,npo~teitt at R, 2.5 
The solution was filtered and concentrated to  give a crystalline mass (120 ~ n g )  which was recrystallized 

from ethanol. The crystals had 1n.p. 183-184" C (decomp.) and mixed melting point with an  authentic 
sample of 4,G-dichloro-4,6-dideoxy-D-galactose (2) 184" C (decomp.). The crystals also cochro~natographed 
with the authentic specirnen in solvents (a) and (b). 

Cornpone)tt at R, 1.7 
The solution was filtered and concentrated to  give a syrup (100 ~ n g )  which could not be obtained crystalline. 

I t  harl [DID +34" ( c ,  0.98 in water), and formed a phenylosazone which was recrystallized from methanol- 
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water to  give yellow needles of m.p. 167-168" C (decomp.). Analysis: Calc. C I ~ H ~ ~ C I N ~ O ~ :  C, 57.2%; H ,  
5.6%; CI, 9.4%; N, 14.9%. Found: C, 57.67;; H, 5.7%; CI, 9.17;; N, 15.0%. 

Prepa~alion of 6-Chloro-6-deoxy-~-g~z~cose 
This was carried out esse~itially by the method of \Viggins and Wood (8). 6-0-Tosyl n~ethyl  a-D-glucoside 

(0.5 g) was heated witli anhydrous lithium chloride (0.25 g), absolute methanol (10 nil), ancl anhydrous 
acetone (10 ml) a t  150' C in a sealed tube for 60 hours. The solution was concentrated to  a syrup which 
was dissolved in water, deionized, and reconcentrated to a syrup (0.35 g) which did not crystallize and gave 
110 spots on paper chromatograms developed in solvents (a) and (b). The syrup was refluxed with Nsulphuric 
acid for 8 hours, and the solution was neutralized and deionized as in previous hydrolyses. The solution was 
concentrated to  a syrup which was shown to consist of one ~ilajor reducing component (R, 1.0) ancl two 
minor reducing components (R, 0.65 ancl R, 1.35) by paper chromatography in solvents (a) and (b). The 
syrup was fractionated on What~llan 3MM paper in solvent (b) and the component a t  R, 1.9 was isolated 
by the  neth hod used in the previous fractionation by chromatography on 3MM paper. Concentration of 
the aqueous solution gave a syrup (0.17 g) which could not be obtained crystalline. The syrup gave a phenyl- 
osazone of n1.p. 165' C (deco~mp.) and had a mixed melting point with the phenylosazone from above of 
166-167" C (decomp.). The two phenylosazones also gave identical infrared spectrums. 

Periodale 0-~idal io~t  of 6-Chloro-6-deoxy-~-g~2~cose Phe?tylosazone 
The crystalline phenylosazone (above) (14.7 mg) was oxidized witli sodium metaperiodate in 50%, aqueous 

ethanol by the method of Hough, Powell, and Woods (9). A yellow-orange precipitate was filtered from the  
solution after 30 ~ninutes and the ~noles of periodate consumed and the formic acid produced were respec- 
tively as follows: 1.93, 0.64 (0.66 hour); 2.06, 0.62 (2.66 hours); 2.09, 0.17 (29.5 hours). S o  formaldehyde 
\\-as produced. 

I,$-Bisplreityllzydi.cczo~ze of il&esoxaldelzyde (9) 
The yellow-orange precipitate was recrystallized from 50% aqueous ethanol aud galre crystals of m.p. 

189" C. An authentic specimen had 111.p. 193-194' C and the mixed nlelting point was 1S7-189° C. The 
infrared spectra of the authentic and derived specimens were identical over the range 4000-600 cm-1. 

Fractio?t B 
The chloroform solution gave on concentration a syrup (2 g) which crystallized 011 the addition of hot 

chloroform. Iiccrystallization from chloroform -ethyl acctate gave non-reducing colorless crystals (1 g) of 
m.p. 98-102' C ancl [a]= 4-76' ( c ,  1.0 in nietha~iol). A consistent analysis co~ilcl not be obtai~lccl for this 
compound even after repcatcd recrystallizations; therefore it was considered to be a mixture. 

6-Cl~loi.o-6-deoxy-~-g~2~(:ose u?zd ~,6-Dich~oi~o-~,6-d~ideoxy-~-ga~a~lose 
The crystals from fraction B gave results sirnilar to those observed when thc crystalliiie prodrict fro111 

fraction A was hydrolyzccl ~lnder  the same conclitions. Paper chromatography produced reducing spots of 
the same intensities with similar I?, values a t  R, 0.63, R, 1.7, ancl R, 2.5. Thc hydrolysis product was frac- 
tionated as described for the crystalline product from fraction A and both 6-chloro-6-deoxjr-D-gaiactose 
ancl -I,6-dicliloro-4,6-dideoxy-~-gI1i~ose were isolated and characterized. 
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CONSTITUTIONS OF POLYSACCHARIDES FROM SERRATIA MARCESCENSL 

H. C. SRIV~ISTXVX? AND G. A. ADAMS 
Dzui.sioz of Appl i ed  Biology, iV (~ t io?~a l  Research C O I I I I C Z ~ ,  Otta?oa, Canada 

Rcceived March 1, 1962 

ABSTRACT 

Co~lstitutionnl s t ~ ~ d i e s  of threc polysaccharides prepared from Serratia rItarcescelts cells by 
a sequence of phenol extraction, ultracentrifugation, and fractionation by Cctavloli are 
described. i\iIcthylation of thc polysaccharides followed by acid hydrolysis yieldcd 2,3,4,6- 
tetra-0-methyl-~-ficose, 2,4,6-tri-o-rnethyl-D-&cose, 2,4,6-tri-0-nlethyl-D-mannosc, 4,6-di- 
O-ll~ethyl-~-glucose, 2,6-di-0-methyl-D-glucose, and an unidentified di-0-methyl-glucose. The 
acidic components found were: 2,3,4-tri-O-metIiyl-~-n1at111ur011ic acid, 3-0-(2,3,4-tri-0-111etI1yl- 
~ - m a n n ~ 1 r o ~ 1 o s y ~ ) - 2 , 4 , 6 - t r i - 0 - ~ ~ 1 c o s e ,  and 0-2,3,4-tri-0-111ethyl-~-111a1111~1r011osy~-(l + 
3) -0 -2 ,4 ,G- t r i -O-me thy~-~-~cosy~- ( l  7- 3 ) - ~ , 4 , ~ - t r i - O - m c t h y l - ~ - ~ c o s e .  The polysaccharides 
are composed of a main chain of D - ~ ~ U C O S ~  artd D-mallnose residues joined by l,3-glycosidic 
bonds. Somc glucose rcsidues carry branchcs a t  C? and C4 which terlninate in either D-glLIcose 
or D-lndnllur~IIi~ acid rcsidues. The three polysaccharidcs studied had similar chemical 
structures but varied in the amounts of component sugars and degree of branching. 

Because of the tumor-necrotizing properties of the polysaccl~arides of Serratia marcescens 
(Bacillus #rodig,ioszts), illuch work has been carried out during the last two decades on 
isolation from their culture filtrates as well as froill the cells, on analysis, and on biological 
properties (1-8). However, only one atteillpt has beell made to investigate the cl~emical 
structure of the carbohydrate polymer. Thus, Rathgeb and Sylven (9) carried out 
structural studies on a glucan isolated by fractionatioil of Shear's polysaccharide (1) 
with trichloroacetic acid and ethanol followed by treatment with hot picric acid (7). On 
the basis of methylation ailcl periodate oxidation, data suggested that the polysaccharide 
was coillposed of glucose residues co~llbiiled lllutually by alternating 1,4- and 1,G-glycosidic 
bonds. However, a weakness in this work is that identification of the methylated sugar 
fragments was based solely ~ipon paper cl~romatograpl~ic analysis. I t  is now 1;nown 
that methyl ethers of different sugars having the same degree of methylation can have 
the same R, value in a particular solvent. I t  is rather speculative to assign any structural 
significance to the periodate-oxidatio~~ data unless sorlle reasonable idea about the inter- 
sugar linkages in the polysaccl~aride is available. The present communication describes 
constitutioi~al studies on polysaccharides (or lipopolysaccl~arides) isolated from the cells 
of S. rnarcescefzs by phenol-water extractioil followed by fractionation of the poly- 
saccharide mixture by (i) high-speed centrifugation and (ii) by colllplex formation with 
c e t ~ ~ l t r i m e t l ~ y l a ~ ~ ~ i ~ ~ o i ~ i u m  bromide (Cetavlon) (10). Figure 1 shows an abbreviated scheme 
of the preparative procedures for polysaccl~arides used in the present study (for details 
see ref. 10). 

Graded hydrolysis of a main polysaccharide fraction (GNR) with N sulpl~uric acid 
produced three uroilic acid components (A, B, and C), which were separated from neutral 
sugars b3, ion-exchange resins and from each other by chromatograpl~y on thicli filter 
paper sheets. Component A was identified as D-mani~~ironolactoi~e. Compone~it B had an 
equivalellt weight of 356 and proved to be an aldobiourollic acid. I t  turiled dark rapidly, 
thus precluding optical rotation meas~irements. The aldobiouronic acid was converted to 
its methyl ester metl~ylglycoside and the latter ~ 7 a s  reduced with lithium aluminum 

lIsszled as N.R.C.  No .  6865. 
2Nnt ior~al  Researcl~ Co l~?rc~ l  Postdoctorate Fello?u 1957-1959. I'reserzt address: illtnzedabad Text i le  Indz~s t ry ' s  

Researclz rlssociation, Ahlitedabad-9, I?tdia. 
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Bacterial cells (Serratia nzarcescens) 
I 1 45% phenol 

I I 
Aq~leous layer Phc~lol layer 

I 
Cell debris 

I 
I 

Polysaccharide 

1 ~ ~ l t r a c r i ~ t r i i ~ ~ q r c I  
I 

Supernatant polysaccharide 
I 

Sedimcnted polysaccharidc 

I 
I 

Soln. 
I 

P t. (fractions 1 to 6) P 
redissolved in M NaCI, 
d i l ~ ~ t e d  to 0.25 M NaCl 

Po~~sadchar ide  
fractions 3a to Gn 

I 

Polysadcharide 
fractions 3 1 R  to 6NR 

FIG. 1. Prcparatioll of polysaccharidcs. Fractions 3R, 4R, and 5R \\ere coliibincd for meth>.lation 
s t ~ ~ d y ;  fraction 6 S R  was studied by mctli ylation methods. 

hydride to produce the niethyl glycoside of a neutral disaccliaride. Hydrolysis of the 
glycoside with acid produced D-glucoSe and D-mannose in equal proportions. The sugars 
were characterized as their p-nitroanilides. Similar experiments with component C revealecl 
that it ~ v a s  an aldotriouronic acicl in which a niannuronic acid residue was combined with 
two glucose units. 

Fractions GNR and combinecl fractions 313, 4R, and SR (see Fig. 1) were luethg.lated 
separately with dimetliyl sulpliate and alltali and the inethylation was completed by 
methyl iodide and silver osicle. The methylated polysaccl~arides were fractionatecl and 
the fractions having the highest methoxyl values were examined. 

Metl~anolysis of GSR methylated polysaccharide procluced a mixture of methylated 
glycosides, a portion of which was separated by gas-liquid chromatography (11, 12) into 
three components. One of them crystallized and was shown to be met11j.l "4,G-tri-O- 
methyl-/3-D-glucoside, m.p. 68-69' (13). 

The methyl glycosides were hydrolyzed with acid to give a mixture of methylated 
sugars and methylated uronic acicls. The uronic acids were converted to their bari~un 
salts and separated from the methyl glycosides by selective solvent extraction. The 
mixture of neutral inetliylated sugars was resolved by cellulose-column chrolliatography 
and the components were weighed and then identified as follows: (i) 2,,3,4,ti-tetra-0- 
methyl-D-glucose, characterized as N-phenyl 2,3,4,G-tetra-O-methyl-~-glucos~.lamii1e, 
111.p. 134-135', [ f f ] D  +240° in chloroform (14) ; (ii) 2,4,8-tri-0-iileti~yl-D-glucose, 111.p. and 
mixed 111.p. 123-125' ( l s ) ,  identified as anilide, m.p. 162-165" (16); (iii) 2,4,6-tri-0- 
meth~~1-~-rnaiinose, 111.p. 63-65', [ f f ] D  +17.G0 in water (17); the identity of the compound 
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was confirmed by ionophoresis and by its characteristic crystalli~le aniline derivative, 
n1.p. and mixed 1n.p. 13Z0, [a], +7.8O in methanol (18), (iv) 4,G-di-0-methyl-D-glucose, 
m.p. and mixed m.p. 157-15g0, [aID +62O in water (15); (v) 2,G-di-0-methyl-~-glucose, 
[a], +58" (19); and (vi) 2,s- or 2,4-di-0-methyl-~-gl~icose; the laclt of sufficient material 
prevented co~nplete identification of this component. The identification of 2,G-di-O- 
m e t l l y l - D - g l ~ ~ ~ ~ e ,  which was obtained as a sirup, is based upon the follo\ving evidence. 
Demethylation gave glucose and its mobility on paper chrornatogram and paper electro- 
phoretogram was the salne as that of an authentic specimen of 2,6-di-0-methyl-~- 
glucose. I t  gave a negative color reaction with alkaline tripl~enyltetrazolium chloride 
(20, 21), indicating that Cz-hydroxyl of the sugar was substituted. The sugar was there- 
fore 2,3-, 2,4-, or 2,6-di-0-meth)7l-~-glucose. Periodate oxidation of the sugar on paper 
follou7ed by benzidine spray (22) showed that oxidation had talten place. Since, of the 
three possibilities, only 2,G-di-0-methyl-glucose is oxidizable, its identity is established. 

Three methyl ether derivatives of acidic components were isolated from the hj-drolyzate 
of the methylated polysaccharide. They were shown to be 2 , 3 , 4 - t r i - O - m e t h ~ ~ l - ~ - m -  
nuronic acid (I),  3-0-(2,3,4-tri-0-methyl-~-mannuroiosy) -~,~,6-tri-0-rnetl1yl-D-glucose 
(II) ,  and 0-2,3,4-tri-0-1nethyl-~-inann~1ronosyl-(l + 3)-O-2,4,G-tri-O-meth!;l-~-glucosyl- 
(1 + 3)-2,4,G-tri-0-methyl-~-glucose (111) on the basis of the following experilnental 
evidence. The componeilts I ,  11, and I11 were each transformed illto their methj.1 ester 
methyl glycoside derivatives, which were reduced with lithium aluminum hydride and 
hydrolyzed. Co~nponent I gave only 2,3,4-tri-0-methyl-D-mannose, [a],, f lo in water 
(23), which was identified by paper and gas chronlatography and by preparation of the 
crystalli~le derivative 2,3,4-tri-0-methyl-D-mannonophe&dazide, m.p. l G G O  (24), via 
~,3,~-tri-0-1llethyl-~-1na1lno11o-6-1actone. Component 11 afforded a mixture of 2,3,4-tri- 
0 -methyl -D - mannose and 2,-2,G - tri-0- metl~yl - D -glucose (in approximatelj. equal pro- 
portions), the methylated sugars being identified by the methods described earlier. 
Component 111 also yielded 2,3,4-tri-0-methj~l-~-mannose and 2,4,G-tri-O-methg-D- 
glucose but the proportion of the two sugars in this case was approximately 1 :?. 

Two methylated polysaccharides (So,SI) which were isolated by fractionation of the 
methylated conlbined polysaccl~arides 3R, 4R, and 5R (Fig. 1) were also analyzed in the 
manner described ior nlethylated GNR polysaccharide. Both methylated fractions gave 
upon hydrolysis 2,3,4,G-tetra-O-nietli]7l-~-glucose, 2,4,Ci-tri-0-methyl-D-glucose, 2,4,G-tri- 
0-methyl-D-manilose, and di-0-methyl sugars, besides the methylated aldobiouronic acid 
3-0-(~,~,4-tri-0-1llethyl-~-111a1111~1ro11o~~~1)-~,~,G-tri--111eti-~-gucose. There ~ v a s  also 
evidence for the presence of small amounts of nlethylated glucuronic acid, indicating 
thereby that some D - g l ~ ~ ~ r ~ i l i ~  acid residues were present in the polysaccharide in addition 
to the main acid component, D-mannuronic acid. The ratios of the methylated sugars 
produced upon llydrolysis of the metllyl ethers of different polysaccl~aride fractions are 
given in Table I. 

TABLE I 

WIole ratios of methylated sugars 

Fraction Fraction Fraction 
Methylated sugar DN R So SI 

2,3,4,D-Tetra-O-rn~th~l-~-gl~~cose 4.5 1 .0  1 . 0  
2,4,6-Tri-0-me th yl-D-glucose 21.0 20.0 10.0 
2,4,6-Tri-0-111eth yl-D-mannose 11.0 9 . 0  3 .0  
4,6-Di-O-methyl-~-ficose 2 .5  
2,D-Di-O-1nethyl-~-glucose 2 . 0  }1.0 }1.0 
Di-0-methyl- glucose (?) 1 .0  - - 
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GNR and 4R polysaccharides were oxidized with sodiuin metaperiodate, when 0.52 
and 0.50 mole of periodate were consumed and 0.122 and 0.125 mole of formic acid were 
produced respectively per anhydrohexose unit. 

nISCUSSION 

Polysaccharide (6NR) 
Isolation of ~ - ~ a ~ l l ~ r ~ ~ ~ ~ a ~ t ~ i l ~  from the hydrolyzate of thc polysaccharide and 2,3,4- 

tri-0-methyl-~-manannuronic acid from the products of hydrolysis of the methylated 
polysaccharide established beyond doubt that D-mannuronic acid was a component part 
of this polymer. As far as  the authors are aware, this is the second polysaccharide in 
which D-mannuronic acid occurred as a building unit of the polymer, the other well-known 
example being that of alginic acid. D-i\/Iannuronic acid has been suggested by Barlcer 
et al. t o  be a constituent of the capsular polysaccharide of Aerobacter aerogenes; however, 
definitive identification of the acid has not been made (23). 

Although the methylation data were not sufficient for the formulation of a unique 
structure for the polysaccharide, the following points of constitutional significance 
emerged from these studies. The isolation of 2,4,G-tri-0-methyl-D-glucose and 2,4,G-tri- 
0-methyl-D-mannose showed that  the polysaccharide had a backbone of D-gl~lcose and 
D-mannose residues linlced by 1,3-glycosidic bonds. Some of these glucose residues carried 
branches a t  C2 or Ci which terminated either in D-glucose or D-mannuronic acid residues, 
as indicated by the identification of 2,G-di-0-methyl, 4,6-di-0-methyl, 2,3,4,G-tetra-0- 
methyl ethers of D-glucose and 2,3,4-tri-O-1nethyl-~-mannuronic acid. Di-0-methyl 
sugars may arise from undermethylation and/or demethylation of the polysaccharide, 
but the isolation of tetra-0-methyl-glucose and the fact that  no di-0-methyl ethers of 
mannose were obtained showed that the di-0-methyl-glucoses have definite structural 
significance. 

Isolation of the aldobiouronic acid (B) from the polysaccharide and the identification 
of :3-0-(2,3,4-tri-O-methy~-~-mannuronosyl)-~,~,~-tri-O-1neth-)~~-~-gl~~0~e (11) as  one of 
the ~nethylated fragments from the methylated polysaccharide proved that  the D-mannu- 
ronic acid was combined to the rest of the polyrner through D-glucose residues and by 
1,3-glycosidic bonds. I t  also proved that the D-mannuronic acid was in a terminal position. 
In the same way, the isolation of an aldotriouronic acid conlposecl of n~annuronic acid 
and two glucose residues and its corresponding nlethyl ether from the methylated poly- 
saccharide provided evidence that the D-mannuronic acid is joined to one of two con- 
tinuous D-glucose residues in the molecule. 

COOH CH20H 

A high positive specific optical rotation of the polysaccharide as well as of its methyl 
ether indicated that the majority of the intersugar linkages had an a-configuration. The 
low consunlption (0.5 mole) of periodate per anhydrohexose unit indicated that  most of 
the sugar residues in the polysaccharide are inlrnune to periodate oxidation and those 
which were oxidized were the non-reducing end groups of D-glucose and D- Inan i l~ r~ I I i~  
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acid. The interpretation of the periodate-osiclatioii data was complicated by the presence 
of uronic acid residues, which tend to become osidized, and also by the possibility that 
sollle of the sugar residues might be esterified by the phospholipicl moiety of the lipo- 
pol ysaccharide. 

Polysaccharides (Combined SR, 4R, 5R) 
These polysaccl~arides were built up of si~nilar sugar residues and the sugars were 

linlted in tlle sallle ma1uiler as in the GNR polysaccl~aride. However, they cliffered fro111 
tlle latter polysaccharide in the clegree of bra~lcliiilg and in their g1ucose:mannose ratio. 

EXPERIMENTAL 

All evaporations were carried out under diminished pressure below 40" unless otherwise stated. 
Paper chromatograms were run by the descending method using the following solvent systems (v/v): 

(A) pyridine -ethyl acetate -water (2:1:2) ; (B) butanone-water azeotrope containing ammonia; (C) 
benzene-ethanol-water-ammonia (200:47:14:1); (D) 1-butanol-ethanol-water (40:11:19); and (E) ethyl 
acetate -acetic acid - formic acid -water (18:3:1:4). p-Anisidine hydrochloride was used to detect the sugars 
and their methyl ethers on paper chromatograms (26). R, and il6~ represent rates of movement of sugar 
paper chroi~~atographically and electrophoretically in relation to 2,3,4,6-tetra-0-methyl-n-glucose and n- 
glucose respectively. 

Hydrolysis of the Polysc~ccl~aridc a d  Isolatio?~ of Uro?zic Acid Co~?rpo?ze~zts 
Polysaccharide (2.37 g) was heated in iV sulphuric acid (50 1111) a t  70° C for 23 hours and then a t  100" C 

for 8 hours. Thc hyclrolyzate was neutralized with barium hydroxide and barium carbonate, and the barium 
sulphate was re~noved by filtration. The barium ions were removed by Amberlite IR-120 and the acidic 
coinponents were adsorbed on a column of Dowex 1 resin (acetate form). After the neutral sugars were 
washed off with water, the acids were eluted with iV formic acid (yield of uronic acids 1.003 g).  Chroma- 
tographyon paper in solvent E showed three spots; one spot (component A) had the same mobility as man- 
nuronolactone, the other two spots (components B and C) had R,,,,,,, values of 0.22 and 0.36 respectively. 
The acids were separated on Whatman No. 3 i\lIM paper using solvent E and gave the following yields: 
A, 82 mg; B, 334 mg; and C, 76 mg. 

Attempts to crystallize A, [a]~?: +91° (c, 1 in water), were unsuccessful. Reduction of its incthyl 
ester methyl glycoside yielded a sugar which was identified chron~atographically (solvent A) as nlannose. 

Conlponent B, which appeared to be an aldobiouronic acid (acid equivalent: calculated 340, found 356), 
turned darl: rapidly on standing and optical rotation measurements were inlpossible. Con~ponent B (134 mg) 
was heated for 10 hours a t  75' C with 27, methanolic hydrogen chloride (3 1111). The illethyl glycoside 
methyl ester was dissolved in tetrahydrofuran (25 ml) and reduced with lithium aluminuln hydride (27). 
The recovered disaccharide glycoside (130 ~ n g ) ,  [a]D2' +34.8' (c, 2.3 in methanol), was hydrolyzed with 
iV sulphuric acid. Chroinatographic examination on paper using solvent A sho~ved glucose and nlannose 
in approximately equal amounts. 

The sugars were separated on sheets of paper using solvent A, when Inannose (53.6 mg) and glucose 
(57.9 mg) were obtained. The sugars were converted to their p-nitroanilides by heating with p-nitroaniline 
in methanol. The recovered N-p-nitrophenyl-n-1nannopyranosylamine dihydrate had a melting point of 
219" and the N-p-nitrophenyl-n-glucopyranosylan~ine dihydrate a melting point of 184" C, which are in 
good agreement with the reported values (13). 

Similar examination of the derived neutral glycoside of component C showed that it was composed of 
mannose and glucose in the proportion of approxilnately 1:2. 

illetlrylatio?~ of Fractio~z 61VR 
The polysaccharide (4.01 g) was methylated threc tiines by dinlethyl sulphatc and all;ali (28) to yicld 

chloroforl~l-soluble (0.76 g) and chlorofornl-insoluble (5.03 g) fractions. Thcse two fractions were then 
methylated five times by Purdies reagents (29); the ch1orofor111-insol~~ble fraction yielded a product (0.85 g) 
with 0 C R 3  26.9Gj0, and the chloroform-soluble material gave a product (4.73 g) with OCI-13 32.67;. Further 
methylation of this latter product did not increase its methoxyl content. The methylated polysaccharide 
(4.7 g) was dissolved in a mixture of chloroform -ethyl ether (60 ml, 1:5, v/v) and fractionated by  addition 
of petroleum ether (b.p. 30-60"). A total of nine fractions were recovered and their specific rotations and 
methoxyl values are given in Table 11. On the basis of similarity of these values, fractions 1, 2, and 3 were 
combined for methanolysis studies. 

Metlza?zolysis of ikletl~ylated Polysaccl~arides 
The combined lnethylated polysaccharides (2.8 g) were refluxed on a water bath in 8% nlethanolic hydro- 

gen chloride (80 1111). The course of ~nethanolysis was followed by the changes in specific rotation: [ a ] ~  
initial (not observable); +75.5" (2 hours); $88" (6 hours); +90° (12 hours, constant value). 
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T A B L E  I 1  
Fractionation o f  methylated polysaccharide from 

chloroforn~ solution b y  petrolcum cther 

Fraction \\"eigll t ( g )  [ o l ] ~ "  711 CI-IC13 OCI33 value (%) 

A small portion o f  the mixture o f  methyl  glycosides, af ter neutralization (AgZCOJ), was examined b y  
gas-liquid chromatography (11, 12) using Apiezon M at  150' C and a flow rate o f  7 5  nil o f  argon/min. 
Three distinct peaks were observed and the components o f  the  mixture were collected separately. One o f  
the components from the column crystallized as needles, which were recrystallized from ethyl - petroleum 
ether. T h e  crystals had n1.p. 67.5-69" and showed no depression when mixed wi th  an authentic sample o f  
methyl  '2,4,G-tri-O-11iethyl-p-~-g1~1coside. 

Acid I-lydrolys~s 
X portion (65 mg) o f  the m i x t ~ ~ r e  o f  methyl  glycosides was reserved and the remainder was hydrolyzed 

with hydrocliloric acid (60 ml,  0.8 N )  on a steam bath for 8 hours. T h e  solution became dark upon hydrolysis 
and had a final [ol]D o f  4-50" (c, 5) .  T h e  hydrolyzate was neutrali~ed (Xg?C03),  filtered, and silver ions were 
removed b y  H2S. Evaporation o f  the  solution afforded a light brown, clear syrup (2.67 g )  which upon 
chromatography using solvent B gave spots wi th  the follolving 1Wo values: 0.24; 0.59; 0.66; 1.00. From the 
chromatographic analysis the following sugars mere tentatively identified: ( i )  2,3,4,6-tetra-0-methyl-D- 
glucose; ( i i)  2,4,G-tri-0-methyl-D-glucose; (iii) 2,4,6-tri-0-methyl-D-mannose; ( iv and v)  two di-0-methyI- 
hexoses; and (v i )  ilronic acid containing material which remained on the starting line. 

'The mixture o f  methylated sugars and uronic acids was passed over IR-120 and the acids were converted 
subsequently t o  their barium salts b y  heating with barium hydroxide at 65'. T h e  neutral sugars were removed 
b y  continuous extraction with ethyl acetate for 4 days. T h e  extract was evaporated t o  a sirup (1.734 g)  
which partly crystallized. T h e  aqueous solution lef t  af ter ethyl acetate extraction was acidified wi th  N 
sulphuric acid and the extraction was continued with ethyl acetate for 48 hours. T h e  extract was dried 
(Na?S04) and evaporated t o  give a mixture o f  ~nethy la ted  uronic acid as a sirup (0.615 g) .  Examination o f  
the acids b y  chromatography (solvent E )  showed that there were three main components having R, values 
1.0, 0.8, and 0.55 respectively. T h e y  mere separated from each other b y  sheet-filter-paper chromatography 
 sing soltent E and were designated fractions I ,  11, and I11 respectively. 

Se jara t io l~  of the d1ixtz~r.e of 1Vezrtral ilIetl~ylaled Sugars on a Cellulose Colz~mlr 
T h e  m i v t ~ ~ r e  (1.454 g)  was put on a cellulose column and the column was developed with I-butanone- 

water azeotrope. Ten-milliliter fractions were collected every 20 minutes. T h e  appropriate fractions were 
and identified as described below. 

Ider~tificatio?~ of .lIelhylated Sugars 
,O,S,d,6-Teti a-0-?ilethyl-~-glzlcose 
T h e  sirupy product (253 mg) ,  [ol]D +83" in water (c, I ) ,  was dissolved in 50% aqueous methanol and the  

insoluble material removed b y  filtration. Chroniatographic examination in three dirferent solvent systems 
(B, C ,  and D )  showed that the  sugar moved as a single spot and had the  same mobility as 2,3,4,6-tetra-0- 
methyl-D-glucose. Examination o f  the  methyl  glycoside o f  the  sugar b y  gas-liquid partition chroma- 
tograph>. (11, 12) gave the same retention t ime as methyl  2,3,4,6-tetra-0-methyl-~-~-glucoside. Demethyla- 
tion with boron trichloride (30) showed that  glucose was the only parent sugar. T h e  ~nethylated sugar was 
identified as ili-phenyl 2,3,4,6-tetra-0-n1ethyl-~-glucosylamine, m.p. and lnixed n1.p. 134-135"; [ol]D 1-240" 
f 3 "  in chloroforni (c, 0.3) (14). 

T h e  tri-0-methyl fraction, which was a mixture, was resolved into two components b y  chromatography 
on Wha tman  S o .  3MM paper using solvent C .  T h e  two methylated sugars were identified as follows. 

2,4,6- T r i - 0 - ~ ~ z e t k ~ l - ~ - g l u c o s e  
Th i s  sugar gave a bright red color with p-anisidine spray and yielded only glucose on demethylation. 

I t s  R ,  (solvent C )  mas 0.47, which is the  same as that  o f  an authentic sample o f  2,4,6-tri-O-methyl-~-ficose. 
Tile sirup crystallizedand, after recrystallization from ethyl ether, had m.p. and mixed m.p. 123-125' (15). 
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Refluxing with aniline in ethanolic solution yielded iV-pllenyl 2,3,6-tri-0-methy~-~-g~ucosylamine, 1n.p. 
162-165" (16). Examination of the methyl glycoside of the sugar by gas-liquid partition chromatography 
showed that  it had the same retention time as that of authentic methyl 2,4,G-tri-0-methyl-a,p-~~glucoside. 

6 ,4 ,6 -~ i i -0 -11ze thy~-~- t ) zannose  
This sugar had X, 0.61 (solvent C) and ilJ~ 0.0 in borate buffer, values which are in agreement with those 

of an  authentic sample of 2,4,6-tri-0-methyl-D-mannose. On demethylation with boron trichloride it gave 
only mannose. Upon seeding with 2,4,6-tri-0-1nethyl-D-mannose, the sirup crystallized and, after recrystalli- 
zation fro111 ether-hesane, had m.p. and mixed m.p. 63-65' and showed [ a ] D  $17.6" in water (c, 1). These 
values are in good agreement with those reported for this sugar (17). The  anilide, after recrystallization 
from ethyl ether, had 1n.p. and mixed m.p. 13'2' and [ a ] ~  +7.8" in methanol (c, 0.35). The reported values 
for ilT-phenyl L?,4,6-tri-0-methyl-D-mannosylamine are 1n.p. 134" and [@ID +8" (18). 

The di-0-methyl sugar fraction did not give satisfactory separation of its components on paper using 
solvents B, C ,  ancl D. I-Iowever, it was separable by electrophoresis on paper strips in 0.05 ilJ borate buffer 
a t  830 volts for 2 hours. Two main components (X, Y) ancl a minor one (Z) were separated. The methylated 
sugars were recovered from the papzr by elution with water. Sodiurn ions were re~novecl by Amberlite 
IR-123 and boric acid was removed by repeated distillation with methanol. The 11% values of the fractions 
were: S, 0.17; Y, 0.071; Z, 0.00 and the colors produced with the p-anisidine spray were: S, brown; Y, 
pink; and Z, bright red. Identifications of the sugars werc made a s  follows. 

~ , 6 - D i - O - i ~ ~ c t / i ~ l - ~ - ~ 1 ~ r c o s e  
'The rate of m o v e m a t  of the sugar on paper chromatogram (solvents B and C) was the same as tha t  

of 4 ,6 -d i -0 - rne thy l -~ -~cosc  and the brown color given by the p-anisidine spray was the same as  tha t  of 
all authentic specimen. Deillethylation of this coinponent produced only glucose. The sugar crystallized 
as  fine needles from ethyl acetate solution, and after recrystallization from the same solvent, the crystals 
had m.p. 157-15s" and showed [ a ] ~  +G2" in water (c, 1.9). The reported melting point and [ a ] ~  for 4,G-di-O- 
methyl-D-glucose are 156-158" (19) and +62.4" (15) respectively. 

2,6-Di-O-iiietli3'I-~-g~zrcose 
The sugar gave glucose on demethylation. I t s  mobility on paper in solvents B and C and by electro- 

phoresis in borate buffer were the same as that  of a n  authentic sample of 2,G-di-0-methyl-D-glucose. 
The specihc rotation, +58" in water (c, I ) ,  agreed closely with the reported value of +58.3" (19). The sugar 
gave a negative reaction with triphenyltetrazoli~~m chloride (20, 21) but mas detectable on the paper with 
periodate-benzidine spray (22). 

Di-0-~lzetliyl Sl~gul .  (Conzponent Z) 
I ts  . l f ~  value in borate buffer was 0.0, and upon demethylation, the sugar yielded glucose. I t  gave a negative 

tripl~enyltetrazoli~i~n test, showing thereby that Cy  was substituted. I t  was not oxidized by periodate. 
From these results the con~ponent appeared to  be either 2,3- or 2,4-di-0-methyl-D-glucose. Scarcity of mate- 
rial precluded further investigation. 

Ide~it(fj:c~tioii of _lIetliylated Uuo)~ic Acid Components 
Fractions I ,  11, and I11 (10 mg each) were converted to their methyl ester methyl glycoside derivatives 

by heating with 2.5% methanolic hydrogen chloride (2 ml) a t  100' in a sealed tube for 15 hours. Reduction 
with lithium aluminu~n hydride (50 ing) in tetrahydrofuran (40 ml) yielded sugars, which, after recovery 
by extraction with chloroform, were hydrolyzed with N sulphuric acid for 15 hours. The hydrolyzates were 
neutr;llized (BaC03) and chromatographed in solvent C. Fraction I yielded one main component, R, 0.61; 
fractions I1 and I11 gave two components each, R, 0.61 and 0.47 respectively. Chro~natography of the  
sugars on paper using solvents B and C indicated that the sugar having R, 0.61 (solvent C) and R,0.71 (solvent 
B) was ?,3,4-tri-O-inethyI-~-inannose and the other sugar (R,  0.47 (solvent C) and R, 0.60 (solvent B)) was 
2,4,6-tri-O-1neth)~l-~-glucose. 

Thus, fraction I yielded only 2,3,4-tri-o-rnethyl-~-mannose and fractions 11 and I11 yielded a mixture 
of this sugar and 2,4,6-tri-0-methyl-D-glucose. The mixtures werc resolved by sheet-filter-paper chroma- 
tography and the sugars identihed in the  following manner. 
2,4,6- Tri-O-~r~et/hy~-~-glz~cose 
The sugar crystallized and, after recrystallization from ethyl ether, had 1n.p. and mixed m.p. 123-125" 

(15). I t  gave an anilide, 1n.p. 162-165" (16). The icleritihcation was further confirmed by examination of 
its methyl glycosides by gas-liquid chromatography as described earlier. 

2,5,4- Tii-0-11letliyl-~-?lzannose 
The sirup, [aID +lo in water (c, I ) ,  when examined on paper chromatograms in solvents B and C showed 

the same rate of movement as  an  authentic sample of 2,3,4-tri-O-methyl-~-1nannose. Gas-liquid partition 
cl~romatograpl~y of the methyl glycoside of the sugar gave the same retention time as  an  authentic specimen 
of ineth~- l  2,~3,4-tri-O-methyl-a-~-mannoside. 

The sugar (107 ~ n g )  was dissolved in water (2 ml), and barium carbonate (90 mg) and bromine (0.5 ~ n l )  
\vere adclecl. The oxidation was allowed to take place in the dark for 48 hours, after which time the excess 
of bromine \\-as expelled by aeration. The  reaction mixture was filtered, the filtrate acidihed and extracted 
with chloroform. Evaporation of the chloroform extract gave 2,3,4-tri-0-methyl-D-mannonic acid, which 
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was distillcd, b.p. (bath temp.) 110-120' (0.005 mm),  to  afford 2,3,4-tri-0-l11ethyl-~-111ai1110-6-~actone. 
Treatrncnt of methanolic solution of thc lactone (63 mg) with plienylhydrazine (33 mg) for 3 hours a t  100' 
yielded crystallil~c 2,3,4-tri-O-methyl-~-111anno11ophe11)~lhydrazide, ~vhich on recrystallization from ethyl 
acctate had m.p. l G G o  (reported value 16G0) (26). 

il~ethylatio~r of Combined Fractiom SR, 4R, and 5R 
The combined fractions (2.0 g) were methylated thrce times with dimethyl sulphate and allcali, using 

each timc 50 1111 of dimethyl sulphate and 150 ml of 45% potassium hydroxide. 'The first methylation was 
done in an  atmosphere of nitrogen; acetone \\,as added in subsequent methylations to keep the mcthylatcd 
product in solution. The rest of the procedure was the same as  that described for 6NR. Thc chloroforln- 
soluble material was methylated live times with methyl iodide and silver oxide, acetone being added in thc 
first methylation to  dissolve the partially methylated product. The methylated polysaccharide was recovered 
as a light brown friable glass (1.2 g ;  ONIe 41.55YG). The methylated polysaccharide \\,as fractioiiated from 
chloroforln -ethyl ether solutiorl with petroleum ethcr and the analytical data on the fractions are given 
in Table 111. 

TABLE I11 

Analytical data of fractions of methylatccl polysaccharidc 

Fraction" LYcight (g) [ a ] ~ ' ~  ill CHCla ocI-13 (%) 

P I 0.1585 + l O G O  
P I1 Segligible - 
P 111 0.0860 + 109" 
P IV 0 2536 +11O0 

*P I. P 11. P 111, and P I\' mere co~ilbined to give So. 

Eranl inat io~~ of ;ITetl~ylated Fractions So and SI (See Table 111) 
ilfetl~aizolysis and Hydrolysis 
Fraction SO.-This had [ f f ] D  +114" (c, 1.18 in methanol) ancl nTas heated for 12 hours in 8% mcthanolic 

hydrogen chloricle (20 ml). A portion of the ~netliyl  glycosides was hydrolyzed by heating ~ v i t h  0.5 N hydro- 
chloric acid for 10 hours a t  100' (final [ a ] ~  +6g0). 

Frnction 5'1.-This shelved [a]D +83" (c, 0.93 in ~nethanol).  I t  was treated the same way as described 
for SO. After hydrolysis it had [ a ] ~  +GGo. 

Cl~iornntograpl~ic Exan~ination of ilIet11ylated Szrgars 
The hydrolyzate of SO mhen examined by chromatography using solvents B and D s l i o ~ ~ c d  the following 

components: 2,3,4,6-tetra-0-methyl-~-gI~1cosc; 2,4,G-tri-O-lliethyl-~-ficose; 2,4,6-tri-0-rnethyI-~-mannose; 
dimethyl sugar fraction; and uronic acid fraction. 

I-Iydrolysis of fraction S I  gave the same colnponents as SO. The ~~ronosides anel glycosidcs from So were 
separated by converting the former into their barium salts, from which the neutral glycosides xcre  extracteel 
with chloroform. 

Exan~ination of iVeutrnl Szrgnr Fractions 
The neutral glycosides of fraction So were examined by gas-liquid partition chrolllatography and thc 

retention times were comparerl with those of ltnown sugar glycosides. By this ineans, the follon.ing sugars 
were found: 2,3,4,6-tetra-O-mcthyl-~-g1~1cose; 2,4,6-tri-0-111cthyl-~-glucose; 2,4,6-tri-O-methyl-~-i1iannose; 
and an unresolvecl dimethyl fraction. Paper electrophoresis of the  dimethyl fraction in borate buffer shomed 
the presence of 4,G-di-0-methyl-D-glucose, 2,G-di-O-11~eiligl-~-g1~1cose, and an ~~nidentified climethj-l spot. 

Examination of fraction S I  by the same means as described for fraction S o  showed that the same sugars 
wcre present, although the proportions were different. The  ratios of the methylated frag~nents are given 
in Table I. Since it was clcar from chroinatographic evidence that  the same sugars were present in all three 
fractions (ONR, So, and Sr) of the rnethylated polysaccharide and identilication had been made of those in 
fraction 6NR, it mas colisiclcred unnecessary to  identify those in fractions So  and S I  further. 

iVIetlzylated Uronic Acid Components of Fractions So Sr 
The anlounts of material were slnall and thc whole quantity of each mas treated as  in the case of GNR 

methylated polysaccharide. Reduction of the methyl ester ~ne thy l  glycosides with lithium aluininuin hydridc 
yielded disaccharides which were subjected to acid hydrolysis. The sugars wcre separated by paper chroma- 
tography using solvent C and were found to  be ~,3,~-tri-0-lllethj~~-~-llla11n0~e and 2,4,G-tri-0-methyl-D- 
glucosc. X portion of the sugars in the acid hydrolyzate was trcated with methanolic hydrogen chloride 
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and thc mcthyl glycosides thus fornled were examinecl by gas-liquid chromatograpl~y. In addition to the 
above-mentioned sugars, there was present in the mixture a s~nall  amount of thc glycosides of 2,3,4-tri-0- 
methyl-D-glucose. 

Peiiodate O.tidalio?z 
.-GSamples 112 (0.0854 g) and 6NR (0.0864 g) were each dissolved in water (50 ml), and 0.1 illsodium periodate 
(50 1111) was aclclecl. Thc salnplcs and the blanlcs were put in brown, 250-ml glass-stoppered flaslcs and stored 
in the refrigerator (5" C). From time to time a l iq~~ots  were talcen out and periodate consumption and formic 
acid procluction were determined in the following manner. 

Periodate Conszll~tptiolt 
To 5 ~ n l  of aliquot, sodiu~n bicarbonate (1.7 g), sodi~lln arsenite solution (10 ml), and potassium iodide 

(1-lnl) were added. The flaslcs were stored in the dark for 15-20 minutes and then titrated against 0.0203 iV 
lodine using starch as indicator. 

Foillzi/: Ac id  I'iodz~clion 
To 10 ml of aliquot, seven drops of 2-methyl-1,2-propanediol were added. After 20 minutes, 1 ~ n l  of 20% 

eotassi~~rn iodicle was added and the liberated iodine was titratecl against 0.01 N sodiu~n thiosulehate. - 
Since the rate of oxidation was very slow during the first 24 hours, the sarnples were removed from the 

refrigerator and stored in a room maintained a t  15O C. The results are given in Table IV. 

TABLE IV 

Pcriodate oxidation of fractions 4R and 6 S R  

Time 101- consumption I-ICOOI-I procluced 
Sample (hours) (moles) (moles) 

4R 5 0.27 0.076 
24 0.32 - 

- 

0 .  OSG 
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SINGLET METHYLENE FROM THERMAL DECOMPOSITION 
OF DIAZOMETHANE. 

UNIMOLECULAR REACTIONS OF CHEMICALLY ACTIVATED 
CYCLOPROPANE AND DIMETHYLCYCLOPROPANE MOLECULES1,? 
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ABSTRACT 

The thermal dccomposition of diazomethane (DAI) into singlet methylene radicals a i d  
nitrogen has been studied from 225" to 450' in 10:l oletin-diazomcthane mixtures. At 2.5 crn 
pressure, k = 1.2XIOl2 esp (-34,00O/RT) sec-I. The methylene radicals have similar 
reactivity to methylene generated from photolytic decomposition of DM, as judged by the 
follow-up reactions with ethylene and cis-butene-2. The structllral isomerization reactions 
of energizccl cyclopropane and the structural and geometric isomerization of 1,2-climethyl- 
cyclopropane (DA,IC), formed from the addition of the thermally generated methyler~e to 
the olefins, were measured from 250" to 450' over a wide range of pressures. For coiiiparlson, 
cyclopropanc formcd from photolysis a t  4358 A and 25" of DiLI and ethylene was st~rdied. 
As juclged fro111 comparison of thc espcri~nental isornerization ratc constants, the energy 
of the cyclopropanes formcd a t  350' in the thermal DAtI system is about the same as for 
cyclopropanes formed by photolysis a t  4358 A of DbI a t  25'. The experimental rate constants 
obtained on the assumption of strong collisions are compared with calculated rate constants 
\\.hich are based on cluantum statistical models for h~ which fit literature data on conventional 
thermal isornerization of cyclopropane and DMC. From this comparison, the average energies 
of the lorme(l molecules in thc thermal systems arc estimated to be between 107 and 115 
ltcal/l>lole, dcpcnding upon the temperature. I'hotolysis a t  25' of the Itetene-ethylene sgste~n 
(:3200 .A) ancl of DkI-ethylenc system (-1-358 11) give cyclopropn~ie characterized as being a t  
103 and 111 l<cal/inole rcspectively. These energies deduced froin kinetic data are comparecl 
with available thcr~nochemical quantities; the existing value of ANrO(Cl-I:N?) is questionetl. 
Further support for fast intramolecular relaxation of vibrational energy in DRIC, relative 
to the relaxation process for reaction, is noted. Comparison of clata in tlie literature on thc 
Icetcne and DiLI photolytic systems strongly suggests that  a larger fraction of the excess light 
cncrgy resiclcs with methylene fro111 Iketene (0.65-0.8) than \\lit11 methylene from DhI (0.3-0.5). 
1:arious approximations for thc calculation of k~ are examined and are comparccl with accurate 
quantum statistical evaluation. 

In a prelilninary communication ( I ) ,  we reported that ther~nal decomposition of 
d i azo~~~e thane  (DM) (2-4) proceeds with conservation of spin angular n~ornentu~n to 
give singlet methyle~le radicals and nitrogen, in contradistinctioll to  the thermal decom- 
position of the isoelectro~lic ~llolecule rlitrous oxide (5). The studies have now been 
exte~ldecl to include Inore data on the thermal clecomposition of DM; on the follo~v-up 
reactions of methylene with cis-butelle a t  three temperatures, ancl with ethylene a t  two 
temperatures; and on the photolysis (6) of DYI a t  25' in the presence ol ethylene, which 
was done for co~nparison. 

'Issued as N.R.C. A7o. 6873. 
This  ruo~k 7uas supported by the iVational Sc ie f~re  Fouildatiotl a?zd ilt part by tlze Oflice of iVazlal liesearch. 
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The predominant reactions of singlet methylene with olelins, insertion across C-EI 
bonds (7) and addition to the double bond (8), give vibrationally excitecl molecules 
which inay either decompose or be deactivated through collisions with bath molecules 
(8 (c and e), 9). (Reference 9 is most closely related to this work.) Recent explanation (10) 
of the pressure dependence of methylene radical in terms of singlet-triplet transitions 
of the methylene are not believed to apply in this work for reasons we have previously 
presented jl) ,  and ~v l~ i ch  are further supported here. 

The use of singlet methylene radicals arising froin photolysis of ketene and Di\4 a t  
various \vavelengths \vith different substrates offers the possibility, beautifully exploited 
by Butler and I<istial;~w~liy (9(c)), of producing relatively monoenergetic molecules a t  
variable, high vibrational energies. Unfortunately, due to  the uncertainty in AfI,(CH,) 
and in the fractioii of excess light energy carried by the methylene, the energy of the 
hot c~~clopropanes has not beell well kno~v i~ .  In the present worl;, utilizing a Dl11 bhermal 
decomposition source of CI-12 radicals, the energy of the formed c~~clopropanes may, in 
principle, be changed in li110~11 manner by variation of temperature. The situation 
tur~ls  out not to be so simple; but by use of all these data, together with a relatively 
accurate quantum statistical forn~ulation for the magnitude and energy dependence of 
the struct~rral isomerization rate constants of the e~lergized molec~~les, an attempt has 
been inade to rationalize the various experimental rate constants and energies of c ~ ~ c l o -  
propane and dimetl~ylc~~clopropai~e forined via these different sources of meth~~lene  
radicals. 

EXPERIMENTAL 
i\fateiials 

DM prepared from N,N1-nitroso~nethylurea was stored in butyl phthalate a t  -196" ( 9 ( b ) ) .  Ethylene 
and cis-butene-2 were Phillips research grade. The cis-butene-2 was distilled and corrections were applied 
for the remaining 0.4% trails-butene impurity. 

A pparatz~s 
A conventional vacuum system was used for gas handling. Pyrolyses were performed in seasoned pyrex 

bulbs of various sizes. Temperature gradients across the lrr~~llrrs were less than 2". 
A G.E. AI-1-6 high-pressure (quartz-jacket) mercury lamp was used in the photolysis of DM. A combi- 

nation of Dow Corning Xo. 5543 and No. 3980 filters isolated the 4358 A line with the following clistribution 
of absorbed radiation: 75% a t  U50-4250 A, 11% a t  4450-5000 A, and 14% a t  4250-4000 A. 

All analyses were performed by gas-liquid phase chro~notography.~ 

Procedure 
Vessels were conditioned bv treatinp with air a t  375" for several hours. evacuatine. and seasonine with -. 

cis-l~utene (5-10 crn I-Ia) for s hours a t  300'; a run was done and cliscardkd. The vessel was then, usually, 
properly seasoned. ~ a t a  from unseasoned vessels were characterized by excess stabilization producis 
(cyclopropanes). 

Runs were performed by flash-distilling a liquid mixture of DM and olefin into the furnace as with butene, 
or by premising the two gases and expanding in the gaseous mixture as  with ethylene. Most runs were 
rnade with 1:10 nlixture of DM to olefin; a t  the lowest pressure and highest pressure, the ratios approached 
1 : s  ancl 1 :  50, respectively. For photolysis, the ratios were a t  least 1:lO. 

RESULTS AND DISCUSSION 

Temperature Dependence of Products from D M  Decomposition with Butene 
Principal products froin thermal deconlpositioil of DAlI with cis-butene-2 above 220' 

are the expected CJIlo conlpounds (9(b)). Figure 1 shows the variation of the C ~ H ~ / C ~ H ~ O  
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SlSTSER A N D  RABINOVITCI-I: DECOMPOSITION O F  DM 

, 
200 250 300 350 450 

TEMPERATURE PC)  

FIG. 1. Variation of the C5Hlo/DM rafio, 0, and of the C?I-I.I/C~I-I~O ratio, 0, with temperature, lor 
DhI with cis-butene-2; total pressure = 2.a cm. 

product ratio and the CsI-Ilo/DM ratio with temperature. These runs were made with 
l:20 nzistures of Dl11 to cis-butene, a t  constant conceiltratio~z of 7.4 X mole/cc 
(-2.5 cmj of butene. In all cases coinplete decoinpositioil of DNI occurred. The deficit 
in inaterial balance i11 Fig. 1 is due to depositioil of polymethylene up011 the reactor 
walls. Beloiir 3;30°, ethylene product predominates; above 250°, only -loyo of the 
pi-oducts are ethylene and propene and their production is directly dependent upon the 
DNI/butene ratio. This suggests that ethylene arises a t  lower teinperatures mainly by 
the molecular reaction [IIa] reported by Steacie (3), and by attack illaiilly of mett~j~lene 
upon DM (reaction [IIblj (6(a)) a t  higher temperatures. Products formed in trace 

quantities were ethane, propane, butane, pentane, and isopentane, which may arise froill 
reactions of CE13 radicals resulting from 13 abstraction by inethylene (7(b), 9(b)j;  these 
products were not followed quantitatively. 

Icznetic Order and ilctivation Energy 
C51-Ilo production, i.e. the rate Ianr for DM decomposition, follo\ved fii-st-order kinetics 

(Fig. 2). The data were obtained under the sanle coilditions as those in Fig. 1. At low 
temperatures (below 225') reproducible data could not be obtained in our system; it 
also appeared that a t  the lower temperatures the rate constants were high, suggesting 
heterogeneity. In view of the low CSI-110 yields and iinportance of CJI4 production below 
2Z0°, the activation energy deter~llination here is based upon the three higher tempera- 
tures (Fig. 3). The rate constant k l  = 1.2 X lo1? exp ( -  34,00O/RT) sec-' for the thermal 
hon~ogeneous cleconlposition of DM was obtained. Shantarovich (4) has reported 
k1 = 8X101° exp(-31,40O/RT) sec-I in a nitrogen flow systein; we prefer our value. E, 
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0.0 50 100 150 200 25 0 

TIME (SEC) 

FIG. 2. Illustration of kinetic first-order behavior for for~llation of methylene-derived C5HI0 products: 
21n0, ; 232", @; 2G0,  m; 257", 0. 

FIG.  3. Arrhenius plot for the three highest temperatures. 
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SETSER .4SD R~?BIKOVITCII :  DECOMPOSITION O F  Dl1  1420 

was measured here in a region of falloff which is estimated theoi-etically, and also by 
comparison with results for CHZNC (11) (a molecule having some~vllat similar com- 
plexity, structure, reaction temperature, and activation energy) to be -1 l.;cal/inole 
below Em. A, sl~ould also rise to  the value of -1013 sec-I, ilorinal for many cases in 
which no cl~ange in electronic multiplicitj~ is involvecl. 

Igomogeneity of Reactions oj illethylene 
The homogeneity of t11c methylene reactions that  form cyclopropanes was tested in 

a 110-cc vessel packecl wit11 glass wool to give a tellfold increase in surface area. The  
results for cis-butenc-2 a t  1.3 c111 pressure and 300" are as follon~s: 

Ullpaclced, Packed, Paclced, 
seasoned seasoned unseaso~ied 

Product ( 7;) (%) (%I 

Wall reactions are obviously iillportailt in unseasoned vessels ailcl are cllaracterized by 
formation of excess stabilized cis-DJIC. I-Io\vever, in properly seasoiled vessels above 
250°, wall reactions? account for not more than 1-3% of the total C51-Ilo products. 

Temperature Variation Due to Self-Heating 
The possibility of the true reaction teinperat~ire being significantly higher than the 

ineasured temperature of the furnace, due to the exothermicity of the reactioil of metl~ylene 
radicals with olefins, must be considered. The overall exotllerinicity for methylene-derived 
C5HI0 or C3Hs products is sho~vn later to be -SO l;cal/nlole. At 250°, the half-life, tl12, for 
DM decoinpositio~l is 90 sec; the theoretical equations (12) predict an insignificant 
temperature rise of < 10". 

At 300" and 2.5 cm, it was s1101vn by experiment wit11 ccs-butene that  self-heating dicl 
not give rise to detectable elfccts. Runs macle 1vit11 D;\/I/butene ratios of 1/40 a i d  1/8 
resulted in no change of the observecl rate coilstailts for structural or geometric isom- 
erization of DMC. 

At an apparent temperature of 375", DL1 decomposition is practically instantaneous. 
Experiments wit11 various Di\iI/butene ratios between 1/60 and 1/8 gave a variatioil 
in the measured values of thc ratc constants. RIost experiments were done wit11 DM/ 
butene ratios of 1/10, and the average self-heating u-as estimated as  -25" for the butene 
system ancl -50" for the ethylei~c system. Nominal temperatures of 375" and 400" thus 
correspond more closely to 400" and 450" for the cis-butene and ethylene systems, 
respectively, and will be referred to as suclz, hereafter. At these temperatures, conventional 
thermal isomerization reactions of the cj-clopropane products are negligible for the short 
residence tiincs enlployed (< 3 min). 

Products of Reaction and Variatiox wit11 Pressu~e 
i\/Iajor products were cyclopropanc ancl propene. Side proclucts were cthane, propane, 

butane, butene-l, and ~~nidentified con~po~ui~ds ill trace quantities. The  total quantities 
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of all side products increased from a few percent to 20% a t  lowest pressure. In general, 
the pyrolysis system gives less side reactio~zs than the corresponding photolysis system. 

The percent of cyclopropane product increases a t  higher pressures (Fig. 4). These 
data are characteristic of a n  energized cyclopropa~le nlolecule (8(c), 9), which can either 

PRESSURE (cm) 

FIG. -1. Percent c\;clopropane a t  different pressures; D l 1  + C?N4 a t  329,  0; DXI + Cz1-L a t  450°, 
0 ;  photo1)sis (4358 A) of DM with CeI3c a t  2 j0 ,  A. I n  the intercst of clarity, a considerable a r n o ~ ~ n t  of 
clata was omitted from Figs. 4, 6, 7 ,  8, in the lower-pressure region especially 

isomerize to propene or be stabilized through collisions with bath molecules. Limiting 
high-pressure values of <loo% cyclopropane reflect the direct insertion of nzethylene 
across C-1-1 bonds to give propene: 

The asterisli represents a vibrationally excited ~llolecule resulting froill chemical reaction. 
At higher pressures no reaction of CI-I3CI-I=CI-I?" is expectecl; a t  low pressures it  inay 
decompose, and this may in part explain the increase in side reactions a t  low pressure. 

Estrapolatioils (9(c)) of plots of propene/c~7clopropa11e vs. w-I to iilfi~lite pressure 
gave the relative magnit~~des of klz  ailcl k l l  in Table I. Such plots2 of the 325" and pllo- 
tolysis data show little curvature and illustrate the relatively monoenergetic character 
of the energized cyclopropane molecules. The 450" data shows considerable scatter,? but  
no sigilificant curvature either. Discussion of Table I is delayed until prese~ltation of the 
buteile clata. 

Ezfierimental ilnerage Rate Co~zsta?zts k ,  
For the ethylene-cyclopropane systems, average expel-imental rate constallts for 

structural isonlerization of V* were co~llputed accordiilg to the expression (13) k ,  = w .D /S  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SETSER I \ S D  R,\BIKOVITCH: DECOMPOSITION O F  DM 1-13 1 

TABLE I 

Summary of rate constants of cyclopropanes produced by chcmical activation from methylene 
plus olefins 

Relative CI-I? addition Experimental rate 
rates per C-1-1 borlcl co~lstants (108sec-I) E,,,i, E,,, 

CM? - -- - -- (I;cal/ (Bcal/ 
Olefin source C=C Allyl H Vinyl H k, kKl k,?/kgl nlole) mole) 

cis-Butene-Zn DhI 250" 1.00 0.14 0.15 0.430 3 . 5  0.GG 1017' 109~' 
cis-Butene-2" DM 300" 1.00 0.14 0.14 0.5'30 4 . 4  0.G6 102 112 
cis-Butene-20 DhI 400"J 1.00 0.15 0.16 1.0" 11.5 0.72 102 11G 
trans-Butene-2" DM 25" 1.00 0.15 0.11 1 . l f  9 . 0  116' 

4358 A 
Isobuteneb DL4 25' 1.00 0.11 0.091 1.Gk 119' 

~~nfiltered 
radiation 

Isobutenec CHzCO 25" 1.00 0.053 0.0G3 
3100 A 

Ethylene" DL,I 328" 1 .00 0.068 3800 104 110 
Ethplenea DM 450'1 1 .OO 0.083 8000 107 116 
Ethylenen DM 25" 1 . O O  0.079 4500 111 

4358 A 
Ethylenel' CHrCO 25' 1 .OO 0.036 180 104' 

3200 A 
Ethylene-dec CH,CO 25" 1.00 0.03G 110 1580 9 8 , ~  

3200 A 
Ethylene-due CH?CO 25' 1 .OO 0.038 63 1180 9 , p  

3320 AA 
Prope~le~ DhI 25" 1.00 0.11 (0.091, 1 G . 9 " "  

0.091) 
Propenec CI4,CO 25" 1.00 0.001 (0.067, 5.5". L 

2GOO A O.OG1) 
CI-I2CO '25" 1.00 0 .  OGO (0.025. 8 .  '2.". ' 

R T l ~ i s  work. 
"Ref. 9(b). For photolysis in liquid r~hase (-70') Frey (7(b)) found ratios of C1-I: addition to C'=C:allylic C-1I:vinylic C-1-1 

of 1.00: 0.13:0.99 for f i  airs-butene-2. 
'Ref. 9(c). 
" ~ e f .  1.i: 
cRef. 9(u) wit11 corrected (1-1) estimate here of effective radiation involved. 
/Corrected te~nperature as described in test  earlier. 
"Ax.erage values: DMC. Fig. 9. S /D between 0.2 and 1.5 for the -100' case, and between 0.2 and 3 for the lower tetnperatures; 

cyclopropane, average of all values shown in Fig. 5.  or internal consistency. Butler and Kistiako~vsky's (9(c)) data have been converted to  the collision cross sections used here 
(.\[.I ~lL<liS I ) .  

'111 :c lcc t i~ i~  E, , v .  [lie ~~i:ig!~il t~<Ic of kp:  (1:;~. I:<) \v:.s *ct r<..11?1 tu I,:,, 3i t i~r  ilir d ~ s t r i b ~ ~ t i n t i  it1 \ v . i v e I e t ~ ~ t l ~ ~  i b  5m:ill; inr :i $il~tiIar 
> y s t e r ~ ~ .  D l 1  p1iotuly:is \vit11 C:ll>, \vlicrc L I E  (l;strib~~tiuli uf :tb~url)r(l r.i(lC.itintt \vas 1 1 3 ~ ~ 1 .  tlii, ~ v a s  ,1iuw11 tube  :, guu~l :ip~,rn~ilii:itiu~i. 

j ~ a l u e s  of l?:, (9(b)) range from 1..1X109 sec-1, a t  S /D = 3.5, to 0.9X10' sec-1, a t  S /D = 0.5; an  intermediate value of 1.1XlOP 
sec-1 was taken by the prebent autl~ors.  

'hn average xaIue of l.(iX10' sec-1 was taken by the present authors. 
'In his liiglier-etiergy radiation studies nrith ketene and cyclobntene. Frey (9(d)) does not find t l ~ e  inversion of liietimes, shown 

here for 3130 .P\ and 2000 4 as reported by Butler and l<istiakowsky. 
'"Given as sum of A E ~ ' + E ~ ~ .  
"True valt~es for thermal DM systems may be lower by-3 kcal/tnole if allowance is rnade for inefficient collisional deactivatioli. 

particularly for CrIIt system. 

and are presented in Fig. 5; S is the  stabilized cyclopropane, D is the  propene isomeriza- 
tion product, and w is the specific collisio~x rate (Appendix I).  

Lifetinzes of Cyclopropane f r o m  D~f lere lz t  Soz~rces  
T h e  similarity in m a g i l i t u d e s  of k ,  obtained from photolysis worl; at 4338 -$ and from 

thermal DM decompositio~l a t  325' indicates that the cyclopropane derived from these 
two sources have s i i n i l a r  energy. 

The average lifetimes of reacting molecules in c o n v e n t i o i ~ a l  thermal structural isom- 
erization of c)-clopropane at  445' is -1O-'sec (9 (a ) ) .  This may be contrasted with 
the shorter lifetimes ( < l o - l o  sec) of the chemically activated molecules (Table I). The 
cyclopropanes obtained with ketene as the methylene precursor have longer lifetimes 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1432 CANADI.\S JOURNAL OF CIIEMISTRY. VOL. 40, 1962 

I .  5 .  Rate constants for isomerization of cyclopropane to propenc: DL1I + at 150°, n ;  DhI + 
C?Ii4 a t  323", a; photolysis (4358 A) Di\/I with C?M4 a t  2 5 O ,  0. 

than those derived from Di\lI. Similar results have been found earlier for othei- systems 
(9(c and d)). Quantitative interpretation of these inagnitudes is presented later. In this 
connection, it is desirable to  illelltion ilom soille different k ,  data from the photolysis 
of l<etene wit11 ethylene. The  data of I<istialcowsl<y and Frey (8(e)) give k ,  = 1.3X101° 
sec-I for photolysis a t  3130 -4. For a siinilar study with ethylene-dz (9(a)) k ,  = l.lX1O1O 
was reported. For the photolysis a t  3200 i% of lceteile with ethylene (14), ka5 is 1.8X1010 
sec-l. The  latter value mill be used later for estiinatioil of the energy of the formed 
cyclopropane molec~lles, while the variation of k ,  with maveleilgth in the lcetene-ethylene- 
dz system (Table I )  will be used as a test of the energy dependence of the calculated rate 
constail ts. 

Variatio7z o j  Products with Pressure and Alethylelze Sof~rce 
h4ethylene adds to butene to give cl~emically eilergized DMC,  or inserts across the 

allylic and vinylic C-I1 boncls to give cis-pentene-2 and 2-metl~ylbutene-2, respectively. 
These energized molecules undergo chai-acteristic isomerization reactions or are de- 
activated by collisions with bath molecules: 

6A7t isotope effect nt c o ~ ~ n t s  i?t part f o ~  tlze differe~tce betuee?~ the cyclopropane-d2 and cyclopiopane ualtces. 
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SETSER AND RABINOVITCI-I: DECOMPOSITION OF DM 1433 

Figures 6 ,  7, and 8 illustrate the product de1)cndeilce upon pressure; the approach to 
constant liilliting percentages a t  high pressure verifies reactions [IV]. Tlle relative mag- 
nitudes of these processes (Table I) were again determined fro111 w-' extrapolations of 

PRESSURE ( crn ) 

FIG. 6. Variationof the product compositionwith pressure, DM + cis-butene system,250°: 0, tra?ss-DMC; 
0, cis-DMC; +, cis-pentene-2; a, tratts-pentene-2; @, 2- and 3-methylbutene-1; 0, 2-n~ethylb~~tene-2; 
n ,  total DMC;  @, total pentene-2. See Fig. 4. 

PRESSURE (cm)  

FIG. 7. Variation of the product composition with pressure, DNI + cis-butene system, 300': 0, trans- 
Di\IC; 0, cis-DMC; +, cis-pentene-2; a, trans-pentene-2; @, 2- and 3-methylbutene-1; 0, 2-methyl- 

. butene-2; Pi, total DIVIC; @, total pentene-2. See Fig. 4. 

product ratios : total pentene/DMC; (cis + trans + pentene-2) /DMC ; and (2-methyl- 
butene-2 + 2- and 3-methylbutene-l)/DMC. Due to the greater energy spread of the 
excited DMC relative to  cyclopropaile (cf. f(E), Fig. 13), these plotsQt 300' and 
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PRESSURE ( crn) 

FIG. 8. Variation of product colnposition with pressure, DM + cis-butene system, 400': 0, t~arss-DMC; 
0, cis-DMC; +, cis-pentene-2; m, tralzs-pentene-2; Q, 2- and 3-methylbutene-1; 0, 2-methylbutene-2; 
id, total DMC; a, total pentene-2. See Fig. 4. 

especially 400" show considerable curvature a t  higher pressures, in coiltrast with the 
cyclopropane plots. 

For both ethylene and cis-butene the reactivity of illethylene generated froin thermal 
decomposition of DM is similar to that froin photolytic (4358 A) decomposition of DiLI 
(Table I). Both sources give nearly the sanle degree of discrin~iilatioil between C=C 
and C-H bonds; any apparent trend is within experiinental error. As was reported by 
other workers (9(c), lo) ,  in the gas phase CI-I2 from DM was fouild much less selective 
than CEI? froin ketene, both in regard to C-I-I iilsertioil vs. double-bond additioil and 
in regard to discriinillation betlveen different types of C-I-I bonds. Within esperimental 
error (Table I) ,  inethylcile derived from DM is indiscriminate in its attack on vinylic 
and allylic C-EI bonds in the gas phase (note footnote b, Table I). The apparent differ- 
ence (10, 7(b)) for alkanes, i.e. randoin iilsertion in the liquid phase and selective insertion 
(tert. > sec. > prim.) in the gas phase for inethylene produced froin photolysis of DM,  
does not hold for vinylic and allylic C-I-I bonds. 

The consta~lcy in this work of the relative illagnitudes ol k?l, kz?, and k?3 lrom 250" 
to 400°, as shown i11 Table I ,  illdicates that little difference in activation energy exists 
for addition of inethylene to the double bond vs. C-H insertion; or, alternatively, the 
methyleilc carries excess trailslation energy, which negates small activation energy 
diiferences. Methylene froin photolysis ol Di\/I is thought to carry excess translational 
energy (9 (6)) - 
Reactions of Energized Product Molec~lles 

A .  Dimethylcyclopropane 
The vibrationally excited cis-DiVIC, cis-pentene-2, and 2-methylbutene-2 species inay 

undergo further reactions. cis-DMC inay isoillerize to the trans isomer, undergo intra- 
molecular 1-1 nligration in the ring to give cis- and trans-pentene-2, 2-metll~-lbutene-2, 
and 2-methylbutene-1, or be dc-energizecl by collisioils with bath n~olecules. Still nilother 
possible reaction suggested by the data, and which involves the CE13 substituent, will 
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SETSER .4ND RABINOVITCH: DECOMPOSITION O F  DM 1435 

be considered later. The  trans-DXIC also undergoes these reactions unless collisionally 
deactivated. These processes are defined in the manner of Frey (9(b)): 

I-IJC C H ,  -\ 
---- -- 1 \ CkLL 

I\'\ 13 /H 
\ 

\I/ 

I 
I 

i = 1, ~~.~I~LS-CHICH?CH=CEICH~ 
i = 2, cis-CH:,CH2CH=CHCH3 o cleactivatetl 
i = 3, CH:,CH=C(CH,)? pentenes 
i = 4, CH?=C(CI-I;,)CI-I,CH, 

Consider the variation of the products with the total pressure under this scheme. The  
percent trans-DMC should go through a maximum when plotted as a functioil of pressure, 
since kg l  is approxiinately ninefold greater than xi ka i ,  as shown below Also, the 
percent of pentenes should increase from their high-pressure limits given by equations 
[IV], as total pressure is reduced. Figures 6, 7, and 8 exhibit these features. 

The above mecl~anism also predicts that as the reaction temperature, and conse- 
quently the energy of the formed molecules, is increased, then k, l ,  k , i ,  and xi k,$' 
should increase. Indeed, a t  400°, 300°, and 250" approximately one-half of the cis-DMS 
had isomerized to the trans isomer a t  2.2 c111, 1.0 cm, and 0.6 cm, respectively; one-half 
of the total DYIC had clecomposecl to pentenes a t  1.2 cm, 0.5 cm, and 0.35 cm, respec- 
tively. This aspect of the data further supports an excited inolecule mechanism. 

B. Reactions of cis-Pentene-2 
The  energized cl:s-pentene-2 may isonlerize to trans-pentene-2 unless de-energized by  

collisions wit11 bath molecules. This is illustrated by the decline in cis-pentene-2 a t  lower 
pressures as reaction k,ll of eq. [VI] overtakes reactions k,z and k,zl of eq. [v] (Figs. 6, 
7, and 8). 

Pentene-1 was found only in trace quantities, indicating that  rearrangement of 
pentene-2 to pentene-1 did not occur. 

C. Reactions of 2-A4ethylbz~tene-2 
Isoinerizatioil reactions [VI I] ,  

[VI Ia] 

[VI I b] 

Wlozaos c ~ ~ d  Frey (16)$nd k g ,  = 25 k , ;  i n  thern~al studies. 
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between 3-methylbutene-1, 2-methylbutene-1, ailcl 2-methylbutene-2 are 1;non.n (IG), 
and indeed the experimental data a t  the lowest pressures and highest teinpei-ature suggest 
that some 2-1nethylbutene-2 may be disappearing. For reactiolls [VI]] a t  1300°, roughly 
the "temperature" of these energized molecules, the equilibriunl coilstallts (17) for 
the forinatioil of 3-inethylbutene-1 and 2-methylbutene-1 iron1 2-nleth!lbutene-2 are 
0.25 and 3.7, respectively. This suggests tha t  2-1nethylbutene-1 could be formed froill 
2-methylbutene-2, and reaction [VIIb] explains the decrease in percentage of 2-methyl- 
butene-2 a t  the lo\iiest pressures (Figs. 7 and 8). 

D. For7nation of 5-fldetlzylbutene-1 and Posstble Occzwrence of Trzplet lllethyle?ze 
All products and their pressure dependence, except for 3-methylbutene-1, are reason- 

ably explaiiled by the above mechanism. 
Withill the pressure range 1 to 300 ciu, the ratio of 3-inethylbutei~e-1/2-metl~ylbutei~e-l 

was constant and slightly greater than unity. At the lowest pressure this ratio increased 
to nearly 3. In contrast to  Frey (9(b), 19), we also find that  photolj-sis of DM with 
cis-butene-2 gives 3-inethylbutene-1 in similar amouilts. Neither heterogelleity nor the 
intervention of triplet methylene (as discussed below) is thought to be primarily respon- 
sible for 3-methylbutene-1 formation. Also, thermodynamic considerations weigh against 
reaction [VIIa] as a source. Indeed, Frey (9(b)) found evidence for the reaerse of [VIIa] 
in his studies of methylene with isobutene. Possible modes for its fornlation are the 
additional paths [VIII] and [IX] : 

[VII I ]  

Reaction [VIII] involves intramolecular hydrogen transfer from a methyl group to carbon 
atoll1 2 with rupture of c1-C~ or C3-C2 (I-Iydrogen transfer from a llletllyl to carbon 
atolns 1 or 3 with rupture of CI-Ca or C?-C3, respectively, would give pentene-1, or 
etl~ylcyclopropane; pentene-l was not formed and unfortullately no search was made 
for etl~ylcyclopropane.) Alternatively, transfer of a metllyl group between carbons 1 
and 3 would also give this same result as ~vell as some others to be lnelltiolled next; 
isotopic studies could disti~lguish these possibilities. Other experimeiltal evidence is 
cited now to support these transfer reactions. 

Flowers and Frey (16)have earlier suggested methyl-hydrogen trailsfer,\vitll an  estimated 
activation energy as high as G8 lical/mole, to  explain slllall quantities of 2-nlethj,lbutene-2 
in the thermal decompositioll of 1,1-dimetliylcyclopropane. In another study of energized 
1,l-dimethylcyclopropai~e (9(b)) from CI-1% + isobutene, this ~uethyl-hydrogen transfer 
reaction was not ~llentioiled; however, a possible interpretation of this data a t  the lowest 
pressures could also iilclude it. Again, Frey (9(d)) has found ethylacetj-lene to be one 
of the products of energized inethylene cyclopropane from CI-12 + allene, and he has 
explained it  by the migration of two hydrogen atoms; alternatively, i t  could also result 
from methylene hydrogen transfer. 
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Scheme [IX] remains to be considered. A minor reaction of singlet methylene ratlicals 
is abstractioll of 1-1 fro111 hydrocarbons ( ' i ( b ) ,  9(d)) (reaction [IXa]). Equation [ ISb]  
represents two resoilailce structures of the butenyl radical. Combination \\-it11 ~ne thy l  
radical, reactions [ ISc] ,  gives 3-methylbutene-1 or pentene-2 in the ratio 1:2.5 a t  25' 
(18), and 1:6 a t  200' (19). 

Since the proportions of Dl11 and c,is-butene are held constant, the relative amount of 
products arising through scheme [IX] would tend to be on117 weal~ly dependent on 
pressure. Figures 6, 7, and 8 show, instead, tha t  the methylbutene-1 fraction goes to  
zero a t  high pressure, which suggests that  an  abstractioil scheme, [ IX],  involving singlet 
methylene is not operative in an  i~npor tan t  way. 

I t  is important, therefore, to consider again the proposal of Richardson et al. (10): 
NIethylene radicals in the  gas phase uildergo singlet-triplet transitions before they react 
with the olefins; the lower the pressure the larger is the fraction coilverted to the triplet 
s ta te ;  i~nportall t  reactiolls of triplet methylene radicals are non-stereospecific addition 
to the double bond (20) as  well a s  postulated abstraction of I-I, followed bj7 reco~nbi~lation 
of the methyl ancl hydrocarboll radical to give both apparent C-1-1 insertion products 
and apparent cj7clopropaile isomerization products. 

Now Frey (20) has found tha t  triplet methylene reacts with cis-butene to give cis- 
and trans-DMC, 3-methylbutene-1, and cis- and trans-pentene-2, but not 2-methyl- 
butene-2 or  2-methylbutene-1, as occur here. In  addition, the follo\ving arguments 
pertaining to our reaction system, as  well as previous evidence cited above and earlier 
( I ) ,  weigh further against illvolveinent of triplet inethylene in the main course of 
reaction: (a) T h e  dependence of the methylbutene-1 fractioil upon teinperature a t  a 
given pressure (0.5 cm: 400°, 13%; 300°, 9%; and 250°, 4%) is clearly consisteilt xvith 
the reactioils of energized lnolecules whose energy conteilt varies somewhat with tem- 
perature. (b) Frey's studies of triplet inethylene (20) a t  25' shoiv tha t  a t  butene partial 
pressures of 2-10 mm, iilert gas to butene ratios of 300:l are necessary to convert 50% 
of the singlet illethyleiles to the triplet state and inert gas addition is necessary to produce 
characteristic "triplet" products. Therefore, a t  the same low butene pressures in our 
system, but  with no intervening inert gas perturbing collisions, spontaneous singlet- 
triplet transitions callnot be important. (c) As noted above, the combination of inethyl 
ancl butenyl radicals gives more pentene-2 than 3-methylbutene-1 (18). Xo such pro- 
portionate rise in the total pentene-2 fractioil accompanies the rise in the 3-methyl- 
butene-1 fraction (Figs. 6,  7, and 8) a t  lower pressures. 

Thus  reaction [VIII:], whether inethyl 1-1 or methj-1 group migration, fits best as the  
process giving 3-metl~ylbutene-1. Reaction [ I S ]  may conceivably explain the snlall (less 
than 170), ~lear ly  constant amounts of traits-pentene-2 and methylbut-ene-1 fractions a t  
high pressures, as well as the ethane, propane, and similar products. 

E.~perinzental Rate Constants k ,  and k,jor .4ckivated Dil4C 
Iildividual values of the overall structural isomerization rate constant k,, are sho\vn 

in Fig. 9. The  previous definition of k ,  is again usecl: k ,  = w (D/S),  where S is stabilized 
cis- and trans-DNIC and D is the total olefins, inclucli~~g 3-methylbutene-I, derived from 
excited cyclopropanes; w is the  specific collision rate (Appendix I ) .  The above definition 
gives an  average rate constant for both cis- and trans-DNIC. The  s tudy of tra.12~-DMC 
and of cis-DhlIC therinal isomerization reactiolls (15) indicates for our purposes a minor, 
although real, variation betweell xi kni and xi k, i ' .  

At 850" and 300°, the k ,  values were quite reproducible. An upward trend \\-it11 in- 
creasing S / D  (i.e. increasing pressure) is evident, and is consistent (13) \\,it11 a larger 
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FIG. 9. Rate constant for isol~lerization o f  D M C  t o  p e n t e m :  ., DM and cis-butelle-2 at 250"; 0 ,  D M  
and cis-butene-2 a t  300'; 0 ,  DhI and cis-bute~le-2 a t  400'. 

energy spread in the formed DivIC molecules. Values of k ,  a t  very high pressure are 
Illore tillreliable due to their sensitivity to the cletailed choice of extrapolatecl high- 
pressure limits; thus a quantitative estimate of the energy spread is not available on 
this basis. -At the highest temperature, 400°, there is more scatter in k ,  a t  high S /D.  This 
is possibly due to clifferent degrees of self-heating in the various runs. The coilsidesable 
rise in k ,  a t  -100' with illcrease of S / D  is also indicative of a greater energy spreacl of the 
formed molecules. I-Iowever, the apparent increase is too large to be explained by this 
etfect alone and may reflect, in part, the illaccuracy of the o - I  extrapolation to p = m ; 
such error becomes less iillportailt in the determination of k ,  a t  the lower range of S/D.  

Experiinental values for kg,-' and k,?/kgl xirere calculated by least-scluares analysis 
(Fig. 10) of the linear, low-pressure portion of the function 

FIG.  10. Plot o f  cis-DhIC/tra?zs-DMC against w .  (Df S ) / S :  400°, 0 ;  300°, 0 ;  250°, 0 .  
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SETSER AND RABINOVITCI-I: DECOMPOSITION OF DM 1439 

This relation follows (9(b))? from the steady-state expression for energized trans-DNC, on 
setting k, = Ci kni = Ci k,,,'. The  least-squares results for kgl and k,a/k,l are 3.5X108 
sec-1 and 0.66, 4.45X106 sec-l and 0.66, l.l5XlO%ec-' and 0.72, at 250°, 300°, and 
400°, respectively. Figure 11 illustrates the magnitude of k,1 for all S/D. 

- .  
0.0 1.0 2.0 3.0 4.0 5.0 10.0 14.0 

S/D 

FIG. 11. Rate constants for cis-trans isomerization of cis-DMC: 0, DM and cis-butene a t  250"; m, DM 
and cis-butene a t  300'; 0, DM and cis-butene a t  400". 

To  obtain a ratio of k,l/k,, the least-squares value of k,l was compared to k, evaluated 
a t  S /D = 1.0. The ratio kgl/k, is 8 a t  250°, 7.4 a t  300°, and 11 a t  400'; an average of 9 
is taken; this is in agreement ~vi th related earlier findings that  geometric isomerization 
of cyclopropanes proceeds faster than structural isomerization (9(a)). 

k,' for Pen.tene-2 
The  following expression obtained from the steady-state equation was used to calculate 

kg; : 

where S is the total DA4C product, is trans- and C, is cis-pentene-2 product. The 
equilibrium constant for cis * trans, i.e. kgll/kg;, was calculated as 1.1 a t  these high 
vibrational "temperatures" from thermodynamic data (17). The values for knl and 
k,; were obtained by trial and error procedure with an IBA? 709 computer for the data 
in Figs. 7 and 8, in conjunction with estimation of the contribution of k,, to k,. The best 
fit mas given by knl/k,; = 1 ~ t 0 . 2 ,  and kg?' = 1.Gf 0.5X107 sec-I and 3 f l X 1 0 7  sec-1 
for 300" and 400" respectively. 

The average ratio obtained for k,ll/k, was 0.27. Since the isomerization of cis-pentene-2 
(i.e. kgll) is expected to have an activatioil energy nearly equal to that for cis-butene-2 
(262.8 kcal/mole), which in turn is closely the same as that  for the overall structural 
isomerization of cis-DYIC ( l j ) ,  the ratio of 0.27 may largely reflect a difference in reaction 
path degeneracy-which is 8 for cis-DMC a i d  only 2 for cis-butene-2 (21). 
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Some Repnarks on Experinze~ztal Rate Constants 

(a) Covzpariso~z of Energy of Chenzically ,llctivated D1VIC 
Table I lists the average rate constants for geometric and structural isomerization in 

different D31C systems. The  correspondence between the photolysis ol a Dl11 + trans- 
butene-2 mixture a t  4358 ,& and the thermal decoinpositioll of a DM + cis-butene-2 
mixture a t  400° illdicates that  the energized DXIC product- molecules have nearly the 
same energy in both cases. A sinlilar correspoildellce has been noted above for cyclo- 
propane produced by D M  pyrolysis a t  325O. Sources of error in such colnparisolls include 
some uncertainty in the effective average wavelength for photolysis, and in the estimation 
of the change of the effective collisio~~ cross section \vith tenlperature by use, for example, 
of the Sutherland constant. 

(b) Eqzbilibriz~nz Constant for cis-trans-DJlC 
For D M  wit11 trans-butene a t  4358 L% Frey has found a low-pressure limit for kg2/kEl 

of 0.33 (9(b)). 'LVithin the validity of the approximation, C kni = C kai', the low-pressure 
ratio of k,?/k,l correspoilds to the apparent equilibriunl constant of the activated cis- 
trans-Dh4C molecules (equation [V]). In  view of the small differences in the heats of 
fornlation (1.02 kcal/mole) of cis- and trans-DhiIC (15), and in collsideratioil of the high 
vibrational "temperatures" of these energized n~olecules, our present average of 0.68 
for k,?/kgl seeills inore valid. In  sollle worli on Dhil photolysis, \\re obtain 0.80, again 
closer to unity. 

(c) Evidence j'or Intranzolecular Relazatio?t of Energy 
The  ratios of kg1/k, from the thermal isomerization of cis-DNIC (15) and from this 

worl; are -23 and -9, respectively. This difference call be explained by the appreciable 
activation energy difference (15) (2 kcal/mole) between structural and geometric isom- 
erizatioil of cis-DMC. At the coinparatively lorn energies of the conventional thermal 
system, this difference is important; a t  the higher energies here (Appendix IV) kEl/k, 
tend to approach the ratio of the pre-exponential factors. This reconciliation of the 
actual change in kgl/k, for these two different methods of activatioil provides additional 
support for fast intra~llolecular relaxation of vibrational energy relative to the relaxatioil 
process for deconlpositioil (9 (c) , 22). 

In this section, a illode1 for k, is constructed which gives good fit of conventional 
thernlal uilin~olecular data ,  i.e. systems of known energy. Values of kg mill not be com- 
puted here. The lllodel is applied to the estimation of the cyclopropane energies involved 
in chemical activation work by treating the unknown energies as parameters which give 
fit of experiilleiltal and calculated values of k,. This procedure is useful in view of the 
uncertainty in many of the thern~oclzernical quantities involved and, together with all 
experimental data ,  also provides a test of various L'tl~erinochen~ical" assuillptioils and data. 

Thermoche~nical Quantities. Distribution liunctio~t of the Formed Cyclopropanes 
In order to calculate a value for k, the energy distribution function of the formed 

cyclopropane molecules f (E) must be obtained. Figure 12 illustrates and defines the ther- 
mochemical quantit ies7 The  cyclopropane molecules are formed in an  energy range 

? A l l  qziantities refer to  0° K. Altkotcglt m a n y  quantities 71rust be estimated, so t l ~ a t  alnzost a n y  reference skozcld 
be suf ic ient ly  accurate, i t  seerns best to  adopt  t h i s  base. 
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SETSER AXD RABINOVITCI-I: DECOMPOSITION O F  DM 

CYCLOPROPANE 
PRODUCT 
OLEFINS 

-REACTION COORDINATE - 
FIG. 12. Illustration and definition of thermochemical quantities for the addition of ~nethylene to olehns. 

L',= pertains only to photolysis systems and is t ha t  part of the excess light energy captured by the nlethylene 
and ass~imed to be retained up to  reaction. 

above &,in and iso~nerize to produce olefins unless their energy is reduced below AEa 
by collisions ivith heat bath molecules. E,,, is the sum of AE:, the heat of the addition 
reaction of CE12 to the substrate olefin, and ERE, the fraction of reorganization energy 
in the DhI deconlposition associated with ~nethyleile (Appendix 111). ERE is assumed 
to be largely retained by the methylene, which adds efficiently to  olefins (8(c)). This is 
supported by the ability of CHs to  carry fro111 its genesis excess photolysis light energy 
(of var)~ing amount) into the product cyclopropailes (9). The activation energy for 
addition of methylene to olefins is snlall (8(c and d), 23) (<2.0 ltcal/mole) and, for 
simplicity, relative translat.iona1 energy of the reacting inethylene and olefin is simply 
luinped into ERE. 

The formed cyclopropailes are not in equilibriunl with the heat bath. For the calcula- 
tion of f(E),  the principle of detailed balancing is applied as before (13). As a reasonable 
approxinlatioil (and a desirable one, also, due to our ignorance of the spread in EnE) 
we shall take E R E  to be a coilstant quantity, which can be added to the heat of reaction 
AE;, but whicl~ does not affect the form o f f  (E). j (E )  spans a large range of energies 
a t  the high tenlperatures used here in any case. Details are given in Appendix I1 and 
the forill of j'(E) is illustrated for two cases in Fig. 13. Neither A E o l  or ERE is well known, 
so that the procedure adopted here means that f (E)  is started a t  a value of Em,, that 
gives agreement between experillleiltal and calculated rate constants. 

Fortnz~lation of k E  and k ,  
The chemically activated cyclopropane molecules, V,  with energy E = E m i n + E t b e r m l  

may isonlerize to olefn product with specific rate constant k E ,  or may lose energy by 
collision with bath inolecules with specific probability w (equation [XI]). The asterisk 
denotes a cyclopropaile inolecule having energy above AEo, and capable of undergoing 

W k~ 
V (El) +- V (E)* - olefill product 
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FIG. 13. Plots of k~ and f ( E )  as a function of energy: (A) kE for ~ ~ c l o ~ r o p a ~ ~ e ; ~ a l l  v a l ~ ~ e s  have been 
multiplied by to show them on the graph. (B) f (E)  for cyclopropane a t  325" C. ( C )  k~ for DMC. ( D )  
f ( E )  for DMC a t  300" C. Both distribution functions were started a t  100 kcal/mole only for ptlrposes of 
comparison. 

isomerization. We consider only the case of strong collisions, i.e. E' ,< Eo.  Detailed low- 
pressure experimental data and more refined collisional transition probabilities, iilcluding 
inefficient energy transfer, to be presented elsewhere, indicate that little error results 
here for this case. 

The observed average rate constant is (13) 

where the expression for k, is (24) 

N E +  is the total suin over the active energy states of the activated conlplex up to its 
energy Ev+; N E *  is the total density of the active rotatioilal and vibrational states a t  
the energy E for the energized molecule; P1+/P1* is the residue of the partition fuilction 
ratio for adiabatic degrees of freedoin of overall rotation, including reaction path degener- 
acy. Reference 13 may be consulted for more detailed description of these equations 
and others of Appendix 11. 

The molecular and activated coillplex models used, as well as further calculational 
details, are sunlinarized in Appendix 11. Resulting k, values for cyclopropane and DR?C 
a t  various high energies are shown in Fig. 13. Coinbillation of k, with f ( E )  gives ha a t  
different pressures ( w ) ,  according to equatioil [a] .  With use of the strong collisioil illode1 
Table I lists the values of E,,In and oC the average energy of the formed cyclopropai~es, 
Eav = ~ ~ l ~ + z ~ ~ ~ ~ ~ ,  necessary to give a inagnitude of k, that matched the observed rate 
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- 

constant. Ethcrm was calculated fro111 f (E). On the basis of the agreenlent with con- 
ve~ltional thermal data described in Appeildix 111, supported son~elvhat by the com- 
parisons of the following section, the E,, values are considered lcnown to within 5 Iical/ 
mole. The reillark may be added that inefficient collisional energy transfer indicates a 
lowering of the energies in Table I by 2-3 lrcal/mole in seine cases (therinal DM),  
which for cyclopropane, particularly, is opposed in  effect by neglect of anharmonicity 
(11). 

Energy Dependence of k ,  
The calculatioilal nlodels predict that  above 100 Iical/mole a change in excitatioil 

energy of 4-5 lical/n~ole produces a twofold variation in k E  for both cyclopropaile and 
DMC (Fig. 13). At lower energies, the energy depeildence is somewhat stronger. The  
calculated change in k E  is compared to experimentally observed change in k ,  for linown 
energy change in Table 11. Conlparisoil of k ,  with k E  is adequately valid since the energy 
dispersion (13) of the activated cyclopropanes is actually qrrite sinall ill view of the 
large values of Em,,. 

TABLE I 1  
Variation of rate constants with energy change, A E  

Observed Predicted 
A E  change in k,  change in k~ 

System (kcal/~nole) (factor) (factor) 

DiMC (DM, 250") 
DLlC (DM, 300") 1 . 4  1 . 3 ,  
DUIC (DM, 400') 2 .35)  1.7- 2 . 1  j 1 . 6  

Cyclopropane (DM, 3351) 
Cyclopropanc (DiVI, 450 ) '.' 
Cyclopropane-d? 

(ketcnc, 3320 A) 
Cyclopropane-d? 3 

(lietene, 3200 A) 
"For 950-400' and 300-400°, respectively. 
bCorlsideration of ir~eflicient collisiollal deactivation reduces this discrepancy. 

For the thermal DM-cis-butene systeins the agreement between predicted and 
observed changes in the rate coilstailts is well within experimental error. In these thermal 
DM systems, although E,,, is treated as an  unlinown to be evaluated empirically, the - 
ii~creinent in Ether[,, with temperature is reasonably well 1;nolvn. 

The con~parison of the cyclopropaile results a t  32.5' and 450' is less re\varding due to  
larger self-heating and to less efficient collisioilal deactivatioil for this smaller i no l ec~ le .~  
Coilsiderations of inore inefficient stepwise deactivation from low-pressure studies bring 
the cyclopropane data  within experimental error. 

Since Fig. 13 shows closely siinilar relative energy dependence of k ,  for both cyclo- 
propane and DMC, i t  would be expectcd that  kE for nlethylcyclopropane should display 
similar energy dependence. Butler and Kistialiowsliy (9(c)) have illeasured the rate 
constailts for structural isonlerization of energized 1uet1~ylcyclopropai1e formed froin 
photolysis of ketene and of DM with propene and with cyclopropane, to nlnlie three 
pairs of systems: The exotherillicity of the reaction of inethyleile with cyclopropaile is 
known to be 7.9 ltcal/mole greater than the reaction with propene. Using the present 
collisio~l cross sections (Appendix I) the average ratio of rate constants for their three 
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pairs of systems is 3 . 8 f  0.4, and dependent a little upon the choices of collisio~l cross 
sections. :hound 100 ltcal/mole, a change in energy of 7.9 kcal/mole changes k n  by a 
calculated factor of 3.5 and 3.3 for Di\lIC and cyclopropane, respectively. 

Presszlre Depelzdence o j  k,, 
-4s shown in Fig. 9, the values of k, increase a t  higher pressures due to tlie rather 

large energy spread (Fig. 13) of the foriued n~olecules. I-Iowever, quailtitative experi- 
mental measurement is difficult due to the sensitivity of the k, values to the extra- 
polated high-pressure limits. I t  is sufficient to note that on tlie unit deactivation efficiency 
lilodel the calculated k,,/k,o ratio for the 300" DMC system is 1.45, and for tlie 325" 
cyclopropane slrstem is 1.2. Ari inefficient collisio~lal deactivation model ~vould reduce 
these calculated ratios, but in any case these are sensible lnagnitudes of the energy 
dispersioil (13). 

Cornfiarison oj Calczilated E Values with Those Based on Existing Tlzermochemical 
Quantities. A H f O  (CI12:liz) 

X comparison may now be made of the E,,,, values deter~ilined above with estimates 
of E,,,,,, from thermochemical data (17). A coinmonly used value of AfIfO(CI-12) is 67 
l<cal/mole (25); 2 8 0  Iical/mole8 may be a better estimate (8). The heat of reaction of 
CI-12 with ethylene to for111 cyclopropane ( V )  is AEo' = [AHf0(C21-14)+AI-If0(CI-I,) 
-AIIlo(V)]. Taking AIIf0(C21-14) = 14.5 kcal/n~ole, AIIfO(V) = 15.5 l;cal/mole, and 
AlIr0(CI-I?) = 67-80 kcal/mole, li~nits of 66 and 79 Itcal/mole for AEd are set. Since 
Emin = AEo/+EnE is -101 kcal/mole (Table I ,  footilote n), ERE is required to be 
bet~veen 35 and 22 Itcal/mole. A sig~lifica~lt part of the reorganization energy in DM 
deco~ilpositio~l should actually be in the nitrogen (r(CH2N=N) = 1.18 A, r(N--N) 
= 1.094 -4) (27, 28), and EEE would be expected to be less than the total reorganization 
energy. 

The maximum possible value of E R E  is {AfIfO(CI-I~N?)+AEo+-AH~~(CI-I~)}. The 
activation energy AEo+ for DM deco~llposition seems here established a t  -35 Iical/n~ole. 
Electron impact data (26) give AllfO(CI-I&?) as 46 kcal/mole; this value of AFIfO(CI-I2N2) 
leads to a range of EnE of 1-14 Itcal/mole, which is incompatible \vith the ltinetic data 
and the above discussion on ERE This suggests that Al-IfO(CI-I2N2) must be >67 kcal/ 
mole. Hence, high values for both AH10(CH2) and for AHfO(CI-I2N2) best fit the ltinetic 
data;  in terms of present evidence, AHfO(CI-12) > 80 Itcal/mole is favored and is used 
liencefortli. Eve11 if tlie models for kB were in error by a factor of two and Em,, were 
to be lowered by about 5 kcal/mole, this would not change the nature of the above 
arguments. 

The Fraction oj Excess Liglzt Energy, I?,,, Carried by the Methylene in  Photolysis Systems 
A .  Iietene 
The observed structural isomerization rate constant for cyclopropane fornled from 

photolysis (3200 A, 25") corresponds to E,, -v 100 Itcal/mole (Table I). At 25", I?therm 
is 2 kcal/mole, so AEO'+~?,, = 98 I t~al /mole.~ Since AEd is 79 ltcal/mole, I?,, = 19 

8LVe cite here three e.vanzples favoring a higher AHro (CHz):  First, the existence of close-lying singlet and triplet 
states .~nake interpretation of electron impact data dificult; Herzberg (Proc. Roy. Soc. (London), A ,  262, 291 
(1961)) has reported a n  ionization potential of 10.4 ev for nzethylene ( 3 2 , - ) ,  as opposed to the previous value 
of 11.9 ev (25), and a value for AHrO(CH?) of ,< 9 3  k c a l / m ~ l e - ~ .  Second, Gesser and Steacie (Can.  J.  Clzem. 
34, 113 (1966)) interpret tlze reaction of ?~zetkylene with hydrogen to give AHto(CH2) 'V 8 0  kcal/nzole. Third,! 
recent valzie of 9 3  kcal/?nole for the activation energy of the reaction C H I  4 CH2 + H? (where C H ? ( ' A 1 )  zs 
presu~nably formed according to spin conservation) leads to AHrO(CH2) h. 76 kcal/mole (V .  Kevorkian, C. E. 
Heath, and ill. Boz~dart. J .  PAys. Chem. 64, 964 (1960)). 

~ D Z L C  to tlze ~oavelengtlz distribution of the incident radiation and some-distribution i n  fraction of excess light 
energy retained by the ?netkylene, we m e  only a n  average excess energy En,, and do not dejine a n  E,i, quantity 
for photolysis systenzs. 
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ltcal/nlole. The total excess light energy is ( AI-Ilo(CI-I2CO) +hv- ATIlo(CI-12) - AIiTfo(CO)} , 
and for AJIr0(CI-I?) = 80 I<cal/inole, this qua~lt i ty  is 23.8 kcal/inole. I t  follows tha t  
I?,,, the fraction of the excess liglit energy in the methylene when it  reacts, is ~ 0 . 8 0  
of the total excess light energy. 

B. DM 
\Ve set AfIfo(CI-I2Ny) = 70 l<cal/mole for purposes of cliscussion. The kinetic data  

suggest (AE~'+E,,) 107 kcal/mole for the DM-ethyleile system, and E,, is here 
28 kcal/mole. The total excess light energy is {ANfo(CI-I~N~)+I~V-AHro(CE12)} and 
equals 55 l~cal/mole a t  4358 A (hv = 65 kcal/mole). Hence E,, - 0.50 of the total excess 
light energy. A higher value for AIiTfo(CI-I2N2) would reduce this fraction. 

Frey (O(d)) has studied energized methylcyclobutane and methylenecyclopropa~~e 
formed fro111 photolysis of DM + cyclobutaile and DM + allene, respectively, a t  
4358 and 3660 A. Assuming that  the average ~vavelength absorbed was indeed the 
mentioned values, tllen the maximum energy difference of each pair ~voulcl be 12 ltcal/ 
mole. The observed change in the structural isomerization rate constants was only a 
factor of 1.5 for both the methylenecyclopr011;1i1^i and the methylcyclobutane. This 
strongly suggests that  the real energy change of the for~ned nlolecules was even less 
than 12X0.50 = 6 Itcal/mole and that I?,, < 0.4 of the total excess light energy. 

In the same paper, Frey (9(d)) reported methylcyclobutane formed by photolysis 
of ketene and cyclobutane urith 3130 A,  and with unfiltered, radiation in a quartz vessel 
(effective radiation was mainly 3000 A and 2800 &h), and found an  increase in the isom- 
erization rate constant by a factor of 2. The maximum difference in absorbed ~vavelength 
was 3130 -\ and 2800 A, or a difference in total excess light energy of -11 kcal/mole 
and probably somewhat smaller. Comparison of this data with that for Frey's DM 
system just described also supports the above finding that an appreciably greater fraction 
of the excess light energy re~llaiils wit11 the reacting methylent. from l~etene photolysis 
than from DM photolysis. 

If a high value for AI-I,O(CHz) of 90 ltcal was used, inany of the quantities calculated 
above would change appropriately. The estinlated fractions would decrease from 0.8 to  
0.65 for ketene and from 0.5 to 0.4 for DRII so that the relative relations and previous con- 
clusions are unchanged. In  addition, if the arbitrary estimate of AH:(CI-I2N?) = 70 ltcal 
was raised to SO Itcal, this latter value when coupled with AJI?(CH?) = 90 ltcal would 
reduce the fraction for DRII further to  0.33. 

.- Little information on the electronically excited DNI and ketene states is available. 
I-Io\vev-r, it is of interest to compare r(C-0) in ground-state Iietene and in the carbon 
monoxide product (1.15 A (28) and 1.13 A, respectively) with r(N-N) in ground-state 
Dhl  and in the nitrogen product (1.18 A (28) and 1.004 A, respectively). The relative 
illvariance of r(C-0) may help to explain the higher fraction of excess light energy 
that remains with the methylene in ltetene photolysis. 
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APPENDIX I 

CALCULATION OF THE SPECIFIC COLLISION FREQUENCY 

A Sutherland correction was used to obtain the effective collision frequency a t  the 
different temperatures. Furthermore, i t  was necessary to apply lnolecular volume and 
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self-shielding corrections to the experimental ideal gas pressure a t  the high pressures 
used in the DM-ethylene systems (9(a)). For the cyclopropane system, DM and/or its 
products were couilted fully in the calculation of the total w.  For the DMC system, 
DM and/or its products were counted in arbitrarily as one-half their value (to allow 
for decreased deactivation efficiency relative to cis-butene-2). The following tabulation 
lists the constants employed. 

Diameter Sutherland 
Molecule (A) co~lstant 

Ethylene 4 .95  ~ ~ 6 a  
Cyclopropane -1.92 
Diazomethane 6 . 4  
Propene 5.9 
cis-Butene-2 6.5 500b 
Methylcyclopropa~~e 5.9 
Dimethylcyclopropane 7.0 

"S. Cllapman and T. G. Cowling. The mathematical theory of non- 
uniform gases. Cambridge University Press. 1952. p. 275. 

bEstimated from molecules of similar complexity. 

APPENDIX I1 

CO~IPUTATION OF k, 

Formulation of f(E) 
The process of interest for the calculation of f ( E )  in-the thermal DRlI system is the 

reverse dissociation of cyclopropane into methylene and:substrate olefi11 (13). Then we 
may define 

where IC(E) is a Boltzinann distribution function for cyclopropane inolecules a t  the 
reaction temperature, and kE' is the specific rate a t  which energized molecules would 
decompose into methylene and substrate olefins. On substitution of equation [b] into 
[c], the distributioil function f ' (E)  taltes the form 

and f'(E) becomes f(E) upon superpositioi~ of E R E  
For the photolysis systein the energy distribution of the formed activated inolecules 

corresponds to the combination of the thernlal distribution a t  the reaction temperature, 
usually 25', with the wavelength distribution of the absorbed light. 

Sumerical Calculations and Vibrational  models 
Values of N,*, NE+, NE+' were calculated directly with an IBM 709 (29). 111 order 

to do the sums of quantum states it  is economical to group the lnolec~llar frequencies 
somewhat; in this case, five frequency groups (each group a degenerate oscillator with 
frequency equal to the geoinetric mean of the molecular frequencies of the group) give 
an accurate representation of the species concerned. Coinparisoil of the zero-point energy 
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and partition fu~lct io~l  for the ~nolecular cyclopropaile frequencies (30) to that from the 
present illode1 indicates that less than 10yo error is introduced by this simplification.' Al l  
vibrational and internal rotational degrees of jreedom of molecules and comfilexes were taken 
as active. The molecular frequencies for DMC were estimated. The grouped ~llolecular 
frequencies are shown below. 

For the activatecl complex for structural iso~llerizatio~l of cyclopropane, the previously 
described model (31, 32) (the representation of the activated co~llplex ill ref. 32 contains 
a slight typographic distortion) was used: 

Relative to cyclopropane, the principal changes are the elimination of one C-1-1 stretching 
frequencj., ancl lowering of three frequencies correspoilding to two new torsional illocles 
of the illethylene groups and a whole molecule bending frequency. These frequencies 
and bond lengths were chosen in accord \\.it11 bond order rules. I n  formulation of the 
activated co~llplex for structural isomerization of DMC, no distinction was made between 
either the t\vo geonletric isonlers of DMC or between the forlllatioll of different structural 
isomers. The frequencies of this activated coillplex were obtained by chailging the DkIC 
freque~lcies 111 analogy with the above treatnle~lt of cyclopropane. As has been shown 
(32, 33), calculational results are fairly i~lsensitive to variations in the assignment of 
frequellcics for the activatecl co~nplex. This is particularly true for large molecules whose 
frequency pattern is little alfected by such variations. The assignment of vibrational 
frequencies for the methylene plus olefin association conlplex is, again, not critical 
feature of these calculations. h'Iethylene adclition to olefills is stereospecific (8) and no 
internal rotation in the associatioll activated complex is postulated. 

h,Ioclels for the cyclopropanc (I) and DaIC (11) systems 

Energized molecule Activated complex Associatioll cornplex 
freq. (ern-') freq. (cm-I) freq. (cm-I) 

ICL 

Int. rot. (2) I n t .  rot. ('2) I n t .  rot. (2) 

"Frequencies for cyclopropane molecule as given most recently by S. J. Cyvin. 
Spectrochim. Acta.. 16. 1032 (1960). \rroukl be slightly different, but the calculnt~onal 
results woukl be virtually ~lnchangecl. 

The ratio [(I,+IB+Ic+)/(I,yIBIc)]112 was calculated to  be 1.21 for cyclopropa~le and 
estinlated as 1.1 for DMC. Co~nbination of these illodels and the observed activation 
energies give 60.0 and 62.7 lical as the values for AEo for DhlIC and cyclopropaile 
respectively. 
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Fit oj the Cyclopropane 1110dels to Tlzermal Isornerization Data 
The frequency assignments and calculational methods enlployed here do, in fact, 

provide an excelle~lt fit of thermal unimolecular isomerization data, where E,,,,, = E o  
is a kno~vn quantity: For k, for cyclopropane, we have already fouild (32) \\-it11 these 
~nodels -4,(calc.) = 1015.3?; zlm(cxptl.) (34) = 1015 "O. In addition, the lnodel \\-as shown 
to give the correct curvature for the experimental falloff curve of cyclopropaile (3.5, 36). 
The absolute pressure fit is given to within a factor of -2, depending somewhat 
on the calculation of collisioll cross sections and on the particular experimental data. 
These lnodels also satisfy (32) the observed (37) pressure depeildence of the intel-molecular 
isotope effect, (k,/kD), between cyclopropane and cyclopropalle-d6. This iilvolved 
simultaneous fit of the observed activation energy difference, frequellcy factor ratio, and 
reasonable satisfaction of the Teller-Redlich product rule. 

The lnodels elllployed for DiVC and its activated complex give il, = 7.OX 1014 sec-l 
for the high-pressure frequency factor for thermal iso~nerizatioll a t  740' K. The theoretical 
rate is given by factors of 1.8 and 1.2 for cis-1,2-DMC and tra7zs-1,2-DhIC, respectively, 
relative to experimental values (15), and by a factor of 0.6 relative to 1 , l -D l IC  (16). 

The agreement described above supports the validity of the application here of these 
k, calculational models to the chemical activation data for the evaluatio~l of Em,, and 
E,, by using these as parameters which bring k, (calc.) into correspondence ~vi th  k, 
(exptl.). 

A P P E N D I X  111 

POTENTIAL SURFACE FOR THE DECOMPOSITION OF DNI 

Herzbergs has shown fro111 spectroscopic evidence that the triplet (32,-) rather than 
the singlet ( 'A l) is the grouild state of methylene. Similar conclusions have been drawn 
from stereochemical evidence (20). The separation of these levels is not kno\vn but is 
believed to be small (Fig. 14). 

The decolnpositioll of DM is similar in principle to that of N20 ,  for \vhich (38) 
k ,  = 10ll.%xp (-GO,OOO/RT) and the decomposition proceeds (5) on surfaces I and 
111 of Fig. 14 to give 0 (3P) .  Gill and Laidler (39), using Stearn and Ey-ring's analysis 
(5 (a)) together with an  estimated normal frequency factor of 3 X 1013 sec-I, find a 
separatiou of 500 cal/mole a t  the crossing of the NzO('2) surface with the Kz(lX)-O("P) 
surface. This is of the magnitude given by A~IcClure (40)1° for X and 0 atoll1 spin-orbit 
interactions and by Stearn and Eyring (5(a)) for O('D) and O ( T )  interaction. 

The thermal decomposition of diphenyldiazomethane (+2Di\/I) into diphenyln~etl~ylene 
radicals has recently been investigated (41) ill an  inert solvent; a rate constallt of 
1011~6.1exp (-26,OOO/RI') was reported a t  100'. This low pre-exponential factor is 
similar to that for NaO and is suggestive that the thermal decolnpositio~l gives triplet 
radicals. (Dip l~en~~lmet l~yle~le  radicals from the photolysis of +?DhlI (42) may be pro- 
duced in the triplet state.) Assuming this iilterpretatio~l to be correct for the sake of 
this discussion, wllile subject to further investigation,ll a "nornzal" frequency- factor 
for the high-pressure decomposition would be 2 10'" a11d the transmission coefficient 
for the +?DM clecompositioi~ \vould be -lo-? The  Landau-Zener relation gives'vn 

1OllIcLztrc (40) estinzates 28 r.1~z-l (SO cal/riiolc), 7 0  ~ 7 1 2 - I  (800 cal/jrzole), atzd 152 rnl-1 (,$SO ml/ritole) jor 
the spin-orbit coz~pli?ig pam7tzetei.s o j  atoilzs C ,  N,  a~zd  0, ~.espect,ively. 

1'Tl~e cautio?iary reinarks of Fieldi~tg and I'ritrhard ( J .  Plzys. Cherrt. 74, 278 (1960))  shozlld bc kept it2 rriind. 
12Based on  tables jro?n Stear.7~ and Eyring (lija)), zuitll Isl - s 2 ,  the d,ifference i ? ~  slopes o j  tlie h o  i~~tei.settin,o 

potc?ttials, arbitrarily set llte sante as  jor N20 .  
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SETSER AIiD RABINOVITCI-I: DECOlMPOSITION O F  DM 

FIG. 14. Two-dimensional schematic representation of potential surfaces for diazomethane, singlet and 
triplet methylene. Zero-point energies have been omitted for simplicity. Variation of energy along the I-ICI-I 
angle coordinate may be inferred fro111 the text, corresponding to the dotted curve for CHr(3B1). 

this case a resonance separation of -80 cal/mole. This would be a reasonable order of 
magnitude for the spin-orbit interaction. 

For DNI, it  would not have been unexpected, therefore, had the reaction folloxved 
surface I11 rather than 11. Without prejudice to factors that may alter the splitting 
a t  B as betxveen +?DM and DM, we consider here oilly one other factor: The I-ICI-I 
boild angle in DM is around 120" while those in CI-I2(lA1) and CI-Ie(38,-) are 103" and 
180°, respec t i~e ly .~  As noted by Thrush (43), the energy of surface I11 with reduction 
of HCIl  angle from 180" toxvard 120" should follow the dotted line which lies in large 
part outside of the plane of Fig. 14. The latter represents, for surfaces I and 11, a cut 
a t  a slightly varying I-ICI-I angle (120"-103"). After this paper was submitted, some 
calculatio~ls by Pedley (44) on the variation of CEIe energy with I-ICI-I bond angle 
have appeared; these suggest that  the dotted line could lie closer to the solid curve, 
and might cut surface I above B (Fig. 14) and within a few lical of C,  as would be required 
by our liinetic results and the Landau-Zener relation. 

The explanation of the behavior of +,DM, if triplet product is indeed fonned, xx~ould 
involve co~lsideratioil both of a changed magnitude of separation of the singlet-triplet 
energies of the substituted methylene, and of the characteristic +-C-+ angle in both 
states. 
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APPENDIX IV 

Clarification of the relation of alternative expressions for the calculation of k ,  may 
be worthwhile. Cyclopropane is used as a practical example. The well-kno.vvn classical 
equation [el of RRIC has been widely used for estiinatio~l of k E ,  

il is a seiniempirical constant; Eo has its customary significance and is 62.7 kcal/mole 
for cyclopropane (32). The  classical statistics give highly inaccurate results unless the 
index s is arbitrarily reduced to a fraction of the total nuinber of vibrational modes 
(29, 33). For cj~clopropane studied therillally a t  500' C,  s = 10.5 (36). 

By application oi the Marcus-Rice semiclassical statistical approxiination (24), 
Rabinovitch and Diesen (13) indicated an improved expression (equation [f']), 

I-Iere all vibrational modes are customarily to be taken (29, 33) as active (s = 21); 
E ,  and E,+ are the zero-point energies of energized molecule (49.04 kcal/mole) and 
activated complex (42.8 l~cal/mole), respectively. A' is evaluated from the properties 
of the species in question and is equal to a . P , +  II:=lvi"/h.P,*. I I ' ~ ~ : v , + ;  for cyclo- 
propane A '  (Appendix 11) is 1015.80. The quantities a+  and a are empirical correction 
factors that bring the semiclassical expression for the sum of the vibrational states into 
agreement with exact couilt for the activated complex and energized molecule, respec- 
tively; values of a for cyclopropane have been given (29). Expression V] has been applied 
previously (45). 

Equation If] has also been used in sinlplified forin (9(a)) (denoted here as eq. If']) 
with a = a+ = 1 and with A'  simply set equal to A, (1015.30), as evaluated experimentally 
(34) from the high-pressure liinit of thermal reaction as representing the correct order 
of magnitude. The approximation a = 1 is tolerable, but  a+ only approaches unity 
for E values much above Eo. The present experimental system represents a favorable 
case since E-  Eo > 40 kcal. 

The results for cyclopropane given by eq. [el and [j"] are compared to the results 
froill the accurate direct quantum count for k E  (eq. [b]) in Table III .  The Table shows 
that [el is a gross underestimate of k z  a t  all energies and that  [f'] becomes a good order 
of illagnitucle approximation to the direct count k z  a t  moderately high excess energies, 
but  does not have the proper energy dependence. Use of tabulated values for a and a+ 
shown in Table I11 provide a fit of eq. Lf] to the accurate value of k ,  given by eq. [b]. 

TABLE I11 

Values of k~ compared in various approsi~nations (sec-l) 

Ecl. [fl 
Energy Eel. [bl 

(kcal/mole) Eel. [el Eq. If'] a a+ (Fig. 13) 
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ABSTRACT 

.in elcctrol! sis cell and a tritium counting system are describecl for the s t ~ ~ d )  of the influence 
of temperature 011 the electrolytic separation of h)drogen isotopes on a milcl steel cathode 
In alkaline solution. By careful co~ltrol of the conditions for electrolysis, the separation factors 
could he deter~nined with a probable error of &A%. From the ternperat~~re  coefficients of the 
three separation factors a ,  /3, and y, differences in activation energy of -1680, -2260, 
sund -580 cal/molc have been calculated for electrolysis in the 11-D, I-I-'l', ancl D-T systems 
respectively. \\ hen conditions were less stringently controlled, the separation factor /3 \\,as 
found to be a linear function of the separation factor a according to an eq~lation of the for111 
/3 = Da-E .  This relationship is of importance in the use of cleuteriurn as a tracer in the 
clectrol! tic concentration of natural t r i t i ~ ~ m .  Some einpirical equations showing the tern- 
p e r a t ~ r e  influence on the variation of /3 as a function of a are also included. 

INTRODUCTION 

'The study of the mechanisms of the cathodic evolution of hydrogen and the importance 
of obtaining an efficient separation of the hydrogen isotopes in the commercial productioil 
of heavy water by electrolysis have led investigators to determine the influence of factors 
~ v l ~ i c l ~  affect the separation of protium from deuterium. Among these factors niay be cited: 
current density, overvoltage, nature of the electrode surface, presence of impurities in 
the electrolyte, time of electrolysis, and the influence of temperature on the separation 
of protiuln and deuterium. The efficiency of such a separation is usually expressed by its 
separation factor, which is defined by the ratio of the isotopic forms in the gaseous pllase 
to that  in the liquid phase. For the three hyclrogen systems, protiuin-deuteriuln, protium- 
tritium, deuterium-tritiu111, the separation factors are: 

where li, d ,  and t represent the number of atoms of protium, deuterium, and tritium in 
the specified phase. 'The three separation factors are related to one another by the 
equation 

r = @/a. [41 

Thus a ltno\vledge of any two of these factors enables the third one to  be calculated. 
The results of previous worlters have shown tha t  the electrolytic separation factor of 

the hydrogen isotopes varies somewhat with temperature. Bell and Wolfenden (1) have 
reported a valile of 4.3 a t  10' C and 3.8 a t  100' C for the separation factor a on a nicltel 
cathode in alltaline solution. Waltoil and Wolfenden (2) have investigated the temperature 

'Isszred as  A.E. C.L.  No .  1534. 
?Present nddiess: Luvnl Ind l~s t r ia l  Assocint io?~ (Ivcorporated),  P.O. B o s  124, Pointe-azr.v-Tren~bles, l l Io~~trea1,  

Qzie. 
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influence on five cathode materials. They have fou~id a negative efiect, i.e. a decrease of 
tlie separatioil factor CY for ail increase in temperature for Ni, Ag, Pt, ancl Hg, the tem- 
perature effect ~vi th the latter cathode being hardly detectable, while for S n  there seemed 
to be a slightly positive effect. They have repol-ted a separation factor CY of 7 a t  15' C 
and 5.9 a t  95' C on a nickel cathode in acid solution. 

More recently, Brun a1lc1 Varberg (3) have studiecl the temperature i~lflue~lce on the 
separation factor of protiunl and deuteriu~li on a milcl steel cathode in allcali~le solution. 
They observed a decrease from 17.5 to  5.8 in the separation factor CY for an increase of 
temperature from -1'3' C to 4-97' C. In such experiments carried out a t  various tem- 
peratures, it is possible t o  calculate the difference of activation energy for the rate- 
controlliilg step in the liberation of hydrogen isotopes by means of the Arrhenius equation 
applicable to  the protium-deuteriui~i system in the iollo~ving may: 

d logf f  au, 
- 

d T  2 . 3 ~ ~ '  

where CY is the separation factor a t  absolute te~llperature T ,  R is the molar gas constant, 
ancl 

A H Q  = En- ED, [GI 

where ED is the free activatioil energy for the transfer of a deuteron to the cathode and 
E, is the same activation energy for the transfer of a proton t o  the cathode. 

Xppll-in= the above equation to  the results of Brun and Varberg, an activation energy 
dilterence of -1800 cal/rnole has been calcul.lted for the H-D systenl on a mild steel 
cathode in allialine solution. 

On the other hand, the data  available in the literature on the protiurn-tritium separa- 
tion factor are very limited and do not involve any investigations of temperature 
dependence. Eidinoff (4) has observed a value of 14 on a smooth platinuill cathode a t  
20' C in allialine solution. Horiuti and Nakamura (5) have obtained, by theoretical 
calculations, values of 13.1 and 16.1 for niclcel and platinum cathodes. I<aufnian and 
Libby (6) have observed wide fluctuations for successive determinations of /3 and CY bu t  
the ratio of /3/a was found to be essentially constant a t  2.1h0.1. This ratio has been 
used by the111 and later workers to  calculate, for purposes of lorn-level tritium measure- 
ments, the tritium recovery of an electrolytic enrichment from the observed deuterium 
recover!. 

We observed a wide range of values in the electrolytic separation factors CY and /3 
during tlie first part of our investigation, and these results are discussed more fully 
below. Ostlu~lcl and Werner observed the same behavior (7). We eventually improved 
our technique t o  the extent that  reproclucible results were obtained. This paper describes 
the electrolysis method finally aclopted to  study the influence of temperature on the 
electrolytic separation factors a and /3 on a mild steel cathode in allialiile solution. From 
our results and the relation given in equation [4] it ~ v a s  possible t o  calculate y as a function 
of temperature. Linear Arrhenius relationships (equation [5]) allowed deductio11 of the 
activation energy clifferences of the three systems. 

EXPERIMENTAL 

( a )  E1ectiol)ttic Cell and Oxidation Appara t z~s  
The apparatus used is shown in Fig. 1. The  electrolytic cell A, made of Pyres glass, had a capacity of 

a b o l ~ t  15 cc and was equipped with a ground-glass joint so tha t  it could be opened readily. Two U traps, 
D, cooled with liquid nitrogen, kept the water of the electrolyte from contaminating the electrolytic gases. 
The simple manual Toepler p~1111p E allowed quantitative transfer of the electrolytic gases from the cell 
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FIG. 1. Schematic representation of the electrolysis cell and osiclation apparatus. 
A = electrolytic cell N = removable trap 
D = condensate traps P = vacuum p ~ l m p  
B = differential ~nano~ne te r s  1, = oxidation chamber 
E and I i  = Toepler p~11np 

to the Vyccr oxidation chamber L, which was filled with cupric oxiclc and lcept a t  750' C by means of an  
electric furnace. X second Toepler pwnp I< was used to discard sweep gases while the water produced in 
the furnace was collected in the removable trap N, kept a t  liquid nitrogen temperature. 

( b )  Electrodes a d  Electrolyte 
The 0.25 mm thick mild steel cathode containing 0 .2f0 .05% manganese and O . l f  0.05% carbon and 

the niclcel anode were mounted as  shown in Fig. 2. TWO thin slots, cut  in a slnall Teflon block located a t  

FIG. 2. Electrode arrangc~nei~t.  
h = electrical lead hard 

soldered to clamp 
B = clamping screw 

C = stainless steel clamp 
I) = slots for positioning electrodes 
E = teflon block 

the bottom of the cell, kept the electrodes in a fised position. The electrical metal leads, extending about 
3 cm from the top of the cell through small holes, were fastened to the glass with Armstrong cement. The 
direct c ~ ~ r r e n t  was supplied by a dry  cell and was measured with a milliammeter. A variable resistance was 
inserted into the circuit to restore the small drop in current follo~ving the first one or two minutes of elec- 
trolysis. 
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The water used to make up the electrolyte was distilled three times from an allcaline permangallate 
solution. Sonle heavy water of lcnown concentration was added to make the solution 2% in HDO and about 
20 to 25 pc of t r i t i ~ ~ m  (as THO) was introduced into the water. The  electrolyte was 4.4 weightojo ICOH. 

(c)  Reduction i lppnrn t z~s  a d  Tritiz~jiz Counter 
F i g ~ ~ r e  3 shows the reduction apparatus and the vacuum line associated with the operation of the tritium 

gas counter F. The water produced by the electrolysis and collected in the trap N (Fig. 1) was vacuum- 
distilled into E ,  with the Zn furnace a t  room temperature. Reduction was carried out by allowing the 

FIG. 3. Schematic representation of the r educ t io~~  apparatus and of tritium gas counting syste~n. 
A = connection of trap S to = tritium counter 

vacuum systenl B = differential mano~neters 
E = water receiver P = storage bulb 
D = condensate trap G = reduction chamber 
N = removable trap S = ren~ovable sa111ple bulb 
J = Toepler pump 

sample to  pass through a few grams of 20-mesh zinc metal a t  375' C. Trap D served to  recover any ~111reactecl 
water. The hydrogen was transferred from the reduction system to the counter by the manual Toepler 
pump J. 

Counter F ,  \vhich \vas S cm in length and 1.8 cln in outside diameter, had a sensitive volume of 8.7 ml. 
The anode consisted of a 0.025-n11n diameter tungsten wire, while the copper walls constituted the cathode. 
'The use of an electronic quench ~ l n i t  (an A.E.C.L.-designed unit, number AEP 1702) with a self-q~~cnching 
gas mixture of argon and ethylene provided a plateau with a slope of about 27&/100 v over a 400-Y region. 
Six inches of lead were LISCCI for shielding, and this kept the background to  a b o ~ l t  12 counts/min. The counting 
gas mixture, consisting of G parts of argon to 5 parts of ethylene by volume, was stored in bulb P. 

( d )  Procedure 
The electrodes were polished with 2/0 and 4/0 emery paper, cleaned with ethanol and benzene, inserted 

into thc 'refloll holder, and clamped to tile connecting leads. The electrolyte was poured into the cell, the 
solution frozen with liq~iid nitrogen, and the air rcn~oved by pumping for a few minutes. Two or three 
freezing and pumping operations were sufficient to remove the last traces of dissolved air, which was then 
replaced by sonle 10 cm pressure of helium or argon. The electrolyte was purified by a pre-electrolysis a t  a 
c~lrrent density of 15 ma/crnVor 1 hour, after which the solution vras frozen by liquid nitrogen and the 
electrolytic gases along with the inert gas were removed by the series of operatio~ls outlined above. A fresh 
portion of inert gas was then added to thc electrolytic cell and the pressure \\?as ~llaintai~led a t  60 cm of I-Ig 
throughout the experinlent by lowering of the mercury reservoir E. The  solution, kept a t  constant temp- 
erature, was then electrolyzcd for 30 to 60 ~ninutes a t  a current density of 8 ma/cm2. Current efiiciencies 
of 95 to 98'% were calculated from the hydrogen gas yield. A t  the end of thc electrolysis, the s o l u t i o ~ ~  was 
frozen with liquid nitrogen and the electrolytic gases, \\.ell 111ixed with the inert gas, were transferred, a t  a 
reduced pressure for safety purposes, to  the evacuated cupric oxide furnace L by means of the mercury 
bulb E. (Fig. 1). The resulting watcr was collected in removable trap N, which was cor~nected to  the 
reduction apparatus a t  A (Fig. 3),  and the water transferred into E. The reduction was carried out in thc 
manner already dcscribecl. Complete reduction of the water was very important in order to avoid a possible 
fractionation of the hydrogen isotopes a t  this stage. The presence of any unreacted water \\,as detected by 
a n  illcrease of pressure when the evacuated, liquid nitrogen cooled trap D was heated gently to  room 
temperature. In such a case, a second reduction was carried out. Flo\\lever, it was foul~d that  the incomplete 
reaction could be avoided by changing the zinc furnace frequently, e.g. after 5 or 6 runs. A portion of the 
hydrogen gas \\,as put into a removable sample bulb, S (Fig. 3), for measurement of the protium-deuterium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1450 CANADIAN JOURSAL OF CI-IEMISTRY. VOL. -10, 1962 

ratio with a Model 21-610 Consolidated mass spectrometer. The remaining fraction of the hlclrogen gas 
was transferred to the tritium counter 1: (Fig. 3) by the manual Toepler pump J ancl miaecl four or five 
times with a constant amount of counting gas mixture supplied from P (Fig. 3).  The h>rdrogen pressure 
varied between 10 and 15 cm of mercury while the argon-ethylene pressure was kept constant a t  10.0 CIII 

of mercury. A plateau was run for every tritium deterrllination and the average activity over a 300-\- inter- 
val was used as the true activity. 

RESULTS A X D  DISCUSSION 

The protium-deuterium separatioil factor a was calculated by means of ecluation [I]. 
where the (h/d),,, and (h/d)l,,,ld ratios were measured by a mass spectrometer after 
the water from the electrolyte (liquid phase) and the water fro111 the electrolysis (gas 
phase) had been reduced to hydrogen gas. Two nlethods were used for the determination 
of the protium-deuterium separation factor. The first one consisted of calibration of 
the instrument with protium-deuteriuill nlixtures of l;now~~ composition so tha t  the h/d 
ratios of the gaseous and liquid phases could be determined absolutely. The second 
methocl consisted of comparison of the HD peal; height of the hydro gel^ derived froin the 
electrolyte (liquid phase) to that derived from the electrolytic waters (gas phase) for 
the salne hydrogen peak height in both phases. The ratio of the two peal; heights under 
these conditions gaveW'the separation factor of the protium-deuterium sj-stem. Both 
methods agreed within 2%. 

A relative metl~ocl was used to determine the protium-tritium separation factor P. 
The specific activity of the hyclrogen derived fro111 the electrolyte, relative to the specific 
activitl~ of the hydrogen released during electrolysis, gave the separation factor directly. 
No absolute calibration of the counter was required. Mihen the technique described in 
(d), Esperimental, was followed carefully, the reproducibility was reasonable, as illustrated 
in  able'!^. 

TABLE I 
lieprod~icibility of the separation factors a t  0.5' C 

11 .7  3 4 . 8  
11 . o  :;;3 .2 
11 .-1 29.0 
1 1 . 8  29. -4 

The errors  show^^ in Table I refer to the probable error obtained by a statistical treat- 
ment of the experimental data and lie well within the estimatecl conlbined errors of the 
incliviclual measurements which were used to calculate the separation factors. Thus, 
uncertainties in the D content of the electrolyte and electrolytic water led to  an error 
of - ~ = 2 7 ~  in the separation factor, while a possible variation in temperature might produce 
an error of &I%;  finally, possible isotopic fractionation in the oxidation and reduction 
steps alnounted to an error of f 3Y0. The latter value was obtained experimentally by 
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compariilg the h/d ratio of the electrolytic hydrogen before and after it had undergone 
oxidation and reduction steps. The errors in the protium-tritium system were assessed 
as follows: statistical error due to tritium counting of the electrolgrte and the electroll-tic 
water aimounted to i l  and k 2 %  in the final value of 0, while measurement of hydrogen 
and of counting gas pressures introduced an error of k27 ,  in 0. A possible \-ariation i l l  

temperature might produce an error of ~ 1 %  while an error of ~ 4 %  in 0 was expected 
from the possible fractio~lation of hydrogen isotopes in the oxidation and reduction steps. 

The results for the temperature effect 011 the electrolytic separation factors a ,  0, and y 

are summarized in Table 11. The separation factor y has been calculated by the relation 

TABLE I1 

Temperature effect on the electrolytic separation factors of hydrogen isotopes 

2- (OC) 01 P Y log 13/log rn 

given in [A]. The error quoted for over 15 determinations a t  each temperature refers to 
the 111ost probable error. From Fig. 4, it can be seen that the Arrhenius relationship is 
obeyed in the temperature range studied. From the plots of Fig. 4, ditierences of activation 
energy of - 1680, -2260, -580 cal/mole have been calculated for the H-D, H-T, and 
D-T systems, respectively. The value of -1680 cal/mole for the protium-deuterium 
system compares reasoilably well with the value of - 1800 cal/mole calculated froin the 
results of Brun and Varberg (3). The ratio of log P/log a was fouild to be constant a t  
1.41k0.01, in agreement with the value of 1.40k0.01 reported by Bigeleisen (8) and of 
1.40k0.00 reported by Iiaufman and Libby (6). 

When the technique described i l l  (d), Experimental, was not followed, the agreement 
between successive runs was not very good, as shown in Fig. 5, in wllich the values of a 
varied from 6.7 to 12.7 a t  0.5' C. This lacli. of reproducibility appears to arise fi-om one 
or more of the following factors: nature of the electrode surface, impurities in the electrode 
or in the solution, oi~~issioil of pre-electrolysis, presence of dissolved air ill the electrolyte. 

As a matter of practical interest in connection with measurement of tritium concentra- 
tion in natural waters, it was desirable to determine whether or not 0 varies systematically 
with a. The practical usefulness of such a correlatioil will be evident when it is remembered 
that for determination of low levels of tritium in water, extensive preliminary electrolyses 
are ilecessary to conceiltrate the tritium (see for exaillple ref. 6). I n  such electrolyses, 0 
cannot be measured directly, i.e. only the H-D separation factor can be determined. 
Accordingly, all of the data obtaiued in the present worli. have been examined from this 
point of view. Table 111 s~~mmarizes the results. At all four temperatures, good empirical 

Eil~pirical equations a t  various temperatures 

Number of Enlpiriral 
T ('c) Lirnits deterlllinations equation 

0 .5  6 . 7  < N < 12.7 12.2 < 13 < 34.8 45 13 = 3 . 8 0 ~ - 1 3 . 2  
22.5 5 .4  < ~l < 10.5 9 . 2  < 13 < 29.8 28 p = 3 . 5 3 ~ - 0 . 7  
40.0 3 . 5  < rn < 8 . 8  5 .5  < 13 < 21.4 26 13 = 3 . 1 6 ~ - 6 . 0  
60.0 3 . 4  < ~l < ' i .4  5 . 8  < 13 < 18.6 34 p = 3.04n-5.4 
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I I 
2.70 3.00 3.30 3.60 

kT x lo3 e~~~~~~~~ 

FIG. 4. Tempcraturc variation of the separation factors a,  P ,  and r. 

correlations of the form /3 = Dor-E were observed between corresponding values of a 
and /3. These are shown in the last column of Table 111, and were derived from the data 
a t  each temperature by a least-squares analysis. The probable error in D and E was 
fouilcl to be G% and 15% respectively. 

The solid line in Fig. 5 represents the empirical correlation equation for 0.5" C. Correla- 
tioils for other temperatures were fully as good as that shown in Fig. 5. Ostlund and 
Werner (7) have also obtained a similar for111 of correlatio~l between or and /3 for electrolysis 
a t  10" C. 

I t  is \\rorthwhile eillpllasizi~lg that 7, i.e. /3/or, is not constant; for example, over the 
range of or observed a t  0.5' C, 7 was found to vary from 1.8 to 2.8, in contrast with the 
constant value of 2.lf0.1 adopted by Libby and Kaufman (G) but in agreement with 
the values of 1.G to 2.5 obtained by Ostlund and Werner as reported by Bigeleisen (8). 

CONCLUSION 

When experimental conditioils are carefully controlled, a good degree of reproducibility 
can be achievecl in measurement of the isotopic separation which occurs during the electrol- 
ysis of all;aline water. For these co~lditions, a systematic increase of each separation 
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ROY: ELECTROLYTIC SEPARATION FACTOR 

40 I I 

FIG. 5. Variation of separation factor P as a lu~tction of separation factor a, for T = 0.5" C, 

factor with decreasing temperature is observed; this effect can be expressed formallj- a s  
an  Arrhenius activation energy. The highest value observed for an). separation factor 
was 34.8 for the H-T separation a t  0.5' C. 

When experimental conditions are less stringently controlled, variations up to a factor 
of 2 in  the values of a occur, a t  a fixed ten~perature. For these less well defined conditions, 
it has been demonstrated that a t  each temperature a good empirical relationship of the 
form p = Da-E exists between corresponding values of a and P ;  D and E are tern- 
perature-depende~~t constants. As a consequence, y is not a constant, as has been assumed 
previously, but varies with the value of a. These correlations have practical applicatioll 
in estimating the retelltioil of tritium in the residual water after the extensive preliminar)r 
electrolyses frequently required as a concentration step in the determination of tritium 
in natural waters. 
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FREE-RADICAL REACTIONS WITH AROMATIC ETHERS 
PART I. BENZOYL PEROXIDE WITH ANISOLE' 
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ABSTRACT 

A re-examination of the products of thermal decomposition of benzoyl peroxide in anisole 
has resolved anomalous findings by previous worlm-s. The expected phenylation of the sub- 
strate is accompanied by appreciable benzoyloxylation, and the distribution of isomers in the 
phenylation and benzoyloxylatio~~ p r o d ~ ~ c t s  has been examined; the theoretical inlplications 
of the results are discussed. 

INTRODUCTION 

Phenylation of aromatic substrates by benzoyl peroxide, discovered by Gelissen and 
Hermans (I)  in 1925, was recognized as a free-radical process by Hey and Waters ( 2 ) ,  
and continues to receive much attention (for general reviews, see Augood and Williams 
(3), Dermer and Edmison (4), Walliilg (5), and Williams (6, 7)). In a series of solne 20 
papers, Hey and Williams and their co-worlrers (8, and previous papers cited therein) 
have applied Ingold's conlpetitive method (Ingold and Shaw (9)) to evaluate the relative 
reactivities of many aromatic co~npounds towards the aryl radicals liberated by decom- 
posing benzoyl peroxides. 

Recently, it has been pointed out (5, 10-12) that there is considerable uncertainty 
attached to the application of the competitive  neth hod in such reactions, since many side 
reactions occur, and their importailce varies markedly for different aromatic substrates. 
Further reservations have been expressed since the phenylation process does not occur 
by any one nlechallis~n; differing processes may be dominant a t  different concentrations 
(Eliel et al. (13)). I t  is apparent that selection of the relative yields of substituted biphenyls 
as a measure of reactivity towards free-radical attack must be regarded with considerable 
reserve; a more acceptable procedure involves consideration of the distribution of products 
among the various possible reaction paths (cf. Lynch and Pausacker (11, 12)). 

In the present paper, we have used this approach in a study of the various reaction 
products obtained when benzoyl peroxide deco~nposes in hot anisole, and we have 
resolved suggestions (14; 6, p. 65) that anisole is in some way anonlalous in its behavior. 
A previously published study of this reaction system (15) neglects the occurrence of 
benzoyloxylation of the substrate. 

EXPERIMENTAL 

Analyses are by the Schwarzliopf i\iIicroa~lalytical Laboratory, Woodside, N.Y., and the Australian 
Microanalytical Service a t  the Chemistry Department, University of Melbourne. Infrared spectra were 
measured using a Unicam SPlOO prisl11-grating spectrollleter, and ultraviolet spectra were recorded with a 
Beclcman DIC2A spectrophoto~neter. 

'Presented i n  part at the 44th A n n z ~ a l  Conference of the Chenzical Institz~te of Canada, ilIontrea1, Quebec, 
A z ~ g z ~ s t  2-5, 1961. 

=To wJzom reqz~ests for reprints shozdd be addressed, at  the CIze~tzistry Department, S t .  Francis Xaeicr U?ziz~ersity, 
ilntigonislz, ~Vova  Scot ia. 

JA?nericaiz Chemical Society - Petrolez~m Researclz F Z L ~  Undergraduate Scholar, 1961-1962. 
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il!faterials 
Anisole (Matheson, Coleman, and Bell) was redistilled before use, b.p. 154", noz6 1.5151; the various 

samples contained from 0.02-0.0870 phenol. Benzoyl peroxide was purified (minimum purity, 98y0) by 
reprecipitation from ice-cold chloroforln by methanol. Reference samples of the isomeric methoxybiphenyls, 
methosyphenols, and ~nethoxyphenyl benzoates, and of phenol and phenyl benzoate, were obtained by 
purification of co~nrnercially available samples or by established common syntheses; the physical constants 
of these samples agreed with those recorded in the literature. 

General Procedz~re 
Benzoyl peroxide and anisole were heated together under varying conditions (see Table I) .  After com- 

pletion of reaction, the various products were separated and isolated as follows: the carboz dioxide evolved 
mas estimated by passage through a gas-absorption train. Free benzoic acid was isolated by extraction with 
saturated sodium hydrogen carbonate solution, followed by acidification. Excess of substrate was removed 
under reduced pressure, and the residue was heated under rellux with 5% potassium hydroxide in ethanol 
(16 hours). The ethanol was removed under reduced pressure, and the residue was acidified to pH 2 and 
extracted with ether. 'l'he phenolic frartion and an additional quantity of benzoic acid (be~zzoic acid frof~z 
hydrolysis) were obtained fro111 the extract by standard methods, and the nzethoxybiplre~zyls were isolated, 
after evaporation of the ether, by careful distillation under reduced pressure, or by steam distillation. Any 
involatile residue was weighed and reserved. This procedure is based on that  employed by Lynch and 
Pausac1;er (11). 

The Plze~zolic Fractions: Distribzrtio~z of Isonzers in  Benzoyloxylation 
Element analysis, and infrared and ultraviolet spectra, indicate that the phenolic fractions isolated 

from the various experiments consist largely of methosyphenols, with little phenol being present. The 
following infrared absorption bands were noted for the three methoxyphenols, and for a typical phenolic 
fraction (from expt. 2): guaiacol (capillary film) (cm-I, intensity): 745 vs, 835 m, 920 w, 1005 w, 1022 s, 
1040 m, 1112 s, 1220 m, 1265 s, 1380 111, 1440 m, 1480 rn, 1510 vs, 1610 vs, 1620 m, 2840 m, 2960 ~ n ,  3010 m, 
3430 s, 3500 s ;  n7-methoxyphenol (capillary film) : 690 s, 770 s, 840 m ,  925 m ,  '396 w, 1045 s, 1080 w, 1160 vs, 
1200 vs, 1290 s, 1445 m, 1470 m, 1500 s, 1600 vs, 1615 vs, 2835 111,2950 111,3000 m, 3400 s ;  p-methosyphenol 
(KC1 disl;): 733 s, 825 vs, 1033 vs, 1105 s, 1151 w, 1170 w, 1182 m, 1240 s, 1280 s, 1302 m, 1379 s, 1455 s, 
1510 vs, 1608 s, 2830 m, 2950 s, 3015 w, 3035 w, 3400 s ;  phenolic fraction from expt. 2 (capillary film): 
690 vw, 735-760 s, 820 s, 840 s, 920 w, 1030 s, 1040 s, 1110 s, 1155 s, 1180 m, 1225 s, 1270 s, 1380 111, 1460 m, 
1480 111, 1510 vs, 1600 vs, 1620 s, 2840 m, 2955 s, 3010 w, 3430 s, 3500 s. Virtually all of these bands can 
be assigned without diffic~~lty,  following the lines of previous work by 1Catritzl;y et al. (16, and previous 
papers cited therein). I t  is evident that guaiacol and j-methosyphenol are major constituents of the phenolic 
fraction examined (the infrared spectra of the phenolic fractions were all closely similar), but  the dilferences 
in the spectra of the three isomers are not sufficient for accurate analysis of the ratios of isomers. 

Similarly, although the ultraviolet spectra of the mixtures of phenols from expts. 1-3 and 6-8 corresponded 
well to that of guaiacol, the differences between the spectra of the various isomers are snlall (in water con- 
taining 1% ;;;methanol by volume, guaiacol has A,,, 216 and 275 m p ,  log E 3.76 and 3.33; 717-methoxyphenol has 
A,,, 217, 273, and 27'3 mp, log E 3.83,3.28, and 3.23; p-methoxyphenol has A,,, 283 and 28'3 mp, log E 3.83 and 
3.41; phenol has A,, 211,270, and 276 mp, log E 3.75,3.18, and 3.08; and the various phenolic fractions showed 
A,,, 216 and 275 m p ,  log E 3.9 and 3.32). The infrared spectra of the three methoxyphenyl benzoates were 
recorded, and it was found that  the meta and para isomers had characteristic absorption bands in the 
aromatic C-H deformation region. The following absorption bands were observed (bands characteristic 
of an  isomer are italicized): guaiacyl benzoate (ICCI disl;) (cm-I, intensity): 710 vs, 760 s, 810 w, 1025 s, 
1040 m, 1065 vs, 1080 m, 1110 s, 1155 w, 1170 s, 1200 s, 1260 vs, 1310 w, 1450 s, 1585 w, 1600 s, 1735 vs, 
2835 m, 2940 s, 2975 vs, 3000 s, 3065 s ;  nz-methoxyphenyl benzoate (KC1 disk): 690 s, 710 vs, 744 w, 782 s, 
870 s, 950s, 996 w, 1023 s, 1063 vs, 1081 vs, 1142 vs, 1160 m, 1175 m, 1190 s, 1270 vs, 1318 s, 1450 s, 1490 s, 
1589 vs, 1605 vs, 1736 vs, 2825 In, 2930 s, 2950 s, 3000 s, 3065 111; j-methosyphenyl benzoate (KC1 disk): 
710 vs, 765 111, 815 s, 870 rn, 1030 m, 1040 m, 1070 s, 1075 s, 1115 w, 1185 m, 1205 s, 1255 s, 1280 s, 1320 w, 
1440 m ,  1520 vs, 1605 m ,  1735 vs, 2835 s, 2'335 s, 2960 s, 2905 vs, 3065 m. Samples of mixed methoxyphenyl 
benzoates, prepared by benzoylation of the phenolic fractions from expts. 1 and 2, showed the following 
bands (ICCI disl;): 710 vs, 760 111, 815 w, 870 w, 1024 s, 1040 m, 1065 vs, 1077 s, 1113 rn, 1170 s, 1200 s, 
1265 vs, 1315 w, 1450 s, 1520 s, 1600 s, 1735 vs, 2830 s, 2940 s, 2970 s, 2998 s, 3065 m. The absence of 
absorption a t  690, 744, 782, 930, and 996 cm-I in the samples of mixed benzoates indicated that very little 
nz-methoxyphenyl benzoate was present; comparison with synthetic ~uixtures containing the other isomers 
showed that as little as 3% of the meta isomer could be detected readily by the above absorption bands. 
Comparison of the intensities of the 710 cm-I and 815 cm-I bands in the mixed benzoates with those in a 
series of synthetic mixtures (the 710 cm-I band is common to all three isomers; the 815 cm-I band is char- 
acteristic of the para isomer) indicated ortho:para ratios of from 20-25:1, suggesting that very little 
$-methoxyphenyl benzoate was present. However, a referee has drawn attention to bands in the infrared 
spectra of the phenolic mixtures (at 1155 cm-I, and a t  1180 and 820 cm-I) indicating the presence of signi- 
ficant alllounts of both m-and p-methoxyphenols; it thus appears possible that some fractionation of isomers 
occurred during esterification. 
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Consequently, further examination of the various phenolic mixtures was made by gas-liq~iid chromatog- 
raphy using a Beckman GC-2A gas chromatograph with a "Carbowax 4000 DioleateV-on-firebricli column 
No. 70007, operated using helium a t  an inlet pressure of 30 p.s.i. (outlet pressure, atmospheric), a t  a column 
temperature of 160" C. Trial experiments established that the three ~nethosyphenols were satisfactorily 
resolved under these conditions, (the order of elution being ortho, para, meta), and that the ratio of peak 
areas was accurately proportional to the quantities of the isomers. The following isomer percentages were 
deduced: mixture from expt. 1: ortho, 65; para, 35%; from expt. 2: ortho, 70; para, 30$$; from espt.  3: 
ortho, 82; para, 18yo. No nt-methoxyphenol was detected, confirming in part  the results deduced from the 
infrared spectra of the mixed methoxyphenyl benzoates. The results of the trial experin~ents indicate that 
the individual experimental error is f 2%. 

The Methoxybipltenyls: Isomer Ratios in  Pl~e?tylatio7t 
The  mixtures of methoxybiphenyls isolated from expts. 1 and 2 were analyzed by gas-liquid chroma- 

tography and by differential ultraviolet spectrophotometry. 
In the gas-liquid chromatography, a Beckman GC-2A gas chro~natograph was used, wit11 the standard 

silicone-on-firebrick column No. 74346; helium a t  an  inlet pressure of 30 p.s.i. (outlet pressure, at~nospheric) 
was the carrier gas, and the column temperature was 190' C. Under these conditions, the three isomers 
were satisfactorily resolved (the order of elution being ortho, meta, para), and experiments with synthetic 
mixtures showed that  the ratio of peak areas was proportional to the isomer ratios. The results obtained 
were: mixture from expt. 1: ortho, 76.2; meta, 10.5; para, 13.37;; misture from expt. 2: ortho, 77.4; meta, 
10.7; para, 11.9%. Results obtained with the synthetic mixtures indicate that  the esperi~nental error is f2%.  

The ultraviolet absorption spectra of the various methoxybiphenyls differed s~~fficiently for analysis of 
the mixtures by a standard method (cf. Lynch and Pausaclcer (17), Cadogan, Hey, and Williams (18)). 
Calibration spectra in 95Yo ethanol were recorded in the wavelength range 220-360 nip, n i th  the following 
results: o-methoxybiphenyl showed A,,, 246 and 285 mp, log e 4.09 and 3.70; m-methosybiphenyl showed 
A,, 250 and 280 (shoulder) mp, log 6 4.18 and 3.62; p-methoxybiphenyl showed Anlax 261 mp, log 6 4.28. 
The proportions of ortho, meta, and para isomers were found to be 80, 10, and 109; for the mistures from 
expts. 1 and 2 (the two mixtures gave identical ultraviolet spectra). The experimental error is probably 
f 5 % .  

The infrared spectra of the various methosybiphenyl mixtures were consistent with the isomer ratios as 
determined above, and no bands other than those due to  the three isonlers were present. The following 
absorption bands were noted for the methoxybiphenyls: ( a )  o-methosybiphenyl (capillary film) (cnl-1, 
intensity): 700 vs, 732 s, 755 vs, 915 111, 937 w, 998 w, 1012 s, 1031 s, 1060 s, 1078 m, 1126 s, 11G6 111, 1182s, 
1241 vs, 1264 vs, 1300 m, 1433 vs, 1465 111, 1485 vs, 1508 s, 1585 s, 1600 s, 2830 m, 2035 s, 2055 s, 3000 m, 
3025 m, 3060 s ;  711-methosybiphenyl (capillary film): 600 vs, 755 vs, 790 111, 860 m, 908 \v, 1020 m, 1038 111, 
1053 m, 1077 w, 1180 s, 1215 vs, 1270 sh, 1298 s, 1420 s, 1480 vs, 1570 s, l G O O  vs, 2832 m, 2035 s, 2950 s, 
3000 m, 3030 In, 3060 s ;  p-methoxyl~iphenyl (KC1 disk): 688 m, 760 vs, 832 vs, 000 \v, 1001 IT, 1015 m, 
1038 s, 1042 m, 1120 m, 1186 n1, 1202 s, 1253 vs, 1271 In, 1.200 s, 1441 m, 1450 In, 1-166 n1, 1-100 vs, 1527 m, 
1582 w, 1609 vs, 2835 m, 2035 s, 2960 s, 3000 In, 3030 nl, 3070 111. 

Infrared Spectra of I7tvolatile Residues 
These were recorded for the products f r o ~ n  the various experiments, using tlie potassium chloride disli 

technique for sample preparation; all spectra were closely similar. i\ typical example (a sample prepared 
from the involatile residue from espt.  7) showed the following strong barlds: 700, 755, 830, 1035, 1080, 
1120, 1180, 1230, 1250, 1300, 1410, 1480, 1500, 1590, 1600, 2830, 2930-2960, 3000, 3030, 3060 cm-I. 

DISCUSSION 

In i~lost experiments, the suins of the yields of carbon dioxide, free benzoic acid, and 
bellzoic acid from hydrolysis account alnlost quantitatively for the reacted benzoyl 
peroxide, and the yields of other products are quite reproducible. Althougl~ some losses 
are inevitable in the working-up processes, i t  appears that reasonably quailtitative 
estimates of the various reaction products have been made. 

111 the following discussion, we interpret the anonlalous behavior reported by previous 
worlcers, and attempt to show that  anisole actually behaves in a typical manner in its 
reactions with the radicals froin decomposing benzoyl peroxide. 

The  " Anomaloz~s" Behavior of Anisole 
The distribution of products in the present work differs fro111 tha t  reported previously 

(Suehiro (15)). Under conditions sinlilar to  those of expts. 4 and 5, Suehiro obtained the 
following yields of products (mole/mole peroxide): carbon dioxide, 0.51; free benzoic 
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acid, 1.22; rnethoxybiplle1l)7ls, 0.36. Thus, the contributioil of the stoicl~iometi-ic expression 
(A) to the total reaction is greater for our experiments. 

Results similar to Suehiro's, i l l  that yields of benzoic acid well in excess of 1 mole/mole 
peroxide were obtained, have also been reported by AA~igoocl (1-1) ancl Rondestvedt and 
Blanchard (19). Since the stoichioinetric equations (.A), summarizing phen)-lation, and 
(B), sumnlarizing benzoylox>lation by benzo)-1 peroxide, predict a mnxim~~n7 yield of 
free benzoic acid of 1 mole/mole peroxide, processes other than (A) and (B) must account 
for the abnorniall~. high jrields of free benzoic acid. 

Xugood and \TTilliams (3) ancl \TTilliams (G, p. G5) suggest that  the high yields of benzoic 
acid noted in their reactions result from 11) clrogen abstraction fro111 ailisole b~ a benzoate 
radical, ~~ie ld ing  the phenox\ methg-1 radical and benzoic acid (process (C')): 

this radical is assumed to be incorporated in the high-boiling residues. If this suggestion 
is correct, i t  might be expected that  I,2-diphenoxyethane (formed bl- dimerization) 
and/or phenoxymetliylai~isoles (by nuclear substitution in anisole) would occur in the 
"methoxybipl~enyl" fractions.": Ho~vever, there were no indications of the presence of 
these substances in the methosybiphenyls (see Experimeiltal); furthermore, the infrared 
spectra of the involatile residues from the various experiments, and their met1lox)~l 
content (cf. 'Table I ) ,  indicate that  these residues are probably of the quaterphenyl or 
tetl-ahydroquaterpl~e~~yl type to be espectecl from climerization ol the aclduct between a 
pheilyl radical and auisole (cf. L>,nch and Pausacl:er (1 I ) ,  Pausaclrer (21 ), DeTai- and 
1,ong (22)). Thus there is little supporting evidence for suggestions involving the extensive 
participation of process (C) in the total reaction scheme. 

The key to an explanation of the anomalous yields of lree benzoic acid obtained 
previously is simple; it is provided by the fact that although in the present worl: there is 
still an excess of lree benzoic acid over the isolated nuclear substitution products, it is 
f7.r less mar1:ed than reported previously. This implies that the anisole samples used ill 
the various sets of expel-iments differ in some wa).. Since me noted in the course of the 
present worl: that our anisole samples contained traces of free phenol (which I-eacts 
extremely readily with benzoyl peroxide, yicldiiig benzoic acid and other products 
(cf. refs. 23-25), it seems evident that  the much higher yields oi free benzoic acid obtained 
by previous worlrers are a result of the presence of higher proportions of free phe~lol as a 
contaminant in their ai~isole samples, and are not a consecluence of any anomalous 
behavior of the anisole itself. Confirmation is afforded by the results of expts. 9 and 10, 
~vllere deliberate addition of phenol to reaction mixtures marl:edly increased the yields 
of free benzoic acid. 

I t  is also feasible that hg7drolysis of the peroxide by small amounts of water present 
in the solveilt might lead to  increased yields of free benzoic acid (cf. the behavior of 
ioclosobenzene dibenzoate and of lead tetrabenzoate (17, 26, 27); however, added \\rater 
had no appreciable effect (expt. 11). 

"I'fordte a w l  L e l ~ s c h v c i  (ZO) Irn.~"e obtniized 1 ,2 -d ip I ze l rosye t l~u~1~  i l l  ln7il yield b y  .iiiadicitiolz of n?iisolr 7oilh 
i/ltr.cr~iolet l ight ,  n?zd Menbest, 12eid, atid Slii l i lrg (2O(a))  hur!e isolated pl~eilosyii~etli .~lallisnles froila t l ~ e  tl~eiiiral 
dccon~positio?l of f-Dzltyl pe~o.vide in. n~l isolc .  
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I t  is possible that  another process may contribute to some of the excess of free benzoic 
acid noted in the present series of experiments, although there is no direct evidence in 
its favor: demethylation of anisole to phenol could occur by a route analogous to that  
commonly postulated for the deallcylation of tertiary amines ( 5 ,  28), i.e. 

I n  unpublished experiments, we have shown that this reaction path is significant 
when substituted benzoyl peroxides react with anisole, since free phenol is generated 
from the substrate in sufficient amount for ready isolation from coinpleted reaction 
mixtures. Cowley, Norman, and Waters (29) have fouild that  inetl~yl radicals effect 
deal1;ylation of anisole, and I<harasch and Huang (30) have shown that many phenol 
ethers can be deallcylated by free radicals, thus lending some support to this suggestion. 

Nliclear Szibstitzition Prod~~cts  

(a) Metlzoxyphenyl Benzoates 
When benzenoid aronlatic coinpounds react with bellzoyl peroxide, benzoyloxylation 

(process (13) above) generally accompanies phenylation (process (A)) as  a side reaction 
of varying importance. 

Thus, benzoyloxylatioil llas been observed when beilzoyl peroxide decoinposes in 
beilzene (31), chlorobenzene (12, 31), nitrobenzene (12, 17), biphenyl (27, 31), p-dichloro- 
benzene (27), 1,2,3-trimethoxybenzene (32), pyridine (33), q~iinoline (33), and p-di- 
methoxybenzene (34). With the monosubstituted compounds, the extent of benzoyl- 
oxylation is small, and in some instances, the products (generally determined after 
hydrolysis to the corresponding substituted phenols) could have been forined by nucleo- 
philic substitution of excess substrate during the hydrolysis step (e.g., nitrobenzene is 
converted into o- and p-nitrophenols by treatnlent with allcali in the presence of air 
(35, 36)). 

However, in our present work we find that  a t  80° (expts. 6 and 7),  the yields of 
methoxyphenyl benzoates are approximately one-half those of inethoxybiphenyls; a t  
higher temperatures, the extent of benzoyloxylation decreases, since the benzoyloxy 
radicals decarboxylate more rapidly. 

These results iinply that anisole is more reactive towards decoinposing beilzoyl peroxide 
than an17 monosubstituted benzene examined previously (since in a inore reactive solvent, 
the benzoyloxy radical is more lilcely to react with the substrate before decarboxylating), 
conflicting with findings in previous studies employing the competitive method (3, 19, 37). 
Further discussion of this point is given below. 

Acyloxylation of anisole under conditions favoring free-radical attack has been reported 
previously: with lead tetraacetate in acetic acid a t  80°, 9-methoxyphenyl acetate is a 
nlajor product (38), while electrolysis of aqueous acetic acid in the presence of anisole 
gives inixed methoxyphenyl acetates (ortho: para ratio, 7 :  3) (39, 40). 

In the present worlc, the most reliable values for the isomer distribution range from 
65-82% 0-methoxyphenol and froin 18-35% p-methoxyphenol; no m-methoxyphenol 
could be detected. The large scatter in the isonler distributions for the various experiments 
(far beyond errors of analysis) probably reflects the occurrence of some preferential 
oxidation of the p-methoxyphenol during the hydrolysis of the methoxyphenyl benzoates 
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(which is effected under conditioils lrilowil to oxidize phenols having electron-donating 
substituents (cf. ref. 40(a))). The apparent selectivity nlay thus result froill the inore 
rapid oxidation of @-methoxyphenol (for recent evidence indicating that 9-methoxy- 
pheilol is oxidized more rapidly than o-methoxyphenol, see McClure and Williams 
(40(b))). 

The occurrence of extensive ortho benzoyloxylation is in contrast to the results noted 
for thermal acetoxylatioil by Cavill and Solomon (38) ; it is suggested that the mechanism 
of ortho benzoyloxylation of ailisole is analogous to that proposed for the benzoyl- 
oxylation of phenols by benzoyl peroxide (Walling and Hodgdoil (41)). Thus, the second 
stage of the suggested deallrylatioil reaction (p. 1466) is replaced by coupliilg between 
the anisole ion-radical and a benzoate radical, followed by a cyclic rearrangement, i.e. 

Walling and Hodgdoil found that the reaction rates of phenols were increased by electron- 
donating substituents, and we find (34) that @-dimethoxybenzene is benzoylox~~lated 
rapidly and almost quailtitatively by benzoyl peroxide a t  80' (apparent first-order rate 
constants for 0.125 Al peroxide are (105k, sec-I): p-dimethoxybenzeile, 58.8; anisole, 8.3; 
benzene, 3.8), thus lending some slender support to the suggested mechanism. 

A re-examination of the acetoxylation of anisole by lead tetraacetate in acetic acid, 
using infrared spectroscopy in the examination of products (42), further confirmed Cavill 
and Solomon's finding (38) of preferred para substitutioil (we could detect no o-methoxy- 
phenyl acetate). I t  is possible that the differences in orientatioil between benzoyloxylatioi~ 
and acetoxylation reflect the occurrence of @olar acetoxylatioil by lead tetraacetate (cf. 
Mosher and Kehr (43)). 

Free phenol, present in our anisole samples, could lead to the occurrence of catechol in 
the pheilolic fractioils (arising froin the above ortho benzoyloxylation, followed by 
hydrolysis), thus lesselling the significance of the isomer ratios deduced above. This 
possibility was checked by extracting any pheilolic material from completed reaction 
mixtures with aqueous sodium hydroxide, and brominating the extracted illaterial; only 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1468 CANADIAN JOURN.+\L O F  C1-IEMISTl<IT. VOL. -10, 1962 

very small quantities (0.02 g from a reaction under conditions similar to expt. 6) were 
isolated. Therefore, this poteiltial source of error is not significa~lt (see also Experimental, 
p. 1462. 

(b) .illetlzoxy biplzenyls 
The isomer ratios for the free-radical phenylation of anisole a t  154' (present worli) 

and 100' (Suehiro (15)) and for inethylation a t  140' (Cowley et al. (29)) are assenlbled 
in Table 11. 

TABLE I1 
Percentages of isomers in  thc phcnylation ancl the mcthylation of anisole 

- 

Ortho Mcta Para 

Phenylation 
&At 15-1": analysis by gas-licluid chromatography 76.8 10.6 12.6 

anal1,sis by ~~l t raviole t  spectrophoton~etry 80 10 10 
At  100": analvsis by infrared s ~ e c t r o s c o ~ v  67 18 15 

il1efl;ylation 
*At 140": analysis by gas-liquicl chromatography 7-1 15 11 

and infrared spectroscopy 

Changes in orientation with temperature probably do not account for the differences 
between our results and Suehiro's, since isoiuer ratios in free-radical substitutions are 
not greatly temperature dependent. In our experience, infrared spectroscopy did not 
prove very suitable for the ailalysis of the isomer ratio in the phei~ylation of anisole, since 
considerable overlapping occurred among the various characteristic bands in the C-H 
out-of-plane deformation region (see Experimental) ; me believe that  the figures based on 
gas-liquid cl~romatograpl~y are more reliable. Holvever, the general pattern of the results 
is similar, and the agreement is reasonable OII an absolute basis, although ally revision 
of isomer distributiolls will have a large effect on partial rate factors. 

Comparison of our results for phenylation of anisole with those for methylation reveals 
little difference in the behavior of the two radicals; in particular, no sigliificallt differences 
in the proportions of ortho isomer are noted, although it has been suggested (6, 29) that  
there may be slightly less steric hiildrailce to methylation than to phenylation. Since 
recent morli (Weingarten (-14)) indicates that the phenyl radical approaches almost 
perpendicularly to the plane of the aromatic ring in the substrate, steric effects will 
norn~ally be insignificant. The appreciably lower meta:para ratio noted for phenylation 
probably reflects the greater electrophilicity of the phenyl radical. 

High ort11o:para ratios are typical of free-radical phenylatioils (for a summary, see 
Williams (7)), yet still await satisfactory explanation. Although preferred ortho-para 
orie~ltatioll is to be expected fro111 resollallce theory if a n-complex (the iiWl~eland inter- 
mediate" Ia-Ib-Ic) is regarded as  the transition state (since a n-complex mill be stabilized 
by co~~j~lga t ion  or hyperconjugatioll by all substituellts ortho or para to the site of attack), 
it is doubtful whether the formation of a n-complex can be regarded as  rate controlling 
in phenylations. 
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The lacli of selectivity noted in the phenylation and the methylation oi naphthalene 
(12, 45-47) indicates that  in the transition states for these reactions, the aromatic carbon 
being attaclced is still partly conjugated ~i~it l l  the rest of the sj.stem and the attacliing 
radical is weakly bonded. Since the free-radical p h e ~ l ~  latioiis of all aromatic substrates 
are certainlj. very fast reactions wit11 very Io\v activation energies, showing low selectivity 
betweell the various possible positions of attacli, and very little contrast in relative 
reaction rates (xvhich, although derived using the somewhat suspect "competitive" 
methocl, possess empirical significance), a transitioll state involving a long "n-lilte" bond 
between radical and substrate (i.e., (11)) is probably appropriate for all phenylations 
(Walling ( 5 ,  pp. 312, 434) has suggested that analogous "n-complexes" may be involved 
in other reactions involving the intel-action of radicals with aromatic molecules). If so, 
hoxvever, the esplanation of preferred ortho-para orielltatio~l noted above loses much of 
its force, a l t l~ougl~ the relative stabilities of the various "n-complexes" may parallel 
those of the \VI~elancl intermediates. 

General Comnze?zts on the Sign$ca7zce of Partial Rate Factors and Relatsve Reactivities 
towards Phetzyl-Radical .Ittack 

Recent downward revisions of the scale of relative reactivities of aromatic compounds 
toxvards phenyl-radical attack (8), as evaluated by application of the "competitive" 
nletllod, indicate that  calculatio~ls of partial rate factors may not be meaningful for these 
reactions. Partial rate factors which are appreciably less than unity are noted for the 
meta positions of nitrobenzene (0.86)' toluene (0.71), ethylbenzene (0.76), and isopropyl- 
benzene (0.61). Further, ii a relative reactivity of cd. 1.6 is assigned to  anisole (cf. refs. 
3, 6, 8, 14), then the calculated partial rate factor for a ~ n e t a  position is ca. 0.5. I t  is 
difficult to suggest a mechanism for deactivation of the meta positions relative to a benzene 
position. 

Olah and his co-worlters, in a study of another reaction (48) presenting a similar problem 
of low selectivity betxveen different substrates, together with non-statistical isomer 
distribution (i.e., nitration of alltylbenzenes by nitronium tetrafluoroborate), suggest that  
partial rate factors are meaningless under such conditions, since the primary competition 
between substrates involves their molecular n-electron systems as entities, and not the 
individual positions of these molecules. 

Unfortunately, such an interpretatioll accentuates the difficulty in suggesting a satis- 
factory esplanation of the marlted preference for ortho substitution found with phenyl- 
ations. Waters' naive but remarltably fruitful suggestion that  free radicals are essentially 
electrophilic (40-31) may be relevant, together with Rondestvedt and Blanchard's 
suggestion (10) that ortho substitutio~l in nitrobenzene and benzonitrile results from 
preliminary radical complexing a t  the substituent (the region of highest electron density), 
fo1lo~~-ed bj- ready rearrangement to  ortho product. 

Further comment on the occurrence of concurrent benzoyloxylation and phenylation 
of anisole is pertinent. I t  has been noted previously (12, 19, 52) that  application of the 
competitive method can lead to meaningful results only where side reactions are unimpor- 
tant. This criterion is not satisfied for anisole, so that previously quoted relative reactivities 
(14, 19) call have little significance. 

Grateful acli~lowledglnellt is ~ n a d e  to the donors of the Petroleum Research Fund, 
administered by the American Chemical Society, for support of this research, and also 
to  the National Research Council of Canada, for an equipment grant. 
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NOTES 

D~COMPOSITION PYROLYTIQUE DE BORATES D'HEPTYLE 

Brandenberg e t  Galat (I)  rapportent que la dCshydratation d'alcools peu volatils en 
prCsence d'acide orthoborique conduit aux a lches  correspolldants avec de bons rende- 
ments. Ces auteurs expliquent cette rCactio11 par formation initiale d'un orthoborate qui 
se dCcomposerait par la suite pour donner l'hydrocarbure non saturk. Cependant, O'Connor 
et Nace (2) postulent plut8t I'existence d'un mktaborate comme intermbdiaire A la forma- 
tion de I'hydrocarbure. Leur argument s'appuie sur le fait qu'un orthoborate est relative- 
ment stable au traitement thermique e t  se transforme en mktaborate en prksence d'acide 
orthoborique. RCcemment, Young e t  Anderson (3) ollt pu montrer que l'on pouvait 
Clilniner la possibiliti: de forlnation d'un 1nCtaborate colllllle intermbdiaire B la dkshydrata- 
tion e t  apportent des Cvidellces en faveur d'un intermbdiaire orthoborique. Le mkcanisn~e 
que proposent ces derniers auteurs, consiste en une dkcomposition de l'ester orthoborique 
en a l c h e  e t  acide orthoborique suivie d'une dkshydratation graduelle de l'acide ortho- 
borique en anhydride borique. Cependant, j'ai constatk que la pyrolyse de l'orthoborate 
d'heptyle, en phase liquide et sous des conditiolls expCrimentales perlnettant un dCgage- 
ment rapide des produits volatils de la lnasse rhactionnelle, a donn6 un mklange de deux 
moles d'hydrocarbure e t  d'une mole d'alcool par mole d'ester orthoborique dkcomposC. 
Le pourcentage relativement Clevk d'alcool dans le distillat peut Ctre expliquk en postulant 
un mCcanisme d'klimination interne, la forllle cyclique intermkdiaire I1 constituant 
1'Ctape initiale de la rkaction. 

L'existence de I1 est d'ailleurs facilitk par le caract6re de lien double partiel que 
prCsente la liaison B-0 (4). Un dkplacement Clectronique concertC, du type postul6 
par Hurd et Blunck (5) pour expliquer la pyrolyse des acCtates, conduit alors B la pro- 
duction d'une mole d'alcool 111, d'hydrocarbure IV e t  de mktaborate V. Ce mktaborate, 
instable 21 la temphature de la rkaction (6)' se dCcompose par la suite pour dollller une 
mole supplkmentaire d'hydrocarbure. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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Le mCcanis~ne proposi: justifie donc la proportion relative d'alcool e t  d'alc6ne dans le 
distillat clonnk par la pyrol5-se. On con~oi t  cependant que si l'alcool est peu volatil 011 si 
le temps cle contact entre l'alcool gCnkr6 in s i t z ~  e t  le milieu rkactionnel est trop long, une 
di:sli>-clratation subskquente cle cet alcool vie~ldra augmeilter la proportion d'hydrocarbure 
jusqu'aus valeurs rapportkes par Brandellberg e t  Galat (1). C'est probableillent pour 
ces raisons que Young e t  Anderson ne retrouvent que peu d'alcool (0.040 mole par inole de 
borate) ?I la pyrolyse de l'orthoborate d'octyle. 

Le mCcanis~ne postulC incluant un iizi:taborate, i l  a sembli. indiqui: d'effectuer une 
pyrolyse de cet ester afin d'Ctudier la con~position du mClange d'hydrocarbure ainsi 
obtenu en regard de la conzposition trouvke A la pyrolyse de l'orthoborate correspondant. 
La grande divergence de coinposition (42% d'alc6ne inoi~osubstituC pour l'orthoborate 
e t  62% nvec le mCtaborate, sous les m&mes conditions expi:rimentales) montre bien que 
la dkcomposition de l'ester orthoboriclue lie s'est pas acco~nplie par simple transforination 
de l'orthoborate en mCtaborate, ce qui vient s'ajouter aux arguments de Young e t  Aiider- 
soil (3). Cependnnt, une coiltributioil partielle cl'une forilie m6taborique A 1'Climination 
demeure possible en regard du mi:canisme proposk. 

PARTIE ESPBRIMENTALE 
1. Pre'paratio7~ clc l'orthoborate d'heptyle 

L'ester du titre a 6te prCparC 5 partir d'heptanol "Reagent" e t  d'acide orthoborique "U.S.P." en quantites 
stoi'chiomCtriques (distillation azCotropique de I'eau form& avec du benzhne) c t  redistill6 sous vide. P.C.: 
176" sous 0.5 nlm; 7 2 ~ ' ~ :  1.4300. DCcrit (7): p.&: 185' sous 2 nlm; IZD?O: 1.4280. Spectre i~ifrarouge (CCI,): 
pas de bandes dans la region de 3400 cm-I; bandes i 1415 CIII-1 (forte), h 1330 cm-1 (tres forte), 1050 cm-I 
(moyenne), 1030 cm-I (moyenne). 

2. Pyrolyse 
La pyrolyse de l'orthoborate d'heptyle a 6th effectuCe dans un ballon Claisen d'ilne capacite de 50 rnl lnuni 

d'une colonne haute de 10 cm, permettant de maintenir un reflux de l'ester sans en provoquer la distillation. 
Le systeme, prealablement purge par de l'azote sec, a 6th gardC sous atmosphere inerte, i la pression atmos- 
pherique au cours de la rCaction qui  dure de trois ?I quatre heures. La temperature de la masse rCactionnelle 
demeure h 315-325" tout ail cours de la &action qui est arr$tCe lorsqu'on voit apparaitrc un debut de solidifi- 
cation. Le distillat brut est fractionne par distillation, en hydrocarbure e t  alcool. La nature dc l'alcool est 
etablie par ses constantes physiques e t  son spectre infrarouge. Le mClange d'hydrocarbure est analyse par 
chromatographie en pliase gazeuse (colonne de 4 111, 15% Cther benzyliclue sur Chromosorb No. 154-0262 
Perkin-Elmer, 6lution par hClium, 50 cc/min, temphrature: 100" C) e t  les pics identifies par co~nparaison 
avec des chromatogram~nes d'heptene synthetiques (8) de struct~lre connue. Hepthne-1: p.6.: 93" sous 
750 m m ;  %DZ3: 1.4003. DCcrit (9): p.6.: 94.9°sous 760 mm; I Z D ~ O :  1.3009. Hept5ne-2 (melange cis e t  trans): 
p.6.: 96' sous 750 mm; ?zD?~:  1.4043. DCcrit (9): p.6.: 98.1-98.4' sous 760 mm; ?ZD?O: 1.4041. Le distillat 
prCsente un indice de rCfraction constant tout au  cours de la pyrolysc e t  renfer~ne des traces d'eau qu'on 
n'a pu Cvaluer avec precision. Une experience de ce type effectube h partir de 0.0341 ~nole d'orthoborate 
donne 0.0195 ~nole d'alcool e t  0.0400 mole d'hydrocarbure. A la chromatographie en phase gazeuse, la 
fraction hydrocarbure indique 42% de monosubstitution, 25% d'alchne disubstituC cis et  33% d'alchne 
disubstitu6 trans. On assume ici que conformCment aux mentions de la IittCrature (lo),  l'isomhre trans sort 
le premier. Spectre infrarouge de la fraction hydrocitrbure (CC14): bandes 990 CIII-I (faible), 965 cnl-I 
(moyenne), 905 cm-I (moyenne). 

3. P~kparal io?~ d71 nzktaborale do n-heptyle 
Le mCtaborate a C t C  prepare B partir d'heptanol "Reagent" (0.240 mole) et  d'acide orthoborique "U.S.P." 

(0.240 ~nole),  I'eau for11lCe 6tant CliminCe par distillation azCotropique avec du toluhne. LC toluene est 
distill6 sous pression rCduite e t  I'ester est maintenue B 100' C sous 0.7 mm, pendant 2 heures, sous bonne 
agitation pour enlever les dernieres traces de solvant. Ce 111ode de purification a CtC adopt6 du fait que les 
metaborates sont rapportCs instables B la distillation (6). On obtient ainsi une huile incolore, visqueuse; 
nDZ3: 1.4415. Spectre infrarouge (CC14): pas de bandes dans la region de 3400 cm-I; bandes h 1470 cm-I 
(moyenne), 1410 cm-I (forte), 1335 cm-I (tres forte), 1080 cm-I (moyenne). CalculC pour B O ~ C ~ N L ~ :  C, 
59.20; I-I, 10.64; B, 7.62. Trouv6: C, 59.23; H, 10.88; B, 7.72. 

4. Pyrolyse 
La pyrolyse du ~netaborate est faite suivant la mCthode dCcrite prCcedemment, sauf que la temperature 

de la masse reactio~~elle delneure B 300' C e t  que I'operation dure 2 heures. Le distillat (15.9 g B partir de 
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NOTES 1473 

35.0 g de metaborate) est fraction& en hydrocarbure ( ? a d 3 :  1.4015; p.6.: 85-130' sous 750 mm; 10.3 g) e t  
alcool ( ~ z D ? ~ :  1.4252; p.15.: 175-185°s~us 750 m m ;  3.6 g). Analyse chromatographique en phase gazeuse de 
la fraction hydrocarbure (m6thode cl6crite plus haut): alchne rnonosubstitu6: 62%; alcbnc interne: 19y0 
cis; 19% trans. 

Je clksire remercier le Conseil National de Recherches du  Canada de ['aide financi6re 
cl~l'il m'a accord6e dans la poursuite de ce travail. 
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3. 11. h,I. YOGSG cr C. I). A S D E ~ ~ S O N .  J. Org. Chem. 26, 2158 (1961). 
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10. I-I. S. I<SIGIIT. AnaI. Chem. 30, 9 (1958). 

TI-IE UNIT CELL, SPACE GROUP, INDEXED X-RAY POWDER 
PATTERN, AND MAGNETIC SUSCEPTIBILITY OF VC13.2N(CH,)3" 

This note records magnetic susceptibility measurements and X-ray data for the solid 
complex \'C13.2N(CI-13)3. The  study was undertalten with the hope of showing that the 
vanadiu~i~  atom was five-coordinated in solid VC13.2N(CI-13)J. A trigo~ial bipyraiiiidal 
coordination is not jTct established for a solid vanadiuill complex and there is considerable 
interest in tlie structures of vanadium coniplexes (1). Recent ~lieasure~iients (2, 3) of 
magnetic susceptibility and iilolec~~lar weight of VC13.2N(CI-IJ)3 in ilitrobelizene and 
clilorobenzene solutions have s11o\~~i1 the vanadium to be five-coordinated. Since solid 
VC13.2S(CI I2)I sublimes readily a t  = 100" C a non-ionic, molecular, five-coordinated 
structure seemed possible. Fivefold coordination in solution has been established for 
similar compounds such as TiCI3.2NXIe3 (4), NiBr3.2PEt3 (3), CoCI3.2PEt3 (G),  VCI~(OPTS)?, 
etc. (7) but in 110 case is the solid structure 1;nown. 

;I fug?zef ic  S l l s c e p t i b i l i t y  iMeusurerne?zts 

Thc ~nagnetic susceptibility of a powdered sample of VCI3.2N(CII3)3 sealed into a 
thin-walled glass ampoule was measured between 100 and 300" I< using the Curie method 
lirith IIenry pole-picccs (8). No deconlposition was detected on an X-ray powder photo- 
graph of the sample after tlie measurements were completed. The results are plotted in 
Fig. 1. The effective magneton number, assuming no orbital contribution, is pet, = 2.49 
B.fiI. This is somewhat less than that calculated for two unpaired spins (2.83 B.M.) or 
that observecl for VCl3.2N(CII3)& in chlorobenzene, 2.72 B.M. (2). This value does not 
establish a trigolial bipyramidal coordination for the vanadium since an ionic arrangement, 
as in solid PC15 (9), or shared octahedra would also have two unpaired spins. 

"Issued as N.R. C. Xo.  6868. 
tivational Researcl~ Laborc~tories Postdoctoral Fellow. Presetzt address: Bell Telephoize Laboratories, Murray 

Hil l ,  1\7eze.lc, Jersey, lY.S.d. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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C.4NADI:lhT JOURKAL OF CHEMISTRY. VOL. -10, l9GZ 

FIG. 1. Reciprocal mass susceptibility values plotted against absolute temperature. 

A reversible reproducible color change from a "per~nanganate pink" to a pale green, 
without change of crystal form, was observed a t  about 170" K. Since there is no corres- 
ponding change in the x / T  curve the electron distribution must remain substantially 
unaffected. 

Crystallographic Observations 
VCl3.2N(CI-S3)3 is strongly deliquescent, so the crystals used were slowly sublinled 

under reduced pressure into thin-walled glass capillaries which were then sealed off. 
Rosette-shaped aggregates were the nlost common form but a few, apparently hexagonal, 
tablets and one or two pyranlidally ternlinated needles were found. iV10st crystals proved 
to be imperfect or ~llultiple on X-ray examination. One selected crystal (0.15XO.15 XO.10 
n m )  proved to be perfect and was used to record the bulk of the X-ray data;  a second, 
less perfect, was used to confirm the data. Optical goniometry of the enclosed crystals 
was not possible but coillpariso~l of the X-ray precession photographs with the hexagonal 
tablet selected showed that the tablet face was (100) and that { O l O ) ,  {110), and (111) 
were the other fornls present. The hexagonal outline is only superficial and arises frorn 
the angles 111 A (310 A i l f  A iii being 52", 52", and 76". 

The crystals were orthorhombic, mmmIJn-a, a = 9.838 8, b = 10.14 -4, c = 13.14 8 
(all &0.3%), vol. = 1311 A3, Z = 8, D, = 2.79 g/cm3, Dm 2.9 3 ~ 0 . 2  g/cm3 (pycno- 
metrically in dry varsol), F.W. = 275.55. The possible space groups are P n ~ m ( D ~ 2 ~ )  
and Pn21a(Czug) but no choice was made, although Pnnza was the nlore probable. 

X-Ray powder photographs were obtained fro111 separate samples crushed, loaded, 
and sealed into thin-walled glass capillaries in an argon-filled dry box. Photographs of 
coarsely and finely powdered speci~llens were conlpared and no evidence of deconlpositio~l 
detected. Although Cu K radiation gave acceptable results, Cr K radiation gave a pattern 
more suitable for indexing. The powder pattern, indexed to d = 2.30 A is given in Table I. 
The pattern, as observed, is given down to d = 1.439 A ;  beyond this, the lines present 
are too weak to be of value in identification. The powder pattern of TiC1,.2N(CH3)3 (4), 
which is alnlost identical, is given in colun~ns 5 and 10 of Table I. I t  can also be indexed 
on a similar orthorhornbic unit cell with a = 9.8 A, b = 10.2 A, and c = 13.1 8 .  (The 
original data (4) do not allow greater precision in the axes.) TiC13.2N(CHa)3 is thus 
iso~norphous with VC13.2N(CH3)3 and also has the diffraction symbol mmmPn-a. 
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NOTES 

TABLE I 
X-Ray powder data for VC13.2N(CH3)3 and TiC13.2N(CH3)3* 

(VC13.2N(CH3)3: orthorhornbic, Pn-a, a = 9.838 a ,  b = 10.14 A, c = 13.14 A 
TiC13.2N(CH3)3: orthorhombic, Plt-a, a = 9.8 a, b = 10.2 A, c = 13.1 a )  

.- - 
d ,  a I / I ,  hkl d ,  calc. d ,  At  d ,  a 1/11 hkl d ,  calc. d ,  At 

11 

3 
3 

7 

7 
2 
9 b  
1 § 

l l b  
1 b 
4 b 
2 
4 
1 
2 
3 
1 
1 § 
1 
1 b 
1 

I 

*Vanadium-filtered Cr radiation; camera diameter. 114.6 mm; cutoff, 20 A; Intensities obtained by visual comparison with a 
logarithmic interval density scale; columns 1 to 4 refer to VCl3.2N(CH3)3; column 5 refers to TiC13.2N(CI-13)3. 
??Data of Antler and Laubengayer (ref. 4). - - f b  ,= broad line. 
r gL~ne barely visible, d-value not accurate. 

//Plus other, weak lines at lower d-values. 

I11 the case of SbC16 (10) the  space group and unit  cell contents were sufficient to estab- 
lish trigonal, bipyramidal coordination around the antimony atom. U~lfortunately this 
is not the case for VC13.2N(CH3)3 and a full  structural study was not possible in the 
limited time available. It is hoped that this study will be undertalcen later. 

The authors wish to acknowledge with gratitude the help of Dr. F. R. Ahmed, who 
calculated the  d-values using an IBRiIG50 progranl and Miss A'I. A/IcLellan, who prepared 
the X-ray powder photographs. 
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THE MEASURESIENT OF STREAMING POTENTIALS 

Many ~ ~ l - l i e l - ~  who have measured the streaming potentials of powders have used a 
layer of filter paper supported on a perforatecl platinum disk a t  each end of the cell to 
contain the powder. An exception has been Buchanan ( I ) ,  who relied solely on perforated 
disks. This was possible with the materials he used since they \\rere all available in large 
particle sizes, i.e. up to 500 p ;  but  with fine po117ders i t  is impracticable to drill sufficiently 
small holes in platinum. During some experimcnts in wl~icll the streaming potentials of 
phosphor particles of size 10-20 p \were being measu~-ed it was found that  the pores of the 
filter paper were becoming clogged with powder as  the experiments proceeded and thus 
the rate of flow of the streaming solution was being seriousl\r reduced. This effect would 
give low values of E / P ,  where E is the streaming potential and P is the appliecl pressure, 
since the pressure drop in passing through thc filter paper \vould be clispi-oportioiiatel~; 
high compared with the pressure drop through the powder. Also, the potential producecl 
a t  the compacted interface between the po\vder and the cellulose fibers of the filter paper 
could produce unwanted results. 

This dificulty was appreciated b y  Edclberg and I-Iazel (2), who measured the strcaming 
potential of the filter paper used in their expel-iments. Then by assuming tha t  thc filter 
paper in an ordinary cell accounted for not more than lC/o of the total liyclrod~~namic 
resistance they \\rere able to calculate that  the erroi- introduced by it into the calculation 
of zeta potentials was well under 1%. I t  was felt that  the arbitrary figure of lyh may not 
be justified even in the case of fairly large particles, e.g. -60 to +I50 mesh, ancl eel-tainly 
not in the case of very small particles. Accordingly a cell was constructed to determine 
the effect of filtei- paper on streaming potential measurements. 

'The basic cell \\.as that of Lauffcr and Gortner (3) ancl consisted of two B14 ground-glass socl;ets joined 
end to end and fitted with two B14 cones. Perforated p l a t in~~n l  disks (A and D) were placed over the ends 
of the cones and were connected by platinum leads to  a valve voltmeter. The poartler mas contained in the 
cell for~necl by the two electrodes. Two platinum tubes (B and C) of 0.5-mm bore and 1.5-mm O.D. were 
sealed into the side of the cell a t  approximately equal spacing. The outer ends of the t~ibes were scaled into 
1-mm-bore capillary tubing, which in turn was connected to  mercury nlanometcrs. The bare platin~um 
betarccn the capillary tubing and !he wall of the cell \\.as connected to  the potential meas~rring circuit. 
Thus we now have a cell in which the ratio E / P  may be determined for three sections, .A-B, B-C, and 
C-D, as \\.ell as the o ~ e r a l l  ratio A-D. 

The material ~lsccl in the cell was willcmite phosphor which had been sintcrcd a t  1200' C for 4 hours in 
air and then ground to  give a particle size fraction between 60 and 150 mesh. 'The material was elutriated 
several times in distilled water before use to  remove 'fines' and was finally dried a t  120' C. 

The cell was tilled by po~rring into it a sludge of the material in distilled \\later, under a slightly reduced 
pressure and with the ends of the capillaries plugged to  prevent loss of the powder through the side arms. 
The plugs \\.ere removed after filling and the capillary t ~ ~ l ; c s  were connected to  two mercury manonieters. 

The  strcaming solution was distilled water and it was found that  by increasing the strea~ning pressure 
slowly and cont in~~al ly  adjusting the height of the mercury in the nlanometers, it was possible to obtain 
an  air-free liquid/mcrcury interface in the manometer limbs close to  the end of the capillary t~lbes.  There 
was ~lsually very little loss of material t h r o ~ ~ g h  the platinum tubes while these adjustments were being made. 
The streaming solution flows up through the cell from A to  D. 

II'hen the streaming potential between the t ~ ~ o  perforated electrodes (A-D) had reached a steady value, 
potentials and pressures between points A-B, B-C, C-D, and A-D were measured. In order to  allo~v for 
the polarization of the platinum electrodes the pressure was returned to  zero and the potentials were mea- 
s~lred again. 

Canadian Journal of Chelnistry. Volume -10 (19G2) 
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RESULTS 

Several cells were prepared using filter paper (Whatman S o .  31) and 200-mesh silk 
gauze to  contain the powder, and several runs were made wit11 each cell. Typical results 
for the ratio E / P  are given in Table I for the two mct l~ods of containing the  powder. 

1':lRLE I 
Ratios of E / P  for two diricrent rnetl~ods of containing the po\\der 

- 

Containing ~uaterial 

Filter paper Silk gauze 
(IVhatrnan Yo. 54) (200 mesh) 

Espt.  i\,Ieasurcmen t E/I' Espt.  bIcasurernent 
No. points (111v/cm I-lg) 30. points 

E / P  
(111v/c111 If g) 

1 A-B 
1 R-C 
1 C-D 

26.3  3 -4- 13 63 .2  
64.0 > B-C 61 .2  
11.1  3 C-D 43 ,s  

2 i-1-B 25 ::j 4 -1-B ti3 1 
2 B-C 61 3 4 R - C G2 -4 
2 c-r) 10 0 4 C-D 43 7 
2 .\-I1 32 S -4 A-D 55 0 

I t  is to be expected t h a t  if the  filter paper or gauze are contributing to  the hydro- 
dynamic resistallce to  any extent, then the effect will be most apparent a t  the upper end 
(C-D), where the powder is being forced against the containing material. I t  will be less 
evident a t  A-D, ancl a t  B-C a true value of E / P  will be obtained. This  is sho~vn to  be so 
by the  experimental results. 

Perhaps the most notable feature is the extent of the  pressure drop a t  D when filter 
paper is used. I t  is also appreciable when 300-mesh gauze is used. 

These results indicate t h a t  great care must be taken when comparing results by  different 
worlcers using different methods of containing the material of their plugs. None would 
appear to  give absolute values unless no hydroclynamic constraillt is used. 'The best 
condition for accuracy would be the use of a filter of the same mesh size a s  the  particles. 

Due to  difficulties associated with setting up the  apparatus (particularly the fragility 
of the platinum/glass seals) i t  has not  been possible t o  make extensive measurements of 
streaming potentials using the  apparatus described above, and in further experirnerits i t  
was decided tha t  the  error involved in using 200-mesh sill< gauze would be accepted. 
The  good agreement which has been subsequently found in measurements on different 
cells of the same nlaterial has shown t h a t  this error is constant. 

Two interesting consequences arise from these experiments. T h e  first is t h a t  a compari- 
son of electrol<inetic potclltials derived from streaming or electroosmotic n~easurements 
with those obtained fro111 electrophoretic measurements~vi11 sho~v  a poor correspondence 
if the potentials of the former are measured in a cell in which there is an extraneous 
hydrodynamic constraint. Bull (4) has foulld tha t  the zeta potentials of quartz and cellu- 
lose derived from a streaming lllethod were much lower than those derived from electro- 
phoretic measurements. 

T h e  second consequence is t h a t  i t  is difficult to  measure true zeta pote~ltials of particles 
in the size range between say 5 p and 50 p. Below 5 p a n  electrophoretic method can be 
used b u t  for larger particles the  effect of gravity bcco~nes increasingly troubleso~ne. 
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Above 50 p it is possible to use an electroosmotic or streaming method by containing 
the particles in a cell by ineails of a fine-mesh gauze, as has been done in these experiments. 
The results, however, will become increasingly affected by the containing material as 
the particle size of the powder decreases, so that in the intermediate range 5-50 p there 
is no easy  neth hod of electrokiiletic measuren~ent which will provide a true zeta potential. 
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ABSTRACT 
The polysaccharide was obtained by polymerization of D-xyloSe a t  1.10" C in the presence 

of phosphorous acid. Complete hydrolysis of the xyla~l followed by bromine oxidation showed 
that the synthetic poly~ner contained only xylose. Periodate oxidation resulted in formation 
of a considerable quantity of formaldehyde, the origin of which is not known. Periodate 
oxidation of borohydride-reduced xylan gave additional formaldehyde and, fro111 this, the 
average D.P. of the polymer was estimated to  be about 55. Complete hydrolysis of the 
polyalcohol gave ethylene glycol, glycerol, and xylose in a ratio of 2:9:1. Partial hydrolysis 
gave ethylene glycol, glycerol, and a t  least seven non-reducing components. Hydrolysis of 
the f ~ ~ l l y  methylated xylan gave tri-, di-, mono-methyl xyloses and xylose in a 32:32:18:5 
ratio, and a carbonyl band was evident in the infrared s p e c t r ~ ~ m  of the hydrolyzate. No such 
band was evident in the hydrolyzate of the uns~~bst i tu ted  xylan. The xylan is highly branched 
and contains some D-xylOf~lranOSe units. 

In contrast to the relatively ordered structures of naturally occurring enzylllatically 
synthesized polysaccharides, it has usually been found that synthetic polysaccharides 
have highly random and branched structures (1-5). Recent investigations (6) on a 
synthetic glucan (7) have shown that almost all possible liilkages were present and that  
glucofuranose residues occurred in the polymer. In contrast to the apparently simpler 
structure of a synthetic xylan investigated by Bishop (8), the results reported in this 
paper from experiments on a synthetic xylan prepared by i\/Iora and associates (9) 
indicate that its structure is complex. 

Complete hydrolysis of the xylan gave only D-xylose, which was obtained in crystallille 
form. Bromine oxidation of the hydrolyzate followed by adsorption of the xylonic acid on 
anion exchange resin left no residue that reacted with p-anisidine trichloroacetate or 
amrnoniacal silver nitrate spray reagents, thus indicating the absence of any polyols. The 
facile partial hydrolysis of the xylan suggested the presence of some xylofuranose units 
(Table I). The oligosaccharides surviving the mild acid hydrolysis were presumed to 
consist primarily of xylopyranose units. The specific rotation of the xylan, [aID22 4s0, 
suggested that both alpha and beta glycosidic linkages were probably present, but if 
some of the D-xylose residues were present as open-chain acetals this point is less certain. 

The rapid production of formaldehyde (1.52 mg per xylose unit after 20 minutes and 
2.35 mg after 210 minutes, with no significant change thereafter) upon periodate oxidation 
of the xylan under controlled conditions (pH 4.0-4.5,5O C) indicated the oxidation of some 
primary hydroxyl groups. A structural feature to accommodate this observation cannot 

lPrese?tt address: Department of Plant  Science, University of iVIa?zitoba, bvinnipeg, Ma?zitoba. 
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Partial hydrolysis of xylan: percent composition of hydrolyzate 

'rime (hr) b l u  Sylose Disacch. Tri- + tetra-sacch. Oligosacch. 

be suggested wit11 certainty a t  this point. Under the conditions O F  the oxidation, it does 
not seen1 probable that  any appreciable overoxidation would have occurred. A possible 
explaliation niay be that there are present sonle open-chain xylose residues in which the 
C4 and Cs hydroxyls are not substituted. Periodate oxidation would result in the forma- 
tion of formaldehyde from CE, and the acetal systelii would be readily hydrolyzed by 
dilute acid. Periodate oxidation of the reduced (NaBH4) xylan resulted in the liberation 
of additional formaldehyde, and by application of a reported procedure ( lo) ,  the average 
degree of polyrnerizatioli was estimated to be a niininium of 55. The assuniption is made 
that tlie reducing end-group is not substituted a t  C? and hence gives 1 mole of formal- 
dehyde on reduction and treatment with periodate. 

The periodate uptake (0.91 mole per sugar residue, constant after 18 hours) indicated 
the presence of periodate-resistant xylose units in tlie xyla~i.  Reduction (NaBH4) of the 
xylali polyaldeliyde followed by complete hydrolysis of tlie polyalcohol gave ethylene 
glycol (from non-reducing xylopyranose end-units and 1 + 2 linked pyranose units), 
glycerol (from internal xylopyranose and xylofuranose units, also from external xylo- 
furaliose units), and xylose in an approximate ratio of 2: 9:  1. About 7-87, xylose was not 
degraded. Since non-reducing xylofuranose end-units are present, the quantity of ethylene 
glycol formed in the periodate degradation compared to the estimated D.P. of tlie xylan 
cannot be used to  calculate tlie approxiliiate number of branch points in the niolecule. 

The colitrolled hydrolysis (11) of the polyalcohol gave ethylene glycol, glycerol, xylose, 
and a t  least seven oligosaccliaride fragments witli varying R,,,,,, values in several solvent 
systems. Free xylose is believed to have originated From relatively labile furalioside 
linkages. The oligosaccharides were composed of xylose and glycerol in varying ratios 
and further details concerning these will be reported later. 

Methylatioil of tlie xylan was accomplislied by employing successively the Haworth, 
I<uhn, and Purdie procedures. Only after extended and vigorous treatment witli Purdie's 
reagents was the xylan fully ~iiethylated; metlioxyl content 39.2%, no liydroxyl band in 
the infrared spectrum. The niethylated xylan, [a]," 42' (c, 8.2 in CHC13), was soluble in 

ether containing 45-57, chloroform. Hydrolysis of the metliylated xylan gave 
tri-, di-, and mono-methyl xyloses and free xylose in a molar ratio of 32: 32: 18: 5, respec- 
tively. The identity of the lnethylated sugars will be reported in a separate communication 
but  it liiay be noted that the rotation, [aIDZ2 22.;3' in water, of the trimetliyl fraction 
ilidicated the presence of 37.57, 2,3,5-tri-0-methyl-D-xylofuranose; hence non-reducing 
xylofuranose end-units were present in tlie xylan. Since the niethylated xylan was hydro- 
lyzed with sulphuric acid under conditions known to  minimize demethylat io~~ (12), tlie 
presence of xylose in the hydrolyzate indicates the occurrence of fully substituted residues 
in the xyla11. 
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DUTTON .AND UNRAU:  SYSTHETIC X Y W N  CONSTITUTIOS 1481 

The infrared spectrum of the hydrol\~zate of the methylated s\,lan showed absorption 
bands a t  3400, 2'330, 2823, 1723, 1650, 1460 cm-I. The clefinite absorption a t  1723 cnl-I 
suggestecl that aldehydic carbonyl groups might be present. I t  seemed unliliel\- that this 
absorption was due to furfural degradation products, since when a sample of the original 
sylan was h\~drolyzed under similar conditions the band a t  1725 cm-I was absent. X\.lose 
resiclues ~nethylated a t  C4 and Cs would esist in the alclehyde form and coulcl conceivably 
be responsible for absorption in the carbon1.l region. As suggested previously, xylose 
residues occurring in the x\~lan in the open-chain form and not substitutecl a t  C4 ancl Cs 
would explain the rapid formation of fornraldehyde upon periodate oxidation. The above 
spectroscopic observation lends support to this proposal. 

Chro~natographic separations mere carried O L I ~  using the descencling technique and byhatman No. 1 
and 3MiLI paper. Solvent systems emplo)led were A, ethyl acetate:acetic acid:watcr (8:2:2); B, ethyl 
acetate:pyridine:water ( ' 322 ) ;  ancl C ,  butanone:mater azeotrope. Spray reagents were D, p-anisidine 
trichloroacetate and E ,  ammoniacal silx.er nitrate solutions. Unless otherwise stated, evaporations were 
carried out under reduced pressure a t  a bath temperature of -10" C. Melting points are uncorrected and 
specific rotations were talcen a t  222~2 '  C. 

Hydrolysis of Syla?t 
A qualitity (750 mg) of xylan, [ a ] ~  45" (c, 2.0 in water), \\,as dissolved in 0.2 iV sulphuric acid (80 ml), 

and the solution boiled for 10 h o ~ ~ r s .  The solution was neutralized (BaC03),  deionized, and evaporated to 
a thicli sirup which crystallized upon standing. After recrystallization fro;n ethanol; D-xylose' had 111.p. 
and lnixed m.p. 143-145", [a]= 18" (c, 1.8 in water). 

Bromine Osidatio?~ of Xylan Hydrolysate 
A portion (about 500 mg) of the hydroly~ate  \\,as oxidized with bromine in the usual mantier until a n  

aliquot of the solution no longer reduced Fehlings solution. After removal of excess brorni~ie from the 
solution by aeration, the solution was passed through anion exchange resin. Evaporation of the neutral 
effluent left no residue ~vhich would react with either spray reagent D or E. 

Partial Ilydrolysis of Xyla?z 
An aliquot (80 mg) of the polymer in 0.1 iV hyclrochloric acid (3 ml) was left a t  room temperature. The 

appearance of hyclrolysis p r o d ~ ~ c t s  was follo\ved by paper chromatographic analysis i l l  solvent A using 
the phenol - sulphuric acid method (13) to determine sylose and sylose oligosaccharides. 'The course of 
the hydrolysis mas also followed polarimetrically. 'The change in the optical rotation and the extent of 
hydrolysis are sumn~arizeci in Table I. 

Periodate Osidatiotz, Redzlctio?~ (iVaBH.,), Co?nplete Ilydrolysis 
Sy lan  (l7G mg, 1.325 mmoles) was dissolved in water (20 ml) and tlic solution acidifiecl with G iV acetic 

acid (2 ml). After the solution was cooled, 0.5 111 sodi~lln periodate (5 ml) was addecl and the oxidatiolr 
alloxved to proceed a t  5' C. Formaldehyde was determined (10) after j ,  3;, 12, 48, and 72 hours. i \f ter  
+ hour, 1.52 mg formaldehyde was produced per sylose unit and 2.43 tiig after 3; hours, with no significant 
increase tliereaftcr. After 72 hours, periodate consumption was cletermined anel the xylan had consumed 
0.905 mole of perioclate per xylose ~ ln i t .  T o  the solution was addcd barium chloride and barium carbonate, 
and after filtration, sodium borohydricle (200 mg) \\,as added. The reduction mas alloxvecl to  proceed over- 
night a t  room temperature, aftcr n~hicli time the solution was acidiliecl with hydrochloric acid and evaporated 
to dryness. Borate was removed by several evaporatiolis with methanol and the residue hydrolyzed with 
sulphuric acid. The solutio~x was deionized, concentrateel, and the sirupy product chromatographeel. 
Compounds corresponding to glycerol, ethylene gl)-col, and x)llose wcre detcctecl. The ratio of these was 
cleter~iiinecl chromatographically using tlie perioclate - chromotropic acid proceclure (10) for the alcohols 
ancl the plicnol - sulpl i~~r ic  acid mctliod (13) for the determination of xylose. The ratio of ethylene 
glycol:glycerol:sylose t h ~ ~ s  found was about 2: 0:  1. A furthcr quantity (650 n;g) of xylan was treatcd as  
clescribccl above and the combined hydrol).zates resolved by paper chromatography (\\,'hatmall31LIM paper) 
using solvent A. The three compounds were located by spraying g~l ide  strips, and subseq~~ent ly  eluted. 
Etlzyle?ze glycol, 47 mg, mas reacted with p-nitrobenzo).l chloricle in pyridine solution to give tlie corre- 
sponding di-p-nitrobcnzoate, m.p. and misccl m.p. 139-141" C. Glycerol, 435 I I I ~ ,  was similarly con~m-ted to 
the corresponcling tri-p-nitrobenzoate, m.p. and mixed m.p. 188-190" C. D - ~ Y ~ o s ~ ,  70 mg, crystallized 
spontaneously and after recrystallization from ethanol had 11i.p. and mixed m.p. 143-144" C, [eln 17.7' (c, 1.4 
i n  water). 
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I-'eyiodaLe Oxidelion of Redz~ced (fVaBH,) Xyla7t and Deteiminatio7~ of D.P. (10) 
xy lan  ('230 mg)  was dissolved in water (20 ml)  and to  the solution was added sodium borohydride 

(100 mg) .  The reduction was allowed to  proceed at room temperature for 24 hours. The  solution was 
acidified with acetic acid (2 ml ) ,  cooled to  5' C ,  and 0.5 114 sodium periodate (5  ml )  was added. Formalde- 
hyde was determined (10) after +, 34, 12, 48, and 72 hours. After 3$ hours, 4.20 mg formaldehyde had been 
formed per xylose unit, with no significant change thereafter. On the assumption that the extra formalde- 
hyde formed in thc periodate oxidation o f  the reduced xylan arose from the xylitol end-groups and that 
each such group produced 1 molecular proportion o f  formaldehyde, the approximate D.P. o f  the xylan 
was 55. T h e  periodate consumption was determined after 72 hours and 0.92 mole o f  periodate had been 
consumed per pentose unit. T h e  oxidatioil mixture was subsequently treated in the same manner as described 
ill the previous section. Chroinatography o f  the final product showed the presence o f  ethylene glycol, 
glycerol, and xylose. T h e  ratio o f  these was determined and found to  be about 2:10:1. 

pay~ial Hydrolysis of Polyalcohol (11) 
A quantity (100 mg)  o f  xylan was dissolved in \Xrater (20 i111), cooled to  5' C ,  and 0.5 ib1 periodic acid 

(5 1111) was added. After 72 hours, when 0.91 mole o f  periodate had been consumed per xylose unit, the 
solution was neutralized (BaC03),  filtered, and sodium borohydride (75 mg)  was added. 'l'he solution stood 
at roo111 temperature overnight and was evaporated to  dryness. Borate was removed b y  treatmeilt with 
lllet\la~loI containing 170 hydrogen chloride (14) and the residue mas finally dissolved in 0.1 iV sitlphuric 
acid (30 1111) and lcft  for 8 hours. T h e  solution was neutralized (PbC03) and evaporated. Chromatographic 

of  the sirupy residue indicated the presence o f  ethylene glycol, glycerol, xylose, and at least 
seven llon-reducing components with a considerable range o f  R,,I,,, values. Further details o f  these periodate 
degradations will be reported separately. 

i?1ethylnLion of the Xylan 
A qllantity (4.0 g) o f  sylan was treated in the usual way with the I-laworth nlethylating reagents, foHowed 

b y  two successive methylations using methyl iodide, silver oxide, and din~ethylformamide (15) .  T h e  pro- 
duct (4.59 g ) ,  a brittle, yellow glass, showed an OH band in the infrared spectrum and was therefore 
lTlethylated three times with Purdie's reagents over extended periods (3-4 days). T h e  final product (4.35 g )  
was dissolved in petroleum ether (30-60") containing 5% chloroform, and a small quantity o f  insoluble 
Inaterial was removed b y  filtration. Evaporation o f  the solvent left  a yellow, resinous solid which showed 
no OH character in its infrared spectrum and contained 39.2% methoxyl. Hydrolysis o f  a portion (80 m g )  
was effected using sulphuric acid (12).  After neutralization (BaC03)  and deionization, the solution was 
evaporated. Chromatographic examination using solvent C indicated the preselice o f  tri-, di-, aiid mo1lo- 
Inethyl xyloses and a s~nall amount o f  free xylose. T h e  ratio o f  the above-mentioned xylose methyl ethers 
was estimated chromatographically using the phenol - sulphuric acid reagent (13).  T h e  approximate molar 
ratio o f  tri-, di-, mono-methyl xyloses and sylose thus found was 32:32:18:5. The  conlpollellts of the 
hydrolyzate were subsequently separated b y  passage through a cellulose-hydrocellulose column using 
solvent C as the irrigant. T h e  trimethyl fraction had a specific rotation of 22.3" in water, indicating that 
it was cornposed o f  2,3,4- and 2,3,5-tri-0-methyI-~-xyloses in the ratio of  62.5:37.5. 'The identification o f  
the other components \\rill be reportecl later. 
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RELATIVE SIGNS OF GEMINAL AND VICINAL PROTON-PROTON 
COUPLING CONSTANTS IN a,@-DIPHENYLPROPIONIC ACID 

AND ITS NIETHYL ESTER 

ROBERT R. FRASER 
Depa~t1r7ent of Chei?tistry, U~zioersity of Ottawa, Ottawa, Ontario 

Received March 13, 1962 

ABSTRACT 

I t  has been show11 that the geminal and vicinal co~~p l ing  constants are of opposite sign ill 
a,@-diphenylpropio~~ic acid and its methyl ester. The significance of the results is discussed. 

We recently reported the findings that  from analysis of the nn1.r. spectra of a series of 
dioxolane derivatives (see Fig. 1) the sign of the gerninal coupling constant JBC was 

FIG. 1. The structures of the dioxolane derivatives from which the signs of the coupling constants 
between protons A, B, and C were determined. 

opposite to that  of the vicinal coupling constants Jan and J,c (1). Since the theoretical 
calculations of vicinal coupling constants by Karplus (2) and of geminal coupling constants 
by Icarplus, Gutowsky, and Grant (3, 4) predicted the geminal and vicinal coupling 
constallts to  have the salne sign as long as  the bond angle between the gen~inal hydrogens 
is less than 125", our results were surprising. Previously, in styrene oxide (3, 5), p-p- 
nitrophenyl-0-propiolactone (3), and several monosubstituted ethylene oxides (5, 6) the 
relative signs had been in accord with theory. NOW, further examples of co~npounds in 

the genlinal and vicinal coupling constants have opposite signs have been reported, 
namely diethyl sulphite (7), epicl~lorohydrin (8), and hexadeuteriocyclohexanol (17), and 
prompts us to report our analysis of the spectra of a,P-diphenylpropionic acid and methyl 
a,@-diphenylpropionate. 

In order to  determine with any degree of certainty the relative signs of coupling con- 
stants between protons in a three-spin system fro111 a colnplete analysis of the spectrum 
it  is necessary that each of the three protons be slightly shifted in resonance position fro111 
one another. This is by definition an ABC system. Then the correctness of the parameters 
obtained by analysis is judged frorn a comparison of the theoretical and esperilnentally 
measured intensities. Final proof of the results is provided by cornparing the spectrunl 
measured a t  a lower frequency with that  predicted from analysis of the original spectrum. 
I t  should be mentioned that  a second, very useful method of determination of relative 
sign exists. This is the nlethod of spin-decoupling, which has been described in detail by 
Freeman (9). We wished to examine the relative signs of coupling constants in open-chain 
aliphatic compoullds and so esa~nined a number of ethane derivatives of the general 

Canadian Journal of Chemistry. Volume 40 (1962) 
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structure XCH2CHXY, where X and Y are substituents possessing appreciable magnetic 
anisotropy. Styrene dibromide, styrene glycol dibenzoate, a-bromobibenzyl, and a,p- 
diphenylpropioi~itrile produced spectra in which the aliphatic protons appeared as an 
ABX or AX2 pattern and so were not studied in detail. On the other hand both a,P- 
dipheilylpropiollic acid and its methyl ester gave good ABC spectra. 

A detailed description of a rigorous method of analysis of this type of spectrum has 
beell given by Waugh and Castellano (10, 11). We have followed this method in our 
analysis, using an IBM 650 to perform the calculations. Ally terms used subsequently, 
such as arrangements,  groupings, sets of eigenvalues, will appear in italics and have the 
exact meaning defined by \Vaugh and Castellailo (10). The spectrum of a,P-diphenyl- 
propionic acid measured a t  60 i\/Ic/sec is shown in Fig. 2. Eleven transitions ill all are 

FIG. 2. Spectrum of a 25y0 solution (w/v) of a,/3-diphenyIpropio11ic acid in carbon tetrachloride at 
60.0 Mc/sec. 

visible and are assigned from the repeated spacings as being, in the first-order approxima- 
tion, a triplet a t  low field (proton A) adjacent to two quartets (protons B and C), each a t  
successively higher field. Since there are no visible combination bancls," there is no 
ambiguity in the assignment of this grouping. From the four possible arrangements four 
sets of eigenvalues are obtained. And from each set of eigenvalues two sets of cheillical 
shifts, Av's, and coupling constants, J ' s ,  are calculated. In all, six sets of Av's and J ' s  
were obtained, two sets being discarded by failure to satisfy the condition of real roots. 
The theoretical intensities of all 15 transitions were then calculated for each of the six 
sets. From the obvious discrepancy between calculated and observed intensities three of 
the sets were iinmediately eliminated. The remaining three sets gave calculated intensities 
in fair agreement with the observed intensities, as  is shown in Table I. T o  determine 
which set of paraineters was correct the spectrum of the acid was also nleasured a t  
24.288 NIc/sec. This spectrum is compared in Fig. 3 with the spectra predicted froill each 
of the three sets of chemical shifts and coupliilg constants given in Table I .  Only for set I 
does the predicted spectrum agree with the observed spectrum to within 0.2 cycle/sec. 
I t  should be pointed out that although the chemical shifts and coupling constants are 
given to two decimal places they are estimated to be accurate only to &0.08 cycle/sec. 

The spectrum of methyl a,@-diphenylpropionate measured a t  60 Mc/sec is shown i l l  

Fig. 4. Utilization of the same method of analysis provided three sets of chemical shifts 
and coupling constants compatible in theoretical intensities with the observed intensities. 
The comparison is shown in Table 11. The spectrum of the ester was then measured a t  

*A co~)zbinntion band al.ises from a transition which i s  forbidden thefirst-order liiilit. It  beconies i?~creasingl~g 
i?rte?tse when tlze chenzical shifts between the nz~clei beconre s?naller. 
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TABLE I 

A comparison of ralcl~lated and observed intensities in the 60 bIc/sec spectrum of a,@-diphenyl- 
propionic acid 

('l'he observed line positions have bee11 adjusted to bring them into agreement with the rules of 
repeated spacings; 4vs  = un-ua, the chemical shift in cycles/sec between protons A and B) 

Line position Calculated intensities 
Observed 

Observed Adjusted Assignment I I I I11 intensities 

-18.6'2 Comb. <0.01 
0 .00 A 0 .16  
7 .43  A 0.18 
7 .47 A 0 .26  

14.90 A 0.36 
21.58 B 0.20 
29.05 B 0.05 
33 . 52 Comb. 0 .01  
34.98 B 0.45 
42.45 B 0.31 
47.67 C 0.44 
55.10 C 0 . 3 1  
61.07 C 0.14 
68.50 C 0.10 
82.65 Comb. <O. 01 

Standard deviation 0.046 

Sets of parameters used to calculate the intensities 

4vs  4vc  J,\ B JAC J B  c 

TABLE I1 

A co~nparison of calc~llated and observed intensities in the 60 Mc/sec spectrum of 
methyl a,b-diphenylpropionate 

Line positioil Calc~~lated intensities 
Observed 

Observed Adjusted Assignment I I I I l l  intensities 

-20.92 Comb. 
0 .00 A 
6.44 A 
8 .31  A 

14.75 A 
19.16 B 

27.47 B 
32.13 B 
35.66 Comb. 
40.44 B 
48.30 C 
54.83 C 
61.36 C 
67.80 C 
80.51 Comb. 

Standard deviation 

0 .30 
0 .37 
0 .25 

(assumed) 
0 .05  
0 .37  

Sets of parameters used to calculate intensities 

AUB Avc J,in J A  c  J B  c 
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FIG. 3. Experimental and calculated spectra of a,@-diphenylpropionic acicl.~A.f.Spectrum of a 25% 
solution in carbon tetrachloride measured a t  24.288 Mc/sec. Spectra B, C, and D were calculated using 
paranleters I ,  11, and 111 in Table I ,  with the chemical shifts reduced in proportion to the change infrequency. 

FIG. 4. Spectrum of a 14% (w/v) solution of methyl a,@-diphenylpropionate in carbon tetrachloride 
a t  60.0 i\/Ic/sec. The protons on the ester methyl group are responsible for the strong absorption in the 
center of the spectrum. 
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FRASER: GEMINAL .AND VICINAL COUPLING COXSTANTS 1.187 

24.288 Mc/sec and compared with the spectra predicted from each of the three sets of 
parameters given in Table 11. This comparison, as seen in Fig. 5 ,  shows agreement in all 

FIG. 5 .  Experimental and calculated spectra of methyl a,P-diphenylpropionate. A. Spectrum of a 14% 
(w/v) solution in carbon tetrachloride at 24.288 Mc/sec. Spectra B, C, and D were calculated using the 
parameters I ,  11, ancl 111 in Table 11, with the chemical shifts reduced in proportion to the change in 
frequency. 

line positions to within 0.4 cycle/sec for set I. Errors greater than 1 cycle/sec are fouiid 
in tlie spectra predicted by the other sets. Thus in both compounds JDC is opposite in 
sign to J,, and JAG. 

Uilan~biguous assignment of the protoil alpha to the carboxl.1 was made by measuring 
the spectra of the a-deuteratecl acid and ester. Exchange of the proton for deuterium was 
performed by heatillg the m e t l ~ ~ l  ester with sodiuill in 0-deuterated methanol. The 
spectrum of the aliphatic protons of the a-deuteroester was a pair of doublets of spacing 
13.6 cj-cles/eec. Although the lower-field doublet was partially obscured by absorptioil 
of tlie ester methyl group, the spectrum was clearly devoid of absorption in the low-field 
region of the A proton. Hydrolysis of the deuterated ester in heavy water gave the 
a-deuterated acid, whose spectrum showed a pail- of doublets of spacing 13.8 cycles/sec 
and no absorption in the region of the A proton. I t  is therefore concluded that in both 
conlpou~lds tlie protoil attached to the alpha carboil atoll1 appears a t  lowest field. The 
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magnitude of the spacing of the doublets agrees with the coupling constant obtained by 
the ABC analysis for each compound and serves to confirm its correctness. 

T o  determine which of the remaining two protons represent signal B, deuterium gas 
was added to an aqueous solution of the sodium salt of trans-a-pl~enylcii~namic acid using 
10y0 palladiun~ on carbon as catalyst. The spectruin of the product showed only a single 
broadened peal; whose chemical shift correspoilded to that of proton C. If we assume that 
the deuterium added cis, the three protons can be assigned the positions shown in Fig. 6. 

acooH HcMHA 

Hc COOH 

A HB 8 HB 

FIG. 6. Perspective formulae of the dideutero acid and the two most probable conformations of a,o- 
diphenylpropionic acid. The protons are labelled according to the conclusions of the deuteration experiments. 

The two most probable conformations for the acid are shown. Since a phenyl group is 
larger than carboxyl,* conformation A would be more populated, as is indicated by JAB 
being larger (7.96) than JAc (7.29). This follows from the relation of the magnitude of J 
to the dihedral angle 0 defined by two hydrogens on adjacent carbon atonls (2). When 
the two hydrogens are trans to each other (0 = 180") the coupling constant is three tiines 
as large as when the two hydrogens are gauche (0 = 60"). Since carbomethoxyl is smaller 
than carboxyl, even less of conformation B should be present in the methyl ester. The 
larger difference between J,iB (8.85) and JAc (6.50) in the methyl ester is attributed to this 
increase in the proportion of conformation A. Since proton A is in the alpha position, JBc 
represents the geminal coupling constant. Thus in both a,P-diphenylpropionic acid and 
its methyl ester the geminal coupling constant is opposite in sign to the viciilal coupling 
constants. 

I t  is now apparent that this opposition of sign is not simply peculiar to dioxolaile 
derivatives. The question arises as  to whether it is the theoretical calculations of the 
vicinal or of the geminal coupling constants which are a t  variance with the experiinental 
eviclence. 

I t  would be most satisfying if all the experimental results coulcl be accommodatecl by 
the present theory in a necessarily modified forin. A11 indication of the point a t  which 
modification is required is illost stril;ingly illustrated by Reilly's analysis of epichloro- 
hydrin (8). For this compound the coupling constants were reported as shown in Fig. 7. 
Between protons 1,  2, and 3 all coupling constants are positive, as has been found i l l  

other epoxides. For protons 3, 4, and 5 the geminal ancl vicinal coupling constants are of 
opposite sign, as is the case in our substituted ethanes and diethyl sulphite. And further, 
it can be seen that this difference in relative sign is due to a change in sig11 of the vicinal, 

" T l x  A oalue, tlze differorrein Gibbs free energy betrueen nrial a d  eq l~a lo~ia l  positio7l of the sz~bstilne?lt on a 
cyclohcxnne ring, Rns been foz~?id lo be 3.6 for phcnyl ( l a ) ,  1.7 for carbosyl (IS), and 1.1 for cnrbell~o.vj.1 (14). 
Presz~nla bly tlzc cclrbonletAo.vy1 g ioz~p  would Anoe a n  zl val~tc slightly less than 1 . I .  
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FIG. 7. Itesults of Rcilly's analysis of epichlorohydrin. 

J I . ~  = 5 . O  JB,.I = -6 .6  J1,.i = -0 .2  
J 1 , 3  = 2 . 4  Jn,i = -4.0 J 2 . j  = 0 . 6  
J 2 . 3  = 4 . 0  J = 1 J p , g  = -0.1 

J l , s  = -0 .1  

not the geminal, coupling constants J 1 , 2  and J4,5r wliic11 both have the same sign. I t  must 
be realized that the possibility of other solutions of the spectrum of epichlorohydriri quite 
different in relative signs could exist, for this compound r eq~~ i r e s  an exceedingly complex 
analysis. NIore results must be obtained before too much reliance can be placed on the 
above analysis. 

EXPERIMENTAL 

All 60.0 bIc/sec spectra were measured on a Varian V-4302 high-resolution n.m.r. spectrometer. The line 
positiolls in each spectrum were determined by the side-band technique and are reported as the average of 
10 spectra. Intensities were obtained from peak heights and are also reported as the average of 10 spectra. 
They are generally considered to be accurate to within 10% of the reported value. The 24.288 h,Ic,/sec 
spectra were recorded on a Varian V-4300B high-resolution 1l.m.r. spectrometer. The line positions reported 
are the average of four spectra. 

0,B-Diphenylpropionic Acid 
Condensation of benzyl chloride with phenylacetonitrile gave 0,B-diphenylpropionitrile, m.p. 56-57.5" 

(lit. n1.p. 58" (15)). Acid hydrolysis of the nitrile gave 0,B-diphenylpropionic acid, which after two recrystal- 
lizations from heptane was seen to be a mixture of crystalline for~ns, 1n.p. 79-84O C (lit. m.p., plates 95-96', 
prisnls 88-89', fused solid 82" (15)). 

114ethyl 0,~-Diphe~zylpropionate 
The above acid was converted to methyl 0,B-diphenyIpropionate, m.p. 31.5-32.5' (lit. n1.p. 34' (15)), 

by treatment with diazomethane. 

trans-0- Plze?tylci?z?zamic Acid 
This acid was prepared by the procedure of Buckles and Hausman (16) in 45% yield. The product was a 

white solid, n1.p. 1G0-170.5° (lit. m.p. 172" (16)). 
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ABSTRACT 

Complex tellurates of manganese and cobalt have been prepared by oxidizing mixt~lres 
of lnangano~~s c r  cobaltous sulphate with potassium (or sodium) tellurate by means of an 
alkaline hypochlorite solution. Cobalt gives I < ~ H G C O ( T ~ O G ) ~ . ~ H ? O  as  a darl; green powder. 
The formula was confirmecl by its oxidation equ~valent wlth ferrous sulphate, by its displace- 
ment of chloride ions from an anion exchange resin, and by its magnetic susceptibility 
(-154X10-Ge.m.~~./g-mol). The  behavior of the compound on acidilicatioll is reported. 
Manganese gives I<GH~MII(T~OG)~. 5 H 0  and NaiI<,i~In(Te0G)~. 5H?O as  dark red crystals. 
The  formula was confirmed as for the cobalt complex: its magnetic moment is 3.30 Bohr 
magnetons, which is reasonable for Mn(1V). The acid-base properties of the compound 
were examined. 'I'he ion is not very staple in solution, as shown by changes in its abso rp t io~~  
spectrum; measurements of this gave evidence for the nature of the decomposition, and the 
eq~~ilibrium constant for this reaction. The main reaction is 

for which K = 4x10-5 (g-~nol/I.)? a t  25' C. 

In recent papers ( I ) ,  the present writers described the preparation and properties of 
conlplex periodates of cobalt and manganese. I t  seemed reasonable to expect that the 
same elements would give coinplex tellurates, especially in view of the behavior of trivalent 
copper, which has rather similar complex tellurates and periodates (2, 3).  Issa, Iihalafalla, 
and Issa (4) have deduced, froill observatioils on the reduction of permanganate ions 
in the presence of sodium tellurate, that complex ions of manganese(1V) and tellurate 
must be formed, but they did not suggest any definite fonnula. The present paper reports 
the preparation of complex tellurates of cobalt and manganese, and gives an account of 
sollle of their properties. As will be seen, there is (as with copper) a general similarity 
between the complex periodates and tellurates, a t  least so far as  the nunlber of ligands 
attached to the ~netal  is concerned; but the hydration of the salts, and the number of 
allcali metal ions present, are not the same. There can be no doubt that  these are com- 
pounds of manganese(1V) and cobalt(III), as are the periodates. 

Since it is perhaps rather inore convenieilt to  have all the information on the compoui~cls 
of each central metal atom together, the cobalt compounds will be described first, followed 
by the nlanganese coinpo~inds. 

P o t a s s i ~ ~ m  Tellrrmto-cobaltate(III) 
1 .  Preparation 
Various rather siinilar methods were tried, but the most satisfactory proved to be as  

follows. A solution was prepared containing 2.0 g of cobalt chloride hexahydrate, 1.8 g of 
telluric acid, 1-2 ml of G Ad nitric acid, and 40 1111 of water. A second solution corltained 
5 g of potassiu~ll Ilydroxide dissolved in 40 1111 of 1.5 M potassiunl hypochlorite. These 
solutions were rapidly mixed, and allowed to stand while a darlc green precipitate forlned. 
Eighty illilliliters of ethyl alcohol was added, and the solution allowed to stand. The 
supernatant liquid was poured off, and the precipitate was washed with soy0 alcohol. 
The precipitate was then redissolved in 50 in1 of 0.1 116 potassiun~ hydroxide, and an equal 

'Present address: College of General Education, University of Tokyo,  Tokyo,  Japan .  
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LISTER AND YOSI-IINO: Co .AND Mn TELLURATES 1491 

volume of alcohol was added to the mixture. The new precipitate was then centrifuged 
off. This reprecipitation was repeated two or three times, and the final product was 
filtered off and dried over calcium chloride. 

The yield was 3.7 g in a typical preparation. The  compound is a dark green, micro- 
crystalline powder. The precipitate was liable to  be sticky; use of acetone instead of 
alcohol, or treatment of the solution with active charcoal, gave no improvement. I t  was 
necessary to  add the alcohol very slowly, with stirring. 

A similar preparatio~l using sodium instead of potassium gave a somewhat similar 
precipitate, but analysis gave rather variable co~npositions and it appeared to  contain 
sodium tellurate as an impurity. 

Analysis of the potassium salt was carried out by dissolving a sample in concentrated 
l~ydrocl~loric acid, and adding first sulphur dioxide solution (to help it to dissolve) and 
then a solutio~l of hydrazine chloride. The hydrochloric acid was now about 3 M. After 
5 minutes' boiling, the precipitated tellurium was filtered off and weighed. The solution 
was evaporated to dryness, the hydrazine salts were destroyed by nitric acid, and after 
re-evaporation the residue was dissolved in very dilute hydrochloric acid. The metals were 
absorbed in a columil of Dowex 5OW-X8 in its hydrogen forin; then the sodium was eluted 
by 0.4 Ad hydrochloric acid, and cobalt by 2 iM hydrochloric acid. The potassiuln was 
weighed as K2S04, and the cobalt was converted to CoS04. The cobalt content was also 
checked by EDTA titration. The water content of the compound was found from the 
loss in weight a t  130' C. 

The results of the analyses were: I< 18.5, Co 8.94, T e  37.2, Hz0 5.97%; calculated for 
I<3HGCo(TeOG)2.211&: I< 17.6, Co 8.86, T e  38.35, H 2 0  5.42%. This formula assumes the 
presence of Co(III),  which will be substantiated by other evidence below. 

A checl; on this formula was obtained by dissolving a known weight of the compound, 
passing it through an a~lioil eschange resin (Dowex 1-54) in its chloride fonn, and titrating 
the potassium chloride liberated with silver nitrate. I t  was found that 1 g-mol of potassium 
chloride was liberated by 214 g of the compound; the calculated value is 221.8 g if the 
reaction is (R represents the resin) 

2. Properties 
Since telluric acid is not nearly as strong an oxidizing agent as periodic acid, it is not 

possible to checlc the formula of the complex tellurates by measuring the equivalent 
weight with a variety of reducing agents, as it is with conlplex periodates. However, an  
equivalent weight could be found by adding a 1;nown amouilt of ferrous ammonium 
sulphate in excess to a weighed sample of potassiuln tellurato-cobaltate, and the excess 
was titrated with decinor~nal potassium per~nanganate. The equivalent weight so found 
was 663; if K3HGCo(TeOG)?.2H.2O is reduced by one oxidatio~l step (i.e. Co(II1) to Co(II)) ,  
the calculated equivalent weight is 665.4. 

The nlost convincing evide~lce for the valency of the cobalt comes from the magnetic 
susceptibility of the conlpound. Measurements with a Goiiy magnetic balance of the 
usual type gave a value for the susceptibility of - 154 X e.m.u./g-mol, a t  room 
temperature. Since the co~npoul~d is diamagnetic, the cobalt is presu~nably trivalent. 
The susceptibility is a little lower than would be expected for this compound using, for 
instance, Angus' estimates (5) of the ~nagnetic susceptibility of the atoms it contains: this 
gives a calculated value of -258X10-G e.m.u./g-mol; but this is certainly not enough 
difference to cast any doubt on the trivalency of the cobalt. 
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3. Acid-Base Properties 
A solution containing 2 g of potassium tellurato-cobaltate, on acidificatioil with 5 1111 of 

3 ill sulphuric acid, gave a darlt green precipitate. The supernatant solution was pale 
pink, so some decomposition to Co(I1) had occurred. The precipitate was washed, dried, 
and analyzed. I t  evidently contained a different Te/Co ratio, and in fact was approxi- 
mately I<HSCo4(TeOG)3.10H20. Addition of a weighed amount to a standardized ferrous 
animonium sulphate solution and titration of the excess ferrous ion showed that the cobalt 
was still entirely trivalent. This substance has a sufficiently surprising forillula that one 
inight be inclined to dismiss it as a mixture. However, Malaprade (6, 7) has reported 
complcx cobalt periodates with the same ratio of cobalt to ligand (e.g. N ~ , C O ~ ( I O ~ ) ~ .  
10H?O). 

If a solution of potassium tellurato-cobaltate was titrated with dilute perchloric acid 
(0.117 N) and the pH followed, the coinpound gave a normal pH curve. The pH curve 
inalces pICl (the first stage of ionization) about 3.5, followed by considerably higher 
values of pk' for the next two stages: roughly pK? is 7 and pKa is 9. This means that 
ionizatioil to Co(H4Te06)2- is fairly easy, lollowed by two ionization steps to give 
Co (H3Te06) 2-3. 

4 --I bsorption Spectr~lm 
Lilte other complex tellurates or periodates, potassiuin tellurato-cobaltate gives ail 

absorption spectrum with high absorption in the violet, falling to a minimum, followed 
by a single maxin~um as the wavelength is increased. The extinction coefficients a t  
different wavelengths are: X (mP) 500, 6 139.1; 520, 95.6; 540, 74.7; 560 (min.), 68.0; 
580, 71.0; 600, 75.4; 620, 80.0; 635 (max.), 81.6; 640, 81.1; 660, 75.9; 680, 63.7; 700, 
49.9; 720, 34.5; 740, 23.7; 760, 14.7; 780, 9.9; 800, 6.9. These results were obtained 
from a 0.00435 ilI solutioil of the coinpouild in 0.1 M potassium hydroxide. I t  was found 
that the addition of potassium tellurate caused no detectable change in the absorption 
curve, indicating that there is virtually no dissociation of the complex in a solution of 
this concei~tratioi~. 

Sodium and Potassium Tellurato-manganate(I V) 
I .  Preparation 
After various preliminary trials, the most satisfactory methods devised were as  follows. 

For the potassium salt, two solutions were macle, one containing 2.0 g of mangallous 
chloride tetrahydrate, 8.2 g of telluric acid, and a little nitric acid in 40 1111 of water; the 
second contained 12 g of potassium hydroxide in 50 ml of 1.5 114 potassium hypochlorite. 
The solutions were mixed, and, after standing, 100 1111 of ethyl alcohol was added. The 
rather sticky red precipitate was separated by centrifuging and decantation. I t  was 
redissolved in 50 1111 of 0.2 ill potassiuin hydroxide, and reprecipitated by an equal volume 
of alcohol. This was repeated several times, and the final product was dried over calciunl 
chloride or sulphuric acid. The yield 011 various occasions was 7.5 to 9.1 g of dark red 
crystals. In some preparations solnewhat different ratios of manganese to tellurium were 
used. 

The sodiuin salt was made similarly froin sodium hydroxide and l~ypocl~lorite. I t  was 
less easy to purify, as sodium tellurate precipitated more easily than the potassium salt. 
However, the sodiunl tellurato-mangallate is also less soluble. 

The salts were aijalyzecl by virtually the same methocls as for the cobalt compound. 
The results for the potassium salt were: K 20.9, NIn 3.24, Te  3G.5, H,O 8.59%; calculated 
for KGHsi\iIn(Te0G)3.5H&: I< 22.1, Mi1 5.19, T e  36.2, H 2 0  8.48y0. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LISTEII A N D  YCSI-11x0: Co A N D  Mn TELLURATES 1493 

The results for the sodiunl salt were: Na 14.83, RIn 5.37, Te 39.2, H10 9.31y0; calculated 
for NaiHiMn(Te06)I.5H?O: Na 16.38, Mil 5.59, Te  38.9, H2O 9.1676. 

As with the cobalt compound, a checli on the formula was inade by passage of a weighecl 
amount ot the potassium salt in solution through an anion exchange resin in its chloride 
form; the liberated chloride ion was titrated. One gram-molecule of chloride ion was 
liberated by 185 g of the potassium salt. This is a little higher than the calculated value 
of 176 g for I<GH8Mn(TeOs)J.3H20. 

2. Valency o j  il4anganese 
This was obtained from equivalent weights in redox reactions, and from magnetic 

properties. The reducing agent that  was found to give the best results was ferrous 
ammonium sulphate: excess of this was added, and the excess titrated with potassium 
permanganate. The equivalent weight so obtained was 518 for the potassiuin salt, and 
534 for the sodium; if the ferrous ions reduced A4n(IV) to Mn(I l ) ,  the calculated values 
are 529, and 492. Anj other valencj of manganese would give a very different equivalent 
weight, and, though the results are not very precise, there can be no doubt that  the 
manganese is changing its valency by two. 

The niagnetic susceptibility of I<GH8Mn(TeOG)3.5H20 was found to be 5230x10-6 
e.m.u./g-mol a t  25.1' C, and 4910X10-6 e.m.u./g-mol a t  39.6' C. The correction for the 
diamagnetism of the various atoms is about 383 X e.m.u./g-mol, nlalting the corrected 
susceptibilities 5613 X a t  25.1' C, and 5293 X lo-' a t  39.6' C. If these susceptibilities 
obey the Curie-Weiss law, then the Weiss constant is -58', and the Curie constant is 
1.348. Hence the magnetic moment (2.84C1/2) is 3.30 Bohr magnetons. This is somewhat 
lower than the calculated "spin only" value of 3.87 Bohr magnetons, but still near enough 
that it nlost probably indicates three unpaired electrons. 

3. .I cid-Base Properties 
The potassium salt proved stable enough in solution to be titrated with dilute perchloric 

acid; or the solution on acidification could be back titrated with potassium hydroxide. 
The pH curve was the same in both directions. Starting a t  the acid end, the pH of 
0.00204 111 H 1 4 M ~ ( T e 0 6 ) 3  was 2.62. This corresponds to between one and two hydrogen 
ions/molecule, meaning that  ionization is easy up to Mn(H4Te06)3-2. When these acid 
hydrogens had been neutralized the pH rose steeply, and thereafter gave no marked rise 
until three more hydrogens had been neutralized. The third to fifth ionization steps, 
which cannot be clearly distinguished, have pK values about 7.5, corresponding to 
ionization as far as M ~ I ( H ~ T ~ O ~ ) ~ - ~ .  The next ionization constant after this has pK about 
11.5. These constants are consistent with the fornlula of the compound. 

Stability of Tell~~rato-ma?zga?zatc Ion  
Like other compounds of this type, sodium or potassium tellurato-manganate ions in 

solution gave an absorption spectrum which was high a t  the violet end, low a t  the red 
end, with a single minimum and maximum in between. The minimum was a t  about 
420 nip, and the maximum a t  470 1 1 1 ~ .  However, the absorption was considerably altered 
by addition of excess sodiunl tellurate, and it was evident that  an equilibrium existed 
between ions differing in their content of tellurium. The absorption curves so obtained 
are shown in Fig. 1. 

In the presence of excess sodium tellurate, the chief ion present contains three tellurate 
residues to each manganese atonl. The eviclence for this partly comes from the fact that  
the solid salts which were prepared contained this ratio of atoms, and partly from the 
following experiment. If a constant amount of manganese sulphate was mixed with varying 
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Total [ ~ n ]  =0.00107 

400 5 00 600 
X 

FIG. I.  Optical density of solutions with constant manganese and varying tellurirl~il content. 

anlounts of sodium tellurate in solution, and the mixture oxidized by sodium hypo- 
chlorite, then some (or all) of the rnailgailese was converted into a solution of sodiuin 
tellurato-manganate (the rest was precipitated as nlanganese dioxide). The amount in 
solution was determined by diluting the solution to a given volume, and measuring its 
optical density. The optical density increased steadily until the ratio of telluriunl to 
manganese reached 3, and thereafter it levelled out. 

iVIistures wit11 various concentrations of manganese sulphate and sodium tellurate were 
oxidized by sodium l~ypochlorite, and the optical densities of the resulting solutions 
were nleasured a t  various wavelengths. The concentration of sodiurn hydroxide present 
was also varied. The tenlperature in a11 cases n7as 25' C. The results are summarized in 
Table I ,  which, however, only gives data for 470 mp and 420mp, which were the wave- 
lengths wllere the greatest change in the optical density occurred. As indicated in Fig. 1, 
nleasureinents were also made over most oE the range 400-600 imp. 

In the interpretation of the results in Table I it was assunled that the equilibrium 
was of the type 

Mn( te1 l~ ra t e )~  = hiIn(teIl~rate)~-,, + 1 2 .  tellurate. 

Let 
hIn0 = total nianganese present, 

I? = telluriuin/manga~~ese ratio, 
e l  = extinction coefficient of hilu(tellurate)3, 
ep = extinction coefficient of hI~ln(tellurate)~-,, 
A = elM110, 

B = c2Mn0, 
D =optical density. 

Then it follows from the equations for the total manganese and tellurium present, and 
the Beer-Lambert law, that  

D-A 
I< = - 

B-D 

K is the equilibrium constant of the reaction. If R is large, almost all the nlallganese 
will be converted to Mn(tellurate)a, so D = A ; hence a reasonably good value of A can 
be obtained bl~~extrapolation of D a t  high values of R. Values ol K were calculated 
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TABLE I 

Optical density 
[Mn] X 103 [NaOH] 

Run (&I) Ratio Te/Mn 470 mu 420 mu (!I[) 

froin the data for different values of R, assuinillg various values of B and 71. The value 
B was talcen to be that lor which the average deviation in I< was least, and this deviation 
was compared for different values of n. Run 1, for instance, gave: 

n 1 2 :i 
Average deviation in  I< (%) 3.8 1 3 . 2  22 .2  

Hence fz = 1, and the equation for K reduces to 

D-A K = 3 4 n 0 ? & ) ( ~ - 3 + ~  

The procedure adopted to find li was to select values of A and B for any one run, until 
the values of I< obtained from that run showed a minimum average deviation (expressed 
as a percentage of I<). This was done for both wavelengths studied, with the results 
given in Table 11. 

The values of I< are fairly consistent, but tend to fall as the concentration of hydroside 
ions rises. This drift is not quite as much as is required on the assumption that the 
equilibriunl constant is inversely proportional to [OH-]. Assuming that the ioll in solution 
is the same as in the solid, and that tellurate is dissociated to H.rTeOG-? in moderately 
alkaline solution, then the main reaction is 

H,Mn(Teo~)s-' + Hz0 S H4Mn(TeOs)2-" H ,TeOe-? + OH-. 
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The equilibrium constant for this reaction will be the value of R given in Table I1 multi- 
plied by the l~yclroxicle ion concentration; this is about 4x10-j. Hence this complex 
tellurato-manyanate ion is of rather moderate stability. The extinctioil coefficie~its are 
also consistent, and average as follows: 

The absorption maximum found for H7Nl~~(TeOG)3-7 a t  470 111p seeins to be absent for 
H4Nln(Te06)2-4. 

REFERENCES 

1. &I. W. LISTER and Y. YOSHIYO. Can. J. Chem. 38, 45, 1291 (1960). 
2. L. ~~IALATESTA. Gazz. chim. ital. 71, 467, 580 (1941). 
3. bl. W. LISTEI~. Can. J. Chem. 31, 638 (1953). 
4. bjl. Issa, S. E. KHALAFALLA, and R. M. Iss.4. J. An]. Chem. Soc. 77, 5503 (1955). 
5 .  \\I. R. Axcus. Proc. Roy. Soc. (London), 11, 136, 569 (1932). 
6. L. &I.~LAPI~ADE. Co~iipt. rend. 210, 504 (1040); 204, 979 (1937). 
7. L. >I.~LAPKADE. Bull. soc. chin>. France, 6, 22'3 (19'39). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



INTERFACE KINETICS 
HYDROGEN PEROXIDE OXIDATION OF CUPROUS ION 
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ABSTRACT 

I t  has been established (D. \V. Colcleugh and IV. F.  Graydon. J .  I'hys. Chem. In press) 
that hydrogen peroxide is produced during the dissolution of polycrystalline copper 
in dilute aqueous solutions. The  hydrogen peroxide formed during the dissolution further 
attacked the metal, producing additional c ~ ~ p r i c  copper ill solution. The  Icinetics of this 
heterogeneo~~s reaction was investigated in aerated su lph~~r ic  acid solutions. Uncler these 
experimental conditions the ratio of the increase in concentratiol~ of c ~ ~ p r i c  ion to the decrease 
in concentration of hydrogen peroxide \\.as constant a t  the value of 2. In deaerated sulphuric 
acid this stoichiometric ratio was constant a t  the value of 1 ~111der similar experimental 
conditions. 

Rate eq~~at io l ls  for the formation of cupric ion in solution and for the decomposition of 
hydrogen peroxide in the solution were deterrlli~led as a function of saluple area, corroding 
solution volume, temperature, hydron i~~m ion concentration, cupric ion coucentration, and 
hydrogen peroxide concentration. 

A reaction mechan~sm was suggested to describe the empirical rate equations and the 
stoichiometry obtained experi~lle~ltally. 

EXPERIMENTAL 

A pparatz~s 
The apparatus consisted of a cylindrical salnple of polycrystallir~e copper rotating in a solution of sulphuric 

acid. The  solutiorl was kept saturated with either pure nitrogen or all oxygen-nitrogel1 ~ll ixt~rre by con- 
tinually bubbling the gas into the acid solution during an experimental run. The  a p p a r a t ~ ~ s  was described 
in full previo~~sly ( I )  and no lnodifications were ~nade. 

A?zalysis 
A polarographic method of analysis was used for cupric ion, hydrogen peroxide, and, occasionally, clis- 

solved oxygen determinations. Dissolved oxygen determinations were carried out prior to the start of a 
rull to ellsure that deaeration was complete. 

The supporting electrolyte used was 1 M s o d i ~ ~ l n  acetate and the maximum suppressor was a 0.01% 
gelatin solution. The  capillary had "mn" and "1" values of 3.24 mg/sec and 3.19 sec respectively a t  0.0 
volts versus the saturated calomel electrode. 

Procedt~re 
The corroding solution consisted of a sulphuric acid solution containing cupric ion (dissolved c ~ ~ p r i c  

sLllphate pentahydrate) and hydrogen peroside. The gas stream was bubbled through the solution for 
several hours before the metal sample was immersed into the so lu t io~~  and the run was begun. The  copper 
sample, before immersion in the solutiorl, was polished mechanically with various grades of emery paper, 
progressing fro111 rough to line, and then cleaned thoroughly with distilled water and absolute alcohol. 

Periodically, during the course of a run, sarnples of corroding so l~~ t ion  were removed and analyzed for 
cupric ion and hydrogen peroxide content polarographically. 

Unless otherwise stated irl the discussion of the results the operating conditions were: a sulphuric acid 
of 0.2 mole/liter, a n  ambient telnperat~lre of 25.8" C, a sample surface area of 11.4 CIII', a 

corroding solution volume of 500 ml, partial pressure of oxygen in the gas stream of 0.21 atln, and a sample 
rotatioll speed of 880 r.p.m. In Section B of Discussio~l of Results, the oxygen concentration in the gas 
stream was zero. 

DISCUSSION O F  RESULTS 

I n t r o d ~ ~ c t  ion 
Hydrogen peroxide was produced during the dissolutioil of polycrystalline copper in 

dilute aerated sulph~iric acid solutiol~s (2). At hydrogen peroxide concentrations less 

'IV.R.C. Bursary 1059-60; N.R.C. Stlrdentship 1060-61. 
?Professor of Cl~ei i~iral  Engineering, University of Toronto. 
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than about 5 X mole/liter the ratio of cupric ion concentration in solution to hydrogen 
peroxide concentratioil in solution was coilstant a t  the value of 2 under all experimental 
conditions. The plots of cupric ion concentration and hydrogen peroxide coilcentration 
to the one-half power versus time gave straight lines below this liinit in hydrogen peroxide 
concentration. 

I t  seemed logical to assuine that the hydrogen peroxide, an active oxidizing agent, 
would be involved in the dissolution process. If the dissolution was allowed to continue 
beyond a hydrogen peroxide concentration of about 5 X mole/liter, a marked increase 
in the ratio of cupric ion concentration to hydrogen peroxide conceiltration was observed. 
The slopes of the plots of cupric ion conceiltration and hydrogen peroxide concentr a t '  ion 
to the one-half power versus time began to increase and decrease respectively with 
increasing hydrogen peroxide coilcentration, as seen by Table I. 

TABLE I 

d [ C ~ + + ] l ' ? ~  1 0 ~ [ H z O ~ l l ' ~ X  10"Cu++l 
Time [Hz021 X  101 dl dt no7  

These observations indicated that the copper dissolution process in aerated sulphuric 
acid solutions consisted of two oxidation steps, the oxidation of copper by dissolved 
oxygen (2) and the oxidatioil of copper by dissolved hydrogen peroxide formed in the 
first reaction. 

The following empirical equations were postulated to explain the aforementioned 
phenoinenon in a solutioil of constant sulphuric acid coilcentratioil and a t  a coilstant 
reaction temperature: 

d [I-I 10 21 
2Xdt = ki[02]" ' [~u++] ' /"k,[~u++] 1 1 2 [ ~ z o , ]  

At very low concentrations of hydrogen peroxide the equations above would reduce 
to the form of the rate equations reported previously (2): 

To  test the validity of the above proposed equations [I.], [2], and [3], several runs with 
initially added cupric ion and hydrogen peroxide were coinpleted in aerated sulphuric 
acid solutions. Experiments of this sort were also carried out in deaerated sulphuric acid 
solutions. The exclusioil of dissolved oxygen from the solutioil in contact with the inetal 
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COLCLEUGI-I AND GRAYDON: OXIDATION O F  CUPROUS ION 1499 

would serve to isolate part of the reaction for closer and inore detailed examination. The 
data from these experiments were conlpared with the simplified forms of the equations 
[I] and [2] a t  zero oxygen concentration. 

The dependence of the rate constants on dissolved oxygen concentration, sample area, 
corroding solution volume, rotation speed of the sample, temperature, and acid concen- 
tration was determined. 

A. Experiments in  Aerated Sulphuric Acid 
Rate Dependence on Cupric Ion and Hydrogen Perox,ide Concentrations 
The basis of the proposed one-half-order dependence of rate with respect to cupric ion 

concentration and the first-order dependence of the rate with respect to hydrogen peroxide 
concentration was a series of experiments carried out under norlnal operating conditions 
with varying amounts of initially added cupric ion and hydrogen peroxide. These so-called 
normal operating conditions were specified in the Experimental Procedure. 

The data obtained from these experiments when fitted to equations [I] and [2] gave 
constant values of kl and kz over the wide range of cupric ion and hydrogen peroxide 
concentrations used. The rates obtained, the average cupric ion and hydrogen peroxide 
concentrations over a run, and the calculated rate constants kl and k? are tabulated in 
Table 11. 

TABLE I1 

d[Cu++l d[H?O?I 
dt dt 

x 10' 
No. [CLI++] x lo4 [HnOaI X 10' k 1 k? 

From Table I1 it can be seen that  a wide selection of cupric ion concentrations and 
hydrogen peroxide coi~centrations were used in this part of the work. Average cupric 
ion concentrations in solution ranged froill a low of 12.2xlO-* mole/liter to a high of 
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61.3 X mole/liter, and the average hydrogen peroxide concentrations ranged from a low 
of 6.82X 10-"mole/liter to a high of 50.6 X 10-%mole/liter. The ratio of average cupric ion 
concentration in solution to average hydrogen peroxide concentration in solution ranged 
fro111 about 6.4 to 0.3. With these quite \vide ranges in coilditioils the rate constants 
calculated from the proposed rate equations ren~ained essentially constant with no 
observable trends. 

Perhaps the most coilvincing part of the argument for acceptance of the proposed rate 
equations was the fact that a t  high enough concentrations of hydrogen peroxide, that  is, 
concentrations above about 28X ~mole/liter, it was observed that  the rate of formation 
of hydrogen peroxide was negative. At these high concentrations of hydrogen peroxide 
more hydrogen peroxide was being used up in reaction with the copper than was being 
produced in the reaction of the copper with dissolved oxygen. Again the rate constant 
remained a t  the same value without any significant trends. 

I t  should also be noted that in run No. 8 a rate of hydrogen peroxide formation of 
zero was observed a t  a constant hydrogen peroxide concentration of 28.0 X10-4 nmole/liter. 
The cupric ion concentration increased throughout the run with no apparent change in 
the hydrogen peroxide concentration. The amount of hydrogen peroxide produced by 
the reaction of dissolved oxygen with copper discussed previously (2) was exactly balanced 
by the amount of hydrogen peroxide used up in reaction with the copper. 

Rate Dependence o n  Dissolved Oxygen Concentration 
A set of runs with initially added cupric ion and hydrogen peroxide was carried out in 

aerated 0.2 111 sulphuric acid solutions with varying partial pressures of oxygen in the 
saturating gas ~ h a s e .  

The partial pressure of oxygen in the gas phase was fouild to be directly proportional 
to the concentration of dissolved oxygen in the condensed phase. The Henry's law constant 
for this concentration of solution a t  25.8' C was found experimentally to be 8.00X102 
atm-liter/mole. 

The values of the rate constants kl and k2 calculated fro111 tlle rate data and equations 
[I] and [2] and the corresponding partial pressures of oxygen in the gas phase are given 
in Table 111. Froill this data it was observed that the rate constants kl and k2 were iilde- 
pendent of the oxygen concentration in the corroding solution. 

T A B L E  111 

Experimental variable kl  k p  
- - 

Oxygen partial pressure in gas: 
0.098 0.126 

Rotation speed o f  sample: 
8 0.113 

78 0.124 
880 0.120 

Sulphuric acid coricentration: 
0 .05  0.103 
0.20 0.120 
0.50 0.122 

Rate Dependence on  Sample Area and Corroding Solzition Volzlme 
A linear relationship between the rate constant k? and the ratio of sanlple area to 
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COLCLEUGI-I . \XD GR.-\\'DOS: OXIDATION OF CUPROUS I O S  1501 

corrodiilg solutioil vo lu i~~e  was found as see11 by Fig. 1. A sin~ilar depeilde~lce was pre- 
viously fouild for the rate constailt kl (1, 2), and was substantiated by this worl;. 

Air  loo t 2 5 - 8 0 C  

A - 
v 

FIG. I. Effect of sample area and corroding solution vo lu~ i~e .  Variation of ratgconstant from equations 
[I] and [2] with the ratio of sample area to dissolving solution volume. 

Rate  Dependence o n  S a m p l e  Rotat ion Speed 
The cylindrical copper sample was rotated a t  three widely different speeds and the 

rate coilstailts measured. Any dependence of rate on the rotation speed of the sample 
would indicate that  the rate of diffusion of a reacting species to  the copper surface played 
an ii~iportant part in the control of the dissolution process. 

The results shown in Table I11 clearly iilclicatecl that  the rate coilstant k2 was inde- 
peildeilt of sample r.p.111. and the reaction of hydrogen peroxide with copper was chemically 
controlled under these experi~llental conditions. 

Rate  Dependence o n  S z ~ l @ h z ~ r i c  A c i d  Concentration 
The variable in this series of esperi~nents was sulphuric acid concentration. All other 

operating conditions were lcept constant. 
The variation in the values of kl, as seen by Table 111, was as expected from the 

previous worlc (2). The values of kz also showed a dependence on sulphuric acid concen- 
tration. The values of kz measured showed an inverse dependence 011 acid concentration, 
decreasing as the sulphuric acid concentration increased. 

B. Exper iments  in Deaerated Szrlphzlric A c i d  
If the dissolved oxygen concentration in the solution is zero, equatioils [I] and [2] 

become 
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Thus one would expect, froin the results i11 Section A, that  the ratio of the increase in 
concentration of cupric ion in solution to the decrease in concentration of hydrogen 
peroxide in solutioii for the condition of no dissolved oxygeil ill solution would be constant 
a t  the value 2. However, it became increasiilgly evident as the path of the reaction between 
hydrogen peroxide and polycrystalliile copper in deaerated sulphuric acid was followed 
that  this stoichiometric ratio was in fact 1 and not 2. 

Also, it was found that  both the rate of formation of cupric ion and the rate of decom- 
position of the dissolved hydrogen peroside were dependent upoil the conceiltratioil of 
cupric ion in solution and upon the hydrogen peroxide coilceiltration in solution to  the 
one-half power and the first power respectively. 

The results given in Table IV illustrate the above statements concerning the stoichiom- 
etry and the independence of the rate constant on cupric ion concentration and hydrogen 

TABLE 1V 

A[Cu'+] -- 
No. [ C u f f ] , , ~  104 [H202]:,,x104 R A[I-r,O?] 

peroxide concentration. The sample surface area was 11.4 cm2, the corroding solution 
voluille was 500 1111, the sainple rotation speed mas 880 r.p.111.~ and the ambient tempera- 
ture was 25.8" C for all the runs given in Table IV. 

The rate constant I< given in Table IV was an average value over the length of the 
run and mas defiiied bj- the following ecluations: 

The results fro111 a typical run were illustrated graphically in Fig. 2, which correspoilds 
to run No. 5 in Table IV. 

I t  call be seen froin the values of I< that  they are identical with the values of k? obtained 
in aerated solutions (Table 11). 

Rate Defende7rce o n  S~ilplzziric Acid Concentration 
Figure 3 illustrates the effect of changing the acid concentration oil the rate constant 

I<. As mas the case in Sectioil A a decrease in the acid concentration increased the value 
of the rate constant kr.  The values of kz obtained from the experin~ents in aerated solutions 
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880 r.p.rn. 

11-4 sq crn 

I 0'2 M H,S04 

12.0 

880 r.p.rn. 
25.8 O C  

500 rnl 
11'4 sq crn 
0.2 M H,S04 

14.0 I I I I I I I 
0 5 10 15 20 25 30 

TIME 

FIG. 2. Variation of concentration (mole/Iiter) with time (hours) in deaerated solution 

FIG. 3. Effect of sulphuric acicl con cent ratio^^. Variation of rate constant I< from equatiot~s [i] and [Sl 
with acid concentration (ruole/liter) in deaerated solutions; Q shows variation of k? from equations [l] 
and [2] with acicl conccntration in aerated solutions. 

and calculated from equations [I] and [2] were superimposed on Fig. 3, and fouild to 
agree well with the values of K obtained in deaerated solutiolls and calculated from 
equations [?I and [8]. 

The dependence of the rate constailt I< on sulphuric acid concentration did not appre- 
ciably affect the stoichio~netry of the reaction, which remained a t  the value 1, as seen by 
Table V. 
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TABLE V 

A[Cut+] -- 
[H2S04] Temp. A V r.p.m. A[H?O~]  

'I'he data in Fig. 3 when replotted as the reciprocal of the rate constant versus hydronium 
ion concentration (Fig. 4(a)) resulted in a good linear correlation. Similar data to that 
described above were obtained a t  ambient temperatures of 15.0" C (Fig. 4(b)), 36.0" C 
(Fig. 4(c)), and 45.0" C (Fig. 4(d)). 

This data substantiated the linear relationship between hydronium ion concentration 
and the reciprocal of the rate co~lstant. 
Tllus 

Rate Dependence on l'enzperature 
This series of experiments carried out with temperature as the variable was designed 

to determine the temperature dependence of the rate constants as well as to test the linear 
correlation of the reciprocal of the rate constant versus acid concentration as discussed 
above. 

At the temperatures used, the stoichiometric ratio of the increase in concentration of 
cupric ion to the decrease in concentration of hydrogen peroxide remained a t  the value 
unity. 

From the slopes and intercepts of Fig. 4(a-d) values of the rate constants I i l  and k'? 
were cleterminecl and plotted as in Fig. 5. Arl-henius activation energies calculated fi-0111 

the slopes of Fig. 5 were 20.6 kcal/g-mole and 11.8 lical/g-i~nole for the rate constants 
K1 ancl I<? respectively. 

Kate Dependelzce on Sample d ren and Corrodi7~g Solutiofl Voll~nze 
-4s was the case in the experiments in aerated sulphuric acid solutions, a linear relation- 

ship between the rate constai~t K and the ratio of sample area to con-oding solutioil 
volume was found as seen by Fig. 6. 
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8 8 0  r.p.rn. 
500 rnl 

FIG. 5.  Effect of temperature. Logarithms of rate constants I<I and Kz as defined by equation [9] versus 
the reciprocal of the corresponding absolute temperature in deaerated solutiods. 

A - 
v 

FIG. 6. Effect of sample area and corroding solution volume. Variation of rate constant K as defined 
by equations [7] and [8] with ratio of sample area to dissolving solution volurne in deaerated solutions. 

The stoichiometric ratio was unaffected by the variation in sample area altd corroding 
solution volume, as illustrated in Table V. 
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Rate Dependence on Sample Rotation Speed 
Variation in the rotation speed of the sample did not affect the value of the rate constant 

or the stoichiometric ratio and therefore the reaction must be chemically controlled under 
the existing experimental conditions. 

Sunznzary 
Froln the discussion of the results obtained in this work and the results of previous 

work (1, 2), the overall rates of formation of cupric ion and hydrogen peroxide during 
the dissolution of polycrystalline copper in dilute sulphuric acid solutions could each be 
represented by the sum and difference, respectively, of two component rates: 

The contribution to  the overall rates of forlnation through the attack of the copper by 
dissolved oxygen, represented above by Rl, was discussed previously (1, 2). The rate 
constant obtained previously (2) for Rl ,  a t  25.8' C in a sulphuric acid solution of 0.2 ill, 
was 5.44f0.48X The hydrogen peroxide collcentrations were low enough so that 
the seconcl term in each overall rate equation was negligible with respect to R1. 

In this investigation, in aerated solutions, the hydrogen peroxide concentration and 
the second tern1 in each overall rate equation were not negligible with respect to 3'. 
The value of the rate constant for R1 a t  25.8' C in 0.2 -26 sulphuric acid, under these 
conditions of high hydrogen peroxide concentrations was 5 .32f  0.56 X 

The value of P ,  the stoichiometric ratio, was 2 in aerated sulphuric acid solutions and 
1 in deaerated sulphuric acid solutions. 

At 25.8' C and a sulphuric acid concentration of 0.2 iV the rate constant for the 
hydrogen peroxide oxidation of cuprous ion in aerated solutions was 26.3A3.71 XlO-3 
and in deaerated solutiolls was 26 .3 f  2.11 X 

Proposed il4echanism 
The following reaction scheme was suggested as a possible reaction mechanism for the 

oxidation of polycrystalline copper by dissolved hydrogen peroxide in dilute acid solution 
under aerated or deaerated conditions. 

In formulating the reaction mechanisn~ the experimentally established facts were 
adhered to. 

1. Both the rate of formation of cupric ion and the rate of decomposition of hydrogen 
peroxide were one-half order with respect to  cupric ion and first order with respect to  
hydrogen peroxide. 

2. One inole of cupric ion was formed for every mole of hydrogen peroxide reacted in 
deaerated solutions and 2 moles of cupric ion were formed for every mole of hydrogen 
peroxide reacted in aerated solutions. 

3. The reaction was inhibited by increasing concentration of acid. 
The following reactions were assumed to take place a t  the solid-liquid interface: 

Kn cu + cui++ 2Cui+ (equilibrium) I i l  

[ii] 
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kc 
Cu+.MrOr + H3Of -- Cuif + HsOrf + HrO 

k-, 

Reaction [iv] represents the inhibitioil step. The hydronium ion enters into con~petition 
for and returns the cuprous ion, hydrogen peroxide transitory species to its original 
uncombined forin of free cuprous ion and molecular hydrogen peroxide. 

I t  is suggested that the hydrox>7l free radical formed in reaction [iii] reacted predomi- 
ilailtly in one of two ways depending upon the condition with respect to dissolved oxygen 
concentration. 

In aerated solutions: 

In deaerated solutio~ls 

The direct recombiilatioil of hydroxyl free radicals to form HzOz was discouilted by 
Weiss (3) because of dipolar repulsion, but he felt recombination in solutioil to form 
H202  was possible under the catalytic influence of various inolecules or ions, such as 
dissolved oxygen (4). Stein (5) has suggested that nlaily free radicals show a great 
teildeilcy to combine with oxygen. Hydroxyl free radical, in this system, is thought to 
combine with surface oxygen in aerated sulphuric acicl solutions; the product is subse- 
queiltly rapidly reacted upon by more hydroxyl free radicals to form molecular hydrogen 
peroxide and regenerate the surface oxygen. 

In the absence of surface oxygen, disrnutation of hydroxyl radicals taltes place by 
reaction a t  the solid-liquid interface, forming water and oxygen. The oxygen is removed 
from the solid-liquid interface by diffusion into the oxygen-free corroding solutioil and is 
swept out of the solution by the nitrogen stream bubbling thro~igh the solution. 

The concentration of each of the four transitory species postulated was assuined to be 
small and in a statioilary state with respect to time. 

d [OI-I ] -- 

dt 
- 0 

d[O, . OH] 
dt 

= 0 
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Therefore from equation 1101 and assuming k-4[H302+][HsO] is much smaller than k1[H202] 

From the cuprous, cupric, copper equilibrium existing a t  the solution-solid interface, 

There was no rate dependence on san~ple rotation speed so the diffusion gradient existing 
from bulk solution to interface is negligible. 

[CU++], = [CU++] 

[H?Os]i = [H202] 

In aerated solutions (from equations [Ill-[16]): 

d[HsOs] 1/2k3K,'kl[~u++]~l?[~?02] -- - - 
dt k--l+k3+k4[H30+] ' 

In deaerated solutions (from equations [11]-[16]): 

Equations [17]-[20] are of the sanle form as those found experinleiltally for the rate 
of formation of cupric ion and the rate of decomposition of hydrogen peroxide due to 
the attack of the copper by dissolved hydrogen peroxide. 

The rate constants in equations 1171, 1191, [20] are identical in form with those found 
empirically and the rate constant in equation [18] differs from the other three only by 
the factor l /2 ,  which was found experimentally. 

Notation 
1 1  coilcentratiorl in nlole/liter; 
A -exposed surface area of copper sample in cm?; 
V -volume of corroding solution in liters; 
I -denotes solid-liquid interface; 
0 8 -oxygen a t  surface of metal; 
Time, t -reaction time in hours. 
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ABSTRACT 

An investigation has been made of the poly~nerization of 1-butene by TiC13-i41(i-Bu)3 
catalysts in heptane solution a t  40' C. The poly~nerization curve has two segments covering 
initial and steady-state periods a t  which the rate increases several fold. 'The change in rate, 
which occurs after the formation of a constant amount of polymer for a given concentration 
of TiCI3, is interpreted as a n  increase in surface area clue to breal;down of the catalyst par- 
ticles. For the steady-state period, it has been shown that  the rate of polymerization is 
proportional to  the monomer and titanium trichloride concentrations and approaches a constant 
value as the aluminum triisobutyl concentration increases. 

The intrinsic viscosity of the bulk polyn~er and the crystallinity, as  determined by infrared 
analysis, were found to  be essentially independent of the concentrations of the catalyst corn- 
ponents and the extent of polymerization. 

'The results arc considered in terms of current theories on the mechanism of heterogeneous 
pol~~mcrization. 

INTRODUCTION 

Since the developnlellt of Ziegler-Natta type c a t a l ~ s t s  for tlie polymerization of 
a-olefins and dienes, many instances have been reported of the polymerization of 1-butene 
using, for the most part, catalysts prepared froill aluminum allcyls and titaniuin tetra- 
chloride or trichloridc. I-Iowever, ltinetic studies (1, 2) have been confilled to titanium 
tetrachloride systems, where problems have been encountered in malting reproducible 
rate measurements. I11 part, this is understandable fro111 the fact that the activity of 
these catalysts is believed to be associated with tlie fornlatioll of metal-organic com- 
plexes, illvolving titanium in a lower valency state, \vIiich arc ill-clefined and result from 
a series of conlplex reduction reactions between the tetrachloride and the illeta1 allcyl 
(3-5). With propylene as the monomer, it has been found (6) that the use of titanium 
trichloride in place of the tetrachloride gives catalysts which arc inore reproducible and 
which yield polymers of greater stereoregularity. Similar observations have been reported 
(7)  in a kinetic investigation of the polymerization of styrene by titaniuin trichloricle - 
alunlinunl alltyl catalysts. 

The present work is concerned wit11 a lcinetic study of the polymerizatioi~ of 1-butene 
with aluminun~ triisobutyl - titaniunl trichloride catalysts and an examination of the 
effect of catalyst col~centration and colnponent ratio on the molecular weights and 
crystallinities of the polyiners obtained. 

EXPERIMENTAL 
Polymerizations 

The  polymerization reactions were carried out  in heptane solution a t  4 0 f  0.2' C using Boston round 
bottles which were rotated end over end in a thermostatically controlled water bath. The methods employed 
for the purification of the solvent, catalyst components, etc., and the technique of catalyst preparation 
have been described previously (5). 

For each series of reactions using the same ratio of catalyst components but  different total concentra- 
tions, a single catalyst preparation was made and suitable sarilples withdrawn by a hypodermic syringe 
for injection into the monomer-solvent mixture. With bottle polymerizations i t  was not possible to follow 
the complete course of any single polymerization experiment because of the heterogeneous nature of the 
reaction mixture, and the fact tha t  the polymer forms a gel around the catalyst particles, preventing 
effective sampling. Consequently, rates were determined from the amount of polymer formed during a 

Canadian Journal of Chemistry. Volume 40 (1862) 
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standard polymerization time. For each catalyst condition, duplicate reaction rnixtures were prepared and 
the reactions stopped by the addition of ethanol a t  24 and 48 hours respectively. 

I n  several cases, the whole polymerizatio~~ reaction for a given catalyst condition \\'as follolved by pre- 
paring a number of identical reaction mixtures and terminating them a t  suitable time intervals. 

The polymers were recovered by precipitation in a 30-fold excess of ethanol while stirring in a \\'aring 
Blendor. After filtration and drying under vacuum, the crude products had ash contents of 1-27;, Further 
removal of the catalyst residue to an ash content of less than 0.5y0 was effected by reprecipitation and 
subsequent digestion in acidified 90% aqueous ethanol from n hot tetralin solution containing dibutpl 
p-phenylenediarni~le as  antioxidant. 

Viscosity il/reasz~iente?tt r 
The intrinsic viscosities of the various polymer samples were determined in tetralin solution a t  135' C 

using an Ubbelhode viscometer having a large bulb to permit dilution of the sample in situ. l'olyrner 
solutions (0 2 g/100 cc) were prepared a t  the bath temperature with a solverlt contailling 0.2% bl. \\.eight 
of the antioxidant to prevent degradation. Under these conditions, solution flow times remained constant 
over a period of 3-4 hours and agreement between consecuti\re readings was found to be within 0.2 sec. I t  
was established that the antioxidant had no detectable effect on the tlon- time of the pure solvent. 

Polyii~er Fi a~ t iona t ion  
'I'he polymer samples were separated into three fractions by extraction in a Soxhlet apparatus with 

ether and heptane. The ether extraction was continued until the solution failed to  produce cloudiness when 
added to ethanol. 'I'he ether-soluble fraction was then obtained by evaporation of the solvent. 

The extraction w ~ t l l  heptane was continired for a standard time (4 hours) and the clissolvecl polymer 
recovered by precipitation in ethanol. Prolonged e~ t rac t ion  xvith heptane resulted in complete  emo oval 
of the polylner from the Soshlet thimble in the form of a xvell-dispersed gel. The infrared absorption spectra 
of the separate fractions showed that the 4-hour extl action period mas sufficient to increase the crystallinity 
of the residue to a constant level, which was assumed to be 1007,. 

The residue from the l~eptane extraction was clissolved in tetralin a t  135' C,  and reprecipitated from 
ethanol. 

C,,ystallinity ~Weasztreinentr 
.The crystalline contents of thc polymers n-cre determined by infrared analysis on ICC1 pellets using 

the absorption peal; due to crystallinity a t  023 cm-'. 'l'he samples were prepared by mixing a hot tetralin 
solution of the polymer with freeze-dried ICCI a t  120' C, the temperature of the mixture being maintained 
above 70" C while the solvent was removed by pumping under vacuum. The pellets, having an average 
thickness of 0.13 cm and containing a known concentration of pol\.rner in the range 2.5-3.07;, were obtained 
by pressing the dried mixture under vacuum a t  a pressure of 100,000 p.s.i. 

RESULTS 

The results of a series of poly~nerization experiments covering a range of catall-st 
concentrations and conlponent ratios are given in Table I. These were obtained using 
a single sample of titaniunl trichloride which, after pumping in vacuum, showed a 
residual tetravalent titanium content of 3y0. Other samples from the same procluctio~l 
lot were found to give lower rates of polynlerization and also to contain lower alllounts 
of tetravalent titanium. However, it was established that the addition of titanium 
tetrachloride to various samples of the trichloride to bring the Ti4+ content to a constant - 

level resulted in comparable rates of polymerization. This method was employed to 
prepare reaction mixtures to study the course of the polynlerization reaction under 
conditions i n  which the overall rates were sinlilar to those reported in Table I. 

Plots of the amount of polynler formed as  a logarithmic function with respect to time 
for various catalyst concentrations are shown in Fig. 1. I t  is apparent that there are 
two segments to the rate curves. Both of these are essentially linear, indicating tha t  the 
poly~nerization reaction is first order with respect to  nlonomer concentration up to 
conversions of a t  least 85-90%. Values of the rate constants for the initial and final 
periods (ki and kf) for different catalyst conditions are given in Table 11. These data  
provide preliminary evidence that both rates increase progressively with the titanium 
trichloride concentrations and are independent of the ratio of catalyst components. More 
detailed information 011 these points has been obtained by calculating the values of kt 
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d' ' 
TABLE I w 

UI 

Data on polymerization experiments r 
N 

Expt. [MI [TiC13].102 [Al(i-Bu)r].lOZ Time % /:r.l0? Fractionation, % soluble in: crystallinity [,,I 
No. (mole 1-1) (mole 1-1) (mole 1-1) hl:Ti (hr) Polymn. (llr-1) Etlier Iieptane Residue (76) dl g-1 i@.10-3* 

136 1 .7  0.92 0.46 0 . 5  48 0 - 

135 1 .7  1 .8  0.90 0 . 5  48 0 - 

13-1 1 . 7  3 . 6  1 . 8  0 .5  24 1 :1 (0.35) 
133 1 .7  3 . 6  1 .8  0 . 5  48 4 . 8  (0.60) 
132 1 .7  5 .2  2.6 0 . 5  24 5 .4  (1.45) 
131 1.7 5 .2  2 .6  0 . 5  48 17.8 (2.45) 
130 1 .7  0.92 0 .92  1 .0  24 0 . 3  - 

129 1 . 7  0.92 0.92 1 .0  48 3 . 6  (0.45) 
128 1 .7  1 . 8  1 . 8  1 .0  2.1 0 .4  - 

127 1 .7  1 .8  1 . 8  1 .0  48 5 .0  (2.05) 
120 1 .7  3 . 6  3 .6  1 .O 24 41.4 4.60 12 39 57.5  4.58 815 
125 1 .7  3 . 6 3 .6  1 .O 48 46.8  2.50 
124 1 . 7  5.2 5 .2  1 .O 24 52.2 6 .55  25 29 49.0 3.92 665 
123 1 .7  5.2 5 . 2  1 .O 48 80.6 5 .15  24 24 
1 60 1 . 7  0.92 1 . 8  2 .0  24 11.2 0 .80  56 .0  4.57 815 
161 1.7 0.92 1 . 8  2 . 0  48 25.5 0.90 
162 1 .7  1 . 8  3 . 6  2 .0  24 36.3 3 .00  2 1 38 57 .0  4.10 705 
165 1 . 7  1 .8  3 .6  2 .0  48 56.0 2.30 17 29 
164 1 . 7  2 .7  5 . 4  2 .0  24 54.9 5.00 
163 1 . 7  2 .7  5 . 4  2 .0  48 8 5 . 5  5.05 
154 1 .7  3 .5  7 . 0  2 .0  24 71.4 7 .50  10 12 50.0 4.15 710 
155 1 .7  3 . 5  7 . 0  2 .0  48 $11 . O  6.25 
152 1 . 7  4 . 3  8 . 6  2.0 24 75.0 8.55 
150 1 .7  5 .1  10.2 2 .0  24 91 .O 13.30 17 27 @2 . 5  4.12 710 
157 3 .4  5.1 10.2 2 .0  24 85 .5  8.90 
151 1.7 5 .1  10.2 2.0 48 -100 - 18 55 
122 1 .7  0.92 2 . 8  3 . 0  2-1 7 . 2  0 .65  45.0 4.33 760 
121 1.7 0 .92  2 .8  3 . 0  48 30.0 1 .OO 
120 1 .7  1 . 8  5 . 4  3 .0  2.1 45.6 4.10 46.6 4.47 790 
119 1 . 7  1 . 8  5 .4  3 . 0  48 39.2 3.05 
118 1 .7  3 .4  10.2 3 . 0  24 70 .8  7.30 1.1 48 37 53.5 4.77 865 
117 1 .7  3 .4  10.2 3 .0  48 88 .0  5.40 
116 1 .7  4 .9  14.7 3 . 0  2.1 93.0 14.30 17 41 26 65.5 4.18 765 
115 1 . 7  4.9 14.7 3 . 0  48 88 .0  - 
144 1 .7  0 .92  4 . 6  5 .0  24 15 .6  1.05 4.53 805 
143 1 . 7  0.92 4 . 6  5 . 0  48 25.5 0.80 54.5 
142 1 .7  1 . 8  9 .0  5 . 0  24 30 .8  2.70 17 49 19 54.5  4.69 828 
141 1 .7  1 . 8  9 . 0  5 .0  48 91 .0  5.60 
140 1 .7  3 .4  17.0 5 . 0  24 84.5 9 .85  17 43 31 64.5 4.51 805 
139 1 .7  3 .4  17.0 5 .0  48 -100 - 19 39 27 
138 1 .7  4 .9  24 .5  5 . 0  24 -100 - 14 41 27 60.1 4.71 8.15 
137 1 .7  4 .9  24.5 5 . 0  48 96.0 - 20 57 17 

*Derived from relationship for polypropylene, ref. 8. 
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JONES AND THORNE: POLYMERIZATION 

Time (Hours)- 

FIG. 1. First-order reaction plots for different catalyst concentrations with the same ratio of components 
(AI:Ti = 2.0); [TiCI3]: 0 1.8.10-2, 3.6.10-2, 5.1.10-2 mole 1-1. For clarity, two curves are displaced 
vertically from the origin. 

TABLE I1 
Effect of catalyst conditions on ki and kr 

Expt. ti* ki.103 kr.102 
YO. [TiCI3].10? A1:Ti xi.102* (hr) ?;i/[TiC131 h (hr-l) kilki 

* X .  , - - moles monomer consumecl during initial period; l i  = time of initial period. 
tcatalyst not activated with TiClr. 

for the experiments listed in Table I ,  using the fact that the ratio of the initial and 
final rates, k l / k f ,  is constant for all polymerization conditions. 

The dependence of the rate constant k ,  on the concentration of titanium trichloride 
is shown in Fig. 2. Although there is some scatter in the data the rate is essentially 
independent of the A1:Ti ratio a t  values of 2 and above, and approaches a linear relation- 
ship with respect to  titanium trichloride concentration in the high collceiltratioll range. 
Essentially the same result is obtained if the overall reaction rate is used, as determined 
from the amount of polymer formed after the standard polymerization times of 24 and 
48 hours, although the curvature of the plot is greater. 

A plot of the rate constant per unit concentration of titanium trichloride, k,/[TiCls], 
as  a function of the aluininum triisobutyl concentration is given in Fig. 3. I t  follows 
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I 1 I I I 
50 100 150 20 0 

[ A l  ( i ~ u ) ~ ]  .lo3 (mole I-')- 

FIG. 3. Plot of kr/[TiClt] versus [Al( i -Bu)~] ;  AI:Ti: 2.0, 3.0, 0 5.0 

tha t  the rate is dependent on [Al(i-Bu)~],  approaching a constant value in the high 
range. This provides an explanation for the curvature of the plot of k ,  versus [TiC13], 
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JOSES  AND TI-IORNE: POLYMERlZ.\TlON 1515 

since experiments in which the [ A l ( i - B ~ ) ~ l  is in the low range are also generally those 
in which the [TiCld is in the low range. I t  inay be assumed, therefore, that the rate 
of polymerization is essentially a linear function of the titaniunl trichloride concentration. 

The apparent dependence of rate on the A1:Ti ratio below values of 2 may also be 
attributed, a t  least in part, to  the effect of rate dependence on the [Al(.i-B~)~l in the 
low concentration range. 

il~oleczilar Weights 
The intrinsic viscosities of a nuiiiber of unfractionated polyn~er samples are recorded 

in Table I. In the absence of data on a ~nolecular weight - intrinsic viscosity relationship 
for poly-1-butene, approxiinate values of molecular weight for these samples have beell 
calculated from that  obtained by Moraglio (8) for polypropylene under identical con- 
ditions of solvent and temperature, viz. 

The effect of polylnerization conditions on the molecular weight of the bulk polymer, 
expressed as a logarithmic function of the intrinsic viscosity (log [v] log Ax), is illus- 
trated in Fig. -1. I t  is apparent that  the ~nolecular weight is essentially independent of 

[AI  ( i ~ u ) ~ ] .  lo3 (mole I-')- 
50 100 150 200 250 

I I I I 1 

FIG. 4. Plots of log ["I versus [Tic131 and [Al( i -Bt~)~];  Al:Ti: (b 1.0, 2.0, 11 3.0, 0 5.0. 

both the concentration of titanium trichloride and alun~inum alkyl. Similarly, it has 
also been found that  the molecular weight is independent of the extent of polymerization, 
as shown in Fig. 5 .  In this case the individual points are for reactions carried out under 
widely different catalyst concentrations and ratios, and the coilstancy of molecular 
weight is dependent on the prior condition of no effect of catalyst variables as  established 
above. 

An example of the change in molecular weight with the fractions obtained by solvent 
extraction of a bulk polymer is given in Table 111. 
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% POLYMERIZATION - 
FIG. 5. Plots of log [q]  (upper curve) and 7, crystallinity (lower curve) as  a function of % polymeriza- 

tion; AI:Ti: 1.0, 2.0, . 3.0, 0 5.0. 

TABLE 111 

Crystallinity and viscosity data for fractionated polyruers 
- 

Crystallinity [v] 
Expt.  No. Solvent (%I (dl g-'1 )V. 10- 

162 Ether 0 1.18 130 
118 Heptane 60.0 - - 
134 Heptane 67.0 - - 
150 Heptane 65.5 - - 
162 Heptane - 4.65 835 
118 Tetralin 94 - - 

124 Tetralin 108 - - 
140 Tetralin 94 - - 
162 Tetralin 100 5.28 990 

Crystallinities 
The infrared absorption spectra in the solid and ~nolten states of the tetralin-soluble 

fractions of poly-1-butene, which should contain the greatest degree of isotacticity, were 
essentially identical with those reported by Natta (9). Two modifications exist in the 
solid state, the stable form having absorptioil bands a t  1328, 1060, 1028, 1014, (376, 923, 
848, 817, and 799 cn-' which may be attributed to crystallinity. I t  was confirmed that 
the unstable inodification is obtained on rapid cooling from the inelt and it was fouisd 
that conversion to the stable modification is not complete eve11 after a period of several 
weeks. Seine difficulty was experienced initially in the preparation of samples for optical 
density measurements in that as much as 40v0 of the unstable modification could be 
present if the polymer solution - KC1 mixture was allowed to cool too rapidly during 
removal of the solvent. This is somewhat surprising in view of the pressure used in 
preparing the pellets, which was well in excess of that reported (9) to give rapid trans- 
formation to the stable modification. 

The spectra of the ether-soluble fractions showed a complete absence of the crystalline 
peaks and the samples were assumed, therefore, to consist entirely of an~orphous or 
atactic poly-1-butene. However, it was noted that the spectra were not identical with 
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JONES .AND THORNE: POLYMERIZATION 1517 

those of the inolten tetralin-soluble fractions, sinall differences being observed in the 
900-1300 cnl-I region. I11 particular, a broad absorptioil band occurs a t  937 c i~ l -~ .  This 
could not be attributed to solvent or catalyst residues and is unlikely to represent an 
end-group effect, in view of the coinparatively high inolecular weight of these fractions. 

The crystalline contents of a series of unfractionated polyiners are given in Table I. 
These were determined froin optical density measurements using the strongest crystalline 
absorptioil band a t  923 cm-I. The calibration curve was prepared froin synthetic nzixtures 
of the ether-soluble or atactic polymer and the tetralin-soluble polymer. The latter was 
assumed to be 100% isotactic and, hence, to exhibit the maximum degree of crystallinity 
under the conditions of measurement. The optical densities of these fractions froin 
different polymerization experiinents were constant within the experimental accuracy 
(Table 111). 

The effect of poly~nerization conditions on crystallinity is shown in Fig. 6. Essentially, 
it is independent of both the titanium trichloride and aluininum triisobutyl concentra- 
tion. There is some evidence of a trend to higher values with increasing concentration 

C A I  ( i B u I 3 ] .  lo3 (mole I-') - , 5 '0 I '  2'0 2 0  , 

I I I I 
2 0  40 6 0  

[Ti  Cl,] .lo3 (mole I-')  - 
FIG. 6. Plots of % crystallinity versus [Ticla] and [ A l ( i - B ~ ) ~ l ;  A1:Ti: 1.0, 2.0, 1 3 . 0 ,  0 5.0. 

of the catalyst components but  this probably represents a reflection of the small increase 
in crystallinity with the extent of polymerization as  illustrated in Fig. 5. Higher yields 
of polymer were obtained with increasing titanium trichloride concentration. 

Infrared analysis of some of the heptane-soluble fractions, Table 111, gave crystallinity 
values of 60-70yo, and the presence of the absorption band a t  937 cm-1 indicated tha t  
the sainples contained atactic polymer or atactic segments in the polymer chains. On 
the assumption that the crystalline content of these fractions is 65% and that  of the 
tetralin-soluble fractions is 100yo, crystallinity values have also been determined from 
the fractionatioil data listed in Table I .  These fall in the range 58-72yo and, as  with 
the results for unfractioilated polymer samples, are essentially independent of the poly- 
merization conditions. 
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DISCUSSION 

For the present catalyst system it  has been shown that there are two segments to 
the overall polymerization curve, which inay be termed the initial and steady-state 
periods, the rate during the latter being several fold greater. Also, the length of the 
initial period is determined by the amount of polymer formed for a given titanium 
trichloride concentration and is independent of the concentration of aluminum alkyl 
(Table 11). 

\$'it11 heterogeneous catalysts of this type it  is generally considered that polyinerizatioil 
occurs a t  active sites on the surface of the trichloride crystals (3, 10, 11). Thus, the 
increase in rate constant on the change to the steady-state period can be attributed to 
a breakup of the titanium trichloride crystals, revealing fresh surfaces a t  which additional 
polymerization centers can form by adsorption and coillples formation with the excess 
aluminum alkyl present in the solution. The fact that the change in rate occurs a t  a 
fixed ratio of polymer to titanium trichloride suggests that cleavage of the crystals 
results from forces exerted by the polymer as  it builcls up on the catalyst surface, once 

' a critical level is exceeded. This process of particle bi-eakdown appears to take place 
in a uniform manner to provide a constant increase in surface area (more specifically 
of active sites) since the ratio of the rate constailts for the initial and steady-state periods 
is inclependent of both the absolute rate and the titanium trichloride concentration. The 
occurreilce of an initial adjusting period after which the rate of polymerization reaches 
a steady value has been noted with comparable catalyst systems (7, 12) and has been 
attributed to a similar cause (12). 

For the steady-state period, it has been established that the rate is proportional to 
both the concentration of monomer and that  of the titailiuin trichloride. In the case 
of the latter it is obvious that the relationship is not one of concentration but  of surface 
area, since the system is heterogeneous, and the linear dependence of rate can be inter- 
preted as the formation of a constant number of catalytic sites for each .unit of available 
surface. Similarly, the trend in the values of kl/[TiCls] towards a constant level with 
increasing [ A l ( i - B ~ ) ~ l  inay be attributed to an al~proach to the conclition of sn t~~ra t ion  
of all potential polymerization sites on the surface. A similar kinetic pattern has been 
reported for the polymerization of propylene and styrene with TiCls-A1Et3 catalysts 
(6, 7, 13), although the limiting condition of independence of rate on the inetal all;)7l 
concentration extends to much lower levels. 

The higher rates observed with titanium trichloricle samples containing residual 
ainounts of tetravalent titanium appear to be related to  the formation ol a greater 
number of active sites on the trichloride base, as  catalysts prepared from titanium 
tetrachloride a t  the impurity levels encountered are inactive. 

Polyinerizatioil by Ziegler-Natta type catalysts is generally considerecl to proceed 
by an anionic mechanism and several possible steps have been suggested for the ter- 
mination of growing polyiner chains (IS), viz., 
(i) direct intraillolecular termination a t  the catalyst site by hycli-icle ion transfer: 

s+ 6- a+ s -  
cat. CH2CH(C2H5). . . --t cat. H + CH2=C(C2H,). . .; 

(ii) hydride ion transfer involviilg monomer: 

a+ 8-  a+ s -  
cat. CHzCH(CzH6) - .  + CHZ==CH(CZH~) --t cat. CHZCH?CIHF, + CHf==C(C?H6). ; 
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(iii) chain transfer involving metal allryl: 

s+ 6-  s+ s-  
cat. CH?CH(C2H5). . . + AIR3 + cat. R + R2A1CH?CH(C2H6). . . ; 

(iv) a chain transfer process that is lrinetically dependent on [TiC13]. 
Process (iv) may be neglected, as the intrinsic viscosities of the polymers and, conse- 

quently, the molecular weights were found to be independent of the concentration of 
titanium trichloride. Hence the average polymeric chain length can be expressed in the 
form 

where k,, kt,, kt?, and kt, are the rate constants for propagation and termination by 
steps (i) to (iii), and [MI and [A] are the concentrations of nlonomer and aluminum 
allcyl. I t  follows that the reciprocal of the chain length is 

?. I his expression applies strictly to instantaneous rates or, in practice, to low polymer 
yields. However, the effects of the clifferent termination steps will be apparent in the 
molecular weight of the polymer, a t  least qualitatively, over the range of yields en- 
countered. As no significant influence on the intrinsic viscosity was noted with changes 
in the aluminum alkyl concentration, it may be assumed that the predominant ternlinatiorl 
reactions are processes (ii) and (iii) and that 

ior the conditions elnployecl. The range of average monomer concentrations encompassed, 
as reflected in the estent of polymerization, is small, but the constancy of inolecular 
weight with polymer yield suggests that termination by monomer transfer (process (ii)) 
is favored. 

In this simple analysis it has been assumed that the concentrations of the species 
i~lvolved in termination processes are those ol the solutioil phase. The same conditions 
will be met for adsorbed species provided the concentrations in solution are linearly 
related to those in the adsorbed phase. This situation will apply lor the limiting con- 
dition ol low surlnce coverage in a Langinuir-type adsorptiorl isotherm. The fact that 
the rate of polymerization is pl-oportional to the lnonolller concentration supports this 
contention. 

'The influence of polymerization conclitions on the crystallinity of the poly-1-butene 
is small. 111 this particular case, crystallinity is considered to represent the clegree of 
stereoregularity in the polymer chains, although there may be no simple relationship 
between the two factors. Thus, the isotactic conterlt of the polymer is also lni-gely 
unaffected by polymerization variables. Similar observations have been reported for the 
polymerization of propylene (6). Chemical and X-ray analyses of the solid phase of the 
present catalyst system have shown ( 5 )  that it consists essentially of unchanged titanium 
trichloride with a s~nal l  resiclual content of aluminum and alliyl groups, and it has been 
proposed (3, 10, 11) that the active sites for polymerization with such catalysts are 
locations on the crystal surface where the metal allryl is adsorbed or enters into cornplex 
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formation with a particular configuration which provides steric control during the propa- 
gation step. In terms of this model, the relative constancy of the crystalline content of 
the polymer with the extent of polymerization implies that the configuration of the 
active centers formed on the new surfaces, revealed by brealcdown of the titanium 
trichloride crystals during polymerization, is essentially the same as that present initially. 
Similarly, the nature of the sites is not affected by the aluminum allcyl concentration. 
The slight increase in crystallinity a t  high coilversio~ls may reflect a change in the nature 
of the complexes due to transfer. 
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ABSTRACT 

The chemical shift of the 111ethyl protons relative to the nlethylenic protons of an  ethyl 
group attached to a basic center increases with the acidity of the medium. This increase may 
be attributed to two effects: over a relatively narrow range of acidity fu~lctio~l (Ho) values, 
to protonation of the basic center; over the con~plete Ho range investigated, to a general 
solvent effect, which may be due to changing strengths of hydrogen bonds between the basic 
center or its conjugate acid and solvent water ~llolecules. Protonation constants (PKRH+) of 
-1.1 for propionamide and -6.9 for propionic acid have been calculated, in good agreement 
with values obtained by the ~lltraviolet spectrophotometric method; the constants calculated 
for diethyl ether (-6.2) and ethanol (-1.8) are I I I L I C ~  less certain, because of the greater 
magnitude of the s o l v e ~ ~ t  effect with these co~llpounds. 

INTRODUCTION 

The basicities of many aromatic compounds in aqueous acids have been determined 
since 1935 by Hammett's spectrophotoinetric inethod (I). However, the application of 
this method to aliphatic compounds has been restricted by their feeble absorption in the 
conveniently accessible range of ultraviolet frequencies (2-4), .and new methods for 
following the ionization of such co~llpounds are needed. Arnett and Wu ( 5 )  have made 
use of solubility changes attendant on the protonation of ethers for determining their 
basicities, and in the present work we have atteinpted to use nuclear magnetic resonance 
to follow the ionization of cornpounds having an ethyl group attached to the ionizing 
center. I t  is known that the difference in chemical shift of the methyl and rnethylenic 
protons of ethyl compounds CH3CH2X (which, following Stone (G),  we shall tern1 the 
"internal chemical shift" and syinbolize by 6,) is an approxinlately linear function of the 
electronegativity of the atom of X directly bonded to the ethyl group (7). Consequently, 
it can be expected that protonation of X will lead to a large increase in this difference. 
This expectation has been realized,'%lthough it has become apparent that 61 is not only 
a sensitive index of protonation but also of other forms of interaction with the solvent. 

EXPERIMENTAL 

illaterials 
The purification of propionamide and propionic acid have already been described (4). Reagent grade 

ethanol, ethy1 ether, and ethylanline were used witho~lt  further treatment. 

Procedzrre 
Nuclear magnetic resonance spectra of approximately 3y0 solutions of the organic compounds in acid 

were measured a t  roo111 te~l~perature  (ca. 23") as soon a s  possibIe (10-15 minutes) after mixing of the 
solutions, using a Varian V4300-B high-resolution spectrometer operating a t  60 iVIc/sec. The chemical 
shift (ai) between the centers of the methyl triplet and the methylene quadruplet was measured to f 0.5 
c.p.s., the recorder trace being calibrated by the side-band technique  sing a Hewlett-Packard f r e q ~ ~ e n c y  
counter. In most cases four to six measureme~lts of 6i were made, alternately with increasing and decreasing 

'Present  address: Perkilt-Elnzer Ltd. ,  Beacoltsfield, Bucks ,  England.  
*Stone and ltis collaboratois ( 6 )  lzave recently observed a similar effect wlten X i s  coordinated w i th  a Lewis  

acid. 

Canadian Journal of Cliemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1522 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

field. The concentration of acid in the solutions was determined by titration, and the HO values read from 
large-scale plots of Ho against acid concentration constructed fro111 the data  of Paul and Long (8).* 

RESULTS AND DISCUSSION 

The internal chemical shifts of ethanol, ethylamine, and propionic acid in dilute 
aqueous solutio~l (Table I) are close to  the values found by Dailey and Shoolery (7) for 
the compounds in 50% benzene solution. As expected, 6 ,  of these and the other compouilds 

TABLE I 

Internal chelllical shifts (6i) and protonation constants (pKnn+) of cornpounds CH3CHpX 

6i (in p.p.111.) 

X EtX*t  E t X l  E tXH+ " - pKsn+" -pKnrr+§ 

-OH 2 .49  2 .55  2 .80  4 . 8  - 
-0Et  2 .39  - 2.83 6 . 2  

- 
3 . 6 1  (5) 

-NH? 1.7511 1 . 8 4  1.97:j - 
-COpI-I 1 .32  1 .23  1 .59 6 . 9  6 . 8  (4) 
-CONHz 1 .19  - 1.40 1 . 1  0 . 9  (4) 

"Present study. 
t111 dilute  aqueous acid. 
XReported by Dailey and Shoolery (7) for compounds diluted with an equal volume of benzene. 
5Reportetl values (lit. reference). 
) I n  0.01 N NaOH. 
7111 0.01 N HCI. 

increases with increasing acidity of the medium, and, furthermore, plots of 6 ,  against the 
acidity function Ho (8) of the solvent give sigmoid curves, characteristic of the protonation 
of neutral Br9nsted bases, as shown in Figs. 1 and 2. The pKBH+ values in Table I have 

FIG. 1. Change in internal chemical shift (6i) with acidity. Points: esperi~nental;  curves: theoretical 
for ecl~~ation [I], with parameters shown. A. Propionamide: pKnn+ = -1.1, 6:"'" = 71.2 c.p.s., 6i"ts"+ = 
84.0 c.p.s. B. Propionic acid: pKnn+ = -6.9, 6iELs = 85.0 c.p.s., 6,Et""' = 95.5 c.p.s. 

been obtained fro111 the HO values of the inflection points of these curves, this method 
having been show11 previously to give the most reliable values (4). The protonation 

* S Z L G ~ Z  HO nalzles strictly refer to aqzleozls s o l z ~ t i o ? ~ ~  of acid containing e.vtrenzely snzall co?zcentratio~rs of B ~ # n s t e d  
base, comparable to the concentrations of indicators used i n  deternziwing t h e m  (8). In  the present sttldies the 
sulplturic acid i s  diluted b y  water plzls o ~ g a n i c  conzpozrnd, rather t h a n  water alone; when tlze orga7iic co~npozl?zd 
i s  a stronger base than w a t e ~  (e.g. propiona~nide) ,  t h i s  shozlld cause tlze acidi ty  of the solzltion to  be less than  tlzat 
indicated by the  data of P a u l  and Long.  The low concentration of organic compozlnd shotlld nzake this  effect 
a s ~ n a l l  one. 
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FIG. 2. Change in internal chemical shift (6,) with acidity. Points: experimental; curves: theoretical 
for equation [ I ] ,  with parameters shown. A. Ethyl ether: pKnn+ = -6.2, G i E t X  = 151.0 c.p.s., GiEtxn+ = 170 
c.p.s. B. Ethanol: ~ I < B H +  = -4.8, 6,ELS = 154.0 c.p.s., GIEtxn+ = 168 c.p.s. 

constants thus obtained for propioilainide and propionic acid (Fig. 1) are close to the 
values previously obtained by the spectrophotometric method (4); the slightly weaker 
basicities found in the present study inay be due in part to slight errors in the Ho values 
caused by the fact, illentioiled above, that the organic coinpound is present in higher 
concentrations than usual. 

While these results with propionamide and propionic acid show the sig~noid shape of 
the 61-Ho curves to be due to  protonation of the compounds, the curves are very far from 
the ideal sigmoid shape (Fig. I )  required by the equation 

which should describe (with fair precision (4)) the increase in G l  with Ho if i t  were due to 
protonation alone. I t  is evident that,  in addition, 61 of both neutral and protonated mole- 
cules increases contiiluously with increasing acidity of the medium. A possible explanation 
of this "solvent effect" is given later. Unfortunately the effect appears even inore strongly 
in the curves for ethyl ether (Fig. 2A) and ethanol (Fig. 2B), and makes the estimation 
of precise pKBH+ values for these compounds very uncertain; furthermore, the experi- 
mental points for ethanol in solutions inore acidic than Ho = - G  become progressively 
less reliable because esterification of the alcohol starts to become appreciable even ill 
the short time required for inaking 1l.ill.r. measurements after the mixing of the solutions 
(9). (Ethyl ether, however, is stable under the conditions of these experiments in the most 
strongly acidic solutio~ls employed (5, lo).) Consequently the pI<,,+ value reported in 
Table I for diethyl ether and, even more, for ethanol can be considered only as highly 
tentative. 

The divergence of our value for the basicity of ethyl ether from that of Arnett and Wu 
(5) is very large. I t  is possible that the changes in solubility observed by Arnett and Wu 
and attributed b17 then1 to formation of the protonated species EtzOH+ are in fact due to  
formation of a relatively stable hydrogen-bonded conlplex EtzO . . . H30f. Dra~natic  
increases in the solubility of nitrobenzene in sulphuric acid with increasing acidity were 
noted long ago by Hammett and Chapman ( l l ) ,  and shown not to be due to  protonation; 
they are also probably due to the formation of hydrogen-bonded complexes. Arnett and 
Wu give reasons for rejecting this possibility, but  for the moment i t  is reasonable t o  
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consider the pK,,+ values of aliphatic ethers unsettled, in the absence of further inde- 
pendent evidence. A pKBH+ of -4.8 for ethanol is of about the magnitude expected froiii 
values reported for isopropyl alcohol (-3.2, -4.1) (12) and for t-butyl alcohol (-3.8) 
(13) from liinetic evidence. 

The values in Table I of 61 of tlie protonated bases (except ethylammonium) are the 
values used in the calculation of the theoretical curves of Figs. 1 and 2, and hence, in 
view of the solvent effect, do not represent the maxin~uiii values of 6, for EtXHf.  How- 
ever, accepting the values of the table, the increase in 61 accompanying protonation of 
the oxygen atom of ethyl ether (0.44 p.p.rn.) is close to  the increase accompanying its 
coordination with boron trifluoride (0.38 p.p.ni.) (6). Further, tlie increase accompanying 
protonation of the nitrogen atom of ethylamine (0.22 p.p.m.) is almost identical with the 
increase accompanying the coordination of the nitrogen atom of trietliylamine with 
boron trifluoride (0.23 p.p.m.) (6). I t  seems liliely that  about the same positive cliarge is 
developed by complexing witli boron trifluoride and by protonation. The larger cliange in 
6, accompanying the appearance of a positive charge on oxygen, as compared with 
nitrogen, is perhaps explained by the shorter carbon-oxygen bond lengtli (14). 

I t  is evident fro111 the present work that the protonation of organic compounds may 
be followed by measurements of the internal chemical shift, but that  the usefulness of the 
method is impaired by the magnitude of the solvent effect. Some understanding of this 
effect is, in consequence, desirable. At  the moment only a tentative explailation for it 
can be advanced. I t  has been observed in spectropl~otometric studies that donor molecules 
such as aliphatic ketones (3), propionic acid (4), and propionamide (4) form progressively 
stronger hydrogen bonds witli the solvent as the acid concentration is increased, possibly 
with water niolecules occupying the first (e.g. 11) or second hydration layer of the oxonium 
ion. The increased strength of the hydrogen bond in going from I to I1 would be expected 

+ / H  CHS-CH?-X.. . H-OM -+ CH3-CH2-X.. . H - 0 . .  . H-0 
1 \H 
I3 

to increase the inductive effect of X, and hence to increase 6, of the unprotonated mole- 
cules. On tlie other hand, after protonation, the group XH+ becolnes the acceptor, and 
the oxygen of the free water molecules, the doiior, as in 111. With continued increase ill 
acid strength the activity of the water decreases (15) and tlie hydration of protoiiated 
bases decreases (4, IG), shown scheniatically in I11 --t IV. The hydration of XH+ in 
111 represents a slight neutralization of the partial positive cliarge on the liydrogen, and 
hence a diniinution of the electron pull of the XH+ group, so that progressive decrease in 
hydration (111 --t IV) should lead to an increase in 6, of the protonated molecule. The 
sinaller solvent effects noted witli the conjugate acids of propionic acid and propionamide 
iiiay be due to the greater degree of charge dispersal in these compounds, with the result 
that  hydration is less important. 

Very recently Taft and Levins (17) have determined the pKBH+ of p-fluorobenzainide 
and p-fluoroacetophenone from the change with increasing acidity in the position of the 
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F19 nuclear l~lagnetic resonance lines, nleasured relative to an external standard. I t  was 
evident that the unshielding of the fluorine nuclei with increasing acidity was due to a 
solvent effect in addition to protonation of the carbonyl groups. 
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THE HYDROGEN ISOTOPE EFFECT IN THE PYROLYSIS 
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ABSTRACT 

The hydrogen isotope effect in the pyrolysis of ethyl-1,1,2,2-d, chloride has been investi- 
gated in the temperature range 758-989" C,  yielding the relative rate constant espression 

kn/kD = 1,16e988SOlRT 

where k r ~  and kn are the rate constants for the production of C2D.I (and HCI) and of C2DaH 
(and DCI) per p-cleuterium atom respectively. 

The isotope effect is pressure dependent, its value increasing with decreasing pressure. 
The pressure elfect in ethyl chloride has also been studied, and a qualitative esplanation is 
given for the pressure dependence of intermolecular and illtramolecular isotope effects. 

The data are compared with the isotope effects in ethyl-d., brolnide and ethyl-dl acetate, 
and the c o n c l ~ ~ s i o ~ ~  is reached that  the evidence supports a four-centered trailsition-state 
complex in the case of the halides. 

INTRODUCTION 

The thermal decomposition of ethyl chloride is believed to be an example of a uni- 
molecular reaction. Barton and Howlett (1) have shown that it decomposes into ethylene 
and hydrogen chloride in the stoichiornetric ratio, and that increases in surface area and 
addition of propylene have no influence upon the kinetics. They concluded, therefore, 
that the mechanism does not involve a radical chain, but rather is a simple, homogeneous, 
unimolecular process. Further investigation by Howlett (2) has revealed that the rate 
constants are pressure dependent in the pressure region below 1 c111 Hg. 

The deuterium isotope effect in the pyrolysis of ethyl chloride is of interest because a 
carbon-hydrogen bond is being brolten in the course of the reaction, and because the 
reaction is pressure dependent. In  recent years, a number of isotope effects have been 
shown to be pressure dependent. R. E. Weston, Jr. (3), investigating the decomposition 
of cyclopropane-t, has observed a decrease in the isotope effect with lowering of pressure, 
and Langrish and Pritchard (4) have found a similar pressure effect in the pyrolysis of 
cyclobutane and octadeuterocyclobutane. Further, Blades ( 5 )  has demonstrated that  
the isotope effect in the cyclopropane-cyclopropa~~e-d6 decomposition is pressure depen- 
dent, the isotope effect a t  482' C decreasing from 1.96 a t  75 cm Hg to 1.35 a t  0.0178 
cm Hg. 

The present xvork involves a re-examination of the pressure effect in the decompositiou 
of ethyl chloride, and a study of the isotope effect in ethyl-1,1,2,2-d4 chloride from the 
standpoint of its variation with pressure and temperature coefficient. If the generally 
accepted lllechanisnl involving a four-centered trailsitioil state is correct, elimination 
from the ethyl-1,1,2,2-d4 chloride lllolecule call yield t ~ v o  product ethylenes-CzD4 and 
C2D31-I-from whose ratio the intramolecular isotope effect may be derived. The pressure 
dependency of this isotope effect is especially interesting because all the previously 
reported variations of isotope effects with pressure have involved i~lterlllolccular com- 
parisons. 
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BLADES ET AL.: PYROLYSIS OF ETHYL-dr CHLORIDE 1527 

EXPERIMENTAL 

A conventional toluene carrier gas flow system, as has been described previously (6), \\'as used for the 
investigation of the pressure effect in the pyrolysis of ethyl chloride. The  hydrogen chloride produced was 
trapped a t  -196" C and titrated with standard 0.1 N sodium hydroxide, and the pressures, ranging from 
1 to  6 cm Hg, were measured on a mercury - dibutyl phthalate magnifying manometer. 

In the pyrolysis of ethyl-1,1,2,2-d4 chloride, the same apparatus was used, with a large reaction cell being 
substituted a t  low temperatures to  increase the contact time, as was done in the ethyl acetate study (7). 
In this flow system, the pressure was varied from 0.68 to  2.88 cm Hg. T o  extend the pressure range, a ~ ~ u n ~ b e r  
of uninhibited static runs were performed in a seasoned vessel between the average pressures of 0.067 and 
16.61 cm Hg. 

The reaction products for all the Row runs were passed successively through traps a t  -80' C and - 196" C. 
The contents of the latter trap, and all the contents of the reaction cell in the case of the static runs, were 
chromatographed on a silica gel column, using hydrogen as  the carrier gas. I t  was sholvn by a separate 
experiment tha t  the ratio of product ethylenes (C?D3H/C?D4) was unchanged by this treatment. 

The ethylenes produced were analyzed on a mass spectrometer  sing the parent peaks 31 and 32 in the 
spectrum and correcting for the carbon-13 content of the ethylenes. A further small correction was intro- 
duced, as  in the ethyl-1,1,2,2-d4 acetate in~.estigation (7), for production of C?D3H from impurities in the 
"99% deuterated as  indicated" reactant. 

RESULTS 

(a) Ethyl Chloride 
The effect of pressure 011 the first-order rate constant of ethyl chloride a t  922.5' I( is 

sholvil in Fig. 1. 

FIG. 1. The effect of pressure on the first-order rate constant (sec-') of ethyl chloride a t  922.5' K. 

(b) Ethyl-1 ,I ,2,2-d.i Chloride 
The data for the effect of pressure on the isotope effect in ethyl-1,1,2,2-dl chloride are 

plotted in Fig. 2, indicating an increase in the isotope effect as the pressure is lowered. 
In this graph, the isotope effect, equivalent to twice the ratio of C?D4/C?D&I due to 
the multiplicity of 0-deuterium atoms, is shown for both static and flolv experiments. 
The flow experiments, being carried out a t  85'7.6' I<, have been corrected to the same 
temperature as the static experiments (831.9' I<) by the use of the temperature coefficieilt 
of the isotope effect, 

kH/kD = 1 .22e98j*"lRT 

derived from the data  shown in Fig. 3. These data  were obtained over the temperature 
range '758-989" K and has been ilormalized to a pressure of 1.80 cm Hg. Indications from 
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Pressure Icm Hg I 

FIG. 2. The effect of pressure 011 the intramolecular isotope effect in ethyl-l,l,2,2-dr chloride a t  831 .go K. 
0, flow runs; a, static runs. 

FIG. 3. The temperature dependence of the isotope effect in ethyl-1,1,3,2-dl chloride a t  1.80 cni 1-Ig 
pressure. 

the pressure effect curve suggest that this effect is about 5% above that at infinite pressure, 
and the effect a t  infinite pressure would be given by 

DISCUSSION 

The Pressure Effects 
Throughout our pressure range, the first-order rate constant for ethyl chloride is 

affected by pressure. However, the results from above 4 cm Hg are erratic, suggesting 
that the high-pressure limit of our technique has been reached a t  this pressure. This is 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BLADES ET AL.: PYROLYSIS OF ETHYL-dr CHLORIDE 1529 

rather unfortunate, for the so-called critical pressure falls outside the range of not only 
our technique, but also that of Howlett, for he says (2) "that with (his) apparatus, the 
critical pressure was too low to allow a more quantitative study of the low pressure 
region". The critical pressure of 8 mm Hg that he does tentatively put forward is con- 
siderably lower than what might be expected from our data, which indicates that there 
is still curvature in the k vs. p plot a t  6 cm Hg. Indeed, the fact that the isotope effect 
is still changing in the pressure region between 7 and 17 cm Hg suggests a "critical" 
pressure in excess of the former value and possibly greater than the latter. I t  is also 
significant that the falloff of the rate constant in ethyl chloride with decreasing pressure 
is essentially parallel to that observed for ethyl bromide (8). 

At this stage it is relevant to give a qualitative explanation that will progressively 
explain, first the ordinary pressure effect as in ethyl chloride, then the pressure dependence 
of intermolecular isotope effects, and finally the pressure dependence of intramolecular 
isotope effects as in ethyl-d4 chloride. 

I t  has long been known that, if  a sufficiently low pressure is attained, any uiliillolecular 
reaction will show an apparent increase in order, or, in  other words, the value of the 
first-order rate constant will fall with decreasing pressure. This has been explained by 
indicating that below a certain pressure, nlolecular collisions are unable to maintain the 
equilibrium concentration of highly energized nlolecules in the energy region above the 
minimum energy required for reaction. According to the Rice, Ramsberger, and Kassel 
(R.R.K.) Theory and using Benson's (9) notation: 

P(E) = the energy distribution of the reactant molecules, 
k(E) = the reaction rate function, 

k(E)P(E) = the energy distribution of the chemical product, 
E* = the minimum energy required for the n~olecule to react, 

when the pressure is drastically reduced, P(E)  is diminished in the energy region above 
E* since the energetic molecules lost by reaction are not maintained a t  their equilibrium 
concentration by the decreased rate of collisional processes. Hence, the product distri- 
bution k(E)P(E) is reduced below the high-pressure value, and thus the first-order rate 
constant decreases with decreasing pressure below the so-called critical pressure, as was 
found in the case of the ethyl chloride decomposition. 

This simple model can be extended to account for the pressure effect in an inter- 
nlolecular isotope effect (see Fig. 4). The areas under the product curves (k(E),P(E), 

FIG. 4. The effect of pressure on an  inter~nolecular isotope effect-graphical representation of the 
reaction rate functions for a hydrogen compound, ~ ( E ) H ,  and for a deuterium compound, ~ ( E ) D ,  the classical 
energy-distribution functions for the hydrogen and deuterium reactants, P ( E ) H  and P ( E ) D ,  in the region 
of E*, and their products: k(E)=P(E)a and B(E)DP(E)D.  
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and k(E)DP(E)D, solid lines) represent the rates for the hydrogen and deuterium com- 
pounds respectively a t  high pressure; their ratio is the isotope effect. At  lower pressures 
(broken lines), the energy distribution curves, P(E), and P(E),, deviate fro111 the 
equilibriunl high-pressure curves, this deviation becoming increasingly important with 
increasing energy due to the increase in the k(E) curves with increasing energy. This 
results in product curves of similar shape, but with the maxima shifted to lower energies, 
the change in relative areas determining the directioil of the trend of the isotope effect 
with pressure. Since the distortion of the P ( E )  curves is due to reaction, the relative 
change in P(E)H and P(E), depends on the relative shapes of the k(E)H and k(E), 
curves. In  the region of these curves of inlportance here, the value of k(E) is influenced 
by the value of "s", the number of classical oscillators contributing to activation. As 
suggested by Rabinovitch, Setser, and Schneider (lo), the "s" value for the deuteriuin 
compound (sD) would be higher than that  for the hydrogen conlpound (sH) due to its more 
classical behavior and heilce the P(E), curve is more strongly influenced than the P(E),  
curve by the pressure decrease, and the isotope effect would consequently decrease. This 
explanatioll is coniirnled by all the available data on the subject. 

In  the intramolecular isotope effect, the situation is slightly different. The single energy 
distribution curve (Fig. 5), coupled with the two rate constant curves k(E), and k(E),, 

FIG. 5. T h c  eltcct of pressure on a n  intramo~ecular  isotopeefect-graphical representation of the  rcact io~l  
rate functions k (E)n  a11d k ( E ) n  for t h e  rupture of a carbon-hydrogen or  a carbon-deuterium bond,  the  
classical energy-clistribtrtion function P ( E ) ,  a11c1 their respective products: k ( E ) n P ( E )  and k ( E ) u P ( E ) .  

combine to give two p r o d ~ ~ c t  curves k(E)EIP(E) and k(E),P(E), the deuterium product 
curve being displaced to higher cnergies due to the higher activation energy requil-ed for 
this reaction. -1s the pressure is reduced, the energy distribution curvc is more severely 
affected ton-ards l~igher energies; the cleuterium product, being more depentlent on this 
part ol the distribution curve, is thereby proportionately more reduced than tlle hydrogen 
product and an increase in the isotope eflect results. 

IIThile this esplnnation, based on the R.R.K. Theory, aclequately explains the behavior 
of intralllolecular isotope efiects, it should also be pointed out that a rate constant inde- 
pendent of the energy ill escess of the minimum required for reaction also allows a rise 
in isotope effect with decrcasing pressure, and indeed the arguments are not unrelated. 
I t  is also noteworthy that,  although the isotope effect increases with decreasing pressure, 
the overall, and individual, rate coilstants decrease; in contraclistiilctioll to the inter- 
molecular effect, however, s~~ is now greater than s,. This nzay be qualitatively explained 
in that when hydrogen is involved in reaction, vibrations involving four deuterium atollls 
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provide a more classical sink for energy than the three deuteriurns and one hydrogen 
when deuterium is involved in reaction. 

The Ternperatzire Coeficient 
The ~llagnitude of the isotope effect at 500" C may be compared with the values obtained 

for sinlilar reactions a t  the same temperature (see Table I). These values are approximately 

TABLE I 
High-pressure isotope effects a t  500" C 

Compound Isotope effect Ref. 

Ethyl-dl chloride 2.20 - 
Ethyl-d4 bromide 2.17 11 
Ethyl-dn acetate 2.00 7 

equal to the "maximum" value to be expected for a reaction in which a carbon-hydrogen 
bond is essentially broken in the activated complex. From the extreme similarity between 
the effects in the bromide and chloride, and from the fact that an intermolecular isotope 
effect is observed in ethyl bromide (S), it may be assu~ned that this effect occurs in the 
rate-determining step in the decomposition. This serves as direct support for the generally 
accepted four-center mechanism for this reaction, in \vhich the carbon-hydrogen and 
carbon-cl~lorine bonds are breaking simultaneously with bond formation between hydro- 
gen and chlorine. 

To assess the reasons for the differences in the magnitudes of the isotope effects for the 
ethyl-d4 chloride, bromide, and acetate, it would be ~llost instructive to consider the 
individual relative rate expressions: 

ethyl-d4 chloride, kH/kD = l.1G esp (985/RT); 
ethyl-& bromide, kH/kD = 1.18 exp (925/RT) ; 
ethyl-(14 acetate, kH/kD = 0.99 exp (ll45/R2'). 

Unfortunately, the experimental errors are such that only the differences in isotope effects 
call be stated with certainty, \vhereas the differences in the relative rate expressio~l 
paralneters between the halides and the acetate can merely be stated to be probable. 
I t  is tempting to associate this latter difference with the fact that the activated complex 
for the halides is four centered, while the complex for acetate is six centered. The lower 
te~nperature coefficient would then inlply greater residual and (or) incipient bonding i l l  

the activated colllplex for the halides; this also has the effect ol increasing the frequency 
factor ratio in accordance with observation. However, this would also require a reduced 
isotope effect, \vhich is not consistent wit11 the facts. Further discussion on this point is 
fruitless due to the wide variety of sometinles conflicting effects which may come into play. 
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ABSTRACT 

The relative rate constant expression has been obtained for the deconlposition of ethyl- 
1,1,2,2-d4 bromide under inhibiting conditions in the temperature range 697.6 to 999.1' I<, 

k ~ / k ~  = l.18e9?S+S0'RT. 
The pressure dependence of the isotope effect has been investigated both with and without 
inhibitor, and in each case it has been shown that  the isotope effect increases with decreasing 
pressure. 

The relative rate constant expression for the ethyl-hs, ethyl-dj bromide comparison was 
also obtained in the t empera t~~re  range 730.9 to 964.8' I<, 

balkn = 0.502e?300+?001RT. 
The isotope effect is again pressure dependent, falling to lower values as the pressure is 
decreased. 

The data are used to demonstrate that the inhibited decomposition of ethyl bromide is 
primarily a molecular process, and that  the rate-controlling step involves a carbon-hydrogen 
bond break. 

A side reaction that  produces small amounts of ethane has been observed. 

INTRODUCTION 

Recent investigations (1-3) of the therinal decomposition of ethyl bromide have sug- 
gested that the reaction consists of two components, the first of which is a uniinolecular 
splitting into ethylene and hydrogen bromide, the second being a faster chain reaction 
initiated by bromine from the interaction of hydrogen broillide and ethyl bromide. 
The rate of reaction may be reduced to a liiniting value by the use of various inhibitors 
such as cyclohexene, propylene (2), and toluene (4), the conclusioil being drawn that by 
this procedure the second conlpoilent is eliminated. Further, the fact that no bibenzyl is 
found in the toluene-inhibited deconlposition products has been interpreted (4) as 
evidence for the absence of radical reactions in the inhibited decomposition. 

The results of these investigations have led to the belief that the reaction in the observed 
induction period in the uninhibited decomposition is identical with the reaction under the 
influence of inhibitors. Goldberg and Daniels ( I )  have pointed out that the initial rate 
during the induction period in their uninhibited experiments is in good agreeinent with 
the rate, under inhibited conditions, found by Blades and Murphy (4). Again, Blades (3) 
has shown that the rate constant of Goldberg and Daniels, when extrapolated to zero 
pressure, is comparable to the inhibited rate. 

Although the relationship of the initial process to the inhibited decomposition may 
have been established, nevertl~eless the molecular nature of these reactions has not been 
unequivocally proved, and has in fact been cast in doubt recently by Wojciecl~owsl~i and 
Laidler (6). These authors have suggested that inhibition limits such a reaction, not to a 
molecular component, but rather to a special type of radical process in which the inhibitor 
is involved in both the initial and final steps. Thus the absence of bibenzyl in the toluene- 
inhibited reaction products does not necessarily rule out such a liinited chain in this 

1Contribzitio~r No. 176. 
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reaction; neither does the finding of an isotope effect in ethyl-d5 bromide by Blades ( 5 ) ,  
for an effect would in all probability be observed in the radical step 

Br + C3H5Br 4 HBr + C?M.,Br. 

If i t  can be shown that the initial step is indeed molecular, there is still a problem to be 
solved from the current literature on the nature of the transition state. Maccoll and his 
co-worlters (7) have drawn an analogy between the gaseous deconlposition of alkyl 
halides and Sxl  and E l  reactions in solution, concluding that the process is essentially 
heterolytic. Furthermore, Ingold (8) has gone as far as to suggest that  the activated 
complex is a carbonium ion - halide ion pair, and that in its formation there is "no 
hydrogen loosening of any ltind". However, the finding, by Blades (5), of an inter- 
n~olecular hydrogen isotope effect on ethyl bromide (2.2G a t  500' C) would appear to 
invalidate Ingold's argument. On the other hand, Maccoll and Thonlas (9) have suggested 
that  the P-hydrogen atom acts in a stabilizing capacity similar to the salvent in solution 
phase SN1 and E l  n~echanisn~s, allowing the transition state to be represented in essentially 
the same form as the often-proposed, four-centered complex. 

The work reported in this paper is an investigation of the isotope effect in two 
deuterium-substituted ethyl bromides. In ethyl-1,1,2,2-d4 brolnide the isotope effect has 
been studied in an inhibited system from the standpoint of its pressure dependency and 
its teluperature coefficient. Further, the isotope effect was examined over a wide range of 
pressures in an uninhibited system. In the second compound, ethyl-dj bromide, the 
influence of tenlperature and pressure variations on the isotope effect has again been 
studied in an inhibited system, using a technique different from that used previously ( 5 )  
in order to  checli the unexpected Arrhenius parameters that have been reported. 

EXPERIMENTAL 

(a) Elkyl-1,1,2,2-dl B~omide 
The apparatus and experimental procedure were essentially the same as  for the ethyl-1,1,2,2-d4 chloride 

as  reported in the preceding paper. 
In the inhibited pressure effect investigation the flow runs were conducted in the range 0.71 to 2.89 cm Hg, 

while one static run was performed a t  20.4 cm Hg using cis-butene-2 as the inhibitor. \Vithout an  inhibitor, 
a further six runs were carried out between the average pressures of 0.0424 and 23.4 cm Hg. Data for the 
temperature coefficient were obtained over the range 697.6 to  999.1' I<  sing the toluene flow system. 

'The hydrocarbon products were separated on a 24-inch silica gel column by vapor phase chronlatography 
a t  room temperature, and the product ethylenes (C2Dd and CZDIH) were collected and analyzed on a mass 
spectrograph using the parent peaks (32 and 31) in the spectrum. Corrections to  the ratios of the peak 
heights were made for the contributions of carbon-13 to  the ethylenes, and for impurities in the reactants, 
as  before (10). 

(b) Ethyl-hj Bromide/Etlzyl-d~ Bronzide Cotnparison 
A gaseous mixture of ethyl-k6 bromide and ethyl-dj bromide was prepared in the approximate ratio 5:1, 

and introduced from a graduated gas burette thro~lgh a capillary into the toluene stream. T h e  remainder 
of the apparatus and technique was essentially the same as for the 'dl' pyrolyses, one static run (utilizing 
cis-butene-2 as  inhibitor) being conducted a t  11.4 cm Hg to  extend the pressure range in the case of the 
pressure effect studies. For the temperature coefficient determination, two flow cells were used to enable 
the decomposition to  be studied over the range 730.9 to  964.8' I<. 

The  parent peaks 28 and 32 were used in the mass spectrum to  measure the C?Hd/C2D4 ratio. Successive 
corrections were made for the carbon-13 content of the ethylenes, for the contribution of C?D4 to the mass 
28 peak, and for the reactant conversions, which were controlled to  below 10y0. In order to  determine the 
contribution a t  28 made by C2D4, a sample of C2Dd was prepared by pyrolyzing the 99% deuterated ethyl-d6 
bromide (Merck and Co.) in a large excess of toluene and separating as  before. The  contribution in question 
was then found on the mass spectrolneter for the ionization potential tha t  was used in the analysis of the 
CzH4, C2D4 mixtures. 
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RESULTS 

( a )  Ethyl-I , I  ,2,2-d4 Bromide 
The effect of pressure on the i~ltramolecular isotope effect for ethyl-1,1,2,2-d4 bromide is 

shown in Fig. 1, where the curves A and B show, respectively, the results of the inhibited 

2.5 I " " " " I  """'I ' 

2.1 - -- 1 

2.2- 

2.0- 

! '. '. -. - - -c 
.01 I 10 100 

Pressure (cm Hg) 

FIG. 1. The effect of pressure on the intramolecular isotope effect in ethyl-l,l,2,2-d* bromide a t  826.4O I<. 
Curve A shows the effect under inhibiting conditions; curve B, without inhibitor; and curve C is the ratio 
B/A. 

and uninhibited decompositions. Curve C represents the variatiorl in the ratio B/A with 
pressure, and de~norlstrates that the isotope effects under inhibiting and uninhibiting 
collditio~ls converge a t  low pressures. 

Figure 2 is a plot of the temperature coefficient of the isotope effect a t  1.80 cnz Hg, 
which may be expressed as 

= 1.22e"?j;tOlRT. 

To obtain this expression, the data above 000" I< were onlitted from the least-squares 
process, for it is evident that these runs are co~lsiste~ltly displaced above the linear plot. 

.'lt infinite pressure, the pre-exponential tern1 in the above espression would be lower 
bj. about 3y0, as indicated by curve A in Fig. 1. Thus the true relative rate expression is 

(b) Ethyl-h5/Ethyl-d; Bromide Comparison 
'I'he effect of pressure on the isotope effect in this cornpariso~l is shown in Fig. 3, which 

i~lcludes data from the previously published pressure effect curves for ethyl bromide and 
ethyl-d; bronlide (5). The latter data, obtained a t  88'3" K, were reduced to the temperature 
of the present investigations (826.4" I<) by utilizing the coefficient reported below. 

The relative rate constant expression for this conlparisoll a t  2.00 cm Hg is 

kH/kD = 0.494e?3001?00 IRT, 

from the data plotted in Fig. 4. The expressio~l a t  infinite pressure is 
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FIG. 2. The tenlperature dependence of the isotope effect in ethyl-1,1,2,2-d4 bronlide at 1.80 cm Hg 
pressure. 

Pressure (cm H g  ) 

FIG. 3. The  effect of pressure 011 the inter~l~olecular isotope effect in the ethyl-lt5 bro~l~ide/ethyl-d: 
bronlide coll~parison a t  826.4' I<. 0, data from ref. 5; 0, results of present investigations. 

(c) Ethane 
Besides the ethylene, another product appeared in the chromatography of the hydro- 

carbon products. I t  was identified as ethane and was found to occur only to the extent of 
1 or 2% of the total hydrocarbon products. Samples taken from the pyrolysis products 
of ethyl-d5 bronlide in toluene vapor were found to be approximately equimolecular 
mixtures of C2D5H and C2DG. In the few cases that were examined, no consistent trend 
could be established between the ratio of ethanes on the one hand, and either the tempera- 
ture or the partial pressure of the bromide on the other. 
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0.40 I 1 1 1 I 1 I I I I I 

FIG. 1. The temperature dependence of the isotope effect in the ethyl-It:, bron~ide/ethyl-d:, bromide 
con~parison a t  2.00 cm Hg pressure. 

DISCUSSION 

Ethyl-1 ,l ,2,2-d4 Bromide 
There is a great similarity between the isotope effects in the inhibited decomposition 

of ethyl-1,1,2,2-dl bromide and in the uninhibited decomposition of ethyl-1,1,2,2-d4 
chloride. The effects themselves a t  500' C are 2.17 for the bromide and 2.20 for the 
chloride, while the relative rate expressions are: 

ethyl-d., bromide, k H / k D  = 1.18e"51RT; 
ethyl-dl chloride, k H / k D  = 1.16egs51RT. 

Further, it was demonstrated in the preceding paper that the pressure effects in ethyl 
bronlide and ethyl chloride are almost identical, and this si~llilarity is reflected in the 
pressure dependences of the isotope effects in the ethyl-dl bromide and in the ethyl-d4 
chloride. Kot only do the isotope effects rise with falling pressure in both cases (in agree- 
ment with the theory postulated for intramolecular isotope effects in the preceding paper), 
but they do so in an essentially parallel fashion. Furthermore, the coinbination of these 
similarities sheds appreciable light on the mechanism of the ethyl bromide reaction. 

If the ideas of Wojciechowski and Laidler (6) are applicable to the decomposition of 
ethyl bromide, then under the influence of inhibitors the reaction is limited to a special 
type of free-radical process. On this basis, and in addition, assuming the ethyl chloride 
decomposition to be a truly unimolecular reaction, it would be expected that there would 
be an appreciable difference in the isotope effects in the inhibited decomposition of 
ethyl-dl bromide and in ethyl-dl chloride. I t  has been shown here that this is not the 
case. Nevertheless, before rejecting the applicability of Wojciechowski and Laidler's 
ideas to this system, it is well to question the molecular nature of the ethyl chloride 
decomposition. 

The pyrolysis of ethyl chloride has been considered to  be a unimolecular process on 
the grounds that inhibitors do not affect the rate. I t  might be argued, however, that in 
this decomposition a special kind of radical chain is operating which is uninfluenced by 
inhibitors. Such a process must a t  the same time explain not only the intramolecular 
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isotope effect in ethyl-dil chloride but also its pressure dependence. TIIL~s, altllougll the 
chain-propagation reaction 

C1 + C?H,CI + HCI + C?H,CL 

could produce the former, it woulcl not be expected to account for the latter. I t  now seems 
inconceivable that any reasonable reaction scheme can be contrived whicll will esplaiil 
the rise in kII/kD with clecreasing pressure without the inajor reaction being intramolec~llar. 

Thus lar me have shown that  the ethyl cliloricle clecomposition is a t  least a predomi- 
nantly ~inimolecular reaction, ancl it may now be inferred that  the great similarities 
between tlie ethyl chloricle and the n~axiinally inhibited ethyl broinicle decoinpositions 
indicate that in the latter a molecular reaction a t  all events has the preeminence. Hence, 
the onl!. diffei-ence between the inodes of cleconiposition of ethyl bromide ancl ethyl 
chloricle is that in tlie bronlide a raclical chain reaction is known to exist in uninhibiting 
conditions. I t  now 1-enlains to be shown how the results of the uninhibited decomposition 
of bromide fit into this scheme. 

The isotope effect in the cleco~nposition of et113-I-([.i bro~nide increases with decreasing 
pressure over the pressure range stucliecl, and curve C in Fig. I indicates that as the 
pressure is clecreasecl, the isotope effects for the inhibited and uninl~ibited reactions 
approach one another. These observations are entirely in agreement with tlie previously 
noted (3) tenclency for the uninl~ibitecl rate in ethyl bronlide to approach the inhibited 
rate a t  loiv pressures clue to the ~liminisl~ing iinportance of the chain reaction. Again, 
the fact that the isotope effects a t  high pressure in the inhibitecl and uninhibited decom- 
positions of ethyl-d, bromide are appreciably different adds further weight to the argument 
that distinct types oi mecl~anism are predominant in each case, for if the source of both 
isotope effects was the radical-abstraction reaction 

Br + C?HjBr -+ I-IBr + CyI-I,Br, 

and if the only difference between the inhibitecl and uninhibited decompositions was to 
be found in the length of the chain, then no estimable difference in the isotope effects 
should be seen. 

If the above reaction does repi-esent the chain-carrying step, it is apparent from Fig. 1 
that the isotope effect in this reaction is less than 1.5 a t  831.9" I<. This would suggest 
that the curvature noted in the temperature coefficient (Fig. 2) cannot arise fro111 a 
cl-range to a free-radical mechanism in the temperature range above 900" I< since this 
woulcl result in the opposite curvature. If real, this effect may be due to the predicted 
curvature of such plots a t  11igh temperatures (10). 

Ethyl-h5/Ethyl-d5 Bromide Compariso7z 
The effect of pressure upon this interinolecular isotope effect (Fig. 4) is in accordance 

with the theory postulated in the preceding paper. I t  is satisfying that  the results of our 
present investigations are in agreement ivith data obtained directly from previous work 
( 5 ) ,  wliich employecl a different technique. 

In tlie temperature coefficieilt studies there is also good agreement with the earlier 
results, and it  would appear that there is indeed a large secondary isotope effect in this 
comparison, and that  the carbon-hydrogen bond is being broken in the activation process 
in accordance with a four-centered activation complex. 

Ethane 
The production of CzD6 and CSDsH in approxi~nately equal proportions in the inhibited 

decomposition of ethyl-d, bromide suggests that  a small side reaction is occurring. The 
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two ethanes may be formed by  a mechanism t h a t  involves a n  exchange reaction between 
DBr  and toluene, occurring via a benzyl radical intermediate: 

C?DjBr + CsD. + DBr 
DBr + CGH~CHS S HBr + CGHaCHsD 

DBr + C?DjBr + C?DG + Br? 

HBr + CzDSBr + C?D,H + Brz. 

T h e  alternate n~echanisru of e thane production from ethyl radicals arising fro111 the  
split of ethyl bro~nicle cannot be definitely ruled out.  I t  seems unlikely, however, since 
the  amount  of e thane is considerably higher than would be predicted from this reaction, 
and in any  case ethyl radicals are linown t o  clecompose under these esperimental con- 
ditions (11). 

I n  conclusion, i t  has been shown t h a t  the  ethyl bromide decomposition involves a 
radical and a molecular component, the  former being largely eliminated under inhibiting 
conclitions. The  isotope effects reported are  pressure dependent,  tollowing the general 
pattern laid clo\\rn for such pressure effects in the  preceding paper. T h e  isotope effects 
are also consistent with the  four-centered acti\ratecl complex in which a hydrogen a tom is 
transferring from a carbon a tom t o  a brolnine a tom in the  transition state.  A side reaction 
producing small quantities of ethane has also been obser\recl, ancl a n  explanation for the  
isotopic clistribution of the  ethane is suggested. 

'The authors wish to  thank  i\/Ir. J. Stauffer ancl Mr.  F. Va~le ldik  for carrying o u t  the  
mass spectrometric analysis. 
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DITERPENOID QUINONES OF INULA ROYLEANA D.C.'. 
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Received March 16, 1962 

ABSTRACT 

Three related diterpenoid quinones, royleanone, 9-acetoxyroyleanone, and Y-dehydro- 
royleanone, have been isolated from the roots of I n z ~ l a  royleana D.C. These have been assigned 
structures on the basis of degradation studies and the synthesis of royleanone from ferruginol. 

The plant I n ~ ~ l a  royleana D.C. is a perennial shrub that grows in the western Himalayas 
a t  altitudes of 7,000 to 11,000 ft above sea level. I t  is considered to be poisonous and has 
been used as an insecticide and a disinfectant (I) .  Its roots have been shown to be rich 
in derivatives of the diterpeiloid alkaloid lycoctonine (2-4). In addition, the presence of 
a yellow pigment has been reported (5). This piginent we now show to consist n~ainly 
of a mixture of diterpenoid quinones which we call 'royleanones'. The inajor con~ponent 
was an acetoxyroyleanone (I) (C22H3005). Small quantities of royleanone (IV) (CzoH28O3) 
and a dehydroroyleanone (111) (C2OH2603) were also present. That  these coinpounds were 
structurally closely related will become apparent in the sequel. 

We first concerned ourselves with establishing the nature of the chrolnophoric system 
in royleanone. The compound was acidic (pK, 8.5 in 50% aqueous methanol) and its 
alkaline solution was magenta in color. I t  reacted with diazoinethane to give a mono- 
methyl derivative. Royleanone took up 1 inole of hydrogen on catalytic hydrogenation 
and the colorless product was converted back to royleanone on standing in the presence 
of air. These properties, and the ultraviolet spectrum of royleanone, which was very 
similar to those of hydroxybenzoquinoi~es (G), suggested that  royleanone contained this 
unit. The hydrogen-bonded hydroxyl band (vGFF13 3350 cm-I) and the two low-frequency 
carbonyl bands (vfiE2'3 1672 and 1632 cm-') in the infrared spectrum fitted this assign- 
ment. Finally, the reductive methylation of royleanone methyl ether (IX) to a tri- 
inethoxybenzene (VII) (Xgk:H 208 mp, E 49,000, 281 mp, E 740) furnished conclusive 
evidence that royleanone was a hydroxybenzoquinone. 

The structural relationship between royleanone, the dehydroroyleanone, and the 
acetoxyroyleanone was established as  follows. Catalytic hydrogenation of the dehydro- 
royleanone (2 moles of hydrogen were talten up) followed by oxidatioil of the product by 
air gave royleanone. This indicated that dehydroroyleanone differed froin royleanone 
only in having an additional double bond. A comparison of the ultraviolet spectra of 
royleanone (XgIsH 277, 283 (shoulder), and 403 mp) and the dehydroroyleanone 
212, 247 (shoulder), 330, and 459 mp) showed that  this double bond was conjugated with 
the quinone ring. 

The similarity between the ultraviolet absorption spectra and inally features of the 
infrared absorption spectra of acetoxyroyleanone and royleailone led us to  believe that 
these compounds were related. The presence of an ester grouping in the acetoxyroyleanone 
was indicated by the carbonyl band a t  1748 cm-' in its infrared spectrum. In addition 

' Issz~ed as 1V.IZ.C. No. 6030. 
?Presented i?z part at the Annual  Meeting of the Clze~iliral Institute of Canada i n  ~IIontreal, A i ~ g ~ ~ s t ,  1061. 
3National Research Council of Canada Postdoctorate Fellow. 

Canadian Journal of Clle~nistry. Volume 10 (1962) 
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EDWARDS ET AL.: DITERPENOID QUINONES 1541 

the n.nl.r. spectrum of acetoxyro~~leanone methyl ether had an unsplit methyl signal4 a t  
T 8.05 and a signal from a strongly deshielded single hydrogen a t  T 4.25. These are con- 
sistent with the presence of a secondary acetoxyl group. The presence of the acetoxyl 
was confirmed by hydrolysis of the acetoxyroyleanone to acetic acid and an alcohol (11). 
Dehydration of I I with p - t o l ~ ~ e i ~ e s ~ i p o i i c  acid in boiling xylene gave a compound identical 
with the natural dehydroroyleanone described above. Hence the acetoxyl was probably 
a or p to  the quinone ring. Catalytic hydrogenation of acetoxyroyleanone (2 moles of 
hydrogen were taken up) followed by oxidation of the product with air gave royleanone. 
Such facile hydrogenolysis of the acetoxyl is compatible only with its being allylic or 
benzylic. Since there was 110 evidence for a1117 unsaturatioi~ other than that in the quillone 
system, the acetoxyl was assigned to a carbon directly attached to this ring. 

We were surprised to  find that the acetoxy group of acetoxyroyleanone could be 
removed not only by catalytic hydrogenation but also by the action of sodium boro- 
hydride in methanol a t  room temperature. To  our 1;nowledge such a cleavage has not been 
previously reported. 

There were 110 signals a t  lower field that T 5.95 in the i1.m.r. spectrum of royleanone 
methyl ether, showing that there were no hydrogens attached to the quinone ring. This 
evidence combined with the correlations described above allowed us to assign the follo\v- 
ing partial structures to the royleanones. As has been shown above, the differences in the 
partial structures are the only differences between these compounds. 

R O Y L E A N O N E  X = H  D E H Y D R O R O Y L E A N O N E  
A C E T O X Y R O Y L E A N O N E  X = O A c  

Evidence for the remaining structural features was obtained by oxidation of dehydro- 
royleanone and royleanone. Allialine hydrogen peroxide oxidation of either of these 
compounds gave rise to isobutyric acid. Since the oxidation conditions were relatively 
mild, this proved that an isopropyl group was attached to the quinone ring. Since iso- 
butyric acid was obtained in both cases, the double bond in the dehydroroyleanone and 
conseq~~ently the acetoxyl group in the acetoxyro)rleanone mere not associated with the 
isopropyl group. 

Oxidation of the dehydroroyleanone with allialine potassium permanganate resulted 
in low yields of 1,3,3 trimethylcyclohexai~e-1,2-dicarboxylic acid (V). The assignment of 
structure to the latter compound was based 011 the i1.m.r. spectruln of its methyl ester. 
The significant features of the latter were three unsplit C-CHd signals (T 9.2, 9.15, 8.93), 
an unsplit signal (T 7.1) which corl-esponded to a single hydrogen, and two unsplit 0-CH3 
signals (T 6.4, 6.35). 

Only two structures for royleanone are compatible with the degradatioil products 
described above and the presence of signals due to an allylic hydrogen (T 7.8) and two 
vinyl hydrogens (T 3.4, 8.2) in the i1.m.r. spectrum of the methyl ether of the dehydro- 
royleanone. The two possibilities are shown below. 

"Tlie chenzical slz$ts are gi-defr i n  7 values, followi?~y G. D. Tiers, J .  P l ~ y s .  Chefiz. 62, 1161 (1958). T h e  n.?iz.r. 
spectra were of ca. 10yo ccarborz tetraclzloride or clzlorofor?rt solz~lio?ts with tetranzetl~ylsilane as a f t  i ~ ~ t e n z a l  
reference. 
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-411 attempt to distinguish between these two by dehydrogenation of royleanone was 
unsuccessful. Under the conditioils required to complete the dehydrogenation the iso- 
propyl group was lost. The isolation of small amounts of 1-methgllphenantl~rene (VI), 
however, supplied confirmation that  one of these two structures was correct. 

The structure of royleanone was finally proved to be IV by synthesis froill ferruginol 
(VIII),  a substance whose structure and absolute configuration have been firillly 
established (for leading refei-ences, see ref. 7). Oxidation of ferrugiilol with 9SYO hydrogen 
peroxide in acetic acid with sulphuric acicl as catalyst gave a '770 yield of royleanone 
with optical rotation and other physical properties iclentical with those of the natural 
substance. The low coilversion is probably due to the presence of two beilzylic positions 

in ferruginol, which are known to be susceptible to oxidation (S). I t  follows that the 
companion quinones are 9-acetoxl - and 9-deli) dro-ro! leanone, and that the reactioils of 
these are as shown on the flowsheet. 

The ro) leanones, thus, have the same trans A/R ring fusion ancl absolute configuration 
as all natural steroids and most diterpenes. The absolute configurntion a t  the A/R 
juilctioil bears a miri-01- image relationship to that founcl in 11-coctonine (0), which, as 
was mentioned earlier, is found in the same plant. This inclicates that a l t l ~ o ~ ~ g l ~  lycocto~liile 
and the royleanones are both diterpenoid they are pi-obabl) not closely linlied biogcnetic- 
ally. Their s\ ntheses in the plant must enter different path~va!-s before the formation of 
the A/B junction. 

After the structures of the i-oylc,~nones hacl been established and their relationship to 
ferruginol recogilizecl we coi~siderecl the possibility that ferruginol is a direct roj leanone 
precursor in thc plant. Further esainination of I n d a  ioylcana extracts incleed led to the 
isolation ol small amounts of ferruginol from them. This leads us to suggest ihat  the 
plant produces a 6-hydroxy cliterpeile by the route clisc~issecl by ApSimon and Edwards 
(10) and that this is isomerized and aromatized to ferruginol, \vhich in turn is converted 
in stages to  royleanone, 9-acetoxyroyleanonc, and 9-dehydroro\ leanone. 

Examination of rnolecular n~odels has convincccl us that it is a t  present not possible to 
assign the configuration to the acetoxyl group in 9-acetoxj ro) leanone on the basis of 
infrared (11) or i1.m.r. (12) data because of the quasi-axial ancl quasi-equatorial con- 
figuration of the C9 substituents and because of the proximitj of the quinone carbonyl. 
This point, therefore, is still unsettled. 
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O A c  

I m 

ESPERI3IENTAL 
Rotations were of chloroforn~ solutions and melting points were talien in capillaries and are corrected. 

Isolation of Royleanones 
The dried ground roots of Inzlla roylea?za D.C., obtained from the S. 13. Penicl; Co~npany, N.Y., wele 

extracted with methanol. During concentration of the extracts a dull yeliow solid crystalli~ed. This solid 
was predominantly 9-acetoxyroyleanone containing small quantities of royleanone. The nlother liquors 
contained royleanone, 9-dehydroroyleanone, and ferruginol. 

9-Acetoxyroylea?ro?re (I)  
The crude solid obtained above was purified by four recrystalli~ations from 2-butanone, a sublimation a t  

140" and 10-4 ~mm, and a final recrystallization from ethanol. I t  had m.p. 212-214.5"; [ a ] ~  -14" (c, 1.07); 
v:",; 3360, 1748, 1675, and 1645 cnl-I; x:!,:~ 272 mp, e 13,300, 407 mp, E 840. Neut. equiv. 378, 383. Found: 
C, 70.48; 1-1, 7.86; Or\c, 11.34. Calc. for C2?113006 (374.5): C, 70.56; H, 8.08; OXr, 11.49. 

For nlost purposes material tha t  had been recrystallized from ethanol three times (m.p 208 5-212") was 
used. The yield was approximately 1% of the weight of the dried roots. 

The acetpl derivative of 9-acetoxyroyleanone, which was prepared by the treatment of 9-acetosyroyleanone 
with acetic anhydride in the presence of sulphuric acid, melted a t  122-122.5O (recrystalli~ed from methanol- 
water); +32' (c, 0 67); XE::" 262 mp, e 14,900, 327 mp, E 320; v,",: 1773, 1741, 1665, 1655 (sho~llder), 
and 1607 cm-I. Founcl: C, 69.06; H, 7.39; O.%c, 20.38 C ~ C .  for C?L113?06: C, 69.21; H, 7.74; O.\c, 20.66. 

Treatment of a methanolic solution of 9-acetox>royleanone with excess ethereal diazomethane resulted 
in the formation of a  non no methyl ether; m.p. 182.5-184.5" (recrystallized from methanol); [a]= -121" 
(c, 132),  A:::" 270 mp, e 12,500, 375 mp, E 590; v f s  1740, 1660, 1645, and 1602 cm-I Found: C, 70.98; 
H, 8.21; 0CH3,  8.06. Calc. for C?3H3:0j: C, 71.10; H, 8 30; OCI-13, 7.99. 

Royleanone ( I  V) 
X benzene solution of the solid that  crystallized from the concentrated I?rula royleana extract (see above) 

was chromatographed on silica gel. The first colored fractions that were eluted from the column with benzene 
were concentrated under reduced pressure and the residue was crystallized from hexane. Two dillerent 
types of crystals separated, one yello~v and the other orange in color. They were separated manually. The 
orange-colored crystals were recrystallized from glacial acetic acid until their melting point had risen to 
181.5-183". The yield was 0 008% of the weight of dried root extracted. [ o ] ~  f134" (c, 1.03); ~ 2 z i 4  277 mp, 
E 15,900, 283 mp (shoulder), e 15,200, 403 n ~ p ,  E 510; v::,"'~ 3350, 1672, 1632, and 1602 cm-1. Neut, ecluiv. 
287, 306. Found: 75.93; H, 8.65. Calc. for C20H2~03 (316.4): 75.91; H, 8.92. 
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The methyl ether of royleanone was prepared by treatment of a methanolic solution of royleanone with 
excess ethereal diazomethane. It melted a t  119-120.5' (recrystallized from ~ne tha~ lo l ) ;  [ a ] ~  -8'2' (c, 1.18), 
x E ~ : ~  275 mp, E 12,300, 372 mh, E 460; v:F:~~ 1657 (shoulder), 1642, and 1602 cm-l. Founcl: C, 76.03; H ,  
9.01; 0CH3,  9.75. Calc. for CslHaoOj: C, 76.32; H ,  0.15; OCH3, 9.39. 

9-Dehydroroyleanol2e (111) 
This material was obtained in pure form from 9-acetoxyroyleanone (vide infra). Evidence for its presence 

in the plant was obtained in the following manner. 'The mother liquors obtained after removal of the 
9-acetosyroyleanone from the plant extracts described above were concentrated until most of the methanol 
had been removed. The dark viscous mass was extracted with benzene. The benzene extracts were con- 
centrated under reduced pressure, the residue was talcen LIP in 1 : l  benzene-hesane, and this so lu t io~~  was 
chromatographed on a silica gel column. The  second colored band eluted with 1:l benzene-hesane was 
collected, the eluate was concentrated, and the residue was recrystallized twice from ethanol. The yield of 
bright-orange-colored plates (rn.p. 168-171") was 0.07yo of the weight of dried root. The infrared and 
ultraviolet spectra, the melting point, and the optical rotation of this material were identical with those of 
a ca. 45:55 mixture of royleanone and 9-dehydroro>~leano11e. We were unable to separate this rl~ixture into 
its components. 

This material. on hvdrogenation over ~a l l ad ium on charcoal in glacial acetic acid, took LI D  1.6 eo~livalcnts - - - 
of hydrogen, The product was oxidized by air to royleanone (mixed melting point and infrared spectrum). 

Fer iz~inol  ( V I I I )  
The nlother liquors obtained after the removal of the 9-acetoxyroyleanone from the plant extracts were 

coilcentrated until most of the methanol had been removed. The residue was extracted with hexane. The 
hexane extracts were concentrated, the residue was talten LIP in ben~ene ,  and the solution was washed well 
with 0.5 N a q .  sodium h) droxide. The benzene layer was concentrated and the residue was ~hromatogra~hecl  
on silica gel. The fractions eluted with 1:l  l~exane-benzene were combined, concentrated, and distilled. 
Material distilling below 140" a t  mm was collected. The  purification steps described above, i.e. the 
washing of a benzene solution of this material with 0.5 N aq. sodium hydroxide, the chromatography, and 
the distillation, were repeated. This time the material distilling below 125" a t  mm was collected. The 
crude ferruginol, which was obtained as  a viscous bright orange oil was characterized as the benzoate. After 
a crystallization from ~nethanol and three recrystallizations frorn hesane, the benzoate was obtained as 
white needles tha t  melted a t  154-155.5'. I t  was identical with authentic ferruginyl benzoate (mixed melting 
point and infrared spectrum). The lield corresponded to 0.04% of the weight of the dried root. 

Conversion of 9-Acetoxyroylea~zo?~e ( I )  to Royleatzone ( I V )  
H suspension of 0.198 g of 9-acetoxyroyleano~~e in 30 ml of glacial acetic acid mas hydrogenated over 

Hdams' catalyst a t  atlnospheric pressure. The reduction \vas complete within 2 hours. The uptake of 
hydrogen was 26.7 ml. The catalyst was renlo\wI by filtration, the filtrate was warmed to 90' and swirled 
for 20 minutes to promote aerial oxidation of the hydroquinone. The solution was concentrated under 
reduced pressure and the residue was recrystallized from glacial acetic acid, giving 0.123 g ,  111.p. 170-18'2.5". 
The product was identical with natural royleanone (mixed mclting point and infrared spectrum). 

The catalytic reduction described above could be replaced by reduction with sodium borohydride in 
methanol a t  room temperature without any change in the course of the reaction. 

9-Hydroryro3~leanone (11) 
'To a boiling solution of 0.513 g of I1-acctoxyroyleanone in 25 ml of ethanol was added 63 1111 of 0.10 N 

aq. sodiuln hydroxide. 'The resulting magenta-colored solution was refluxed gently for 2 hours, cooled ill an 
ice bath, and aciclilicd with 15% phosphoric acid. The solid tha t  separated mas collected by filtration and 
air dried. I t  was purified by chromatography on silica gel followed by recrystallization from methanol- 
water, giving 0.X3 g, m.p. 171-174". Aftcr two additional recrystallizations fro111 methanol-water the golcl- 
colorcd plates melted a t  172.5-174.5°, [a]o - 132" (c, 1.24). A:$!" 273 Inp, E 11,900, 408 mh, e 800; v,'$jiC13 

3540, 3360, 1670, 1648, 1627, and 1604 cm-I. Neut. equiv. 300, 325. Found: C, 72.16; M, 8.32. Calc. for 
C20H2s04 (332.1): C, 72.26; H, 8.49. 

In one run the acicl liberated during the above hydrolysis was separatecl from the reaction ~ n i x t ~ ~ r e  by 
codistillation with water. I t  {vas converted to the p - b r o ~ o p h e n a c ~ l  estcr, which was identical \\.it11 authentic 
p-bromophenacyl acetate r nixed melting point and infrared spectrum). 

9-IHydroxyroylcanone was converted to royleanone by catalytic recluction follon.cd by air oxidation as is 
describecl above for the conversion of '3-acetoxyroyleanonc to royleanone. 

Treatment of a methanolic solution of 0-hydroxyroylcanone with excess ethereal diazomethane resulted 
in the formation of a mono~nethyl ether;  1n.p. 138.5-130.5' (recrystallized from n~ethanol-water); [ a ] ~  
-310" (c, 1.05); X;:tH 270.5 mp, E 10,000, 372 mh, E 500; v , ' , ; ~ ~ ~ ~  3550, 1661, 1640, and 1600 cm-1. F o u ~ ~ d :  
C ,  72.67; H ,  8.54; OCI33, 8.80. Calc. for Cg,HXoO.,: C ,  52.76; 13, 8.73; OCH,, 8.115. 

Dehydration of 9-Hydrox~~roylea?zo?ze (11) to 9-Dehydroroyleanone (111) 
A mixture of 0.20 g of 9-hydrosyroyleanone, 10 ml of p-xylene, and 0.002 g of p-toluenesulphonic acid 

(monohydrate) was heated under reflux for 36 hours. I t  was co~lce~ltrated to a volume of ca. 0.5 ml under 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



EDWARDS ET AL.: DITERPENOID QUINOXES 1515 

reduced pressure, the residue was taken LIP in 1:l hexane-benzene and the solution was poured onto a silica 
gel column. The column was eluted ~v i th  1:l  hexane-benzene and then with benzene. The benzene eluate 
was concentrated ~ ~ n d e r  reduced pressure and the residue was recrystallized from ethanol-watcr, giving 
0.158 g ;  n1.p. 16G-168.5°; [ o l ] ~  -620" (c, 0.21); A:::" 212 mp, c 16,700, 247 mp (shoulder), E 8,400, 330 mp, 
E 7,700, 459 mp, E 770; v:Z.'3 3340, 1666, 1635, 1615 (shoulcler), 1595 (sho~~lder) cm-l. Neut. equiv. 316. 
Found: C, 76.18; FI, 8.30. Calc. for C?0Ii?b03 (314.14): C, 76.40; N, 8.34. 

9-Dehyclroroyleano~~e was convertecl to royleanone by catalytic reduction followed by air oxidation as is 
clescribed above for the conversion of 9-acetoxyroyleanone to royleanone. 

The methyl ether was prepared by the treatment of a methanolic solution of 9-dehydroroyleanone with 
excess cliazomethane. It nlelted a t  106.5-107.5° (recrystallized fro111 n~ethanol-water); [ o l ] ~  -615' (r, 0.21); 
A:::" 212 mp, E 14,300, 246 mp (shoulder), E 8,400, 320 mp, E 5,600,429 mp, E 770; v:,?.l3 1642, 1615 (sho~rlder) 
cm-1. Found: C, 76.81; H, 8.49; OCI-13, 9.48. Calc. for C?IH?a03: C, 76.79; H ,  8.59; OCH3, 0.45. 

Redz1cti.de illetllylation of the illelhyl Ether of Royleanone ( I  V )  to V I I  (cf. ref. 15) 
A solution of 0.185 g of roylcanonc 111cthyl ether in 50 1x1 of methanol was hyclrogenated over Adams' 

catalyst until thc solution mas colorless. The reaction mixture was left in the hydrogen atnlosphere a t  room 
tenlpcrature, and during a period of 40 hours a total of 15 ml of 30% aq. S O ~ ~ L I I I I  hydroxide and 13 ml of 
dinlethyl s ~ ~ l p h a t e  \\:as added to it. 'These were added in 1-1111 portions; shaking was continued for 24 hours 
aftcr the completion of the addition. The catalyst was removed by filtration, 50 n ~ l  of water was aclcled, and 
the mixture was concentrated under reduced pressure to remove most of the ~nethanol. The residue was 
extracted with benzene (75 ml). 'The benzene extract was washed with water ( 2 x 5 0  III~),  dried over anhyd. 
~nagnesium s~rlphate, and passed through a colu~lln of alun~ina (activity I, 4 g). The colorless eluate was 
concentrated and the residue \\;as crystallized from ethanol (0.11 g,  m.p. 89-90.5"). After two additional 
recrystallizations from ethanol the product ~nclted a t  95-96.5'; [DID +99" (c, 0.91); 208 mp, c 40,000, 
281 mp, E 740. F o ~ ~ n d :  C, 76.78; H ,  10.00; OCH3, 25.70. Calc. for C?3H360a: C, 76.61; H,  10.07; 0 C H 3 ,  25.82. 

0.vidation of 9-Del~j~droroyleanolte (111) with Alkaline >Ij~d~.ogen Peroxide 
To a solution of 0.200 g of 9-dehydroroyleanone in 81 1111 of 0.10 iVaq. s o d i ~ ~ ~ n  hydroxide a t  70° was added 

1.0 n ~ l  of 30YG aq. hydrogen peroxide. 'l'he t e ~ n p e r a t ~ ~ r e  was held a t  70' for 3 h o ~ ~ r s .  During this period three 
additional 1.0-1111 portions of 30'7; aq. hydrogen peroxide were added. (The p ~ ~ r p l e  color of the s o d i ~ ~ ~ n  salt 
of the hydroxyq~~inone was co~npletely discharged after the reaction had been in progress for 1; hours.) The 
resulting pale yellow solution was nlade acid to Congo red with phosphoric acid and distilled. The v o l ~ ~ m e  
of the pot resiclue was maintained a t  30-90 n ~ l  by the addition of portions of water. Approximately 100 n11 
of distillate was collected. A slllall amount of oily material present in the distillate was renloved and the 
residue was titrated with 0.100 N aq. sodium hydroxide (4.1 ml required). The resulting solution was con- 
centrated to a volu~lle of ca. 2 ml, made acid to Congo red with phosphoric acid, and extracted with ethcr 
( 5 x 2  ml). ?'he ether extracts mere dried ovcr anhydrous sodi11111 sulphate, concentratecl, and distillccl. A 
colorless liquid, b.p. ca. 150°, 0.031 g, whose infrared spectrunl was identical with that of isobutyric acid \\-as 
obtained. 

'The oxidation of royleanonc with all~aline hydrogen pcroxide was carried O L I ~  in the same fashion as was 
~~sec i  with 9-dehyclroroyleanone. The yield of isobutyric acid was conlparable in the two cases. 

0.xidation of 9-Del~ydrorogleanonc (111) wit11 Alkaline Potassiu~i7. Pernianganate 
Four percent aq. potass i~~m permanganate was added to a solution of 1.22 g of 0 - d e h y d r o r ~ ~ ~ l e a ~ ~ o n e  in 

100 ml of 2% aq. s o d i ~ ~ n ~  hydroxide a t  s ~ ~ c h  a rate that an excess of potassium permanganate was maintained in 
the reaction ~llixt~rre. The temperature was held a t  40-45Ofor 2 hours and a t  65-70°for 1 hour. The so l~~ t ion  was 
cooled to 30°, made acid to Congo red with conc. sulphuric acid, and the manganese dioxide was decomposed 
with s o d i ~ ~ m  bisulphite. The volume of the solution was reduced to ca. 40 ml. The insoluble oil was separated 
zund the resiclual a q ~ l e o ~ ~ s  layer was extracted contin~~ously with ether. A yellow oil (0.44 g) was obtained 
\\.hen the ether extracts were concentrated. This oil was talcen LIP in ether and treated with a slight excess 
of ethereal diazomethane a t  5'. After 15 minutes a t  5O the ~nixture was hltered t h r o ~ ~ g h  a n h y d r o ~ ~ s  s o d i ~ ~ ~ n  
sulphate and the filtrate was concentrated 1111der reduced pressure. The residue was talcen LIP in 1 : l  benzene- 
hexane and the solution \\-as passed through a C O ~ L I I ~ I I I  of alumina (activity 111, 10 g). The cluatc was con- 
centrated and distilled; the fraction distilling a t  60-65' a t  0.1 mm \\-as collected; 0.130 g, [DID +26.5" (6, 
1.83), v::: 1732 cnl-I. F O L I I I ~ :  C, 64.66; H ,  9.06. Calc. for C13H?PO4: C, 64.44; FI, 9.15. 

Dehydrogenatioz of Royleanone ( I  V )  
Royleanone (0.33 g) was passed t h r o ~ ~ g h  a heated column (100x8  n ~ m )  of 0.50 g of 30% palladium on 

charcoal supported on finely cut glass ~vool. ?'he column was supported in a horizontal position in a furnace 
~vhich was 20 crn in length and heated to 350'. The royleanone was distilled into the heated colunln with a 
snlall, movable furnace. X slow stream of hydrogen was ~ ~ s e d  to sweep it t h r o ~ ~ g h  the catalyst bed. The 
product was passed t h r o ~ ~ g h  the catalyst bed in this manner five more times. I t  was then passed t\\-ice 
through a heated column ( 5 0 x 8  n ~ m )  of a mixture of zinc dust (Mallinclirodt Analytical Reagent) and 
pu~nice powtler (B and A No. 2157) (2:l by weight). The CO~LIIIIII \\-as heated in the furnace described above. 
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Again a slow stream of hydrogen was used to  carry the material through the column. Each of the passes 
described above required approximately 1 hour. 

The material obtained from three such runs (0.54 g) was combined, dissolved in hexane, and chromato- 
graphed on 17 g of alumina (activity I). The colulnn was eluted with hexane, hexane-benzene, and finally 
with benzene. The fractions eluted with hexane (0.14 g) were liquid and probably consisted of a mixture of 
naphthalenes (A,,, 228 mp (strong), 280 mp (medium), and ca. 320 mp (weak doublet)). These fractions 
were not investigated further. The fractions eluted with hexane-benzene and with benzene were solid or 
semisolid (0.135 g). Their ultraviolet spectra were similar to those of phenanthrenes. These fractions were 
combined and fractionally recrystallized from ethanol. A total of 0.021 g of material with m.p. 118-120' 
was obtained. A mixed melting point with 1-methylphenanthrene (m.p. 119.5-121.5') was not depressed 
(mixed m.p. 118-120.5°). Contamination of the 1-methylphenanthrene obtained by dehydrogenation of 
royleanone was indicated by a weak absorption band a t  762 cm-' in its infrared spectrum and a wealc 
absorption band ( e  56) a t  376 111p in its ultraviolet spectrum. The spectra of the two samples were identical 
in all other respects. 

Conversiott of Ferrziginol to Royleatto?ze ( I  V )  
T o  a solution of 0.360 g of ferruginol (liberated from the benzoate which nielted a t  156.5-157.5') in 4 ml 

of glacial acetic acid a t  rooni temperature was added a drop of conc. sulphuric acid followed by 0.50 rnl of 
98y0 hydrogen peroxide. The reaction mixture quiclily turned yellow and after an hour a solid began to 
separate. I t  was allowed to stand a t  rooni temperature for 12 hours. Water was added until the supernatant 
liquid was almost colorless. The gummy yellow precipitate was taken up in benzene, the solution was filtered 
through anhydrous sodium sulphate and concentrated under reduced pressure. The residue was chroma- 
tographed twice on silica gel. In each case the yellow band that  was eluted with benzene-hexane was 
collected. The eluate was concentrated and recrystallized from acetic acid, giving 0.031 g, m.p. 176-180'. 
After an additional recrystallization from glacial acetic acid the product melted a t  li9-182°, 0.028 g, [ a ] ~  
f134" (c, 1.34). The melting point was not depressed by the admixture of authentic royleanone (mixed m.p. 
179-182'). The infrared spectra of the two samples were identical (in chloroform). 
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OXIMES 
I. THE SYNTHESIS OF SOME SUBSTITUTED 2-OXIMINOACETOPHENONES1 

J. J. NORM AN,^ R. M. HEGGIE, AND J. 13. LAROSE 
Defeme Researcl~ CAe~izical Laboratories, Ottanua, Canada 

Received March 16, 1962 

ABSTRACT 
The preparation of some p-(wl-di~netI~ylaminoalkyl)- and p-(wf-dimethylaminoal1coxy)-2- 

oxiininoacetophenones and their methiodides is described. 
No general method was found for synthesis of short-chain (CO, CI, C?) p-(w1-dimethylamino- 

allcy1)-2-oximinoacetophenones. The longer-chain compounds (C3, CJ) were prepared by a 
method which would appear to be general. w-Phenyl-1-haloal1;anes undergo Friedelkcrafts 
acylation to yield p-(wf-haloalky1)-acetophenones. These were converted to  the dimethylainino 
compounds, which, subsequently, yielded 2-oximinoacetophenones. No method of preparation 
of p-(21-dii~~ethylan~ii~oethyl)-2-oxii~~ii~oacetophenone was found. 

Synthesis of p-(w'-din~ethylaminoall;oxy)-2-o.uimin~etopheiones was accoinplished using 
mixed cup-dihaloalkanes and p-hydroxyacetophenone. The p-(wl-haloa1koxy)-acetophenones 
froin these reactants were first converted to  oximes and then to the dimethylarnino compounds. 
Syntheses of p-(w'-dimethylaini~~o-ethoxy, -propoxy, -butoxy, and -pentoxy)-2-oximinoaceto- 
phenones were achieved. That  of p-(diinethylan~inomethoxy)-2-oxinhoacetophenone was 
  in successful. 

In the last few years, i t  has been shown that  oxiines are particularly effective reactivators 
of cholinesterases which have been inhibited by organopl~osphorus compounds (1-5). 
These inhibitors phosphorylate a group in the enzymatically active portion of the mole- 
cule, thus blocking hydrolysis of the norinal substrate molecule (6-8). Kinetic and other 
studies with both inhibitors and substrates have revealed coilsiderable detail regarding 
the structure of the active center of the enzyme (9, 10"). In this manner, i t  has been shown 
that  both acetylcholinesterase (true cholinesterase) and pseudocl~olinesterase have a 
very similar "esteratic" site responsible for the actual hydrolysis of the substrate and 
that  phospl~orylation occurs a t  soine point in this site (11, 12). The two enzymes, however, 
differ in the position and number of "anionic" sites which assist hydrolysis by aligning 
substrate n~olecules into positions favorable for interaction with the esteratic site (13, 14). 
For reactivation then, the enzyme must be dephosphorylated. With oximes, this results 
fro111 llucleophilic attacli of the oxinlate ion upon the phosphorus atom, with a resulting 
cleavage of the enzyme-phosphorus bond (15). 

Illcorporatioil into the reactivator molecule of a group capable of interaction with the 
anionic sites should assist dephosphorylation by aligning the oximate ion into a favorable 
position for attack on phosphorus. This would be entirely analogous to the substrate- 
enzyme interaction. Reasoning in this way, Wilson (16) and Davies and Green (17) 
tested pyridinium-2-aldoxime i~lethiodide and found that  i t  was both an effective reacti- 
vator of inhibited cholinesterase and, in colljunction with atropine sulphate, an excellent 
antidote for organophospl~orus poisoning. By varying the distance of this interacting 
group from the oxiinino portion of the molecule, i t  should be possible to produce reacti- 
vators showing considerable specificity towards one or the other of the two types of 
cholinesterase and to inap the enzyme surfaces by correlating the specificity patterns 

'Received as D.R.C.L. Report No. 372. 
Presented in part before the 5th Western Regional Conference of the C I C ,  Regina, 1960. 
T o  wlzom inquiries slzoz~ld be addressed. 
*See also earlier papers by Friess. 
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with the geometry of the oximes. Such an approach had bee11 tried previously by MTilson 
(18, 19) i11 a much more limited way, using pyriclinium-2-, -3-, and -4-aldoxime 
n~etllioclides. 

I t  has been shown previously (20) that the protonated dimethylamino group interacts 
the anionic site nearly as well as the t r i r n e t h y l a m m o i ~ i ~ ~ ~ ~ ~  group present in the 

clloline portion of substrates. These two groups, therefore, were chosen for incorporatioll 
into the oxime molecule. The oxime portion chosen was basecl upon work by Cllilds, 
Davies, and Green (4, 5),  who had show11 that potent reactivators are obtained when 
a 1-oximino-2-0x0 grouping is present in a wide variety of compounds. This grouping is 
present in 2-oximinoacetop11ei~oi~e, which itself is not an outstanding reactivator. I t  
would be expected then that compounds related to 2-oximinoacetopl~enone carrying a 
t r i ~ ~ ~ e t h y l a r n r n o i ~ i u i ~ ~  group or a dimetl~ylamino group of suitable basicity would be 
better reactivators than the parent compound if they were specifically aligned for attack 
011 the pl~osphorus atom, ancl any enhanced reactivity would reflect the fit of the oxiine 
to the enzyme. 

I11 this paper, the synthesis of the various oxinles usecl in this stucll. will be presented. 
Illfrared spectra of the oxi~ues and the results of reactivation studies will be reported in 
subsequent papers. 

The first series of oximes synthesized had the general f o r m ~ ~ l a  I ,  where 12  = 0, 1, 3, 

+ 
and 4, and R = (CH,),N- and I-. (CH8)zN-. 

I ( lz  = 0, R = (CHs)?N-) was synthesized from aniline. This mas accomplishecl by a 
Frieclel-Crafts acylation of acetanilide, followed by hydrolysis oi the resulting p-acet- 
ai~~inoacetopl~enone to the free base. 

Dimethyl sulphate converted this to the dimethylamino compouncl, which was treated 
with allialine butyl nitrite to yield the required oxime. 9-Ai~~inoacetophenoi~e was 
obtained in 40y0 yield from the starting materials bu t  dimethylation and oximation 
resulted in low yields, about 20y0 in each case. 

The following reaction scheme was utilized for syrlthesis of I (12 = I ;  R = (CH,),N-). 
p-Toluidine was diazotized and treated with cuprous cyanide to form P-toluonitrile. 
This, on treatment with N-bromosuccini~~~ide, yielded a-bromotoluo~litrile, which in 
turn was converted to the dimetl~ylamino compound. The cyano group mas allowed to 
react with methyli~~agnesium iodide to form a illethyl ltetimine and, after hydrolysis, 
p-din~etl~y1aminoi~1ethylacetophei~oi~e was obtained. This was treated with butyl nitrite 
to form p-(dimethylaminomethyl)-3,-o-e. 

The method of preparation of the 9-alltyl compounds I (72 = 3, 4 ;  R = (CH,),N-) 
was as follows. The w-pl~ei~ylalltanol-1 was converted to the bromide, which was acety- 
lated with acetyl chloride in the presence of alui~~inum chloride. The resulting p-(a'- 
bro1noallty1)-acetoplle~~o~~e was treated with dimetl~ylan~ine to form the 9-(w'-dimethyl- 
aminoalky1)-acetophenone, which, upon reaction with butyl nitrite in the presence of 
alkali, formed the oxime. Yields of bromoketones generally were good, about SOY0, while 
those of the dimetl~ylamino compounds were variable and poor, between 5 and 30%. 
The oximes were formed in about 25y0 yield. 

I t  was found impossible to synthesize the compounds where n = 2, all attempts yielding 
a ives. only styrene deriv t' 
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As the length of the side chain increased, suitable starting inaterials became increasingly 
Inore difficult to obtain. A second series of compounds, therefore, was prepared from the 
readily available mixed a,w-dihalides and 9-hydroxyacetophenone. The resulting p-alkoxy 

-t 
compounds, 11, where R = (CH3)2N- and I-. (CH3)SN-, contain an ether link in the 

side chain, but such a substitution should have little effect upon the geometry of the 
system. 

The synthesis of these compounds was accomplished in the following way. The mixed 
dihalide was treated \vith p-hydroxyacetopl~enone in the presence of potassiunl carbonate 
to yield a p-(a1-haloal1;oxy)-acetophenone. This, on reaction with butyl nitrite in the 
presence of sodium methoxide, for111ed the halooxime, which, subsequently, was treated 
with dimethylainine to yield the desired compound. Yields of the wl-halo ltetones were 
fair, 64-76%, while those of wl-halooximes were variable, 30-70%. Yields of the wl- 
dimetl~~~laminooxii~ies were poor, about %yo. 111 this manner, the coinpounds I1 (nl 
= 2, 3, 3 ,  and 5 ;  R = (CH3)2N-) were prepared. A11 attempt to prepare the compound 
I1 (72' = 1; R = C1) nras unsuccessful. 

The dimethylamino compounds of both series I and I1 were quaternized with inethyl 
iodide in absolute methanol, except for I ,  n = 0, where excess inethyl iodide was used as  
solvent. Yields were approximately 50y0. 

Infrared spectra were run routinely to identify the products of reaction but  are not 
reported here. 

EXPERIMESTAL 

Since methods were identical for many of the compounds prepared, only representative examples of the 
preparations mill be given in detail. Starting materials for these preparations were commercially available 
C.P. grade chemicals. 

Preparation of p-(wl-Szrbstitzrted alkyl)-2-orinziizoacetopIzeno72es 
p-Diii~etltyla~niitoaceto f>1zeitonc 
p-A~~tinoacctopltenoize.-r\cetaniiide (0.2 mole) and aluminum chloride (0.3 niole) were suspended in 

carbon clisulphide ('250 ml), tl1e11 acetyl chloride (0.2 mole) was added drop\vise, with vigorous stirring. The 
reaction mixture was refluxed for 2 hours and then stirred overnight. Carbon disulphicle and excess acetyl 
chloride were removed by disti l latio~~ and the syrupy residue was poured onto ice. The solid niaterial so 
obtained was suspended i l l  10% sodium hydroxide ('200 ml) and the mixture was refluxed for 3 hours. 
After cooling, the so lu t io~~  mas extracted with chloroform, the extracts \\,ere combined, and solvent was 
removed i n  oaczro. The residue was recrystallized from 60% aqueous ethanol. Yield: 0.082 mole, 41"/;;, 
m.p. 103-105° C, lit. m.p. 105.8" C ('28). 

p-Di1nct1t~1a1izinoacetof~1teitoite.-p-Aiioacetoho (0.74 niole) was added to warm water (500 ml, 
70-80' C) and the stirred solution was treated dropwise with dimethyl sulphate ('2.54 mole). A solution of 
50% sodium hydroxide (135 ml) mas placed in a dropping funnel and added a t  such a rate that the reaction 
mixture was kept mildly alkaline. LVhen all the di~nethyl sulphate had been added, thc remainder of the 
alkali solution was run into the mixture and the whole was stirred for 10 miniltes. The solid product was 
filtered, recrystallized froni 70% methanol, and clried iit zaclro. The clried material was shaken with marln 
(50" C) 10% sodium hydroxicle (700 ml) and twice its weight of p-toluerlesulpho11>~I chloride until the odor 
of the sulphonyl chloride had disappeared. 'The residual solid was separated and washed with 5% hydro- 
chloric acicl ( 5 x 5 0  ml). The acid extract was macle allcaline (PI-I 0) with 10yo s o d i ~ ~ m  hydroxide and the 
precipitate was remo\.ed by liltration. This material was recrystallized from 66-110" C petroleum ether. 
Yield: 0.092 mole, 20.G%?, m.p. 105-10Go C, lit. 1n.p. 105" C (2'3). 

p-(Di~izethylamirzo~~~elhyl)-acetophenoit e 
a-Browto-p-tolzronitrile.-Toluonitrile (0.50 mole) ('21) in carbon tetrachloride (200 ml) was added slowly, 

with stirring, to a mixture of N-bromosuccinimidc (0.5 mole) arid benzoyl peroxide (1 g) in a flask fitted with 
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a condenser. After refluxing for 45 minutes, half the solvent was removed by distillation and the mixture 
was allowed to  cool. The precipitate was removed, washed three times with water, and dried. Yield: 0.30 
mole, GOY0, 111.p. 114-116° C, lit. m.p. 114-115' (30). 

p - ( D i n z e t l t y l a n z i n o n t e t l ~ ) - b e ~ ~ ~ o n i t r o m o - p - t o l u o n i t r i e  (0.30 mole) was dissolved in a mixture of 
ether (400 ml) and benzene (100 ml), the solution was chilled to  -70°C, dimethylamine (0.3 mole) was 
added, and the flask was sealed and allowed to  warn1 to room temperature. After 48 hours, the flask was 
cooled in an ice-salt bath to  -10' C and opened. The solvent was removed in oaczlo and the residue was 
dissolved in the minimum quantity of water. This solution was ether estracted, the estracts were combined 
and dried with anhydrous sodium sulphate, then distilled. Yield: 0.25 mole, 83.5%, b.p. 90-91" C a t  0.6 mnl, 
n ~ ? 5  1.5234. 

p- (Di~met l ty la~nino~l te thyl ) -acetop~-(Dimethylaminomethyl) -benzoni t r i le  (0.25 mole) was added 
dropwise to methylmagnesium iodide (0.50 mole) in toluene (400 ml) and the mixture was refl~lsed 48 
hours. The reaction mixture was poured onto crushed ice, and 6 1V hydrochloric acid was added until the 
precipitate just dissolved. This solution was heated on a steam cone for 2 hours, cooled, and extracted with 
ether. The  aqueous layer mas made basic with sodi~lm carbonate and ether-estracted. The combined ether 
extracts mere dried and distilled. Yield: 0.188 ~nole,  75%, b.p. 90" C a t  0.05 mnl, n ~ ? 5  1.5248. 

p-(4'-Di~~tetltyla?itinobutyl)-acetopltenoite and p-(3'-Dhnetltylantinopropy1)-acetophe?zone 
3-Bro~itopropylbenze~ze and 4-bromobzity1benzene.-3-Hydroxypropylbenzene and 4-hydr~xybut~lbenzene, 

prepared by lithium alumin~lnl hydride reduction of ethyl 3-phenylpropionate and ethyl 4-phenylbutyrate 
(22), were converted to the corresponding bromides according to the procedure of Marvel (23). 
p-(4'-Bro7rzobzityl)-aretophenone.-Alum chloride (0.7 mole) was suspended in carbon disulphide 

(350 ml) in a 1-liter round-bottolned flask fitted with a stirrer, dropping funnel, and condenser with drying 
tube, then acetyl chloride (0.7 mole) was added over 10-15 minutes to  the vigorously stirred misture. This 
was cooled in an  ice-salt bath, and a solution of 4-bromobutylbenzcne (0.8 mole) and acetyl chloride (1.5 
mole) mas added as  fast as  possible. Stirring was continued ~lnti l  hydrogen chloride was no longer evolved. 
The  complex was decomposccl by pouring the reaction mixture onto crushed ice, the organic layer \\,as 
separated, and the aqueous layer was extracted with benzene. The combined organic phases were dried and 
then distilled under reduced pressure. Yield: 0.16 mole, 20.3%, b . p  125-127" C a t  0.01 111111. 

p-(3'-Broirtopropyl)-acetophelte?~one.-This compound was prepared in an analogous manner from 3-brolllo- 
propylbenzene in 7070 yield. 

p-(4'-Dimetltyla~~~inobzityl)-arclophen0ne.--(4~-Rro~~~obutyl)-acetophe1lone (0.15 mole) was dissolved in 
anhydrous ~nethanol (150 n ~ l )  in a pressure flask. The so l~~ t ion  was chilled to  -70' C, dimethylamine (0.35 
11lole) was added, and the flaslc was sealed. The solution was allowed to  warn1 to  room temperature and to 
stand for 24 hours. 'The flask was opened, the solvent was removed i n  oacuo, and the residue was dissolved in 
water. The dimethylamino C O I I I ~ O L I ~ ~  was ether-extracted, the extracts were dried and distilled. Yield: 
0.077 mole, 53Y0, b.p. 100" C a t  0.005 mm, 7tnZ5 1.5195. 

p-(3'-Dinzetltyla~~~i~topropyl)-acetopletoe.-This con~pound was prepared similarly in 78y0 yield. 

Preparation of Oxinzes 
A11 thc above acetophenones were converted to  oximes in the saine manner and one representative 

procedure only is given. 
p-(~'-Dir~retl~yla~~~i~tobzityl)-2-oxi~izinoacetop1~e~tone.-Butyl nitrite (0.08 mole) n-as added to  a stirred, 

i ce-cold solution of sodium ethoxide (from 0.088 mole of sodium) in a b s o l ~ ~ t e  ethanol (100 ml). p-(4'-Di- 
methylaminobuty1)-acetophenone (0 077 mole) mas added dropwise over 25-30 minutes, the solution was 
allowed to warm to  roo111 temperature and then to  stand until the following day. Thc precipitate was filtered, 
washed with ether, and then dissolved in the minimum quantity of water. The solution was acidified with 
glacial acetic acid and the resulting yello\v solid was filtered, recrystallized from ethanol, from isopropanol, 
and finally, from ether-acetone. Yield: 0.027 mole, 3570, m.p. 125" C. Othcr osimes \\,ere recrystallized 
twice from ethanol. 

Preparation of p-(wl-Szibstituted a1koxy)-2-oxinti~zoacetoplte~tones 
Mixed m,w-diha1ides.-1-Chloro-3-bromopropane was prepared from 3-cl~loropropanol-1 and phosphorus 

tribromide (24), 1-chloro-4-idobutane from l,4-dichlorobutane and sodium iodide (25), and l-chloro-5- 
bromopentane from 5-chloro-n-amyl acetate and phosphorus tribromide (26). 1-Chloro-2-broinoethane was 
obtained from Fisher Scientific Co. Ltd. 

p-(~'-CIzlorobtrtosy)-acetophenolte .-p-Hydrox)one (1.5 mole) and potassiun~ carbonate (2.0 
mole) were suspended in 2-butanone (700 ml). T o  this vigoro~~sly stirred suspension, 1-chloro-4-bromobutane 
(1.5 mole) was added dropwise over 1 hour, then the mixture was refluxed for 5 hours. Inorganic solids were 
removed and the solution was talcen to  dryness i n  srarzio. The residue was taken up in ether, washed with 
10% sodium carbonate, with water, then dried and distilled a t  reduced pressure. Yield: 0.98 mole, 64%, 
b.p. 131-132' C a t  0.07 mm. 

Other p-(up-ch1o~oalkoxy)-acctop1ze~tones.-These compounds were prepared in a similar manner from 
1-chloro-2-bromoethane, 1-chloro-3-bromopropane, and 1-chloro-5-bromopentane. 
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TABLE I 

Preparation ol p-w'-st~l~stitutcd all;ylacetopheno~~es and 2-osiminoacetopl1e11(1nes 
-~ ~- p-- -~ .. p.-.----.-.....-p .- - -. - 

R-(CI, ,) . - ~ - C O - I < '  
Analysis 

- -- 

Calculated ((x) Found (yo) 
Yield B.p. or m.p. -- -- 

I Z  R K ' (%) ( " 0  C I I N C 1 I N 

0 (CIIo)?N--- 
(CI-I y)  2N-- 

I-. ( C I - I ~ ) : ~ ~  

20 m 105-105.5 
23 111 175-177 

18 I l l  189-190 

1 (CII3)2N- 
(CI33)2S- 

+ 
I-. (CI-I :I) 3hr- 

Not analyzed 
75.35 8.96 7.32 

2 Br- 
(CI-I a)zN- 

3 Br- 
(CI-13)2N- 
(CI-Ia)?N- 

70 b 112at0.0- lmnl  
78 I-, 9 1 a t 0 . 0 4 m l n  
15 m 113-114 

Not analyzed 
Unstable 
G G . G ~  7.74 11 .tin 

4 Br- 
(CN3)?N- 
(CI-I :I)?x- 

+ 
I-. (CI-I3)3X 

Not analyzed 
Unstable 
67.71 8.09 11.26 

-- 
NOTE: m = meltilig point; b = boil in^ 11oint. 
*Semicarbazone, 1n.p. 210' C. Calr~rlate:l for C I I I I ~ G N I O :  C 50.93%. 13 7.27%. N 25.,15'%, For~ncl: C FO.ll%, II 7.35%. N 25.35%. 
t2 4-DinjtroplienylI1ydr:1zo11e, m.p. l(il.5' C. Calcul:~ted for C~iH18N501: C 57.1:3%. IH 5.3fi1% N 10 (i0.70. F O I I I I ~ :  C 57.02%. II 5.17% N 10.35%. 
f2:4-~in1tro~t~eny111~~~1razo1ie, m.p. 130' C. Calculated for C1gI~I?aNsOl: C 58.12%. I1 G.ISS;:. N i8.06%. Foul~rl: C 58.1970. 1-1 5.90%. N 18.50%. 
$2 - l -Din i t ropI~enyI I~~~r l r i~zo~~e .  m.p. 142.5' C. Calculatetl for Clr1I1~l3rN.101: C -18.(jljf%,, 1~1 .L.-lO%, N 12.88'%,. Found: C 50.68%. H .1.18%, N 12.60%. 
112:l-~initro~1reny111>~drilzo11e formed but u7as acciclentall? rontaluiilaterl. Insuficient illaterial remained to repeat the cleriv;~ti\.e pregaratlon. 
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p-(w'-Chloroalkoxy)-2-o.~i~~zit~oacetophenones.-These were prepared from the corresponding p-(a'-chloro- 
alkoxy)-acetopheno~~es ancl butyl nitrite following the procedure outlined above for p-(4'-dimethylamino- 
butyl)-2-oximinoacetop11e1101~e. 

p-(w'-Dz~~tethylati1znoalkoxy)-2-oxi~1tinoa~etop~1e?1o?~es~-All the above chloroalkoxyacetophenones \lrere 
converted to dimethylamino compounds in a fashion analogous to that described for p-(4'-din~ethylamino- 
buty1)-acetophenone. 

Qz~aternLations 
The dimethylaminooxime (1.0 g) was dissolved in absolute methanol (10 ml), and then methyl iodide 

(15 ml) was added. The mixture was kept in a sealed tube a t  room temperature for 48 hours. The solvent 
was removed i n  vaczlo and the residue was recrystallized from ethanol or acetorlitrile. Yields varied from 
18 to 97% but, ill general, were 40% or better. 

Derivatives 
2,4-Diliitrophenylhydrazo11es were preparecl for most acetophenone compounds, following the general 

Drocedure given ill Shriner and Flrson (27, p. 171). \\'hen the acetophenone contained a dimethylamino 
group, thisUprocedure had to be ~nodified slightly, since the precipitate obtained \\.as the hydros;~lphate. 
'This was treated with l5';/o sodium carbonate solution to regenerate the free base, which \\.as recrystallized 
in the normal manner. 

In one instance, the hydrazone did not form. The semicarbazone, ho\\;ever, was obtained readily (27, 
p. 170). 

Analyses 
Yields and anlyses for the various cornpou~lds prepared are listed in 'Tables 1 and 11. Unfortunately, these 

co~~~pour ids  were all quite ~ ~ n s t a b l e  and the analyses reported are the best obtained. I t  is realized that 
dc\~iations between calculated arid experimental values, in sonie instances, are somewhat larger than the 

accepted limits but further attempts a t  p~rrification led to loss of nitrogen. The ~naterials, however, 
are believed to be the oxirnes claimed because of their behavior in biological tests, \\~liich \\;ill be reported a t  
a later date. 
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INVESTIGATIONS IN THE BICYCLOHEPTANE SERIES 
PART I. THE ELECTRONIC EFFECT OF METHYL GROUPS 

ON CG OF THE NORBORNYL CATION 

DONALD E. MCGREER 
Departme?rt of Chemistry, University of Bri t ish Colzimbia, Va?rco?iocr, Bri t ish Colzi,nbia 

Received March 21, 1962 

ABSTRACT 

The  addition of acetic acid to  camphenilene has been carried out. The major products 
are the two expected from normal addition without rearrangement. From the product ratio 
i t  is possible to conclude that the difference between the electronic effect of a methyl and a 
hydrogen a t  Cc of the norbornyl cation is small. 

Winstein (1-3) and Roberts (4, 5 )  have proposed that  a non-classical carbonium ion (I) 
is obtained in the norbornyl systeln by solvolysis of derivatives of exo-norborneol. This 
is analogous to  the type of interlnediate (11) proposed in a number of migration reactions 
(6). For lllany such reactions, i.e. the Baeyer-Villiger and pinacol rearrangement reactions, 

a definite order of migrational aptitude of t-butyl > ethyl > methyl has been observed 
(7, 8) and this order has been partly attributed to  electronic influence of the inethyI 
groups on the migrating carbon. I t  is of interest to see if such pronounced effects are also 
present in the norbornyl system. 

In our laboratories, we are studying the electronic and steric effects of substitution a t  
C6 of the norbornyl system and in this paper will report evidence concerning the electronic 
influence of two methyl groups a t  C6. 

Addition of acetic acid to  calllphenilene (apoisofenchene (111)) can potentially yield a 
simple norbornyl cation (IV) and/or a G,G-dimethylnorbornyl cation (V) (the non-classical 
ion is used here for convenience since we do not have definitive evidence for or against 
its formation). Neglecting any steric differences (which are shown below to  be small) 

and provided the product is not equilibrated, the product ratio should be a measure of 
the electronic influence of the methyl groups on the intermediate ion. 

Beclcnlann and Bamberger (9) in 1953 reported the addition of acetic acid to campheni- 
lene. They observed as  the major product the acetate from IV (5-exo-camphenilanyl 
acetate (P-isofencl~ocampl~oryl acetate) (VI)). Two other minor products resulting from 

Canadian Journal of Chemistry. Volume 40 (1982) 
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rearrangement were also found but  there was no evidence for the acetate from V (6-exo- 
camphenilanyl acetate) (VII).  We now have repeated this work and find that  5-exo- 
camphenilally1 acetate (VI) and 6-eso-camphenilanyl acetate (VII) are the major products 
and are formed in the ratio of 2 : l  respectively. 

The  acetate lnixture from the addition of acetic acid to camphenilene was chromato- 
graphed by vapor chromatography and two major peaks were found to  be present. These 
components were isolated and found to be identical with the pair of acetates prepared 
from camphenilene by the hydroboration method of Brown and Subba Rao (10). I-Iydro- 
boration of camphenilene followed by oxidation and then acetylation gave two acetates, 
b.p. 211" and 21A0, in a ratio of 45:55 respectively. From studies by Brown et al. on 
bicyclic systems and related structures (11, 12) it is unlikely that  rearrangement of the 
carbon skeleton has occurred and it is probable that  the two acetates are exo. I t  is 
important to note that for a reaction which has been shown to  be sensitive to  steric 
effects the ratio of acetates formed is close to 1. I t  is based on this observation that  we 
feel that  steric effects are minor in the addition reaction with acetic acid. 

Further identification of the products has been based on the translormation of the 
acetates to the alcohols and derivatives and then to the lietones and derivatives. The  

pertinent lnelting points of these and related compounds are given in Table I. From 
these data  it can be concluded that  the acetate, b.p. 214", is 5-exo-camphenilany1 acetate 
(VI) and the acetate, b.p. 211°, is 6-exo-camphenilanyl acetate (VII). 

TABLE I 

Melting point ("C) 
- - 

Hydrogen 
Source Alcohol phthalate Icetone Semicarbazone 

--  - - 

5-c\o-Camphenilan).1 00-01 (13) 130-131 (13) 64-05.5 (14) 
3-Camphenilany1 "1" 103-104 (I 5) 178-179 (15) 38 (10) 
3-Carnphenilanyl "2" 75-76 (15) 154-155 (15) 38 (16) 
a-Isofenclioca~npl~oryl 132-133 (15) 174-175 (15) 

- - 
109 (17) 

0-exo-Caniphenila~~yl L.p. 197 (18) 
Acetate, b.p. 211" 30 13s 5-140 55-56, b.p. 195 
Acetate. b . ~ .  214" 55-56 130-131 - 

Beclimann and Bamberger (9) missed the derivatives of the 6-exo-camphenilanyl systenl 
for the following reasons. I n  the attempted separation by crystallization of the hydrogen 
phthalates of the alcohol mixture the hydrogen phthalate of 6-exo-camphenilal~ol was 
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not obtained since i t  is more soluble than the 5-isomer in the solvents used. The  ketone 
mixture of 6-camphenilanone and 5-ca~npheni lano~~e under standard conditions yields 
the pure semicarbazone of the 5-isomer since the 6-isomer forms a se~nicarbazone a t  a 
much slower rate. The slow reactivity of the (i-ketone is presumably due to the large 
steric effort of an endo-methyl group a t  the 2-position. 

There are two possible explanations for the observecl product ratio from the addition 
of acetic acid to camphenilene. The  first is that  the presence of methyl substitution a t  
C6 of I (V) provides no additional stabilization over structure IV and thus the product 
ratio is close to 1. The  ability of methyl attached to the carbon of a lnigrating group 
to give stabilization by electronic induction or 11ype1-conjugation has been questioned 
in the case of the Wagner-Meerwein rearrangement reaction (19). Cram and I<night 
based their arguments on an  observed migrational aptitude for methyl and ethyl of 
35:l respectively in the solvolysis of 3,4-dimethyl-4-pI~e11yI-3-l~exl p-bromobenzoate. 
Unfortunately, there have been no other migrational aptitudes measured for the Wagner- 
Meerwein rearrangement reaction. 

The  second possible explanation is tha t  C6 does not participate during the addition 
and thus the effect of methyl substitution on Cs is long range. I t  is hoped tha t  further 
studies on the effect of substituents a t  C6 of the norbornyl system u-ill provide additional 
information from which our understanding of the factors involved will be increased. 

LIelting points and boiling points are u~lcorrected. Boiling points of anal~.tical samples \\?ere determined 
by the micro inverted capillary method. 

C(~n~phenilene 
The crumpheniler~e, m.p. 33-34", b.p. 131°, and 1.4525, ~lsed in this study \\.as prepared by methods 

similar to those reported by Berso~i (20). 

A d d i t i o n  of Ace t ic  Acid t o  Cn17ipl~e~rilene 
.-1 solution of 1 8 g  (0.15 mole) of camphenilcnc in 70 ml of acetic acicl containing 1 ml of 50% sulphuric 

acicl was heatecl a t  1OO0 for 1 hour. The solution \\.as poured into 500 ml of cold \ \~ater and the two la)-crs 
which formed \verc separatecl. 'The water layer \\-as unshed with ether and the ether \\~ashir~g corn bined 
\\!it11 the organic layer. The resulting ether solution \\;as washecl with water, 107i, sotlium carbonate solution, 
a11cI \\rater ancl then clriecl o\:er anhydrous magnesium sulphate. The ether solution \vas filterecl ancl distilled 
to gi1.e 21 g of acetate procluct, 11.p. 10G-132" a t  30 nlm. Chromatographic separation of the two major 
components which comprisecl 99'5; of the product \\,as carrietl out, first \\rich a Megacliroin instrument 
littecl with six 8-ft apiezon J columns r~ttecl in parallel to give t\vo acetate products which were sho\vn by 
chromatography to be 9.55; pure. Furthcr purification of the acetates with an .Aerograph unit fitted with 
a 10-ft c1inon)~l plithalatc coluriin gave the t\vo components pure. 

.-lcetate, b.p. 211" ancl ?/n" 1.4597. Calc. for CiIHISOz: C, 72.53; M, 9.89. Founcl: C, 72.45; M, 9.66. 
Acetate, 11.p. 21-1" aiicl nr," 1.-&(ill. Calc. for CIiHlaO?: C, 72.5:i; H,  0.89. Foirntl: C, 72.41; 1-1, 0.77. 
'The lo~ver-boiling acetate \\,as eluted first, on both columns. 
'l'lie acltlition of acetic acid \\.as carrietl out under a variety of conclitiol~s to dctcrnline the effect of time 

and temperature on thc procluct ratio. For these cxpcrimer~ts 1 g of camphenilene ancl 5 ml of acetic acicl 
containing 17; of s~ilphuric ;~cicl were used. The restllts al-e given in Table I I.  ;\ pure sample of the acetate, 

Time Temp. Cjo acetate ('8' ,G acetate 
(min) ("c)  of b.p. 211" of b.p. 214" Conl~iicnt 

64 Iicaction incomplete 
0 1 5(/; c;ir~ipIienilenc 

remaining 
65 Iieaction con~pletc 
61 
57 
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b.p. 214', was heated 5 minutes a t  100' in acetic acid with sulphuric acid added. Work-up of the solution 
showed that there had been no iso~nerization of this acetate into the acetate, b.p. 211". The product ratio is 
therefore liineticallp controlled. 

Hydioboration of Can~pl~cni lc~~c 
In a 200-1n1 3-necked flask fitted with t\vo gas adapters and a pressure-equalized dropping funnel was 

placed a solution of 10.73 g (0.088 mole) of camphenilene in 20 ml of purilied diglyme. The flasli was fl~rshed 
1~1 th  nitrogen, and 25 ml (0.025 mole) of 1 JII soclium borohydricle solution in diglyme was addecl. To the 
magrletically stirred solution was aclcled dropwise a solution of 4.73 g (0.033 mole) of boron trifluoride 
etherate in 20 ml of diglyme over a 1-hour period. The solution was allowed to stand an additional hour 
and there was then aclded 7 ml of water and 14 rnl of 3 N sodium hydroxide. 'The addition funnel \\.as 
replaced by a condenser ancl 14 ml of 30% hydrogen peroxide \\,as added in portions to maintain a steady 
reflus. 'The solution was coolecl and adcled to 100 g of ice and estracLecl four times with water, and the 
ether extract was \vashecl with ice water and dried over magnesium sulphate. 

'l'he ether solution was lilterecl and the ether removed by distillation. 'To the resiclual alcohol \\,as added 
40 ml of pyridi~ie and 20 rnl of acetic ailhyclride. The mixture \\.as heated 3 hours 011 a steam bath and 
then poured into ice containing 15 n ~ l  of conce~ltratecl sulphi~rir acid. Thc resulting solution \\,as extracted 
~vith ether and the ether solutio11 \vashecl with dilute sulphuric acicl ant1 watcr and then driecl over mag- 
nesium sulphate. Distillation gave $1 g of acetate, b.p. '35-100" a t  17 mln. 

Vapor chrotiiatographic separation of the product using a dinonyl phthalate column showed only 2 
pealis. The lirst peak, 72n2'l l.l58:J, representing 45% of the total, was identical by infrared with the acetate, 
b.p. 211°, isolatecl from the addition reaction of acetic acid to camphcnilene. 'The second peak, 7zD" 1.4G00, 
representing 55'h of the total, was identical with the acetate, b.p. 214". 

j-e.vo-Ct~ilzpl~ei~ilaizol (b-IsoJe~zcho::a117phorol) 
A 15.1-g (0.0825 inole) sample of the acetate, b.p. 214", which contained 57; of the acetate, b.p. 211", 

was reducetl in ether \\,it11 2.0 g of lithiuln aluminunl hydride. After \ \ fork-~~p in the usual way the dry 
ether solution of the alcohol product was reduced in volume to 20 ml, and 75 rnl of pyridine \\,as added. 
'The resulting ~nis ture  was heated until all of the ethanol had distilled. Phthalic anhydride (11.3 g, 0.0825 
mole) \\,as added to the solution, \vhich was then refluxed for 4 hours. The reaction mixture \\;as poui.ed 
into 1 liter of 10% sulphuric acid and extracted live times with 50-1111 portions of benzene. 'The benzene 
solution mas washecl with \vater and dried. E\,aporation of the benzene gave 23.3 g of product, m.p. 124-1B0. 
Iiecrystallization from eth1.l acetate a11cl petroleum gave 10 g of the pure hydrogen pl~thalate of 5-exo- 
camphenilanol, m.p. 1:JO-131" (lit. (13) m.p. 130-131"). 

.A solution of 9.4 g of the hyclrogen phthalate of 5-exo-canlphenilanol and 12.5 g of sodi~lm hydroxide 
in 50 ml of water \\.as steam-clistillecl to give 3.9 g of 5-exo-carnphenilanol, m.p. 53-54" (lit. (13) m.p. GO-61"). 
Sublimation I-aised the melting point to 55-5Go. 

.Te~~~ic.arbnzo~ze of 5-Ca117pl1e~7iln7zone 
'To a solution of 0.5 g of 5-eso-canlphenilanol in 1.5 ml of acetone a t  j0 was added dropwise 1.3 ml of 

chromic acicl solution containing 10.3 g of chromium trioxide antl 8.7 rnl of concentrated sulphuric acid 
in 30 ml of \\rater. -After 1 hour a t  .jO, aclclition \\.as complete, and the reaction was dilutecl with 13 ml 
of water ancl extracted with ether. The ether extract was \\.ashetl and clriecl and then concentrated to give 
0.5 g of all oil. The oil was treated with 0.5 g of sodi~rm acetatc, 0.5 g of semicarbazidc hydrocl~loride, 5 ml 
of water, and 5 rnl of methanol ancl heated a t  65' for 20 rnin~~tes .  After aclclition of 10 ml of \vater and 
cooling, the semicarbazone separated. Iiecrystallization from methanol gave 0.25 g, m.p. 189-Il)Oo, of the 
scmic;lrbazone of 5-camphenilanone. 

6-eso- Cr~i~iphetzilnisol 
.A pure sample of -1 g of the acetate, b.p. 211°, \\.as recluced \vith I g of lithium aluminum hyclricle ill 

cther. After \vorl;-up in the usual \\.a). the product \\,as clistilled to give 2.8 g of 6-ero-camphenilanol, m.p. 
:Jon, IZ"" 1.-4187, ancl b.p. 200". Calr. for CgHIGO: C, 717.09; I-I, 11.50. 1;ound: C ,  77.1:3; FI, 11.17'). 

'l'lle acid phthalate \\:as prepared from a sample of the acetate, 11.p. 311°, \vhich contained 5';; of the 
acetate, h.p. 21-lo, by the proceclure usctl for the preparation of the hyclrogen phthalate of 5-exo-campheni- 
lanol. After three crystallizations from ethyl acetate and petroleum ethel- a constant melting point of 
1:JS.j-1-10" \\.as obtainccl. Calc. for Cl i I - I?~Ol:  C, 70.81 ; 1-1, G.9'3. Found: C, 71.02; I-I, 7.13. 

6- Ccir~pl~eiziln~zoirc 
.A solution of 2.G g of 6-eso-campl~enilanol in 20 ml of cther \\;as treated a t  20' \\.it11 8.8 1111 of a solution 

made LIP from 5.00 g of sodium dirhromate clihyclrate and 3.75 ml of concentrated sulphuric acicl diluted 
to 25 ml by the proceclure of Bro\vn and Garg (21). Chrolnatography of the product sho\vecl two pealcs. 
'The major peal;, representing 827;, of the total, \\.as collected to give 1.0 g of G-campI1enilanone, m.p. 55-5G0 
antl 1j.p. 194' (lit. (18) b.p. 197"). CaIc. for CgI-1110: C, 78.21; I-I, 10.21. 1:ound: C ,  78.22; H ,  9.95. 

Semicarbazone, m.p. 183-18-lo, mixed lll.p. with the semicarbazone of 5-camphenilano~~e 159-172'. Calc. 
for Clol-IliN:IO: C, 61.51; H,  8.78; X, 21.52. Found: C, G1.4G; M, 8.66; X, 21.50. 'l'he semicarbazone, which 
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was prepared in ~nethanol-water with semicarbazide hydrochloride and sodium acetate a t  room temperature, 
precipitated over a period of 4 weelis. 

2,4-Dinitrophenylhydrazone, m.p. 164-165". Calc. for CI~H:~N\T~O,: C, 56.50; H, 5.70; N, 17.60. Found: 
C, 56.65; H, 5.53; N, 17.61. The 2,4-dinitrophenylhydrazone tool; 3 weeks to form by the procedure of 
Shine (22). Camphor under the same conditions yields the derivative in 3 days. 

The minor peak was collected but not identified. Analysis gave C, 72.09; H, 8.08. 

The  a u t h o r  grateful ly appreciates t h e  s u p p o r t  received for  this work  fro111 t h e  Research 

Corpora t ion  i n  t h e  fo rm of a Fredericl; G a r d n e r  Cot t re l l  g r a n t  a n d  fro111 t h e  National 
Research Coullcil of C a n a d a .  

T h a n k s  are also e s t e n d e d  to Mr. K. W o n g  for his con t r ibu t ion  to t h e  synthetic work 
a n d  to Mrs. A. Aldridge for t h e  microanalysis .  
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THE GAS-LIQUID PARTITION CHROMATOGRAPHY OF 
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PART 111. THE SEPARATION OF AMINO GLYCOSE DERIVATIVES 
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ABSTRACT 

Gas-liquid partition chromatography has been used to separate the anomeric acetates of 
2-amino-2-deoxy-~-glucopyra1lose (D-glucosamine) and of 2-amino-2-deouy-D-galactopyranose 
(D-galactosamine) and also their fully acetylated reduction products, 2-aceLamido-2-deosy- 
1,3,4,5,6-penta-0-acetyl-~-glucitol and 2-aceta1nido-2-deoxy-1,3,4,5,G-penta-O-acetyl-~-~alac- 
titol. The gas-liquid partition chromatographic method has also been successfully applied to  
the separation of unsubstituted carbohydrate acetal and lcetal derivatives and to  those deri- 
vatives in which the free hydroxyl groups have been subs~ituted by 0-acetyl, 0-benzoyl, 
0-benzyl, carbonate, 0-methanesulpl~onyl, 0-methyl, and 0-tolue~le-p-sulphonyl groups. 

The Separation of Amino Glycose Dcriontiaes 
The  present methods available for the analysis of amino glycoses ~nainly iilvolve paper 

chroinatographic procedures (1, 2) in which the coinpositio~ls of the solvent systems 
have to  be carefully chosen in order to prevent the decomposition of the free glycoses, 
which results in tailing, and the production of double spots. The N-(2,4-dil~itrophen~l) 
(3) and N-acet)71 derivatives of amino glycoses, however, behave lilte non-nitrogenous 
glycoses in the usual paper cl~romatographic solvent systems and their separations present 
no difficulties. Quantitative paper chromatograpllic procedul-es for the analysis ol  amino 
glycoses have been developed which use 2,.3,5-tripl1enyl-2-H-tetrazolium hydroxide or  
ninhlvdrin as  the detecting reagents (4). RIethods involving ion-exchange chromatography 
have also been used in the separation of a111i110 glycoses (5). 

A variety of amino glycoses are now lcnown to occur in nature (G), particularly in 
bacteria, lower fungi, and their soluble metabolites, and as  components of mucopoly- 
saccharides and glycoproteins. I t  was considered tha t  a successful gas-liquid partition 
cllromatographic procedure for their separation which would have the advantages of 
greater selectivity, speed, and simplicity and which could be used in the investigation 
of microamounts of material would provide a valuable supplernellt to the existing 
analytical methods. 

The  present investigations were confined to the two common naturally occurriilg 
amino glj~coses 2-amino-2-deoxy-D-glucose (D-glucosamine) and 2-amino-2-deosy-~- 
galactose (D-galactosamine). I t  was found tha t  the acetates of these glycoses had such 
large retention volunles on the colulnns previously used for the analysis of non-nitrogenous 
glycose and glycitol acetates (7) tha t  their successful resolution was not achieved. How- 
ever, when a column paclting made up of 5% w/w neopentylglycol sebacate polyester 
on Chromosorb W placed on top of a column approxilnately twice its length of lyo w/w 
SE-30 methyl silicone polynler on glass beads (column paclcing 3) a t  214' C was used, 
good resolution of the anomers of 2-acetamido-2-deoxy-1,3,4,G-tetra-O-acetyl-~-glucose 
and of 2-acetamido-2-deoxy-1,3,4,G-tetra-0-acetyl-~-galact0se and also of their acetylated 
reduction products 2-acetan1ido-2-deoxy-l,3,4,5,G-penta-0-acetyl-~-glucitol and 2-aceta- 
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mido-2-deoxy-1,3,4,~,6-pe11ta-o-acety~-~-gaactito were obtained. Table I records the 
retention volumes of these clerivatives relative to penta-0-acetyl-I>-arabitol (= 1.00) and 
a typical separation of the derivatives of 2-ai~1in0-2-deoxy-~-g~ucose is shown in Fig. 1. 

T I M E  (MINUTES) 

I .  1 Separation of 2-amino-2-deoxy-~-g~i1cose derivatives: (A) 2-acetalnid0-2-deoxy-1,3,4,B-tetra-O- 
acetyl-.B-D-glucopyri111ose, (B) 2-acetamido-2-deosy-1,3,4,5,6-penta-0-acetyl-~-glucitol, and (C) 2-acetamido- 
~-deosy-1,:~,4,6-tetr;i-0-acetpl-cu-~-g~1copr11ose. (Column paclcing 3, 314" C, 150 ml argon/mili.) 

TABLE I 
Retention volumes of amino glycosc derivatives relative to 

penta-0-acet)~l-1,-arabitol (=  1.00) 
- -- 

lietention volume 
column packing 3 

Amino el\lcose derivative 214" C 

Preliminary stirdies on the quantitative analysis of mixtures of 2-amino-2-deosy-~- 
glucose and 2 -amin0-2-deos~~-~-g~1~;~c tose  have been obtained by the G.L.P.C. separation 
oc their full\, acet) lated glj citol derivatives (prepared by the sodium borohydricle 
I-eduction of the 2-acetamido-2-deox) gl) coses followed by acetylation using pj-ridine and 
acetic anhydride) and measurement of the areas under the pealcs obtained on the sepa- 
ration curves. Column packing dlso resolved tlle acetates of non-nitrogenous pe~ltitols 
and l~exitols, and since the 2-acetami~lo-2-cleos~~-penta-0-acetylhexitol clerivatives 
investigated have much larger retention volumes than the former clerivatives, it has been 
possible to anal) ze mixtures of neutral ancl basic gl) coses on a single separation curve 
in a way analogous to  that previously described for the analysis of neutral sugars alone 
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(8). The method has proved useful in this laboratory for the analysis of the hydrolyzates 
of glycoproteins and their lower n~olecular weight fragmentation products. 

The Separation of Carbohydrate Acetal and Ketal Derivatives 
The acetal and ketal derivatives of carbohydrates have proved to be important deri- 

vatives (9) which can be used for the characterization of glycitols, and as intermediates 
of known constitution from which substituted derivatives can be made and from which 
the protective alkylidene or arylidene groups may be subsequently removed under nlild 
conditions. Hitherto, for acetal and ketal carbohydrate derivatives, there have been no 
generally satisfactory chromatographic methods of separation with the exception of a 
method developed by Barnett and ICent (10) using ascending chromatography on cellulose 
acetate strips. Our present results show that the G.L.P.C. method provides a sensitive 
micromethod for the detection and separation of carbohydrates containing one or more 
alkylidene or arylidene groups and also for such derivatives in which free hydroxl-l 
groups have been substituted by 0-acetyl, 0-benzoyl, 0-benzyl, carbonate, 0-methane- 
sulphonyl, 0-methyl, and 0-toluene-9-s~~lphonyl groups. 

The most generally useful colun~n packing was made up of an intinlate mixture of 
Apiezon M grease on Chromosorb W and butanediol succinate polyester 011 Chromosorb 
W packed on top of a column of SE-30 methyl silicone polymer on glass beads (column 
packing I ) ,  which a t  206" C gave good separations of carbohydrate acetal and lietal 
derivatives. A representative group of derivatives separated on column packing 1, with 
their retention volumes quoted with reference to 1,2:5,6-di-0-isopropylidene-D-glucose 
(=  1.00), is recorded in Table 11. Typical separations of D-fructose derivatives are show11 
in Fig. 2 and separations of 1,2:5,G-di-0-isopropylidene-D-glucose, 4,6-0-ethylidene-2,3-0- 
isopropylidene-~-111allme, and 1,2-O-isopropylidene-~-g1~1cofuranose are shown il l  Fig. 3. 

L I I 
0 5 10 15 20  0 5 10 15 2 C 

T l M E  (MINUTES)  T l M E  ( M I N U T E S )  

FIG. 2. Separation of D-fructose derivatives: (.%) 1,2:~,5-tli-0-isopropylic~e11e-3-0-methy~-~-fr~1ctose, 
(B) 1,2:1,5-c~i-0-isopropy~it~ene-~-fr~~ctose, (C) ?,3:4,5-di-0-isopropylidene-~-fr~1ctose, (D) l,2-0-iso- 
propylidene-D-fr~~ctose, (E) 3-0-benzyl-l,?:4,j-di-O-isopropylidene-~-fr~1ctose, and (F) 1,2:4,5-di-0-iso- 
prop)~lidene-3-0-~~~etha~~esuIphor~yl-~-fr~~cto~e. (Columli packing 1, 206" C, 150 lnl argon/min.) 

Fig. 3. Separation of (A) 1,~:5,6-di-0-isopropylit~ene-~-g~~1cose, (B) 4,G-0-ethylidene-2,:3-0-isopropyl- 
idene-D-mannose, ant1 (C) 1,~-0-isopropy~ic~clle-~-g~~lcofuranose. (CO~LIIIIII packing 1 ,  206' C, 150 
argon/min.) 
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TABLE I1 
Retention volumes of carbohydrate acetal and ketal derivatives relative to 

1,2:5,6-di-0-isopropylidene-D-glucose (= 1.00) 

Retention volumes 

Carbohydrate acetal and ketal derivatives 
column packing I 

206" C 

1,2:4,5-Di-0-isopropylideneribitol 
5-Deoxy-l,2-0-isopropylidene-L-arabinose 
3-0-Methyl-l,2-0-isopropylidene-D-fructose 
Methyl 2,3-di-0-methyl-4,6-O-isopropylidene-a-~-~lucopyranoside 
1,3:2,4-Di-0-methyleneribitol 
1,2-0-Isopropylidene-a-D-glucofuranose 5,6-carbonate 
Methyl 2,3-di-O-methyl-4,6-O-ethylidene-~-~-1nannopyranoside 
Methyl 2,3:4,6-di-0-isopropyliclene-a-D-mannopyranoside 
3-O-AcetyI-l,2:4,5-di-0-isopropylidene-~-fructose 
2,3-0-Isopropylidene-L-rha~nnose 
1 ,2:4,5-Di-0-isopropylidene-D-fructose 
Methyl 4,6-0-ethylidene-5,3-di-O-1nethyl-p-~-galactopyranoside 
1,2-0-IS0pr0pyli~~eile-~-~yl~l0Se 
1,2:5,6-Di-0-isopropylidene-~-g1~1cose 
2,3:4,5-Di-O-isopropylide11e-~-fructose 
3,4-0-Isopropplidene-p-D-galactosan 
2,3:4,5-Di-0-isopropylicle~~egalactitol 
1,2:4,5-Di-0-isopropylicle17egaactitol 
1,2:3,4:5,6-Tri-O-isopropylidene-~-11ian1iiLoI 
2,3:5,6-Di-0-isopropylidene-D-mannose 
1,2:5,6-Di-0-isopropylidene-~-111a11nitol 
1 ,2:4,5-Di-0-isopropylidene-~-mannitol 
5-Deosy-5-S-ethyl-1 ,2-O-isopropylidene-D-xylose 
4,6-O-Etliylidene-1,~-0-isopropyliclene-~-galactose 
2,3:5,6-Di-0-isopropylidene-D-nian11ono-1 + 4-lactone 
4,G-0-Ethylidene-2,W-isopropylidene-D-niannose 
3,6-Di-O-acetyl-5-O-n~ethyl-1,2-0-isoprop~~lide1~e-~-gl~1cose 
5-Dcoxy-5-S-ethyl-I ,2-0-isopropylidene-L-arabinose 
Metliyl 3,4-0-isopropylidene-~-O-1~~ethanes~1lphon~~l-~-~-arabi1iosicle 
2,3:4,5-Di-0-isopropylide1~e-1,6-di-0-metha1~es~11plion~~lgalactitol 
1 ,2-0-Isopropyliclene-D-fructose 
:3,4:5,6-Di-0-isopropylidene-D-glucose dimethylacctal 
2,3-0-Isopropylidene-D-ribono-1 + 4-lactone 
9-0-Bcnzyl-I ,2:4,5-di-O-isopropyliclene-~-fr~1ctose 
Methyl 4,G-0-benzylidene-2,3-di-O-n1ethyl-a-~-glucoside 
1,2:4,5-Di-O-isopropylidene-3-0-methanesuIphonyl-~-fr~1ctose 
1,5-O-Isoprop)~liclene-~-gI~1cofura1iose 
1,2:3,4-Di-0-isopropyliclene-G-o-1~~et~~anesulp~ion~~~-~-galactose 
I'-O-Be1izyl-3,4:5,6-di-0-isopropylide1ie-~-1iannose climethylacetal 
1,3:2,-l-Di-O-meth).le1ie-~-glucitol 
2,~i:5,G-Di-O-isopropylidene-4-0-toluene-/~-s~1lpho11y-~-gl~1coe dimethylacetal 
:3,.5-Di-0-acet~~l-2,4-0-be1~zylidene-~-xylose climethylacetal 
2,3:4,5-Di-0-isopropylicle1ie-l-0-toluene-/~-s~1lphon~~l-~-fr~1ctose 
1,3,5-Tri-O-acetyl-2,4-0-be1lzylidenexylitol 
Methyl 3,4-0-isopropylidene-~-to~uene-~-s~1~p~io11yl-~-~-arabi11oside 
1,2:5,6-Di-0-isopropyliclcne-3-0-toluene-p-s~1lphonvl-~-gl~1cose 
Methyl 4,6-O-isoprop~~lidenc-2,3-di-0-1nethanes~1lpho1~yl-a-~-gl~1coside 
Lfethyl 4,6-O-isopropylidene-2,9-cli-0-be1~zoyl-~-gl~1coside 
4,G-O-Ethylidenc-l,~-isopropylidene-3-O-tol~~e~ie-~-sulpl~o~iyl-~-galactose 
3,4-O-Ethylidene-l,3-O-isopropylidene-G-O-tolue1ie-p-s~1lphonyl-~-galactose 

111 general it is founcl that substitution of free hydroxyl groups in carbohydrate acetal 
and ltetal derivatives by 0-methyl or 0-acetyl groups reduces the retention volun~e below 
that of the parent compound whereas replacement by 0-benzyl, 0-methanesulphonyl, 
0-benzoyl, and 0-toluene-p-sulphonyl groups causes increase in the retention voluines 
above that of the parent derivative, in the order listed. 
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Carbohydrates substituted by only one arylidene group, such as  methyl 4,G-0-benzyl- 
idene-a-D-glucoside (retention time 2 min, column packing 2), and those derivatives 
containing two or more 0-toluene-p-sulphonyl groups had such large retention volumes 
on column packing 1 that their separation proved impractical. However, a column made 
up of a very short length of a 1 : l  v/v intimate mixture of ( a )  20% w/w Apiezon M grease 
on Chromosorb W and (b) 20y0 w/w butanediol succinate polyester on Chromosorb W 
placed on top of a column of lyo w/w SE-30 methyl silicone poly~ller of glass beads a t  
206" C gave good separations of those compounds which had impractically high retention 
volumes on column packing 1. 

Apparatus 
Separations were carried out using a Pye Argon Chromatograph fitted with an ionization detector (80 pc 

radillm D) and employing straight glass columns (11iX0.5-c~n I.D.) packed with the support material and 
enclosed a t  each end by small glass wool plugs. The samples (3-5 -y) in dry methanol or chloroform solution 
were placed on the top of the columns with the aid of a micropipette ancl development was made using dry 
argon as the carrier gas. 

Col?~van Packings 
Chron~osorb \?I (60-80 mesh) and glass beads (60 plus n~esh) were prepared and coated with the liquid 

phases under the previously described conditions (7). The columns were prepared as described below. 
(1)  Col?~~~an packing 1.-11 column was constructed of 40 cm of (a) a 1:l  v/v intimate mixture of 20% 

w/w Apieron WI grease on 60-80 mesh Chromosorb \V ancl20% w/w butanediol succinate polyester on 60-80 
mesh Chromosorb W placed on top of a 77-cm column of (b) 17, w/w SE-30 methyl silicone polymer on 
60 plus mesh glass beads. 

(9) Coluwtn packzng 8.-A colmnn was constructed of 1.8 cm of (a) a 1:l v/v intimate mixture of 207. 
W/IX~ .-lpiezon bl grease on 60-80 mesh Chromosorb b3' and 20% w/w butanediol succinate polyester on 
60-80 mesh Chromosorb W placed on top of a 113-cm column of (b) 17, SE-30 methyl silicone polymer on 
60 plus mesh glass beads. 

(3) Colv~litn packing 3.-X column was constructed of 40 cm of (a) 5yo w/\v neopentylglycol sebacate 
(Applied Science Laboratories Inc., State College, Penna.) on 60-80 mesh Chromosorb 11' placed on top of 
a 74-cm column of (b) 1% w/w SE-30 methyl silicone polymer on 60 plus mesh glass beads. 

The fresh columns were purged with argon gas for 6 hours a t  15' above their operating temperatures 
before use. The columns could be used for several hundred analyses before any noticeable deterioration in 
their resolving power became apparent. 
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ANIONIC POLYMERIZATION OF STYRENE 

EFFECT OF TETRAHYDROFURAN1 
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ABSTRACT 

The propagation step in the b~rtyll i thium-i~~itiated pol) merization of styrene in benzene 
solution is t h o ~ ~ g h t  to be due to a small concentration of highly active free ion-pairs in equilib- 
rium nrith ~ ~ n r e a c t i ~ e  dimeric ion-pairs. This worli shows tha t  these dirners may be broken 
down by the addition of tetrahydrofuran. Small quantities of tetrahydrofuran forun, first, a 
low concentration of a monoetherate of the ion-pair with a high reactivity, and this augments 
the propagation reaction without changing the kinetic order with respect to  the initiator. 
This, a t  higher tetrahydrofuran concentrations, is followed by the completc brea1idon.n of 
the d i~ners  to give a dietherate in much higher concentration and lolver reactivity co~npared 
with the initial ion-pair and monoetherate. The kinetic order with respect to the initial 
initiator species changes fro111 one half to one during this process, and a maximum appears 
in the rate as the ether concentration increases. 

Snlall amounts of ethers and amines have been found to cause a great iilcrease in the 
rate of polymerization of styrene initiated by li thiun~ alkyls in hydrocarbon solution 
(1, 2). Welch, and Tobolslty and O'Driscoll, have postulated the formation of a stable 
complex of the lithium allq7l or active chain end with two molecules of ether, when the 
ether is tetrahydrofuran (THF),  and Welch made an estimate of the equilibrium constant 
for the association from the variation of rate with ether concentration. 

Later da ta  (3, 4),  however, have indicated tha t  the ltinetic scheme used has to  be 
modified. I t  is now thought that  the lithium polystyryl salts formed in the polymerization 
in benzene solution are dimerized, because the rate of propagation is proportional to  the 
half power of polystyryl anions present. Confirmation of this hypothesis could be sought 
by looking for the brealtdown of the dimers by preferential coordination with TI-IF, 
with a resultant change in the ltinetic behavior. The more detailed study that is necessary 
has now been made, and although the formation of etherates is confirmed, the wllole 
behavior is more complex than was previo~isly thought. 

EXPERIMENTAL 

The experinlental proced~rres were those used before (4). The  T H F  was added via further fragile bulbs 
into which either a Iinown volu~ne of vapor mas co~idensed or, for the highest concentrations, a lanow11 
volume of liq~lid. Benzene was used as solvent throughout. All concentrations are in moles/liter, the time 
is in minutes, and except for the te~ilperature dependence measurements the experiments werc done a t  20'. 

RESULTS AKD DlSCUSSlOX 

The  first series of liinetic runs was designed to  study the behavior of the reaction in 
the presence of a large excess of T H F  over 72-butyllithium, the initiator used throughout. 
The first nlajor effect of the T H F  is apparent in the initiation reaction. I n  the presence 
of 0.15 d l  T H F  the initiation step is completed virtually instantaneously on mixing of 
the reagents, in sharp contrast to the behavior in  the absence of T H F ,  where it is possible 
to follow the initiation reaction by the increase in optical clensity a t  335 mp over a period 

' I s s z~ed  as  1V.R. C. No .  6889. 
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of an hour or more. The optical density a t  335 mp attained a maximu~n before any 
measuren~ents could be taken, and then cleclined a t  such a slow rate compared with that 
of the propagation reaction that the decline was negligible. 

The shape of the ultraviolet absorption peak of the polystyryl anion in this benzene- 
T H F  mixture differs somewhat from that in pure benzene (-1). Although the position of 
the maximum is still a t  335 111p the peak is broader and more akin to the spectrum in 
pure THF.  There also appears to be a sillall increase in the integral extinction coefficient 
as found froin the relative areas under the curves, and the area is closer to that of the 
absorption of the sodium polystyryl salt in T H F  solution. The extinction coefficient a t  
335 mp changed from 1.30X101 in benzene to 1.2OX105 and compares with 1.18 found 
in T H F  a t  343 111p. In subsequent series of experiments it was found that on the acldition 
of smaller amounts of T H F  the spectrum was closer to that in pure benzene. When the 
[THF]/[butyllithiuin] ratio is about 2, a t  a butyllithium concentration of 114, the 
spectrum is almost identical with that in pure benzene solution. On addition of further 
T H F  the spectrum changes up to a ratio of 30/1 and then remains constant. 

Eve11 a t  the lowest concentration of T H F  used initiation was complete in a few seconds 
and no attempt was made to ineasure its ltinetics. I t  is possibly this greatly increased rate 
of initiation that has caused other worlcers to comment on the greater overall rate of 
polymerization in the presence of THF.  The propagation rate is generally increased as 
well, but far less marltedly. Because of the fast initiation step, the co~~centration of 
polymerizing chain ends could always be talcen to be the same as the initial butyllithium 
concentration. 

The propagation reaction gives a normal first-order disappearance of styrene over 
several half-lifetimes, and good logarithmic plots of the decrease in optical density a t  
291 mp were obtained as far as the limitations of the analysis would allow. The order 
with respect to the initial butyllitl~ium concentratior~ is changed from one half ill the 
absence of T H F  to one in the presence of 0.15 64 T H F  (Fig. I ) .  This is consistent with the 
brealcdown by TI-IF molecules of the climerized active chain ends postulated to explain 
the half-order dependence in bei~zene. The actual increase in the rate of poly~nerization, 

FIG.  1 
presence 

. The 
o f  0.15 

dependence 
M T H F .  

the propagation rate on the concentration in the 
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however, is only a few fold, and not a t  all proportional to the great increase in the nunlber 
of monomeric active chain ends that illust occur as all the chain ends separate. This can 
be explained by a sharp decrease in the intrinsic reactivity of the chain ends when 
conlplexed with THF.  Alternatively, the reaction could be directly with the dimer instead 
of the single lithiuln polystyryl ion-pairs in equilibrium, but this view is not consistent 
with the rest of the data. 

The next series of experiments was designed to find how the rate of propagation varied 
with the T H F  concentration. Propagation rates were nleasured over a wide range of T H F  
concentrations, keeping the butyllithiun~ nearly constant, a t  each of two median butyl- 
lithiunl concentratiolls (Fig. 2). I t  is seen that,  although for slllall ratios of [THF],' 

FIG. 2. T h e  effect of wide variations in t h e  tetrahydrofuran concentration on the  propagation rate a t  
two l n e d i a ~ ~  butyllithium concentrations: 0, [BLIL.~] = 0.96-1.2X10-3 ild; X, [BuI.il = 1.2-1.8X10-4 ilf. 

[butyllithium] there is a sharp increase in rate, a t  ratios above about 10:l the rates begin 
to decline. 

The variation of the rate with the butyllithium and T H F  concentrations a t  the initial 
rising portion of these curves was next determined. Figure 3 is a plot of rate against the 
square root of half the initial but>-llithium concentration a t  constant [THF] of 10-VlC, 
demonstrating that  a t  this low T H F  co~lcentratioll the order is still very close to a half 
in initiator. The difficulty of accurately reproducing this low T H F  concentration under 
these co~lditio~ls is respo~lsible for the rather undesirable scatter of the points. 

Figure 4 shows a plot of ra te / ( [bu t~ l l i th iuml /2)~J~  vs. [THF] for low values of the 
latter, over a narrow range of initial butyllithiulll concentration. I t  is seen that the 
increase in rate approaches a linear dependence on the T H F  conce~ltration as this 
decreases. 

Hence a t  low [THF]/[butyllithiu~n] ratios the propagation rate seeills to  be governed 
by the rate expression 

A t  high ratios of [THF]/[butyllithiu~n] it is possible to obtain a linear plot of rate 
against l /[THF] with an  intercept on the ordinate (Fig. 5). Hence as it  has already been 
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FIG. 3. The dependence of the propagation rate on the initial concentration of b ~ ~ t p l l i t h i ~ ~ m  in the 
presence of 1 X ild THF. 

The dependence of the propagation rate on low concentrations of THF.  [BuLi] = 4.2-G.4X lo-" Ad. 

shown that the rate is of first order in initial [butyllithium], the propagation rate is 
governed by the equation 

These kinetics are consistent with a reaction scheme whereby the initial unreactive 
diiner ion-pair is in equilibrium with the free chain end ion-pair, which in turn is in equilib- 
rium with a complex of this ion-pair with one molecule of THF, and this in turn can 
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FIG. 5 .  The clepenclence of the propagation rate on higher concentrations of THF. 

complex with one more molecule of T H F  to form a dietherate of comparatively low 
reactivity compared with the monoetherate or the bare ion-pair. 

Hence, 

K s ks 
P;.TIIF + TI-IF ' P,.2TIIF, Pi.2TI-IF + M 4 Pi+1.2THF [5 I 

.At low T H F  concentrations only [3] ancl [4] will be of importance; hence, 

Under these conditions both [Pi]  ancl [Pi.THF] are snlall ancl [(Pi)?] is given by [but).l- 
lithium]/2. This is identical with [l] if  ki = klIilll" and k" = k?IC111'I<2. 

At high T H F  concentration, only [4] and [5] are of importance; hence, 

Under these conditions [P,.THF] is small, and i l l  the limit [Pi.2THF] is the total concc~l- 
tratioil of chain ends and hence equal to the initial butyllithium concentration. This is 
equivalent to [2] when k"' = kg and k'" = k2/Kg. 
The overall reaction is governed by the ecluation 

and ii [Pi] and [Pi.THF] are assumed always small, then 2[(Pi)2]+[Pi.2THF] = [c], 
where [c] is the initial butyllithium concentration, and 
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where 

B = ((~12+4A~)1'L-i1}/2,  
A = K1K221<32[THF]"22, 

c = [butyllithium], 

for all coi~centrations of THF.  
The values klK~~"'  = 0.548, k2KI1I2K? = 1.59X103, kJK3 = 0.89, and k3 = 35.5 can 

be derived froill the slopes and intercepts in Figs. 1, 4, and 5, and from them it is possible 
to evaluate equation [GI. The calculated contributions of the three simultaneous propa- 
gation rates are given in Table I ,  together with their sum and the esperiilleiltal value for 
all runs. Reasonable agreement is found, considering the range covered, which suggests 
that the approsilllatioils illade were valid. 

TABLE I 
Calculated and observed propagation rates 

- 1O"d In [M]/dl (win-') 
103[BuLi] 103['THF] -- 
(moles/l.) (moles/l.) 10?k3[Pi.2THF] 1O2k?[Pi.THF] 1O2kl[P,] Calc. Obs. 

Because of the different I-,Ltes of propagatioil of the three reactive species, it' the estab- 
lishment of the equilibria is not rapid, the polyiner produced would not have the Poissoil 
distributioil expectecl from the fast initiation and slow propagatioil rates. To  checl; this, 
two polymers were made ~~ncler different conditions and their viscosity-average molecular 
weights found ( 5 ) .  The agreement shown in Table I1 with the number-average molecular 
weight calculated from the expression D.P. = [M]/[c] is suficieiltly good to  coilclude 
that the equilibria must be very labile. 
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TABLE I1 
Measured and calculated molecular weights 

Molecular weight 

103[BuLi] [Styrene] 103[THF] Calc. Visc. 

The  temperature coefficient of the reaction of the dietherate with styrene a t  a T H F  
concentration of 0.15 df was found over the range 10" to 30°, and was equivalent to  an 
activation energy of 10.4 kcal. This  compares with the value of 9.2 lccal found by Gee, 
Allen, and Stretch (6) for the propagation reaction in the polymerizatioi~ of styrene by 
sodium naphthalene in dioxane solution. T h e  dielectric constants of the two solvellts are 
similar, ancl both reactions have the same lcinetics. No  cloubt the reactive species in 
dioxane is again ail etherate. 

I t  is not possible to  determine the absolute concentration of the  monoetherate from the 
data ,  b u t  the assulllption tha t  it is slllall seeins valid. T h e  coilceiltratioil of the  dietherate 
can be calculated and shows tha t  the tendency to  complex is not very strong, since for 
an  initiator concentration of 114 nearly a 10-fold excess of T H F  is necessary before 
over 90% of the chains are ill this form. Even then the ra te  is still largely goveri~ed by  the 
small equilibrium concentration of monoetherate. The  wealelless of the  co~llplex is also 
illustrated by  the slow change in appearance of the absorptioil pealc in the ultraviolet 
with increasing T H F  concentration. I t  would seem t h a t  the ion-pair would prefer to 
associate with itself than with the T H F .  T h e  interaction between two ion-pairs would be 
expected to  be greater than tha t  bet\veei~ one ion-pair and a polar molecule. 

I t  should be noted tha t  this analysis does not preclude the possibility of higher etherates 
forniing a t  even higher T H F  concentration. Even in the range covered small amounts of 
such complexes would be overlooked unless they had again a markedly different reactivity. 
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5. J .  h1. G. C~LVII:, D. J .  Wol<sr;ol.~, ant1 S. BYW:\TE~<. 'Trans. Faraday Soc. 57, 705 (19G1). 
6. G. :~LLI:X,  G. GEE, ant1 C. S-r~:~rci~.  J. Poly~ner Sci. 48, 180 (l!)GO). 
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ABSTRACT 
The synthesis of r-fluoroglutamic acid, HOOCCIIFCHyCH(.\'I-I2)COOI-I, was achieved by 

two independent methods, both of which involved the Michael reaction: (1) methyl 
a-fluoroacrylate and diethyl acetamido~nalonate gave the transesterilied intermediate, which 
on hydrolysis produced r-lluoroglutamic acid (3lC% yield); (2) ethyl a-acetamidoacrylate and 
diethyl fluoromalonate reacted under mild conditions to give, after hydrolysis, the required 
amino acid in 56% overall yield. Of the two procedures, the second is preferable, since it is 
based on Inore readily available starting ~naterials and gives a higher yield. 

Virulent n/Iycobacteriz~rn tz~berculosis var. horninis has a glutamic acid content averaging 
50Yc higher than tha t  of non-infective strains. T h e  infective strain's virulence might 
thus conceivabl>. be related in some way to its content of glutamic acid. From this it 
follows that  anti~netabolites of glutamic acid might have some chance of being effective 
against the tubercle bacillus. Because of the spatial similarity of fluorine and hydrogen 
atoms in organic compounds ( I ) ,  7-fluoroglutamic acid (I)  was considered t o  be a 
promising candidate agent, and its synthesis was therefore undertaken. 

The  two routes which were examined initially proved to be unsuccessful. These are 
summarized below: 

The  first of these failed because the enolate of ethyl i'luoroacetate (2) was found to  
attack the lceto group of the ethyl bromop)iruvate rather than effect nucleophilic substi- 
t~ i t ion ;  attempts a t  bloclcing the keto group were no inore successful. 

For the second route, the preparation of diethyl bromomethylacetainidoinalonate 
(111) proved to  be unexpectedly difficult. Direct alkylation of diethyl acetanlido~nalonate 
using excess dibromomethai~e gave none of the desired product. Allcylation of diethyl 
acetamidomalonate with chlorometl~yl ~ne thy l  ether gave the expected diethyl methoxy- 
n~ethylacetan~ic~oi~~aloi~ate ,  but  attempted cleavage of the ether with hydrobroinic acid 
resulted either in no reaction or in extensive hydrolysis of the ester and amide groupi~lgs; 
this is in contrast to the behavior of diethyl n~ethosymetl~ylmalonaloi~ate, which readily 
forms diethyl broinometl~yln~alonate under similar tl-eatment (3). T h e  required diethyl 
b r o n ~ o i ~ l e t h y l a c e t a i l ~ i d o n a t e  (111) was finally synthesized in satisfactory yield from 
diethyl acetamidomalonate by hydroxymethylation using formaldehyde and Ainberlite 
IR-4B anion exchange resin a t  30-35' (4), followed by treatment with excess phosphorus 
tribromide. However, on attempted reaction with diethyl fluoromalonate (11) (5), the  

Canadian Journal of Chemistry. Volume 40 (1968) 
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basic medium promoted ring closure of the bromo compound rather than the desired 
alkylation shown above; thus 4,4-dicarboethoxy-2-1nethyl-2-oxazoline (IV) was forined. 

COOEt COOEt 
n / / 

Br-CH2-C CH2-C 
I \ 

NaH I I\COOEt 
+ O N  

C 
\ C /  

I 

While oxazolines are susceptible t o  attack by some nucleopl~iles, trial runs indicated that 
4,4-dicarboethox~~-2-methyl-2-oxazolie was resistant t o  ring opening by malonic ester 
anion. 

Attention was next directed t o  schemes involviilg the A'lichael reaction: 

ROOCCF=CI-12 + CIH (NHAc) (COOEt)? + EtOOCCI-IFCHyC(NI-I&) (COOEt):! 
17 v I 

+ HOOCCI-IFCHzCI-I(NHz)COOH, [3] 
I 

( ~ t o o c ) ? C H F  + CHr=C(XHAc)COOEt + (EtOOC)2CFCHrCH (NHAc)COOEt 

I I V I  I VIII 

+ HOOCCHFCIH~CH(NH:!)COOIH. [4] 

I 

While the first of these (scheme [3]) (6) was being studied, I-Iudlicl~v (7, 8) described 
the identical procedure starting from ethyl a-fluoroacr~ late (V, R = Et )  (8, 9). Our work 
differed only in the use of methyl a-fluoroacrylate (V, R = Me) (10). Details of the 
synthesis may be obtained from I-1udlicl~J;'s reports. The only additional point of interest 
is that,  during the RiIichael reaction, treatment with sodium ethoxide in ethanol caused 
the methyl ester grouping associated with the a-fluoroacrylate to be transesterified to 
the ethyl ester; thus both methyl and ethyl a-fluoroacrylate gave diethyl a-acetainido-a- 
carboethoxy-a'-fluoroglutarate (VI) as  the Michael intennediate. 

The  above syllthesis (scheme [3]) was based on a-fluoroacrylic esters, which are not 
readily available, and gave a rather low overall yield of 7-fluoroglutamic acid (31%, crude). 
I-Ience the second R'lichael reaction (scheme [4]) was next examined. Both starting 
inaterials are fairly easy to  prepare. Diethyl fluoromalonate (11) (5) was obtained from 
ethyl Auoroacetate and ethyl chlol-oforinate. Ethyl a-acetamidoacrylate (VII) (11) was 
synthesized from the half ethyl ester of acetamidomalonic acid by reaction with for~nal- 
dehyde and diinethylamine; the resultant AIannich base gave the desired product a t  
pl-I 8. The 3lichael reaction proceeded smoothly a t  room temperature to  yield diethyl 
a-acetai~~ido-a'-carboetl~oxy-a'-fl~~orogl~tarate (VI 11) and a small amount of 3,5-dicarbo- 
ethoxy-3-fluoro-2-pyrrolidone by ring closure of VIII (12); the formation of the latter 
was inferred fro111 the presence of traces of eth>.l acetate i n  the reaction nlixture. Tha t  the 
main product was VIII was indicated by a comparison of its amide carbonyl stretching 
frequency (lG8l cm-I) with that of cliethyl a - ace t amido -a -ca rbo~ t1~0~y-a ' - f l~~ ro~ lu t~~ra t e  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BUCHANAS ET AL.: y-FLUOROGLUTAMIC A C I D  1573 

(VI) (1686 cm-I) and of 5,s-dicarboethoxy-2-pyrrolidone (1718 cm-I). A separation was 
not attempted, because hydrolysis of the pyrrolidone and of VIII would give the desired 
y-fluoroglutamic acid in both instances. The crude intermediate was heated under reflux 
with G N hydrochloric acid. Isolation and purification gave the pure material (I) in 55% 
overall yield, based on diethyl fluoromalonate. This procedure is the mzthod of choice, 
in terms of yield, convenience, and availability of starting materials. 

y-Fluoroglutamic acid was non-toxic to lllice (LD50 > 80 nlg/kg by intraperitoneal 
injection). I t  was inactive in vitro a t  20 y/ml against the followi~lg bacteria: Lzctobacillus 
arabinosus, Lactobaczl l~~s casei, Streptococcus faecalis, Streptococcus pyogenes, S taphy lococc~~s  
azlreus, Protecls mirabilis,  Psez~domo~zas  aeruginosa, Salmonella t y p h i m u r i l ~ m ,  and iMyco- 
bacteriz~m t~lberczllosis (M37Rv). I t  was inactive against the following ilnporta~lt human 
pathogenic strains of virus (tissue culture test) : polio, measles, herpes, and a virus isolated 
from respiratory infections (hemagglutinating virus Xo. I) .  I t  showed weak activity 
against malignant cells (Eagle-Foley tests) in tissue culture (EDSO, 30 y/ml). In short, 
110 significant biological activity of any sort has been observed so far. The lacli of positive 
results has led us to interrupt the synthesis of the iso~neric /3-fluoroglutamic acid, 
HOOCCI-ISCHFCI-I (NH?)COOI-I. 

EXPERIMENTAL 
Ethyl Flz~or oncetale 

This compound was prepared from technical S O ~ ~ L I I T ~  fluoroacetate (compound 1080) (13). 

Diethyl Fluoroir~c~lorzate (11) 
This compound \\.as prepared by the method of Bergmaon, Cohen, and Shahak (j), but modified a s  

follows: (a) The reaction was carried out on four times the scale ( i t .  2 d l ) .  (b) Sodium hydride dispersion 
(56.5y0) in mineral oil was ~ ~ s e d  in place of pure sodi~un hydride. (c) Ethyl fluoroacetate was added over 10 
hours instead of 4 hours. (d) At the co~npletion of the reaction, the ether extracts were washed with 1% 
sod i~ r~n  bicarbonate. Crude diethyl fluoromalonate (72.1 g, 27.ic/0) was obtained, b.p. 86-94" a t  9 mm, 
and 7 1 ~ ~ ~  1.4063, which 011 fract~onation through a platinum-plated spinning-band colu~url yielded the pure 
fluoro ester (61.5 g, 23.6Vo), b.p. 97-97.5" a t  12 mm,  J L D ? ~  1.4056. Calc. for C7HIIFOI: C, 47.19; 13, ti.22. 
Found: C, 46.82; H, 6.46. 

D~ethyl il/letho~y)~iell~yla~ etan~ido~izalonate 
Sodium (4.6 g, 0.20 g-atom) was C L I ~  into small pieces under dry xylene, was washed with dry ether, and 

wasadded to 100 1111 of anhyclro~~s ethanol in a 1-liter, three-necked flaslc htted with a stirrer, rellus condenser, 
and addit~on funnel. Whcn all the sodiu~n had reacted, diethyl acetamidolnalonate (43.5 g, 0.20 mole) was 
added together with a further quantity of arthydrous ethanol (25 1111). 'l'he mixture was stirred a t  roorll 
temperature for 14 hours. Dry ben~erle (100 ml) was added to complete the precipitation of the enolatc. 
?'he solid was filtered, was \\lashed w ~ t h  dry ben~ene and dry ether, and was dried in a vacuum desiccator 
over F1O,; yield 37.6 g, 78.5%, m.p. 188-192" (decamp.) The dry enolate was transferred to a 1-liter, three- 
r~eclied flask, fitted with a stirrer, rellus condenser, and addition funnel. Dry ether (150 ml) was added, and 
chlororllethyl methyl ether (24.2 g, 0.3 mole) in dry ether (30 ml) was added over 15 minutes with vigorous 
st~rring. The mixture was stirred a t  room temperature for a n  additio~lal 4 hours, was heated under reflux 
for 2 hours, and was allo\\red to stand for 12 hours a t  room temperature. The precipitated sodium chloride 
was removed by filtration, and the hltmte was concentrated by evaporation on a s t ea~n  bath. X small 
quantity (4 2 g) of diethyl acetanl~don~alor~ate crystallized, and the residual viscous liquid was distilled 
In vaczro through a short Vigreuu c o l u m ~ ~  to yield the required product (10.4 g, 22.O%), b.p 106-111" a t  
0.20 mm, n ~ ? ~  1.4507. l~lfrared spectrum in CHC17, cm-I: 3448 (XI-I) s, 3012 (CH) s, 2950 (CH) s, 2833 
(OCE13) 111, 1745 (ester C=O) vs, 1681 (ainide C=O) vs, 1497 s, 1479 s, 1449 m, 1393 m, 1374 s, 1304 s, 
12122 s, 1110 s, 1078 m, 1022 s, 858 m. Calc. for CIIH19NOe: C, 50.65; H ,  7.33. Found: C, 50.37; H, 7.20. 

Dietl~yl Hyd~oayrr~e thy la~e~anrzdo ina lo~~a~e  (4) 
A slurry of 12 ml of Ambcrlite IR-4B anion exchange resin In 95% ethanol was placed in a chromatographic 

column (0.9-cm internal diameter) which was maintained a t  30-35" by means of heating tape. Diethyl 
aceta~llidomalonate (4.1 g, 22 mmoles) \\.as dissolved in %yo ethanol (100 ~ n l ) ,  and 37% formalin solut~on 
(2.6 g,  32 ~llmoles) was addecl. This solution was added dropwise to the column over 2 hours. The  eluate 
was collected, and about 70 1111 of 95Yb ethanol was passed through the colt111111 a t  the same rate to elute 
the remainder of the product. The etha1101 was removed on a stearn bath using a rotatory evaporator; the 
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resultant viscous syrup was dissolved in benzene, and petroleum ether (b.p. 60-80') was added. O n  scratching 
and cooling, colorless crystals o f  the  hydroxpnlethyl compouncl (3.4 g, 62.5%) separated, n1.p. 61-65'. 
Yamada et al. ( 4 )  quote 1n.p. 04-65'. Calc. for CloH17NOe: C ,  48.57; H ,  6.93. Found: C ,  48.83; 13, 7.13. 

Diethyl Bronto~~tethylacetanzido~~zalo?~~~te ( I I I )  
T o  diethyl hydrosyn~ethylacetan~ido~nalonate (23.92 g, 96.8 mmoles) in the m i n i m ~ ~ ~ n  quanti ty o f  benzene 

was added pyridine (two drops) and then,  dropwise and with stirring, phosphorus tribromide (26.2 g, 97 
inmoles). T h e  mixture mas stirred a t  70' for 3$ hours. A n  equal volume o f  cold water was added and the  
resultant layers were separated. T h e  aqueous layer was extracted four times wiLh benzene, and the extracts 
were added to  the original organic layer. T h e  benzene solution was washed with 5% s o d i ~ ~ m  bicarbonate 
and then with water, and was dried over anhydrous sodium sulphate. T h e  solutio~i was concentrated t o  a 
small volume, which on cooling deposited colorless crystals (17.5 g, 58.270), n1.p. 08.5-71.5'. Infrared 
spectrum in CMC13, cm-': 3448 ( N H )  s, 3021 ( C H )  s, 1751 (ester C=O) vs ,  1681 (amide C=O) vs ,  1497 vs ,  
1449 m ,  1427 m ,  1395 m ,  1376 s, 1304 vs ,  1247 s, 1196 s, 1163 m ,  1100 m ,  1063 nl, 1014 s, 946 m,  881 m ,  
860 s, 630 (C-Br) s. Calc. for C I ~ H I G B T N O ~ :  C ,  38.72; H ,  5.20; Br, 25.77. Found: C ,  38.92; H ,  5.36; Br, 
25.64. 

~,~-Dicarboetho.ry-d-n1etl~yl-2-oxazoline ( I  V )  
Sodium hydride dispersion (56.5%) in mineral oil (137 mg,  3.23 mmoles) was suspended in dry dimethyl- 

forman1ide (25 ml) .  T h e  bromoester 111 (1.0 g, 3.23 n ~ ~ n o l e s )  was added, and the  m i x t ~ ~ r e  was stirred at 65-70' 
for 7 hours. B y  this time evolution o f  hydrogen had ceased and the  solution was clear. Af ter  standing at 
room temperature for a further 12 hours, t he  mixture was poured into water. Extraction wi th  ether, washing 
the  extracts with water, drying (Na?S04) ,  and distillation gave the  oxazoline (0.40 g, 54.2%-,), b.p. 85-87.5' 
a t  0.01 m m ,  nnZ5 1.4489. Infrared spectrum in CCl4, cnl-I: 2985 ( C H )  s, 1745 (ester C=O) vs ,  1667 (C=N) s, 
1471 m ,  1447 111, 1389 S ,  1370 S ,  1351 m ,  1299 V S ,  1247 V S ,  1200 v s ,  1103 vs, 1029 S ,  1001 s, 917 s, 861 m .  
Calc. for CloHlaNOs: C ,  52.39; H ,  6.60; N, 6.11. Found: C ,  52.21; H ,  6.74; N, 6.25. 

illethyl a -  Fluoioacrylate 
This  compound ( V ,  R = M e )  (10) was kindly provided b y  Dr. J .  J .  Baron, Jr. ,  General Aniline and 

Film Corporation, Easton, Pa. 

-,- Flz~oroglutantic Acid ( I )  (Schenie [5]) 
T h e  mcthod was essentially the  same as that  described b y  Iludlickj. ( 8 ) ,  but  with minor modifications. 

Methyl  a-fluoroacrylate was used in place o f  the  ethyl ester. However, this gave the transesterified Michael 
intermediate V I ,  m.p. 99-100.5°. Calc. for C1413?2FIi07: C ,  50.14; H ,  6.61; N,  4.18; F, 5.67; M.W., 335. 
Found: C ,  50.42; H ,  6.52; N, 4.22; F ,  5.38; PV1.W. (Ras t ) ,  326. It is essential that  vigorous and conlplete 
hydrolysis o f  the Michael intermediate be carried ou t ;  mild hydrol~s is  leaves the  amide grouping intact, 
which in turn causes clifficulty in t he  subsequent purification. T h e  free amino acid had m.p. 188-192°. Calc. 
for C 5 1 3 8 F h 0 ~ :  C ,  36.37; 13, 4.88; N ,  8.48. Found: C ,  36.50; 13, 5.17; K, 8.70. 

Ethyl Hydroge?~ Acetanzidol~zalonate 
This  compound was prepared b y  t he  method o f  Hellmann et al. (11). 

Ethyl a-rlceta?nidoacrylate ( V I I )  
This  compound was prepared b y  the method o f  Hell~nann et al. (11).  T o  ensure the required decarboxy- 

lation, it is important t o  acidify the  formalin-dimethylamine solution to a pH o f  ca. 8 b y  the  addition o f  
dilute hydrochloric acid before adding the  acetamidon~alonate half estcr. 

r - F l ~ ~ ~ i ~ g l ~ ~ t a ~ t ~ i c  Acid ( I )  (Scl~e?lze [4])  
Sodiuin (41.2 mg,  1.79 mg-atoin) \\-as dissolved in absolute ethanol (10 m l )  contained in a 50-ml three- 

necked flask fitted with a stirrer, reflux condenser, and addition funnel. Diethyl fluoromalonate (3.78 g, 
21.2 mmoles) \\-as added, and the  resultant mixture mas stirred for 10 m i ~ l ~ ~ t c s .  Ethyl  a-acetamidoacrylate 
(3.2 g, 22.3 mmoles) in absolute ethanol (5 m l )  was added dropwise and with stirring, causing a rise in temp- 
erature. T h e  mixture was stirred for a further 30 minutes, and then was allo~ved t o  stand for 11 hours. T h e  
mixture, which had a distinct odor o f  ethyl acetate, \\-as acidified with dilute hyclrochloric acid, and the 
solvent was removed on a steam bath. T h e  residue (5.65 g ) ,  a v i s c o ~ ~ s  oil, afforded a satisfactory infrared 
spectrum for V I I I ,  cnl-I: 3413 ( N H )  s, 2985 ( C H )  s, 1742 (ester C=O) vs ,  1681 (amide C=O) s, 1502 m ,  
1468 In, 1445 m ,  1372 s, 1302 s, 1263 vs ,  1159 s, 1096 (C-I;) s, 1068 s, 1024 s, 942 In, 858 rn. 

T h e  viscous oil (5.65 g) was heated under reflux \\zit11 concentrated hydrochloric acid (14 m l )  for 52 hours. 
T h e  resultant solution was evaporated uaczlo on a steam bath,  and \\-as diluted \\.it11 water and evaporated 
twice more. T h e  syrup was dissolved again in ~vater  and treated wi th  an excess o f  freshly prepared silver 
oxide t o  remove chloride ions, and filtered through "Supercel" t o  remove residual traces o f  silver chloride. 
T h e  filtrate was evaporated a t  70' in a water bath t o  a vo lu~ne  o f  about 50 ml. Further evaporation a t  35' 
caused the amino acid t o  crystallize. Af ter  the  solid had been collected by  filtration, the remainder o f  the 
product was precipitated b y  the  addition o f  95% ethanol. T h e  fluoroglutamic acid was obtained as a light 
brown solid (1.96 g, 56%,). T w o  recrystallizations from water and drying i n  vaczco over P ~ 0 5  gave the  pure 
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acid, n1.p. 189-191". The samples obtained by the two methods (schemes [3] and [4]) gave, on mixing, a 
melting point of 188-191". Calc. for CsHsFN04: C, 36.37; H, 4.88; N, 8.48. Found: C, 36.10; H,  5.13; N, 8.28. 

The nuclear magnetic resonance spectrum (Table I) of the r-fluoroglutamic acid (10% w/v in redistilled 
trifluoroacetic acid) was obtained with a Varian 60 Mc/sec V-430213 spectrometer, using tetrarnethylsilane 
as internal standard. The data for DL-glutarnic acid, obtained under the same conditions, agree with those 
already published (14). 

TABLE I + 
N.M.R. spec t r~~m of HOOCCHFCH?CH(NH3)COOH 

Group Chemical shift ( 7 )  Coupling constants (cycles/sec) 

-COOH - 1.60 (under solvent signal) - 
+ 

-NH3 2.36 (broad) - 
-CIIF- 4.47 (doublet of triplets) J H F  47.3; JHH 5.6 

+ 
-CEI(NH3)- 5 .25 (multiplet) - 
-CFI?- 6 .  99 (do~~ble t  of triplets) J E F  23.5; JEH 5.6 
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sample of methyl a-fluoroacrylate fro111 Dr. J. J .  Baron, Jr., Central Research Laboratory, 
General Aniline and Film Corporation, Easton, Pa. We are grateful to Dr. J. B. Stothers 
of this department for help with the nuclear magnetic resonance spectra, to Dr. M. I<. 
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Bangalore 12, I?ldia 
Received February 23, 1962 

ABSTRACT 
The infrared absorption spectrum of peroxy titanium sulphate has been studied in the 

region from 2 to 23 and the various bands are characterized. The sulphate group in the 
compound is shown to have C2c sylllllletry, indicating its bidentate nature. 

Orange-red peroxy titaniuill sulphate, Ti02S0,.3H?0, was prepared in the solid state 
by IVIohan and Pate1 (1). The compouud was subjected to various physicocliemical 
studies and assigned the structui-e (A). No infrared absorption studies were, however, 
carried out on the complex. 

(A) (B) 

The infrared spectrum was taken with a single-bean1 Perkin-Elmer I R  spectrometer, 
model 112, with a I<Br prism, employing the mull technique. The absorption curve in the 
region from 2 to 23 p is given in Fig. 1. The observed bands with group assignments are 
listed in Table I. The assigiliiieilts of the frequencies are based on the available data in 
the literature. Wherever the bands are broad, the frequency a t  the center of gravity of 
the band is given. 

The sulphate ion has a regular tetrahedral structure belonging to the point group i", 
(2). In its ionic state, SO4 has nine vibrational degrees of freedom, distributed in four 
iloriiial modes of vibration. Out of these, only two are infrared active (2). When SO, 
functions as a unidentate ligand, the oxygen coordinating to a inetal atom is no longer 
symmetrically equivalent to the other three oxygens and the effective symmetry of SO4 
is lowered to C3,  (3). In C3, symmetry, six infrared absorption bands are observed. When 
SO, functions as a bidentate group, its effective symmetry is further lowered to Cr,. 
I11 C?,  symmetry, eight modes of vibration, out of the total of nine, are infrared active 
(3). I t  is thus possible to arrive a t  the symmetry of the SO4 group in peroxy titanium 
sulphate from the observed bands. The observed infrared absorption bands of the SO4 
group for different point group symmetries are listed in Table 11, along with the observed 
bands of the sulphate group of peroxy titanium sulphate. The results of Table I1 show 
that  the sulphate group in peroxy titanium sulphate has a point group symmetry C?,  
and the bands agree fairly well with those reported by Nakamoto and co-worlters (3) 
for SO, having C2, symmetry. This shows that the SOL group functions as a bidentate 
ligand in peroxy titanium sulphate, confirming the earlier observation of Mohan and 
Pate1 (1, 4). 111 peroxy titanium sulphate, two of the oxygens of the sulphate group are 
coordinated to the central titailium atom, as given in foriiiula (B). 

The band a t  3030 cm-' is attributed to  the 0-H stretching vibration and the one a t  
1681 cm-' to 0-H bendii~g of H?O groups in the complex. The lowering of the stretching 
frequency and the raising of the bending frequency fro111 the correspondi~ig frequencies 
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.IERE A N D  PATEL: PEROSY TITANIUM SULPH;\TE 1577 

Wavelength in mlcrons 

FIG. 1. Infrared spectrum of perosy titanium sulphate. 

TABLE I 
:\ssignrne~lts of observed frequencies in the infrared spectrum 

of perosy titanium sulphate 

Frequency (cm-I) Assignment 

1681 iVsj 
1199 (vs) 
1142 (s) 
1005 (s, b) 

917 (s) 

845 (vw) 
(21 (s) 
609 (s) 
502 (s) 
506 (s) 
466 (s, b) 
448 (s) 

v(H?O) 
a (H?O) 
6 0 4 )  
6 0 4 )  
(SO.,) overlapping with Ti-O of 

the t r i a ~ i g ~ ~ l a r  perosy titanyl 

- 
1-120 rock 
6 0 4 )  
(SO.,) 

No.I.E: 1's = very strong; s = strong; s ,  b = strong and broad; m = medium; 
w = weak; v\v = very weak; v = stretching; 6 = bending. 

of free water (2) are due to the combined effect of coordination and 11ydroge11 bo~lding in 
water molecules (5). The weak band a t  848 em-' is due to the rocking ~llode of vibration 
of the coordinated water (5). The bands a t  1005 and 877 em-' are assigned to  the triangular 
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TABLE I1 
1nfrared.absorption bands of the sulphate group of different point group 

:symmetries (3), and of peroxy titanium sulphate, in cm-I 

Td. Csu Cqu In peroxy titanium 
free ron unidentate bidentate s u l ~ h a t e  

A - - -  

PI  - 970 (m) 995 (m) 917 (s) 
v 2  - 438 (m) 462 (m) 466 (s, b) 

I 1170 (s) 1199 (vs) 

v a  1104 (s) 1105 (s) 1142 (s) 
I 

. , 
V J  613 (s) \ 604 (s) 

610 ( s )  609 (s) 

571 (m) 592 (s) 

peroxy titany1 group, Ti'?. This assignment is based ou the observation of sinrilar 
'0 

bands in titanium peroxide (6), Ti02(0H)2, and the absence of the same bands in meta- 
titallyl hydroxide, TiO(0H)l .  The peroxy titanyl group bands are also found in the same 
region in peroxy titaniunl oxalate, maleate, and nlaloilate complexes (our unpublished 
data). Unlilce the peroxy bands in other peroxy titanium compounds, the band a t  1005 
clll-' in peroxy titailiunl sulphate overlaps with one of the SO4 bands in the saille regioll, 

in the broadening of the band. The bands a t  506 and 448 cm-I are due to the 
fundallle~ltal modes of vibration of Ti-0, as assigned earlier by Narayanan (7) by 
Last (8) in rutile and several titanates respectively. 

I t  has been observed, in the infrared spectra of a ilunlber of peroxy and deperosl.- 
gellated coinpounds iilcluding titanyl peroxide and hydroxide, investigated by the presellt 
autllors, that there is a broad shallow absorption band extending froin about 1000 to 
700 cm-I. Nyholm and co-workers (9) have also observed very broad absorption betweell 
800 and 900 cm-' in TiOS04 and I&TiO(Cz04)?. I<endall (10) has also found contin~~ous 
absorptioll in the region 700-1200 cm-' in the spectra of Ti02 in its three polymeric forms. 
Narayanall (7) has also observed a broad absorption band extending from 1000 to 1200 
cm-1 in the Rainan spectrum of the rutile. The average region of absorption thus estends 
froill 700 to 1200 cin-' in various c ~ m p ~ u ~ l d s  having the Ti-0 group. This broad 
abso rp t i~~ l  seenls to be a characteristic feature of the Ti-0 system of various titanium 
co l l l po~~~ds .  In the infrared spectruin of peroxy titanium sulphate, some of the bands 
due to the sulphate and the peroxy groups are superinlposed on this broad absorption band. 
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ISARIIN, A NEW DEPSIPEPTIDE FROM ISARIA CRETACEA1 

L. C. VINING AND W. A. TABER 
National Research Col~ncil of Canada, Prairie Regiofzal Laboratory, Saskatoon, Saskatcl~ewatr 

Received April 2, 1962 

ABSTRACT 

One of the metabolic products of the fungus Isaria cretacea has been found to  yield four 
different amino acids and a hydroxyacid on acid hydrolysis. The amino acids were identified 
as glycine, L-alanine, L-valine, and D-leucine, and a quantitative analysis showed them to be 
present in the molar ratio of 1:1:2:1, respectively. The hydroxyacid was identified as  D-0- 
hydroxydodecanoic acid. These units appear to  be combined in a simple cyclic structure by 
means of peptide bonds and an ester linkage between the hydroxyl of hydroxydecanoic acid 
and the carboxyl of the C-terminal amino acid. The  sequence valine + P-hydroxydodecanoic 
acid -t glycine has been established. 

In an earlier study (1) it  was reported that two strains of Isaria cretacea van Beyma 
had been isolated from the heteroltaryotic parent organism. The most noteworthy 
difference between them was the ability of strain A to produce phototropic synnernata 
under suitable conditions of growth, whereas strain B formed only a highly branched 
aerial mycelium. Nutritional differences were also discovered, and the ability to develop 
synnemata was correlated with a low rate of growth. 

During an examination of the metabolic products of the two strains a new depsipeptide, 
which has been named isariin, was isolated. I t  was found to  be present in both strains 
A and B as well as the parent heterokaryon. 

Isariin was obtained as colol-less needles, m.p. 249.5-250.5" C, after repeated recrystal- 
lizatioll from aqueous ethanol. Analyses and molecular weight estimations indicated the 
molecular formula C33Hj90iNj The infrared absorption spectrum provided evidence for 
ester and secondary amide groups. Isariin possessed neither acidic nor basic functions, but 
could be hydrolyzed in mild alltaline conditions to  the monobasic isariic acid C33H6108N5. 
That  the infrared absorption maximum a t  1727 cm-l in this product was that of a carboxy 1 
and not the unchanged ester carbonyl was shown by converting it  to the sodium salt, 
when the maxinlum was shifted to 1603 cm-'. 

Vigorous acid hgrdrolysis of isariin yielded an  ether-soluble product which was separated 
into neutral and acidic Iractions. The acid, n1.p. 62.8-63.2' C, gave analyses and a 
neutralization equivalent indicating the ~llolecular formula C121-12403. The infrared 
spectrum showed maxima attributable to an aliphatic hydroxyacid, and upon distillatioll 
i lz  vacz~o a product was obtained which had infrared maxima consistent with those of an  
unsaturated aliphatic acid. This was converted with the uptake of approximately 1 mole 
of hydrogen, over palladium catalyst, to  lauric acid. From the ease with which the 
hydroxyacid was dehydrated and fro111 the properties of the unsaturated acid the hydroxyl 
group was thought to  be in the P-position. This was confir~ned by synthesis and resolutiou 
of DL-P-hydroxydodecanoic acid. Fractional crystallization of the D-amphetamine salt 
of the racemate afforded a levorotatory acid which was indistinguishable from the 
hydroxyacid of isariin. dextrorotatory isomer was also separated and on admixture 
with an equal part of the natural acid or synthetic levorotatory isomer gave a product 
which was identical urith the synthetic DL-racemate. The dextrorotatory isomer was also 

'Isszled as 1V.R.C. No. 6598. 
Presented, i n  part, before the d l s t  Annual  Conference of the Chei~zical I~zstitzrte of Canada i n  Torotzto, Ontario, 

i l h y  26-25, 1955. 
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inclistinguishable from a salnple of authentic L-P-hyclroxyclodecanoic acid Itindly furnished 
by Dr. I<. Serck-Hanssen, who synthesized the compound by anodic chain extension (2) 
of methyl L-0-acetoxy-7-carboxybutanoate. Admixture of the authentic L-isomer with 
the natural acid or the levorotator\7 isolner obtained by resolution of the racemate gave 
a product indistinguishable from the racemate. I t  is therefore concluded that the corn- 
pou~id present i l l  isariin is D-0-hydroxydodecanoic acid. 

The neutral fraction from acid h j  drolysis of isariin was an oil witli an infrared maxim~un 
a t  1765 cm-I, suggestive of a lactone group. Upon alkaline hydrolysis 0-hydroxydodecanoic 
acid was obtained as  the only product, indicating that the material was a lactide formed 
by interesterification of the hydroxyacid. 

Paper cliromatographic examination of tlie aqueous solution from the acid hydrolyzate 
detected glycine, alanine, valine, and leucine. These were separated on a cellulose column; 
alanine and valine were found to be of the L- and leucine of the D-configuration. Quanti- 
tative analysis of tlie hydrolyzate showed that glycine, alanine, valine, leucine, and 
0-hydroxydodecanoic acid were present in the ratio 1:1:2:1:1, respectively. 

Hydrazinolysis of isariic acid indicated that  one of the two molecules of valine possessed 
a free carboxyl group and must, therefore, have been esterified with the hydroxyacid in 
isariin. This result was confirmed by subjecting isariic acid to  the Dakiii-West reaction 
(3). Vigorous acid hydrolysis of the product showed all four amino acids to be present in 
equimolecular amounts. Carboxypeptidase also releasecl valine, but no other amino acid. 
Absence of enzymatic hydrolysis after the re~noval of valine suggests that the D-leucine 
may then have been in the penultimate position. I t  is unlikely that D-leucine was the 
newly formed C-terminal unit since its initial presence in the penultimate position should 
have prevented any action by carboxypeptidase on isariic acid. Less probably the lack 
of further.action on the peptide by carboxypeptidase might have been due to the appear- 
ance of alanine in the terminal position, thus providing a relatively poor substrate for 
continued hydrolytic cleavage (4). 

Partial hydrolj-sis of isariin gave an ether-extractable fraction which, on complete 
hydrolysis, yielded mainly glycine and P-hydroxydodecanoic acid. I t  was concluded that 
these two components were directlj~ linked in the original compound. Five ninhydrin- 
reacting products, in addition to the constituent amino acids, were separated paper 
chromatographically from the partial hydrolyzate. In each instance they were found to 
contain all five amino acids and probably also the hydroxyacid. They are presumed to 
have been for~iled by ring opening of isariin a t  the various peptide bonds. For the depsi- 
peptide a partial structure which is supported by the evidence a t  present available is 
shown in Fig. 1. 

During the early part of this investigation it was noted that analysis of tlie compo~~ents  
in various preparations of isariin did not yield whole ~iumbers of amino acids. In particular, 
the content of alanine was frequently higher, and of valine lower, than found in samples 
which had been repeatedly recrystallized from aqueous ethanol. The presence of traces of 
an amino acid with an Rf corresponding to that of a-aminobutyric acid mas also noted. 
Attempts to  separate the crude material into components by paper chromatography were 
unsuccessful, but these observations suggestecl that  I. cretacen produced a ~nixture of 
depsipeptides related to  isariin, and that  tlie latter \Iras not tlie major constituent under 
all conditions of culture. 

Depsipeptides containing a 0-hydroxl-acid are relat ivel~~ uncommon. To  the authors' 
]<nowledge, they have been reported only in esperin (j), an antibiotic containing 
P-hydroxytridecanoic acid obtained from B n c i l l ~ ~ s  m e s e n t e r ~ c t ~ s ,  and in serratamolide, 
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VINING AND TABER: ISARIIN 

/ 0-co H3 
CH3-(CH2)-CH 

8 1 'cH-cH 7 '42 
1 \ 

N H  CH, 
I 

C 0 C 0 
I I 
N H CH-R3 
I I 7 '42 N H 

I 
co 
I 

C 0 
I 

N H 
I 

CH-R2 
I 

R,-CH - CO- N H  

recently isolated (6) from Serratia strains and shown (7) to possess ~-/3-hg~droxg~deca1~oic 
acid. /3-I-Iydroxydodecanoic acid appears not to have been previously isolated and 
unequivocally identified from a natural source, although Bergstrom and co-worlcers (S) 
appear to  have obtained some evidence for its presence in the fatty acid components of 
crude pyolipic acid from Pse~~dornonas pyocyanea. 

EXPERIMENTAL 
Prodrrctiolz of Isariilz 

I n  a typical experiment a covered glass tray ( 9 x 1 5  inches) containing 400 1111 \\:.G.:\. nledium (9) sup- 
p leme~~ted with neomycin (5 mg) \\;as seeded with the parent strain of I. oetacea \.all Bey~ua  by flooding 
the surface of the agar with a si~spension (27 ml) of a standard spore i~~ocu lum (1) and incubated a t  28-30° C 
for I 6  days. The mycelium (wet weight 1.1 g) \\,as then scrapctl fro111 the agar surface, s~~spentletl in ethanol 
(100 ~ n l ) ,  and macerated i l l  a \\'aring blcrldcr. Tile slurry \\,as liltered and the residue rc-extracted ttvicc in 

, . 
the salne Illanner. 1 he extracts \vcrc c o ~ n b i ~ ~ e t l  and evaporated to t lr) .~~ess.  The residual solid thus obtained 
was twice extracted \\.it11 ethyl acetate (250 1111) under rellus for 30 minutcs. The s o l u t i o ~ ~  \\-as co~lce~ltrated 
to tlryness and the gummy residue trituratetl with several portions of p e t r o l e u ~ ~ ~  ether, 11.11. 30-60" C. The 
insoluble white solid \\,as crystallized from ethyl acetate as  line needles and constituted c r ~ ~ d e  isariin (18 mg), 
111.p. 250-252' C. Found: C, tiU.84';,;; FI, 8.88'7;; S, 1 1 . 8 5 ~ ~ .  

St ra i l s  -A and B gro\vn i l l  the same manner yielclcd 1.0 ant1 1.0 g of \vet n ~ y c e l i ~ ~ n ~  fro111 which 44 and 21 
Ing, respectively, of crude isariin \\.ere isolated. 

In all alternative proceclurc 25O-ml Erlenmeyer llaslcs containing lIJ.G.B. rnedi~1111 (50 ml) \\,ere inoculated 
with 0.5 rnl of a standardized spore suspension ( I )  of strain A incubatetl a t  28-:30° C on a rotary s1lal;er for 
8 tlays. The myceliun~ \vas the11 separated and extracted with ethanol as  above. 'The filtrate lvas estractetl 
with three portionsof one-half volu~neeach of n-butanol. Theethanolic and butanolic cxtracts were co~nbiiled, 
evaporated to dry~icss, and the resiclue \vorl;ed LIP, as described above. The yield of crudc isariin in a typical 
experimeiit was 250 mg/liter of cu1t~11-c medium used. 

PuiifLcatio?~ a d  Properties 
Crude isariin was recrystallized t\\.ice from ethyl acetate, a ~ ~ d  then six times from aqueous ethanol to 

give fine, colorless needles, n1.p. 240.5-250.5" C. Found: C ,  (3'2.127,; I-I, '3.1 lYG; N, 11.14%; molecular 
weight (Rast in D-borneol) 551, (isothermal distillatioll i n  ethanol) 609; saponilication equivalent, 638. 
Calc~~la ted  for Ca3H580iN5: C, 02.117;;; FI, 9.325:;; K, 10.9S(;I; molecular weight, G:37.8. The ~~ l t r av io l e t  
spectrum ill ethanol showed end absorption. Principal infrared maxima (I<Br disl;) \\.ere a t  3300, :3060 (w), 
2950 (shoulder), 2920, 2855, 1735, 1050 (broad), 1533 (broad), 1470, 1450 (shoulder), 1380 (broad), and 
1190 cnl-l. Isariin is easily soluble in ethanol, methanol, or chloroform, less readily in acetone, poorly in 
ether or ethyl acetate, and insoluble in benzene, petroleum ether, water, 2 N sodiu~u. hydroxide, or hydro- 
chloric acid solution. 

Alkali?~,e Hydrolysis of Isariin 
Isariin (31.6 ~ n g )  was dissolved in methanol (4 ml), and 0.1 iV I<OH solution (1 nil) added. After 48 hours 

a t  40" C the solution \\!as acidified with 0.1 N FICI ('2 ~ n l )  and cooled to O 0  C. The  gelatinous precipitate was 
separated, washed \\;it11 water, and dried. The  residue (24 mg) \vas crystallized twice from aqueous ethanol 
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as  fine needles, melting indefinitely from 194 to 200' C. Found: C, 60.35C/;; 11, 9.375;; K, 10.49%; molecular 
weight (Rast in D-borneol) 570; neutralization equivalent, 651. Calculated for C33H6108K5: C, 60.43%; H,  
9.38%; N, 10.GS~o; molecular weight, 655.9. Infrared maxima (KBr disk) for the free acid were a t  2600 
(broad, w), 1727, 1635 (broad), and 1543 (broad) cm-I: for the sodium salt a t  1655 (broad), 1603, and 1542 
(broad) c~n-I. 

Acid Hydrolysis 
Isariin (98.5 mg) \\-as heated for 48 hours a t  100' C in a sealed tube with 20% (m/v) HCI (5 ml). The 

reaction mixture, which contained a brownish oil a t  the surface, was diluted xvith water to  20 1111 and extracted 
thoroughly with ether. The ethereal extracts, on evaporation, left a partiall>- crystalline oil (25.8 mg). 
Calculated for fornlation of 1 mole of C1kI2103: 33.2 mg. This was separated into acidic (18.7 111g) and 
neutral (6.8 mg) fractions by distribution between ether and 0.5 N Ka?COs solution. 

The acidic fraction x\ras crystallized twice from petroleum ether as  colorless needles, 111.p. 02.8-63.2' C, 
[aIn?5 - 15.2" (c = 3.4 in CIHC13). Found: C,66.42%; H, 11.067,; neutralization equivalent, 218. Calculated 
for CI2NI4O3: C, 66.63%; H ,  11.18%; lnolecular weight, 216.3. Principal infrared maxima (I<Br disl;) \\,ere 
a t  3525,3425,3000, 2920,2850,2660 (broad), 1735, 1706, 1675, 1-172, 1436, 1416, 1395, 1365, and 1295 cm-1. 

The neutral fraction nras hydrolyzed by being heated for 3 hours under reflus in a misture of ethanol 
(4 ml) and 4 N NaOI-I (1 ml). The acidic product (7 mg) was crystallized fro111 petroleum ether to give fine 
needles, m.p. 62.5-63.0" C: undepressed on admixture with the acid obtained directly from hydrolysis of 
isariin. 

The aqueous solution fro111 the acid hydrolysis was evaporatecl to  dryness over solid Ka0I-I. I t  ga1.e a 
strongly positive ninhydrin test and paper chro~natography in several colnmon solvent systems showed four 
ninhydrin-reacting substances to be present. These were identified by direct comparison with standards as  
glycine, alanine, valine, and leucine. 

The residue dissolved in a mixture of set-butan01 (12 1111) and 370 aqueous amunonia (-I ml) was chroma- 
tographed on a colulnn (2.5XGO cm) of powdered cellulose developed with the s a n e  solvent system. 
Fractions (10 1111) were collected and tested for the presence of amino acids by paper chromatography. 
Appropriate fractions verc combined and evaporated to  dryness. The residue from each was crystallized 
frO1ll aqueous ethanol and then sublimed under high vacuunl for analysis. 

The first yielded glistening, colorless plates from aqueous ethanol, [a]D?' -13.0" (c = 0.67 in 6 N HCI). 
Found: C, 54.96%; H ,  9.84%; N, 10.58%. Calculated for C G H ~ ~ O ~ S :  C, 54.947,; H,  9.99(,Y0; N, 10.687,. 
The infrared spectrunl (I<Br disk) was indistinguishable from that of authentic D-leucine. 

The second compound crystallized as  colorless plates, [ a ]~? '  +30.0°' (c = 0.01 in 6 iV MCI). Fourld: C, 
51.349;; H, 9.5070; N, 11.967,. Calculated for CaH1102N: C, 51.26%; I-I, 0.474[,; S, 11.96%. The infrared 
spectrum (IiBr disl;) was indistinguishable from that  of authentic L-valine. 

The third colnpound crystallized as  colorless prisms, [a]n2' +17.0° (c = 0.56 in iVHC1). Found: C, 40.14yo; 
13, 7.60%; i i ,  15.-11)70. Calculatecl for CsH;O?N: C, 40.44y0; 1-1, 7.92'/1; S, l5.72YG. The infrared spectrum 
(l<Br disl;) \vas illdistillguishable from that  of authentic L-alanille. 

The  fourth compound crystallized as  colorless needles, m.p. 232" C (deconip.). 1;ound: C, 32.107;; H,  
13.54%; N, 18.43%,. Calculated for C?I-IsOzN: C, 32.007;; H, 6.71%; N ,  18.667;. A luixed lnelting point with 
authentic glycine showed no depression, and the infrared spectra (KBr disk) of the two substances were 
indistinguishable. 

Lnz~ric Acid 
\illlcn the ether-soluble acid fro111 the acicl hydrolysis of isariin was distillecl i ? ~  vaczlo (10-2 n1n1 I-Ig) in a 

sublilnation blocl; a t  a blocl; temperature of 100" C a discrete fraction was collected \vhich, on cooling in 
an  ice bath, formed a white crystalline solid, m.p. 25-26" C, wit11 i~ifrarecl nlasima (film) a t  2920, 2850, 
2680 (broad), 1695, 1650, 1470, 1423, 1380, and 983 cm-I. The  substance took up hydrogen equivalent to 
0.91 mole/nlole, calculated 011 the basis that  it was dodeccnoic acid, and yielded an acid, m.p. 40-41' C, 
which gave a single peal; on gas-liquid partition chromatography, using a column containing dicthylene 
glycol succinate as liquid phase, with the same retention time as  lauric acid. i\ nlixture with authentic lauric 
acid, m.p. 42.5-43" C, gave n1.p. 41.5-43" C. The infrared spectra of the two substances \\:ere indistinguish- 
able. 

Syntl~esis end Resolution of p-Hydroxydodete?20ic Acid 
Ethyl p-lietododecanoate was prepared in a yield of 70% by condensing caproyl chloride uith the sodio 

derivative of ethyl acetoacetate and hydrolyzing the intermediate ~v i th  sodium ~nethylate in methanol, 
according to  the procedure of Hunsdiecl;er (10). The lceto ester was hydrogenated for 2: hours a t  1600 p.s.i. 
and 300" F over Ranel nicl;el, as  described by Skogh ( I l ) ,  hydrolyzed with alcoholic I<OH under reflux, 
and the product crystallized from petroleum ether (b.p. 60-80" C) to yield DL-a-hydroxydodecanoic acid, 
m.p. 68.3-68.2" C, in an  overall yield of -I7YO based on caproic acid. 

T o  the racemic acid (1.22 g) in ether (120 ml) \vas added a solution of D-amphetamine prepared by 
treating D-amphetamine sulphate (2 g) with iV NaOH (20 1111) and extracting the base into ether (25 ml). 
The precipitated salt was redissolved by adding just sufficient ethanol to the refluxing mixture, and allowed 
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VINING AND TABER: ISARIIN 1583 

t o  cool sloxvly to  10' C. T h e  mass o f  fine needles (776 nlg, m.p. 125-129" C )  which separated was relnoved 
b y  filtration and recrystallized twice from ether-ethanol to  give 360 mg o f  material o f  m.p. 119-121" C.  
T h e  free acid was regenerated b y  shaking the product with dilute kIC1 and ether; the ethereal solution \\.as 
dried over anhydrous sodi~lm sulphate and evaporated t o  dryness. The  residue, after crystallization from 
petrole~~ni ether (b.p. 60-80" C), gave needles (172 rng), 1n.p. 62.5-63.25' C ,  [a]$; -l5.2(&1)' (c = 1.6 
in  CHC13). Found: C ,  66.35%; H, 10.9471.. 4 ~ n i s t ~ ~ r e  of equal parts o f  this substance and the hydroxyacid 
from isariin meltecl at  62.5-63.25' C.  The  infrared spectra ( I iBr  dislcs) o f  the two compounCls were 
indistinguishable. 

The  inother liquor from the initial crystallization o f  the D-ampl~etamine salt was cooled to  -40' C t o  yield 
a crop o f  feathery needles (581 ~ n g )  melting mainly at  78-79' C.  After two recrystallizations from ether a t  
low temperature the material (495 mg)  gave a sharp 111.p. o f  78-70' C. T h e  free acid, regenerated as before, 
yielded 2-19 mg o f  small needles, m.p. 61-G3.25" C ,  + l4 .4 ( f  1)" ( r  = 2.8 in CHCI3). ITound: C ,  66.70yc; 
H, 11.28%. The  infrared spectrrin~ o( a sample in a I<Br disl;, prepared b y  evaporating an ethereal solution 
to  dryness on I<Br powder, was identical with that o f  the levorotatory isomer esa~nined similarly. 

No clepression o f  melting point u7as observed when a sample was mixed with authentic ~ - P - l ~ y d r o x ~ -  
dodecanoic acid, 1n.p. 62.3-63.2' C ,  [ a ] ~ ? '  +15.G(il) '  (c = '7.1 in CI-ICIJ, and the two samples hadvirtually 
identical infrared spectra (I<Br disk). \.\'hen admixed with an eq~lal amount o f  the hydroxyacid from isariin 
and recrystallized from petroleum ether (b.p. 60-80" C ) ,  the compound melted at 69-G9.75' C.  X similar 
~n ix t~ l re  o f  authentic L-p-hydrosydodecanoic acid with the natural acid rnelted at 68-69.5' C.  Mixtnrcs o f  
this compound or the authentic ~ - i s o n ~ e ~ -  with the levorotatory product from resolution o f  the raccmate 
melted a t  68.7-69.7° C ancl GO-GO.75" C ,  respectively. All such mist~ires o f  co~npounds with opposite optical 
rotations gave no depression when admixecl with the unresolved raccmate, and had infrared spectra (I<Br 
disks from ether) which were indistinguishable from each other and from the racemate, but diliel.ent from 
that o f  the optically active substances. 

-4 comparison o f  authentic L-p-hyclrosydodecanoic acid mith the acids froin isariin and from resolution 
o f  the racenlate carried out b y  Dr. Serclc-Hanssen yielded results similar t o  those obtained in this laboratory. 

QzLalLtitatiuc il ri~b~zo *.lrid A~ralysis 
sample o f  isariin (G.00 mg), hydrol>.zed in a sealed tube mith 25% w/v I-ICI at  110' for 2; days, was 

extracted with ether, the aqueous phase freed o f  escess hydrochloric acid and made to  2 ml with water. 
Measured amounts o f  this solution were appliecl in triplicate to  paper strips and chromatographed in 
Tz.butanol -acetic acid -water ( 4 : l : l )  at  the same time as mistures containing I~nown amounts o f  leuci~ie, 
\raline, ahnine, and glycine. The  developed chromatograms were dried, treated with ninhyclrin, the density 
o f  the spots measured with a clensitometer, and the amount o f  each arnino acicl estimated b y  comparison 
\vith the standards, accortling to  the procedure o f  Redfielcl and Guzman Barron (12). 

T h e  values obtained for a sample o f  crude isariin sho\ved the content o f  glycine, alanine, valine, ant1 
IeLlcine to  be ( to  the nearest 0.05 mole/mole) 0.95, 1.30, 1.75, and 0.90, respectively. In addition, thcre was 
a trace of an amino acid with R f  values in several sol\.ent systems corresponding to  those o f  a-aminob~l t~r ic  
acid, For preparatio~is o f  isariin purified by  repeated crystallization from aqueous ethanol the content o f  

acids Ivas 1.0, 0.95, 2.05, and 1.0 n~ole/mole,  respectively. 

~ ~ ~ ~ ~ ~ l , z i ~ ~ o l y s i s  of Isa~i ic  Acid 
Isariic acid (1.5 mg) ,  hydrazine sulphate (30 m g ) ,  and hydrazine (1 m l )  were heated in a sealed tube at 

600 c for 16 hours. Escess hydrazine ant1 liydrazides were removecl b y  the method o f  Bradbury (13).  Paper 
c.lrolnatography o f  an aliquot o f  the aqueous solution sho\ved only a single ninhydrin-reacting substance 
with R f  \~alues in several solvent systems corresponding to  valine. \I~hcn the renlaincler o f  the solution was 
treated with 1-fluoro-2,4-dinitrobenme and the dinitrophenylamino acids were separated and paper chroma- 
tograpllcd in ?L-butanol - 35% aqueous ammonia (9:1) ,  a spot corresponding in RI  value with '24-dinitro- 
pl~enyI\-aIine was obtained. 

Dak.i?i-Il'cst Reclc tion 
'TIle clescribed by  Turner and Schmerzlcr (14) was used. Isariic acid (2.5 mg)  \\,as heated in a 

sealed tlllle at 135' C with pyridine (0.25 1111) and acetic anhydride (0.625 ml) .  T h e  contents o f  the t ~ ~ b e  were 
then evaporated t o  dryness and hydrolyzccl by heating ~inder reflux with 6 lV I-ICI for 24 hours. Excess acid 
was removecl in a desiccator containing solid NaOI-I, and the amino acid composition o f  the product estimatecl 
clllantitatively b y  paper chromatography as described above. Glycine, alanine, valine, and leucine were 
present ill the ratio 1.0:1.0:1.05:1.0. 

.:I (-1 jorl of Caibosype/;tidase 011. Isuriic- il r id  
Isariic acid (4.75 mg)  was dissolved in \\later (4.5 ml )  b y  adding 0.1 Ar9H4OH t o  pH 9.0. A suspension o f  

carbosypeptidasc (2 mg)  in water (0.1 ml )  was aclcled, the pH adjustecl with dilute acetic acid to  7.8, and 
the final volume made up accurately to  5 rnl with water. 'The s~lspension was agitated gently a t  rooln 
terllperat~lre and a l iq~~o t s  removed for q ~ ~ a ~ l t i t a t i v e  paper chro~natographic amino acid analysis at 0.5, 
1,  2,  4 ,  8,  and 24 hours. 'l'he only amino acid detected was valine in amounts o f  0.58, 0.62, 0.73, 0.75, 0.86, 
and 0.88 ~nole.'mole o f  isariic acid. 
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Partial Acid Hydrolysis of Isariin 
Isariin (10 mg) was dissolved ill glacial acetic acid (1.5 1111)~ and concentrated HCI (1.5 ml) added. 'The 

solution was kept a t  40' C in a stoppered flask. At intervals, 0.5-1111 aliquots were removed, evaporated to 
dryness, and the residue distributed between equal volumes of ether and water. At 4 days the ether-sol~~ble 
fraction contained no products reacting with ninhydrin, but gave a strong positive test after further 
hydrolysis of the material with 6 N HC1 under retlux for 13 hours. Paper chromatographic examination 
showed this to  be due mainly to glycine, although sr11all anlounts of alanine, valine, and leucine were also 
present. After 6 days, only glpcine could be detected in the hydrolyzate of this fraction. Paper chroma- 
tography of the aqueous fraction showed small amounts of all four amino acids present after 4 days with 
traces of ninhydrin-reactinghydri-reacting material having R, values higher than leucine in all solvent systems examined. 
The proportion of the latter substances appeared highest after 6 days. No compourtds with R, values lower 
than leucine, other than single amino acids, were detected during the 10-day period in ~vhich the hydrolyzate 
was examined. 

The  remaining water-soluble products from all sampling times were combined and separated by paper 
chromatography on a preparative scale. The mixture was applied as a line along the origin of a sheet of 
Whatman 3 WIM paper and the chromatogram developed ascendingly with n-butanol - pyridine - 3% 
w/v aqueous ainrnonia (2:l:l). i\iIarlier strips cut from each edge of the paper and treated with ninhydrin 
showed, in addition to the expected single amino acids of R, values 0.09 (gly), 0.16 (ala), 0.27 (val), and 0.37 
(leu), five distinct purple zones a t  R, values of 0.50, 0.58, 0.65, 0.78, and 0.87. Segluents corresponding to 
these mere cut from the untreated paper and eluted mith 50% aqueous methanol. Each was evaporated to 
dryness and the residue hydrolyzed mith '20% w/v HCI in sealed tubes for 24 hours a t  110' C. The hydroly- 
zates all gave the characteristic odor associated with the presence of P-hydroxydodecanoic acid and, upon 
paper chromatographic examination, were found to contain all of the four amino acids present in isariin. 
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SOME 5,5'-FREE PYRROKETONES1 
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ABSTRACT 

5,5'-DicarbeLhoxypyrron1eLha11es are osidizecl to the pyrrol;etol~es by lead tetraacetate - 
lcad clioside in acetic acid. 'The 5,s'-free pyrrol;etor~es obtained by decarbosylati~lg the latter 
have not yet proved synthetically useful. 

INTRODUCTION 

Redistribution reactions may co~llplicate the synthesis and further reactions of pyrro- 
methenes and pyrromethanes. In this respect pyrroketones (2,2'-dipyrryllcetones) should 
be more reliable interlnediates in the synthesis of polypyrranes and porphyrins ( I ) ,  
although the behavior of some benzophenones (2) suggests that  the difference might be 
relative rather than absolute. T o  explore their synthetic possibilities, we prepared some 
5,s'-free pyrrolcetones corresponding to  pyrromethanes which had proved synthetically 
useful (1). 

Fischer's only general route to  5,s'-free pyrrolcetones lay in converting the 5,5'-dimethyl 
derivatives to  clicarboxylic acids with sulphuryl chloride and decarboxylating these (3). 
5,5'-Dii~~ethylpyrrolcetoi~es have been prepared by ring synthesis (4). i\iIore generally, 
they have been obtained by combining 5-inethyl-%free pyrroles with phosgene or with 
derivatives of 5-methyl-2-carboxypyrroles by the Grignard (5, pp. 361 ff.), Friedel-Crafts 
(.i, pp. 361 ff.), or Vilsn~eier (6) methods. I t  is uncertain whether this general approach 
could be usefully modified, avoiding both methyl groups for bloclcing. Both a 5-carbethoxy- 
(3) and a 5-free pyrrole-carboxylic acid chloride (7) had been used as the acylating 
con~ponent, though there is no general route to  the latter. I-Iowever, the use of a 2,s-free 
pyrrole as the other component was a~libiguous (3), and the less reactive 5-carbethoxy-2- 
free pyrroles have not been usecl. 

We found that the pyrrolcetones Ib, IIb, IIIb, and IVb (5, pp. 361 ff.) are easily obtained 
from the corresponding pyrromethanes Ia ( I ) ,  IIa ( I ) ,  I IIa  (B),  and IVa (5, p. 343) b y  
oxidizing with lead tetraacetate in the presence of lead dioxide. Under similar conditions 
porphyrins have been oxidized to xanthoporphii~ogens (5, Vol. II/2, pp. 423 ff.). Selenium 

I, A P P A a, S = H?, R = COOEt 
11, P A A P b, X = 0 ,  R = COOEt 
111, A P A P c, X = O ,  R = H  
I I E t  E t  Me d. X = H?. R = Me 

f ;  X = H'?, R = CHO Rlr7-C-'I \ )R 

N X N 
H H 

LIsszled as N.R.C. No. 6904. 
2National Research Cozincil Postdoctorate Fellow, 1960-62. 
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dioxide, manganese dioxide, and perrnanganate left the pyrromethanes unchanged. The 5,s'- 
carbethoxy groups may be essential for this oxidation for, altl~ough pyrromethenes lnay 
reasonably be assunled to be intermediates, our attempts to oxidize 3,3',5,5'-tetralnethyl- 
4,4'-dietl~yIpyrro1~~ethene to its ketone (5, pp. 361 ff.) were unsuccessful. Further, other 
reagents had oxidized both the 3,3'- and the 4,4'-dicarbet1~oxytetramethylpyrro1~1et1~a1~es 
to pyrromethenes rather than to pyrrolietones (9, 10). Also, 5-positions in pyrro~nethenes 
which bear hydrogen or carboxy and other labile groups there (like the methyl group in 
2-metl~ylpyrroles (11)) may be hydroxylated by lead tetraacetate (12, 13). 

Four 5,s'-free pyrrolietones have been previously prepared, the parent dipyrrylltetone 
directly from pyrryl magnesium bromide and phosgene (5, pp. 361 ff.). Representing 
Fischer's general route, sulphuryl chloride converted the 5,s'-dimethyl pyrroketone Ve 
into the 5,s'-dicarboxylic acid corresponding to Vb, which a t  180° in vacuo decarboxylated 
to Vc; analogous transformations giving IVb and IVc from IVe were carried out but not 
described (3). Finally, a co~npou~ld formulated as 3,4-dicl~lor-X'-metl~~~l-4'-etl~~~1-5- 
carbetl~oxypyrroltetone has been decarboxylated in 10yo sod i l~~n  hydroxide a t  190" (3), 
esse~ltially the conditio~ls under which the pyrromethanes Ia, IIa, and IIIa  lose their 
5,5'-carboxyls (1). The free acetic acid groups of pyrrole-acetic acids, unlike their salts, 
are relatively easily decarboxylated by heat. Consequently we heated the free acids 
correspo~lding to Ib, IIb, IIIb, and IVb with 10% sodiu~n hydroxide a t  about 160" to 

acids corresponding to  the 5,5'-free pyrrolietones Ic, IIc, IIIc, and IVc. 
In general, Fischer's general route and ours will lead to isomeric 5,5'-carboxy- and 

5,~ ' -free pyrroltetones from given pyrroles, e.g. to Vb, Vc and IVb, IVc respectively from 
2,4-din1ethyl-3-ethylpyrrole or its 5-carbethoxy derivative. Altl~ougl~ our sequence gives 
symmetrical lietones more directly, ~~nsymmetrical ones are reached through pyrro- 
illethane inter~nediatcs whose purity must be scrutinized (8). 

The reduction of the ketones was studied both to confir~n their structures and as  a 
model for the conversion of derived intermediates into natural products. Xanthopor- 
phinogens had been reduced to porphyrins (5, Vol. II/2, pp. 423 ff.) and the parentdipyrryl- 
1;etone had been I-educed to dipyrrj~lmethane (5, p. 335). The statements that Ve was 
reduced to the pyrromethane are hard to reconcile with the experi~nental work (14). We 
reduced the ketone Ib by Clemmensen's method to the dipyrrylmethane Ia after catalytic 
methods had failed. 

The carbonyl groups of clipyrl-yllretones were linour11 to be ullusual (3, pp. 361 ff.). In 
the absence ol absorption a t  nornlal carbo11~7l frequencies in the infrared, i t  is reaso~lable 
to assume that exceptionally low frequencies are associated with the carbo~lyl groups of 
the ketones: 1627 cm-' in Ib, 1582 cm-' in Ic, 1543 cm-I in IVc, 1522 cnl-' in Vc.'$ This 
last, Ve, was prepared for comparison from 2,4-dimetl~yl-3-etl1~~11~yrryl magnesium 
bromide and phosgene (5, pp. 361 ff.). 

The Iretone Ve gives a dibromo derivative (3) and our 5,s'-free pyrrolieto~~es all gave 
E11rlicl1's reaction strongly in the cold. I-Iowever, under conditiolls which had been success- 
fully applied to the correspollding pyrro~netha~les (I), they were l~nreactive or gave no 
pure products. Attempts to i~ltroduce formyl groups into IIc by the Gatterma1111-I-Ioesch 
method led to recovered starting material, by the Vilsmeier method to intractable tars. 
Nothing was isolated following attempts to  conde~lse IIc with the methyl ester corres- 
ponding to  IIf, with 5,s'-di(bromomethy1)-3,3'-dimethylpyrro-ic 

*NOTE ADDED IN PROOF: Tlze carbonyl groz~ps i n  dipyrrylketone and i ts  4-nzetlroxy deripntine absorb at 1597 
and 1595 cm-1 respectively (H. R a p o p o ~ t  and C. D. T.Vzllson. J.  Ant .  Cltem. Soc. 84, 630 (1062)). Tha t  of 
4,4'-bis(dinzet/zylamino)-be~zzophenone absorbs, we find, a t  1598 c?,r-'. 
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acid, or with fornlic and hydrobromic acids. Also, heating with formaldehyde in acid 
solution, which converts rather ~~nreact ive pyrroles into pyrromethanes ( l j ) ,  left IIc 
unchanged. 

There is no pronounced general deactivation peculiar to pyrrolcetones, for 3,3',5,5'- 
tetran~ethylpyrrol;etone can be acj~lated in the 1,4'-positions (5, pp. 361 ff.). Also, we 
found that the pyrrolcetones were insoluble in hydrochloric acid and showed no evidence 
of fornling presumably unreactive ~neso-chloropyrrometl~e~~es (5) therein. However, the 
expected interaction (16) between the 2- and 5- (or 2'- and 5'-) positions may be greater 
in pyrrolteto~les than in monopyrroles. Thus, in contrast to the 5,5'-free pyrroltetones, 
2-carbethoxj~- and 2-cyano-pyrroles have given 5-aldehydes by the Gatterman-I-Ioesch 
(5, pp. 162 ff.) and Vilsmeier (17) methods respectively, and 2,s-diacylpyrroles have been 
obtained otherwise (5, p. 206). Conversely, nucleophilic attack on 5-bromo-2-carbethoxy- 
pyrroles is apparently not facilitated (18). 

In pyrromethenes there is definitely i~lteraction between the 2- and 5- (or 2'- and 5'-) 
positions which is incidental to strong interaction between the 5- and 5'-positions. Fiscl~er 
thus explained the extrenlely easy acid-catalyzed exchange of halogen for hydroxyl in 
5-carbethoxy-5'-bromo- as opposed to 5,5'-dibromo-pyrro111etl1enes (19). Other reactions 
can be rationalized ill the sallle way. Thus under al1;aline conditions the halogen of 
5-methyl-5'-bromo- but not of 5-methoxy-5'-bromo-pyrromethenes is exchanged for 
nlethoxy (19). Conversely, 5-methoxy-5'-free pyrromethenes condense rapidly with 
formaldehyde in the presence of acid a t  room tenlperature (19) whereas a 5,5'-free pyrro- 
methene condensed slowly a t  125' (20). 

EXPERIMENTAL 

The infrared spectra and their interpretation are by Dr. R. hT. Jones and Mr. R. Lauzon, the micro- 
analysis by hlr. H. S6guin. Melting points (block) are corrected. 

5,~'-DicarbosypyrroIieto~~e-e9,9S'-dipi'o~~io?~i acid-4,4'diacetic acid Hexaetlryl Ester (Ib) 
A solution of 5,5'-dicarbox~~pyl-rometllane-3,3'-diprio1ic acid-4,4'-diacetic acid hexaethyl ester (1) 

(2 g) in glacial acetic acid (75 ml) was treated \\;it11 lead tetraacetate (2.9 g) and stirred a t  roo111 temperature 
for 4 days. Lead clioxide 2.3 y) was then aclded and stirring continued for 2 days. The  mixture 
was thcn centrifuged and the supernatant pourecl into ice water (500 ml). The colorless precipitate was 
separated, washed with water, and dissolved in ether. The ethereal solution \vas washed successively with 
water, 5% aqueous sodium bicarbonate, and water, then dried (sodium sulphate) and conccntratcd. The  
crystals which separated (1.27 g, 627,) were recrystallized from ether, affording colorless prisms, m.p. 
152.5-153.j0, A,,,n (log e) in ethanol: 251 mp (4.35), 303 mp (4.17), 336 mp (4.29). Found: C, 58.34; 
H, 6.34; N, 4.40. Calc. for C:j:,H1.1013N?: C, 58.57; 13, G.55; N, 4.14. 

iltteii7.ptcd Oxidation of a Z3yi.ronretl~ene 
When 1.54 g of 3,5,3',5'-tetra111et11y1-4,4'-diethylpyrro1etlene hydrobromide in 70 ml of acetic acid and 

0.45 g of anhydrous sodium acetate was oxidized exactly as above, the product- was a blacli precipitate 
insoluble in organic solvents. 

Keductio7z of I b  to t l ~ c  Pyr.i'orr~etl~at~c In  
The lcetone lb (O.GGS g) in 5 ml of ethanol \vas added to water (1 ml), coilcentrated hydrochloric acid 

(1 ml), and amalgalnatecl zinc (0.78 g). The lnixture was refluxed for 3 hours, cooled, and filtered. \\Then 
the filtrate was concentrated a ~ l d  then refrigerated, the pyrromethane In ( 1 4  mg, 20%) crystallized; 1n.p. 
2nd mixed m.p. 94" after recrystallization. 

5,5'-Dicaiboxyp~~rroketor~e-~~,3'-di~cetc acid-/i,4'-dii1ropioniG acid Hesaetl~yl Ester (IIb) 
This was prepared from 5,5'-dicarbosypyrrornethane-3,3'-diace acid-4,4'-dipropionic acid hexaethyl 

ester (1) (7.01 g) ,  acetic acid (200 ml), lead tetraacctatc (11.7 g), and lead dioxide (9.2 g) as described for 
the  isomer Ib above. The ketone formed colorless prisms (5 g, 627;) after recrystallizatioll fro111 ether 
(thimble), m.p. 15Bo, Am,, (log e) in 0.5c/o ethanol: 250 mp (4.3-1), 304 mp (4.17), 336 mp (4.20). Found: 
C, 58.13; H, G.GO; N, 4.39. 

6,5'-Dicarboxypyrroketone-3,4'-diacetic acid-4,S'-dipropionic acid Hexaethyl Estcr (IIIb) 
This was prepared from 5,5'-dicarboxypyrromethane-3,4'-diacetic acid-4,3'-dipropionic acid hexaethyl 
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ester (8) (1.56 g),  lead tetraacetate (2.3 g),  and lead dioxide (1.5 g) as  described for Ib above. The crude 
product (0.694 g,  43.5y0) was recrystallized from ether (thimble), affording colorless inicroneedles, m.p. 
149-150". Found: C, 58.45; H, 6.37; N, 4.12. 

4 , 4 ' - D i n l e t h y l - S , 5 ' - d i e t h y l - 5 , 5 ' - d i c a r r o k e t o e  (IVb) 
This \\$as prepared from 4,4'-din1ethyl-3,3'-diethyl-5,5'-dicarbetloxypyrro1ethane (5, p. 343) (1.065 g),  

glacialacetic acid (35 ml), lead tetraacetate (1.45 g),  and lead dioxide (1.2g) as described for Ib. The product 
formed colorless rods (300 mg, 27%) from ethanol, m.p. 190-191". Found: C,  65.04; H,  7.08; N, 7.34. Calc. 
for C?IHltlX20s: C, 64.92; H,  7.27; N ,  7.21. 

5 , 5 ' - D ~ i c a r b o x y p y r r o k e t ~ ? t ~ - 3 , ~ ? ' - d ~ o ? i c  acid-.$,dl-diacetic crcid 
Aclueous sodiuni hydroxicle ( lo%,  3 mi) urns added to a solution of the corresponding ester Ib (400 mg) 

ill ethanol (4 ml) and the mixture heatecl to dryness on the s t ea~n  bath in an open Aasl; (about 4 hours). 
Water (5 ml) was added to the residue. The resulting clear solution n1as brought to pH 1 with dilute hydro- 
chloric acicl, heated to dissolve the colorless precipitate, and allowed to cool. The crystals which separated 
\\rere washed with \\later, with ether, then recrystallized from 5 rnl of hot water. The prcduct formed colorless 
needles (170 mg, 56yG), m.p. (softening from 159") 164-168", Ehrlich's reaction negative in the cold. Found: 
C, 49.61; H ,  4.34; N ,  5.41. Calc. for C ? I W ? ~ X ~ 0 ~ 3 :  C, 49.61; H,  3.90; N, 5.51. 

P~~rroketo~1c-S,3 ' -dipropionic  acid-4,4'-diacetic acid (Cotr~pare Ic) 
A solution of the ketone Ib (1.186 g) in ethanol (10 ml) and socli~~m hyclroxide (IOv;, 5 ml) was hydrolyzed 

by heating to dryness in an open flasl; on the steam bath. The  residue in water (4 ml) and sodium hydroxide 
( l o x ,  4 ml) uras heatecl for 104 hours a t  155-158' in a Teflon-lined closed metal tube. The crude p r o d ~ ~ c t  
(0.654 g, 89%) precipitated when the cooled solution was acidiliecl to Congo red with sulphur dioxide. When 
recrystallized from acetone (thiml~le) it formed colorless needles, m.p. 20'3-205', Ehrlich's reactioii positive 
cold. Found: C, 54.11; H, 5.43; N ,  6.51. Calc. for CjgHroN?Oe: C, 54.28; H,  4.80; N, 6.66. 

Pyrroketone-3,s'-diuretic acid-4,4'-dipropio?1ic acid (Conzpare IIc) 
The ester IIb (1.14 g) was hydrolyzed and then decarboxylated like the isomer above, giving the crude 

p r o d ~ ~ r t  (0.583 g, 82%). From aqueous acetone it formed colorless cubes, n1.p. 372" (decornp.), Ehrlich's 
reaction positive cold. Found: C, 54.18; H ,  4.94; N, 6.58. 

The Tetraetltyl Ester (IIc) 
The above acid (145 mg) was left a t  room temperature overnight in 10 ml of 59; ethanolic hydrogen 

chloride. The solvent was removed in  uacz~o ( <SO0), leaving a red oil. This \\:as extracted tvith hot 12-hexane, 
from which the product separated as  fine colorless plates ((50 mg, 33';/,), m.p. $14-!)5", A,,,, (log e) in 95% 
ethanol: 297.3 mp (4.01), 334.5 mp (4.23). Foi~nd:  C, 60.64; H,  6.70; N ,  5.21. Calc. for C : T L ~ H ~ ~ N ~ O ~ :  C, 60.89; 
13, 6.82; AT, 5.27. 

The same ester (72%) was obtained by treating an ethereal st~spension of the acid with freshly distilled 
ethereal diazoethane. 

Pyiroketone-Y,4'-diacetic c~cid-4,S'-dipropio1zic acid (Con~pare I I Ic)  
The ester IIIb (0.873 g) was hydrolyzed and decarboxylated lilce its isomers. 'The cl-l~de product (255 n!g, 

47%) was recrystallized from acetone (thimble) as  colorless cubes, m.p. 260-262" (decomp.), Ehrlich's 
reactiou positive cold. Found: C, 54.34; 1-1, 4.88; N, 6.51. 

4,4'-Di?lzetltyl-S,S1-dietlzylpyr.,oketone ( I  Vc) 
The ester IVb (0.2 g )  was heated to dryness with ethanol (25 1111) and sodiu~n hydroside (lo%, 3 1111). 

The residue was heated in a closed tube for 10 hours a t  155-160' with water (4 1111) and sodium hydroxide 
(lo%, 3 ml). The cooled solution was extracted with cl~loroform. The  chloroform extract was \\lashed with 
dilute hydrochloric acid and then with water, dried (sodium sulphate), and evaporated. The  residue was 
dissolved in ether, and n-hesane added, precipitating the products as  colorless fluffy rods (108 mg, SG%), 
1n.p. 180-180.5° (lit. 166' (3)), Ehrlich's reaction strongly positive cold, A,,, (log E) in 05% ethanol: 344 
mp (4.26), 295 mp (3.96), 207 1np (3.95). Found: C, 74.02; 13, 8.04; N, 11.36. Calc. for CljH?aN20: C, 73.73; 
H,  8.25; N, 11.47. 

3,5,S1,5'-Tetramethyl-44'-dielhylpyrroketone (Ve) 
This was preparecl by the method of Fischer and Orth (5, pp. 361 ff.). The crude product (68%) was 

recrystalIized from ethanol, giving slightly yellow needles, m.p. 208.5-210" (lit 2077, A,,, (log 6): 301 mp 
(3.92), 364 mp (4.44). 

Attempted Reactions with I I c  
(a) I t  was added to a ~nixture of phosphorus oxychloride and dimethylformamide, the11 left a t  20' for 18 

hours or a t  100" for 10 min~~tes .  In both cases working up gave a black tar fro111 \vhich nothing was isolated. 
(b) I t  was dissolved in hydrogen cyanide - ether - chloroform, and dry hydrogen chloride passed in a t  

0". Evaporation left ether-solukle material, from which the starting Itetone (25U/c) was recovered, but  no 
water-soluble aldi~nine hydrochIoride. 
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OSGERBY AND MACDONALD: PYRROKETONES 1589 

(c) i t  was reflused for 1 hour in 570 ethanolic hydrogen chloride containing formaldehyde (2 moles). Only 
the starting lcetone (57%) was recovered. 

(d) Like 112, it was recovered qllantitatively after a t t e~np ted  reduction by h> drogen over palladium blacli 
in ethanol or acetic acid. 

( e )  i t  was recovered (85yc) after refl~rxing with hydroxylamine hydrochloride and sodil~m acetate in 
90% etha~lol. 
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STEREOCHEMISTRY OF ARSENIC 
PART IV. CHLORODIPHENYLARSINE 
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ABSTRrlCT 

Crystals of chlorodiphenylarsi~~e, (CsI-I5)?AsCl, are monoclinic with four molec~~les in a 
u11it cell of dimensions a = 11.09, b = 8.55, c = 11.93 A, P = 95.0". The crystals are iso- 
morphous with crystals of the corresponding bron~o derivative, and the structure has been 
determined by the isomorphous replacement method. The nlean values of the boncl 
lengths and valency a~lgles (with stalldard deviations) are: As-CI = 2.26i0 .02  4, As-C 
= I . 97 i0 .04  A, C-C = 1.39i0 .02  4, L CI-AS-C = 9 6 f 1 ° ,  L C-As-C = 105&2", 
L rls-C-C = 120&2", L C-C-C = 1 2 0 i 2 " .  The general molecular conliguration and 
the intermolecular separations are very similar to those in bromocliphenylarsi~~e. 

INTRODUCTION 

Crystals of chlorodiphenylarsi~~e are isomorphous with crystals of bromodiphenyl- 
arsine, whose structure has been deternli~led (I), but it has been considered useful to 
carry out a conlplete analysis of the chloro derivative to  provide further details of the 
stereochemistry of arsenic, and to measure the As-Cl bond d is ta~~ce .  The investigation 
has followed similar lines to that of Ph?AsBr, and details of the nlolecular dimensions 
and of the intermolecular contacts have been obtained. 

EXPERIMENTAL 

The colorless crystals of chlorodiphen>~larsine used in this investigation were reluoved from the walls of a 
bottle, where they hacl been deposited by very slon~ sublimation. The unit cell dimensions, space group, and 
clensity were cletermincd as for the bromo derivative (1). 

The crystal data were: Chlorodiphenylarsine, C,?I-IlorlsC1; llrl, 26-L.6; m.p. 38-40", mono clinic^, a = 11.09 
&0.04, b = S.55f  0.03, c = 11.93f 0.04 A, 0 = '33.0f 0.5". Volunie of the unit cell = 1127 A3. d c  (ivith 
Z = 4) = 1.550, d m  1.5 g Absorption coefficic~lt for X rays: X = 1.542 i!, p = 69 CIII-~.  'rota1 
n~umber of electrons per unit cell = F(000) = 528. Absent spectra: h01 \vhen 11. is oclcl, OIEO when k is odd. 
Space group is Cr,,"1"7,/a. 

Intensity data for the Oh1 and h01 zones were recordccl as for br~niodipl~en~lars ine ,  but a small crystal 
\vas used and no absorption corrections were appliecl. 

Stiz~ctziie :~l~lalysis  
The signs of most of thc 1101 and Okl structure factors were determined by compariso~~ with the bronio 

derivative, using the isomorphous replacement method; refinement then proceeded by Fourier nlcthods. 
After two cycles of li, syntheses no further sign changes \irere indicated, and the cliscrepancy factors \\.ere 
Rhol = 1-L.871; and Robl = 15.85;; the scattering factors for As and C and an o\rerall isotropic temperature 
factor were si~nilar to those for Pl12AsBr, and the scattering factor used for CI was that of 'l'omiic anel Stan1 
( 2 ) .  Measured and calculated structure factors are listed in Tablc I, and final electron-density maps are 
s h o \ \ ~ ~  ill Fig. 1. 

Coordi7zates a71d ~l~olecz~la i .  D i ~ l e ~ r s i o ~ l s  
The final positional parameters a:-e listed in Table 11, x, y, and z being fractionsof themonocli~~iccellases, 

and X', IT, and 2' coordinates in A units referred to orthogonal ases a', b, and c. 
The bond distances ancl valency angles are s l~o\ \~n in Fig. 2. 'l'he closest intramolecular C . . . C contacts 

between phenyl groups are: CI-C~Z = 3.29 A; Cc--C1? = 3.43 -4; CG-C7 = 3.59 A. The distance betlveen 
the hydrogen atoms attached to CG and C,? (ass~i~ning C-El = 1.08 A) is 2.87 a. 

The equations of the planes of the aromatic rings are: . 

Canadi2n Journal of Chernistr).. Volume -10 (1962) 

1590 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

F ~ G .  1. ( a )  Electron-density projection along the b-axis. Contours a t  intervals of 1 e .A-2, starting at 
2 e A?, but with coiito~~rs above 10 e k2 a t  intervals of 5 e .Va. 

(b) Electron-density projection along the c-axis. Conto~lrs a t  btervals of 2 e k', except a t  the As and 
C1 atorns, where contoLlrs above 10 e A-? are a t  intervals of 5 e +A-z. 

TABLE I1 

Final positional paran~eters, and deviations (A )  from the mean aromatic planes 
---- 

Atom .?c Y X ' 1; 2' (A) A? (A) 

and the deviations of the atoms from these planes are listed in the final colun~ns of Table 11. The angle 
between the planes is 65". 

The standard deviations of the atomic positions ( 3 )  are a ( x )  = ~ ( y )  = ~ ( z )  = 0.007 A for As, 0.014 A 
for CI, and 0.05 A for C. 

The intertnolec~~lar separations correspond to van der Waals interactions, and are very similar to those 
in bromodiphenylarsine. 

DISCUSSION 

Differences between chemically equivalent bond lengths and valency angles are not 
significant, the mean values being (with standard deviations) : 
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TROTTER: STEREOCI-IEMISTRY OF ARSENIC 

CI 

FIG. 2. Measured bond lengths (A) and valency angles (degrees). 

C-C = 1 . 3 9 f 0 . 0 2 i  
L C1-AS-C = 9Gf lo 
L C-AS--C = 105f 2' 
L AS-C-C = 120f2" 
L C-C-C = 120f 2". 

Apart fro111 the shorter As-C1 distance in comparison wit11 As-Br, these dimensions 
are very similar to those of bromodiphenylarsine (1). The molecular configuration of 
chlorodipl~e~~ylarsine is also almost identical with that of the bromo derivative; in com- 
parison with an ideal model similar to that described for I'h2AsBr, ring I (Cl-CG) is 
rotated 7G0, and is therefore i11 a position where i~lteractio~l wit11 the arsenic lone pair is 
almost a t  a minimum, wllile rills I1 (C?-Clr) is twisted b17 3;i0, so that interaction is 
still appreciable. 

The author thanks the Xational Iiesearch Council of Canada for financial support, 
and Dr. W. R. Cullen for the crystal samples and for lxelpful discussion. 

REFERENCES 
1. J.  TROTTER. T.  Chern. Soc. I n  press. 
2. Y. TO~IIIE and C. H. STAN. Acta Cryst. 11, 126 (1958). 
3. D. \LT. J. CRUICICSHAXI<. Acta Cryst. 2, 65 (1949). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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ABSTRACT 

:\ procedure is described for the isolation, separation, and study of short-lived krypton 
and xenon isotopes formed by thermal fission of uranium. The gases are swept out from a 
thin film of ~lranium-235 stearate, rapidly separated by gas chromatography, and examined 
by ga1111lla-spectromctric techniques. Krypton isotopes have been studied urithin 10 seconds 
of their fol-n~ation in the reactor and xcnon isotopes within 25 scco~itls. Spectra are reported 
for lcrypton-89 alid -90, xenon-137, -138, and -139. 

INTRODUCTION 

Although the first uranium chain reaction tool; place 20 )-ears ago, the amount ol 
information available on the short-lived fission proclucts (TI,? < a few minutes) is still 
relatively small. The main difficulty has been the develop~lient of extrenlely rapid and 
conlplete separation proceclures. The fission product rare gases 1;rypton and xenon have 
bee11 examined more than most elements since, although they are difficult to separate 
from each other, they may easily be isolated from other fission products. Dillarcl and 
co-wor1;ers ( I )  measured the half-lives of several 1;rypton and xenon nuclicles without 
separation, by passing an active rare gas mixture a t  a I;nown flow rate through a tube 
co~ltaining a coaxial charged wire. By measuring the clistribution of the decay products 
alollg the wire, these worlrers were able to calculate half-lives. 

I11 1051, I<ofoed-Hailsen and I<I-istensen (2, 3) used an isotope separator for the 
isolation of particular species, ailcl repol-ted 0-ray-energy end-point values and half-lives 
for the kr)-pton and rubiclium isotopes of mass numbers 89-91. 

IYahl (4), in 1958, determinecl the cumulative yields of short-lived 1;rypton and xenon 
isotopes from the thermal neutron fission of uranium-235,  sing the emanating properties 
of certain inorganic stearates for the isolation of the gases. R~~biclium and cesium isotopes 
formed from the clecay of some of the fission procluct gases were reported by OII<elley 
pt ad. ( 5 )  and by Bun1;er ct al. (6). 

In I!)GO, Pral;ash (7) reported a study of 1;rypton-S!) and xenon-137, which wei-e 
by gas sweeping an irradiated uranyl nitrate solution. These \\rere separated 

fro111 each other by an adsorption-desorption technique which tool; 4 minutes. From an 
examination of the gainma-ray spectra and the relative intensities of the gamma rays in 
each, provisional clecay scl~emes for the two isotopes were presented. 

111 19(il, ICoc11 and Grandy (S) described an apparatus for the determination of radio- 
acti\:e fission gases, the radioisotopes being separated by gas cl~romatography, using 
charcoal as the fixed phase and helium as the carrier gas. The c1uicl;esi. separatioil obtained 
by these authors took 20 minutes, the xenon elution being accelerated by c o l ~ ~ m n  heating. 
The shortest-lived isotopes studied, 3.2-min ICr-SO and 17-mill Xe-138, were determined 
inclirectly by study 01 their immediate clecay products. Little g~umma-spectrometric data 
was given. 

lP,.eseut address: Che?l~icul Seraices Departnzent, kvindscale LIJorks, U.K.A .E .A . ,  Sellufield, Seascale, 
C~cnrberlnnd, England. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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OCKENDEN AXD TOMLISSOS: SHORT-LIVED R h R E  GASES 1595 

Wahlgreil (9) has described the first extended study of the short-lived fission product 
rare gases. He has studied the gases evolved from solid uranium nitrate using a hypo- 
dermic needle sampling system ~vhich drew the gas mixture slowly through a thin charcoal 
bed. This produced pure radioltrypton in the gas phase and left radioxenon on the charcoal. 
Each phase was then examined separately, the n~inimum time from reactor to detector 
being 24 seconds for krypton and 30 seconds for xenon. Gamnla-ray spectra of several 
short-lived n~lclides were reported, together with some beta-ray spectra a i d  a few beta- 
gainma and gamma-gamma coincidence measurements. 

EXPERIMENTAL 
A9paratus 

The apparatus used in this worli, for the preparation, isolation, and study of the rare gas fission products, 
may be discussed under the following headings: ( a )  beam port irradiation facility; (b )  irradiation cell, with 
its neutron shutter; (c) gas chromatography; and (d) gas handling system. 

( a )  Beam Port Irradiation Facility 
A beam port of the A4cMaster University reactor \\,as used as  a source of neutrons. The arrangement, 

including shielding, is shown in Fig. 1 along with the capped tube for containing the apparatus in the beam 

CONCRETE WALL 

SCALE : I I FT  , 

CAPPED TUBE FOR APPARATUS : 

TEMPORARY PLUG : 7' LONG , ~ " o . D . ,  

6 5 s - T  ALUMINUM I 
PARAFFIN LEAD 

1 1 '  6" LONG , 2 . 2 5 "  O.D. 
WAX 

I 
PARAFFIN 

WAX 

FIG. 1. Section through bca~n  port To .  2, McRIaster University slvimming pool reactor. Main tubc for 
the apparatus, and its associatecl plug also shown. 

port, and the beam plug. The short space betn-een the reactor core and the end of the beam port thimble 
contained, besides water, a 1 f t  thick plug of graphite, a 6-in. can of air, and a Gin. canned plug of bismuth. 
With the reactor operating a t  1 MW, the thermal neutron flus a t  the reactor end of the beam port was found 
to  be 2x1010 neutrons cm-?sec-'. 

(b)  Irradiatiox Cell and Neutron Shutter 
The irradiation cell with its thermal neutron shutter is shown in Fig. 2. This apparatus fits inside the 

capped tube and beam port shown in Fig. I .  I t  is inacle in three interlocking aluminuin sections and allo\vs 
a fast stream of helium to  flush out the emanated fission product rare gases. The  gas lcads are coiled 
throughout the length of the apparatus and also pass through sections of paraffin wax and leacl. The hemi- 
spherical inside surfaces of the irradiation cell are coated xi th  a uranium-235 stearate film approsi~iiately 
2 mg thick, and containing about ' iO mg of uranium-235. The  production of radioactivity from a 
short-lived isotope, rather than that  from a long-lived one, is favored by a short irradiation. Hence, the 
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SHUTTER 
NEUTRON 0.125' CONTROL PARAFFIN PARAFFIN 
SHUTTER A1 ROD CABLE 

I I 
LEAD WAX HELIUM : 

1 1 OUT 1 IIN 

lI ' LCOILED TYGON L E A D S ~  
U - 2 3 5  0.188" I.D. 2" O.D. CABLE 

I 
STEARATE Al TUBES BAYONET FITTINGS Al TUBE 

N.B. NOT TO SCALE 12 F T  LONG , MAX. DIA. 2.0'' 

DETAIL OF NEUTRON SHUTTER AND IRRADIATION CELL : 

HINGE 0.125" Al ROD 

END 

CAP 

(SEE 

FIG. I )  

U - 2 3 5  STE 

I 1-95" DIA. 
SHUTTER 2 Cd- COVERED Al TUBE Al TUBES : 1-66" O.D. ; 0.188" I.D. 

R,NC 

FIG. 2. Apparat~is for the protluction and sweepiiig out of short-lived fission product rare gases. 

irradiation cell is surronndecl by a mo\;eable theriiial neutron sli~itter, which can be p ~ ~ l l e d  baclc to expose 
the cell to the neutron beam for any predetermined le~igth of time. The shutter is made from the aluminum 
tube covered \\,it11 1/:32-in. catlmium sheet, and has a hinged, curx-ed flap on the front, so thal \\hen the 
\\lhole unit is drawn back\varcls by means of the rod and control cable, the flap fits snugly betxveen the 
irradiation cell tube ant1 the outer capped tube. 'The observed fission rate is reclucecl by a factor of about 
80 when the shutter is in the closed position. The shutter is operated by a pneumatic barrel and plunger 
system, \vhich is show~l in Fig. 3. By means of the solenoitl-operated \ial\les, the compressed air systen~ opens 
or closes the thermal neutron shutter in a fraction of a seconcl. 

NEOPRENE LEATHER A ,  B, C ,  D : SOLENOID VALVES /NormaNy j  

WASHERS SEAL @ \ closed / 

I i \ 0.23 ' '  DIA. 0.25 " I.D. 

OPERATION 

COMPRESSED AIR ( 2 0  ~ b s / ~ l l )  1 D and B O P E N  : O P E N  I 
FIG. 3. Ptleulllatic syste111 for the consistent ancl quick operation of the neutron shutter. 

( c )  Gas Ckron7atogrnplcy 
Separation of the a c h e  krypton and xenon isotopes outside the beam port \\.as achie\.ed by gas chroma- 

tographic means. Considering the relatively sinall number of ratlioactive atollls inlolved, it see111ed likely 
that previous \vorkers had ~ ~ s e d  too m~lch  solid adsorbent in their separations. ilccordingly, a gas chroma- 
tographic column was prepared \\.hi& had the advantages of pro\,iding a high flow rate of carrier gas through 
a colurun containing only a sillall amount of activated charcoal. 

The column paclcing was made by shaking up short pieces of glass \vool, 2-3 cnl long, with a small amount 
of very fine (200-400 111esh) activated charcoal, ~ ~ n t i l  the glass wool becariie a dark grey color without 
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OCKENDEN .AND TOMLINSON: SI-IORT-LIVED RARE GASES 1507 

retaining any obviously free charcoal. This packing was then tamped gentl) into several 4-rn111 bore glass 
tubes, varying in length from 5-30 cm a t  5-cm inter\.als. The performance of these co lun~~l s  was tested a t  
roo111 tenlperature (70'1;) using helium as carrier gas, and lcrypton-xenon mistures from the irradiation 
cell. A shielded geiger tube, operating a rate meter and pen recorder, was used a t  the end of the colu~nn as 
the detector. 

Escellent separations were obtained fro111 all but the shortest colunlns, the best performance being from 
a 15-cm column which, a t  a heliulll flow rate of 310 cc/min, showed a lcrypton peak after 4 seconds and a 
senon peal: after 27 seconds. A typical trace is shown in Fig. 4, and the effect of helium flour rate on the 
performance of the 15-c~n colunln is indicated in Tablc I. 

Z - 
E 
\ 
V) + 
z 
3 0 

0 

1 1 1 1 , , 1 1 ,  

5 10 15 20 25 30 35 40 

TIME (SECONDS 

FIG. 4. High-speed gas chronlatographic separation of radio-kr) pton and -senon. 

TABLE I 
Effect of helium flow rate on lrrypton-xenon separation 

Time to  emergence of peal: (seconds) 
Flo\v rate 
(cc/nlin) Krypton Xenon 

The fastest flow rates gave elution peaks which were even closer together, but in which tailing started to 
O C C L I ~ .  For 1110st of the work described subsequently, the 310 cc/~nin f l o ~  rate was ~ ~ s e d .  Some impro~enlents 
could, no doubt, be made on this separation by further adjustment of charcoal particle size, column length, 
flow rate, and temperature. 

( d )  Gas Ha?zdli?cg Appara tus  
The apparatus used for sweeping out the rare gas fission products from the irradiation cell is shown 

diagrammatically in Fig. 5. This enables either kr) pton or xenon isotopes to bc st~~clied by the ganlma-ray 
spectrometer. The system is controlled by several solenoid-operated valves, which are ~lorn~al ly  closed. 
Commercial helium, a t  15 lb/in2 pressure, is used to f l~~sl i  out the irradiation cell and is used also as carrier 
gas for the chro~natographic separation. 

\Vhen valves E ,  G, and H are opened together, the misture of rare gas isotopes from the irradiation ccll 
is swept out t h r o ~ ~ g h  the sampling tube and on towards the trap, which contains activated charcoal granules 
cooled in liquid air. The flow is adjusted so that after 2 seconds the 111axin1~1rn amount of radioactivity is 
passing through the sampling tube. The flow is thcn stopped, trapping the sarnple between balves G and 
H. After ally predetermined time the valbes F and J are opcnecl together and allow the sample to be swept 
into the gas chromatographic column, the separation being shouln by the geiger-operated pen recorder. 
Depending on which gas is to be studied, valves I< and L are operated so that one is swept into the trap,  
and the other into a replaceable 50-cc bulb, supported a t  the center of a 2X2X2-ft  cave made from high- 
density concrete bricks. The outlet leads from the bulb return to the trap. The bulb, which is flattened on 
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RARE GAS 
SAMPLE 

ROTAMETERS I C:;";MN 
SHIELDED GEIGER ; TO AMPLIFIER 8 PEN RECORDER 

SPACE 

HELIUM 

I I 
l CRYSTAL 

'C. TO 
IRRADIATION 1 1 -  CELL 

256 CHANNEL 
AIR 

TRAP 
ANALYZER 

FIG. 5. Diagram of apparatus outside beam port. 

one side, is fixed with the flat side facing a 3-in. sodium iodide (TI )  -,-scintillation crystal connected via a 
photo~llultiplier to  an R.C.L. 356-channel p~llse height analyzer. 

The bulb system was chosen t o  contain the gas sample rather than a cooled trap, since it allows the 
rapid removal of the gas and rapid study of the solid decay products deposited on the walls. I t  is housed in 
a small concrete cave in order to  reduce reactor bacl~ground and back-scattered radiation. While not as 
large or as effectively shielded as that  suggested by Heath ( lo) ,  it was found to  be adequate for the relatively 
active sainples counted in this \\fork. The gas sweeping and gas chromatographic operations of any experi- 
ment were worked either manually or auton~atically by means of an  electronic timing mechanism. This unit 
was designed t o  provide (i) a variable sweeping-out time (TI) ,  although this was always set a t  2 seconds; 
(ii) a hold-up time (T?) outside the beam port, varying from 2-81 seconds; and (iii) a chromatographic 
time (T3) which could be set from 1-10 seconds, or to continuous running. By this means, reproducible 
samples could be obtained. The manual and automatic controls were usually used in conjunction with each 
other as outlined below. 

Procedzcre 
The procedure used in all experiments was as  follows: 
1. The irradiation cell was swept free of all gases for 10 seconds, using manual control. 
2. The stearate sample was irradiated for a given period by opening and finally closing the thermal 

neutron shutter. 
3. The emanated gases were allo\\-ed to "cool" for a predetermined time inside the cell. This time could, 

of course, be zero. 
4. Automatic operation: the gases were s\vept out for 2 seconds (TI = 2), the maxi in~~in amount of 

activity being trapped in the sampling section. 
5 .  The gases \\-ere held up in the sainpling sectioil (T? from 2-81 seconds). 
6. Chromatographic separation: for lcrypton samples, T3 \\'as set a t  10 seconds, or less if very fast Ao\v 

rates were used. For xenon samples, T3 was set for contiil~io~ls runlliilg and the 1;rypton was diverted to  the 
trap by manual switching. 

7. Gamma-spectrometric examination of the gas sample in the bulb. 
8. If necessary, the bulb \\-as flushed out with helium and the solid decay products examined. 

Using this procedure, several lission product rare gas isotopes were studied and also a few of their decay 
products. 

RESULTS 

After a 1-ininute irradiation, the emanated gases were allowed to decay for 5 minutes 
inside the cell in order to allow krypton-90 to  decay completely, and then treated by the 
above procedure. The  time settings were TI = 2, Tz = 30, T3 = 10 seconds. The  liryptoii 
sample was then couilted by  the 256-channel analyzer through a 1.5 g cin-' alun~inum 
absorber for a predetermined time. I n  the first experiments, the instrument was set for 
0-1.0 iflev operation, and half-life determinations were inade on the major photopeaks 
in this region. The  results showed that  these all decayed with a half-life oE 3.2&0.2 illin 
in agreenlent with previous work (1-3). 

I11 order to obtain a gamma spectrum relatively free fro111 the colltributioils of other 
longer-lived krypton isotopes or decay products, a n  acculllulatioll technique was used. 
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OCKENDEN AND TOMLINSON: SHORT-LIVED RARE GASES 1599 

Several identical samples were produced and counted for 1 minute only, the spectra 
being allowed to accumulate, and the sample bulb being changed for each count. The 
accun~ulated spectrum from five such samples of krypton-89 is shown in Fig. 6. The 

t II 
0-23 (85) $ WAHLGREN (1961) r 

0.36 (28)  PHOTOPEAK (Mev) 10.215 1 0.375 1 0.4301 0,510 

1?43 (291 
INTENSITY (70) 1 80- 33 1 4 9  

,$ PRAKASH (1960) h , , 2 . 0 4  (16) 

I PHOTOPEAK ( Mev) 10.88 
INTENSITY 0 78 

ENERGY (Mev)  

FIG. 6.  Gamnia spectrum of lirypton-81). 

e~iergies of the photopealcs are shown, together with their relative intensities, which 
were calculated fro111 the respective peak areas and a n  empirical eSficiency curve. This 
was produced by stud17 of isotopes with known decay sche~i~es. The ,~greement with 
Wahlgren's data is seen to be reasonably good. On close exanlination, the photopeal; a t  
1.51 Mev did appear to be composed of two very closely spaced pealis, as suggested b ~ -  
Praliasll, but since they are nor~nally unresolved, the photopeak was treated as a single 
one, with a single intensity. The incolupleteness of Prakash's data malce it  un1il;elj- that  
his proposed decay schelrle for Icrypton-89 is valid. 

I t  is probable that some of the low-intensity photopealcs may be sum or escape penlcs. 
Coinciclence nleasurements, which are currently being conducted, should elucidate this 
decay scheme. 

A sample of short-lived lcrypton was produced as  in the above esperiments, allo\\-ed to 
decay for 5 minutes in the sample bulb, and then blown out by a stream ol heliu~n. The 
solid decay products \irere then studied from 0-1.5 Mev. The only photopealis were a t  
0.66, 1.06, and 1.25 R'Iev, and, since all decayed with a half-life of 15.0 min, were due to 
the well-studied rubidi~un-80 ( 5 ,  9). I t  was not, therefore, examined any further. 

Krypton-90 
In  order t o  minimize the effects of krypton-89, irradiations of 5 seconds were used. 
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The emanated gases were allowed to cool in the cell for 30 seconds and then treated accord- 
ing to the timing periods TI = 2, Tz = 30, Tg = 10 seconds. The major photopealis 
were found to be a t  0.125, 0.55, and 1.12 RiIev and all decayed with a half-life of 3 5 h 3  
sec. A lower-intensity photopeali a t  0.24 Mev was obscured by the 0.23 iVIev peal; of 
Itrypton-89. 

T o  obtain a ga~i i~ i ia  spectrum relatively free from this effect, the accumulation technique 
was used. The ltrypton-00 sainples were isolated as above and each was counted by the 
analyzer for 10 seconds only. The spectruin accumulated from 20 such sainples is ~ l l o i ~ l l  
in Fig. 7. Under these conditions the effect of krypton-89 was negligible and the intensity 

0.125 (100) d, WAHLGREN (1961) : 

PHOTOPEAK INTENSITY 
(Mav) (%) 

0.125 

0.240 
0.24 ( 3 4 )  

0.540 

1.10 100 
0.55 (100) 

1-54 6 42 

1-70 s 19 

t I I I L. 
0.5 1.0 1.5 2.0 

ENERGY (Mev) 

FIG. 7. Ganima spectrum of krypton-90. 

of the 0.24 Mev photopeal; was calculated to be 34%, much higher than the 5 10% 
estimated by Wahlgren in allowing for krypton-89 interference. Otherwise the agreement 
is excellent. 

I11 exactly the same way asdescribed forthe study of rubidium-89, a sample of ltrypton-00 
was proclucecl and allowecl to decay for 00 seconds to rubidium-89. The lirypt011 was then 
blow11 out of the cell and the decay products examined. The only photopeali which it was 
possible to study was the 0.84 NIev peal; of r~~biclium-00, which clecayed with a half-life 
of 2.Sh0.2 min, in agreenlent with O'Kelley ( 5 )  and Wahlgren (9). Other photopeaks 
were noted a t  0.51 and 0.61 Mev, as stated by O'Kelley, but these were too small for 
half-life deterinill a t '  ions. 
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OCKENDEN A N D  TOMLINSON: SHORT-LIVED RARE GASES lGol 

Krypton-91 
Although the half-life of this isotope is reported to be 10 sec (1, 2), no gamma rays of 

this period could be detected. Using 2-second irradiations and the fastest possible pro- 
cessing, such that the Itrypton sample was being counted oiily 9 seconds after leaving the 
reactor, the spectra produced were identical with that of ltrypton-90. The accumulation 
technique also failed to show evidence of this isotope, the final spectrum from 20 sainples, 
each couiited for only 5 seconds, again being identical with that of ltryptoii-90. 

This result is unusual in view of the energy available for the clecay of ltrypton-91. 

Xenon-1 37 
This isotope, for which a half-life of 3.8 mi11 is quoted ( l l ) ,  was produced by a 1-minute 

irradiation followed by a 2-minute cooling period, and was obtained in the cell by the 
separation procedure outlined above. 

The gamma spectrum of the sample was similar in shape to that noted bjl Praliash ('7) 
and showed photopealts a t  0.16, 0.26, 0.44 (a complex of three: 0.42, 0.44, and 0.46), 
and 0.53 Mev. However, only the single photopeak a t  0.44 Mev showed a half-life of 3-4 
min, the others being due either to xenon-138 (tllz = 17 min) or its daughter cesium-138 
(tllz = 32 min). Only an approximate value of the 0.44 Mev half-lite could be obtdii~ecl 
because of the proximity and similar decay rates of the neighboring photopealts. 

The accuniulatioi~ technique was used to establish that the 0.44 Mev photopeal; did 
originate from xenon-137. Short-lived xenon samples were produced after I-minute 
irradiations and 5-min~ite cooling periods, and counted for 1 minute only. Eight such 
samples were accuinulated and showed a major photopealt a t  0.44 Mev superimposed 
on a xenon-138 spectrum ( q . ~ . ) .  No other photopealts of xenon-137 were noted. 

The clecay scheme for xenon-137 suggested by Praliash (7) must therefore be reg,u-ded 
as incorrect. 

Xenon-1 SS 
I\/Ianual operation of the apparatus was used to obtain samples of this isotope, which 

was examined after 5-minute irradiations and 45 minutes' cooling outside the reactor. 
The gainma spectra of these samples showed photo peal;^ mClinly a t  low energies, a t  

0.16, 0.26, 0.42, 0.44 (trace Xe-13T), 0.46, and 0.53 NIev. Those a t  0.16 and 0.26 Mev 
decaj cd with a half-life of 17 .5 f  0.5 min while the 0.42 Mevpeak decaj.ed with a half-life 
of 1 8 f l  min. These are therefore attributed to xenon-138. The photopealts a t  0.46 ,und 
0.53 Mev showed half-lives of 3 2 f  3 mi11 and belong to cesium-138. Further proof of the 
xenon photopealts was shown whe11 a typical xenon-138 sample was allowed to decaj- 
for 30 minutes, then swept out ot the cell by a stream of helium. The residual activity 
showed only the gamma spectrum ot cesium-138, which has been thoroughly studied by 
Bunker et al. (6). 

Thulin (12) had noted the 0.42 Mev pealt of xenon-138 together with others a t  0.51, 
1.78, and 2.01 Mev. In order to establish the existence ot these photopealts, the accumu- 
lation technique was used over the energy range 0-2.5 NIev. The gamma spectrum from 
five xenon-138 saillples is shown in Fig. 8 together with a cesium-138 spectrum produced 
under siillilar conditions. A low-intensity photopealt was produced a t  0.51 Mev which 
had a relative intensity ratio of 0.2 compared to the 0.42 Mev pealt, as found by Thulin. 
Since cesium-138 consistently showed a photopeak a t  0.53 Mev, 0.51 Mev was assigned 
to xenon-138. 

The photopealts a t  1.78 and 2.02 Mev are shown to be prominent in the xenon-138 
spectrum and are inissing from that of cesium-138. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CASADIAhT JOURNAL O F  CHEMISTRY. VOL. 40. 19G2 

XENON - 138 

PRESENT THULIN 
(1955) 

0.16 

0.26 100 

0.42 4 0  0-42 100 

0.51 0.51 2 0  

1.78 6 6  1-78 - 
2.02 5 8  2.01 I - 

ENERGY ( M e v )  

FIG. 8. Galnilla spectra of xenon-138 and cesium-138. 

Those attributed to xenon-138, therefore, are: 0.16, 0.26, 0.42, and 0.51Zk0.01 Mev; 
1.78 ancl 2.02~t0.02 Mev; their approximate relative iiltensities are shown in Fig. 8. 

Xenon-1 39 
In order to minimize the effect of xenon-138, a gamma spectruin of 41-sec xenon-130 

was produced by the accumulation technique. Irradiations of 15 seconds were made, 
followed by the cycle TI = 2 seconds, Tz = 2 seconds, T g  = 03 and with the xenon 
fraction being flushed into the cell. The spectrum, after 10x20  second counts, showed 
photopeaks a t  0.18, 0.22, 0.30, 0.40, and 1.15 Mev as well as  others due to other xenon 
and cesiuin isotopes. Subsequent half-life determinations on the 0.18, 0.22, 0.30, and 1.15 
Mev peaks showed a decay period of 43Zk2 sec and these are all attributed to xenon-130, 
the first three being in agreement with Wahlgren (9). The photopeak a t  0.40 Mev was 
too weak to study, although this also was attributed to xenon-139 by Wahlgren. The 
accumulated spectrum is shown in Fig. 9, with the calculated relative intensity values 
for the xenon-139 photopeaks. Agreement with Wahlgren's figures is good. 
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OCKENDEK A N D  TOMLlNSOh': SHORT-LIVED RARE GASES 

0.5 1.0 1-5 2.0 

ENERGY ( M e v )  

FIG. 9. Ganlma spectra of xenon-139 anti cesi~~in-139. 

The gamma-ray spectrum showing cesium-139 was also procl~iced by ncc~iinulation. 
Xenon-139 samples were pi-ocluced as described above and allowed to decay for 90 
seconcls, after which the xenon was blown O L I ~  of the cell and the radiocesiulm co~inted for 
5 i ~ ~ i n ~ ~ t e s .  Six sainples were accunlulated, and the resulting spectrum is shown on the 
lower part of Fig. 9. 

Of all the photopealts showl~, only those a t  0.61 and 1.29 Mev were attributed to  
cesiu1~-139, the others being mainly due to cesium-138. Half-life studies confirlned this, 
values of l O * l  min being obtained from both peaks. The 1.29 Mev peal; contailled a 
coiltribution from argon-41 ( t 1 , 2  = 110 min) in the air, but a correction was made for 
this. Again these results are in agreenlent with those of Wahlgren (9). 

Xenon-1 /to 
In all the gas samples containing xenon-139, a photopeak appeared a t  0.13 Mev which 

decayed with a half-life of approximately 1.5 sec. This is due to xenon-140. No other 
gamma rays from this isotope could be detected, even when using the accumulation 
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t e c h n i q ~ i e  in  conjunct iot l  w i t h  2-second i r rad ia t ions  a n d  t h e  qu ickes t  g a s  c h r o m a t o g r a p h i c  

separa t ion .  

CONCLUSION 

T h e  a p p a r a t u s  descr ibed h a s  a l lowed t h e  p roduc t ion  of a large n u m b e r  of rare gas 
fission p r o d u c t  samples ,  a n d  t h e  rap id  gas c h r o m a t o g r a p h i c  s e p a r a t i o n  h a s  e n a b l e d  t h e m  
t o  be s tud ied  wi th in  v e r y  s h o r t  t imes.  T h e  resul ts  so f a r  h a v e  confirmed recen t  s t u d i e s  
(9) o n  1;rypton-89 a n d  -90. N o  g a m m a  r a y s  f r o m  Irrypton-91 cou ld  b e  de tec ted .  New 
data h a v e  been o b t a i n e d  o n  xeno11-137, -138, a n d  -140, a n d  prev ious  worlc o n  xenon-139 
h a s  been  cor robora ted .  S o m e  r u b i d i u m  a n d  ces ium d e c a y  p r o d u c t s  h a v e  a l so  been s tud ied .  

Coincidence m e a s u r e m e n t s  a n d  d e c a y  scheme s t u d i e s  a r e  being m a d e  o n  severa l  of t h e  
a b o v e  nucl ides ,  a n d  will b e  repor ted  la ter .  

T h a n l t s  a r e  offered t o  Dr. A. I<. Das G u p t a  a n d  Mr. All. D. Silbert for t h e i r  a ss i s tance  
in  buildiilg t h e  bean3 port shielding,  a n d  to Mr. E d w a r d  B e a v e r  for t h e  design a n d  con-  

s t ruc t ion  of t h e  electronic  t imer .  
T h e  a u t h o r s  acknowledge  f inancial  s u p p o r t  f r o m  t h e  N a t i o n a l  Research  Counc i l  of 

C a n a d a  a n d  f rom A t o m i c  E n e r g y  of C a n a d a  L imi ted .  O n e  of u s  (D. W. 0 . )  than1;s t h e  
U.K. A t o m i c  E n e r g y  A u t h o r i t y  f o r  l eave  of absence ,  a n d  for  s u p p o r t i n g  p a r t  of t h e  worl;. 
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THE RANGE OF Cs137 IONS OF KEV ENERGIES IN GERMANIUM1 
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Research Chenzistry Bratzch, Atolitic Energy of Canada Ltd., Chalk River, Ontario 

Received April 25, 1962 

ABSTRACT 

The range of ions in germanium has been measured a t  4-, 20-, and 40-kev bombardment 
energy. Two independent methods of determining the depth of penetration were used. The 
results are in reasonable agreement with our previous range measurements in alu~minurn, and 
with the recently p~~blished theoretical treatment of Lindhard and Scharff. A possible esplana- 
tion has been found for the abnormally large value reported by Bredov for the penetration 
depth of 4-l;ev C S ' ~ ~  ions in germanium. 

INTRODUCTION 

Some years ago, Bredov and co-workers (1-3), reported an anonlalously large pene- 
tration depth for alkali metal ions in gerina~lium. They observed that a 4-ltev Csi3' beam 
had a median penetration depth in gerrnaniu111 of approximately 35 pg cm-\ in contrast 
with this, our recent experimental value (4) for 5-ltev Cs137 ions in aluminum is only 
0.9 pg cm-? The theoretically predicted increase in range in changing from an aluminum 
to a germanium target is somewhat less than a factor of 2;  hence, Bredov's result is a t  
least an order of ~llagnitude higher than one would expect. 

There are several completely different experimental techniques now available for 
measuring the range of atomic particles of ltev energies in solid targets (5-7); the experi- 
mental results, except those of Bredov for germanium, are in reasonable accord with one 
another, and with the recent theoretical treatment of Lindharcl and Scharff (8). However, 
most of this work has been confined to targets of low ato~nic number, particularly to 
aluminum. Hence, it was decided that a further investigation of germanium as a target 
material was necessary in order to determine whether an anomalously large range actually 
exists. 

Bredov's experimental technique was to bombard a germanium target with a beam 
of Cs134 ions, and then to immerse the target for various periods of time in an aqueous 
H 2 0 2  solution. From the observed decrease in the counting rate of the target after each 
ini~nersion, and the ltno\vn rate of etching of germanium in aqueous H2O2, he calculated 
the depth of penetration of the embedded radioactivity. Such a calculation involves two 
rather doubtful assumptions: (i) that the rate of etching is uniform over the target 
surface, and (ii) that it is u~laffected bj- the Cs ion bombardment. The latter assumption 
is particularly questiollable in view of the known effect of ionic bombardment on the 
electrical properties oE se~niconcluctors such as germanium and silicon (9-12). 

EXPERIMENTAL 

The present investigation may be divided into two parts: 
( I )  Duplication of Bredov's technique, using as small a beam intensity as possible in order to  minimize 

any erfect of radiation damage on the etching rate. 
(2) Measurenlent of the transmission of Cs ions through thin ge rman i~~m hlms in order to eliminate 

completely the above assulnption about the rate of etching. 

(1)  Etching of Gernzatiizrnz Disks 
Disks of pre-etched transistor-grade germanium were bombarded in a specially constructed electrostatic 

'Issued as A.E.C.L. No. 1558. 
2P;.esent address: Depart~rzent of Clzentistry, Princeton University, Princeto~z, lV.J., U.S.A. 
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ion accelerator (13) with a beam of 4-lcev Cs137 ions. The beam was swept back and forth over the target 
in order to  bombard as large an  area as possible. The integrated flus in each case was about 3x10'3 Cs 
ions per cm? of surface. After bombardment, the amount of radioactivity in each disk was measured with 
an  end-window proportional b-counter of the methane flow type. The dislrs were then subjected to several 
successive immersions ill aqueous HzO?. After each irn~nersion, the disks were carefully weighed on a micro- 
balance to determine the average thickness of the germanium layer removed, and then counted in order 
to obtain the residual c o n t e ~ ~ t .  The results are illustrated in Fig.1. In one run, the [HzOn], and hence 

FIG. 1. Apparent depth of penetration of 4-lrev Cs137 ions in germanium dislrs: 0 ,  0 using 0.3% aqueous 
Hz02 etch; using 3% aqueous H?O? etch; 0 using the trans~nission method; - - - distribution curve for 
5-kev Cs137 ions in aluminum. 

0.01 1 I 

the rate of etching, was increased 10-fold; this did not nlarlcedly arfect the observed distribution curve. The 
broken line represents the observecl distribution for 5-lrev ions in aluminum, using a previously 
established technique for re~noving z~?zifor?iz layers of accurately l<no\\.i~ thickness: viz. anodic oxidation 
a t  constant voltage, followed by dissolution of the oxide layer (5). The shape of the distribution curve in 
g e r m a ~ ~ i u ~ n  approaches that  observed in aluminum targets asymptotically. The observed shape of the 
curve might suggest the existence of an  estrernely penetrating component in the case of germanium. How- 
ever, this penetrating "tail" was not found in the case of aluminum, ancl may be due merely to  non-uniform 
etching of the germanium surface. I t  \vould require only a few percent of the incide~lt bean1 to  have becoine 
embedcled in a corrosion-resistant region to account entirely for this "tail". The set of experirnents described 
below provides consiclerable support for such an explanation. 

I 

(2) Tra?zs?izissio?z Tlzroz~glz T h i v  Gerii1a~zizl?il Layers 
Sincc the asslimption of uniform etching of a ger~nanium surfacc by aqueous 1-1202 is subject t o  doubt, 

the range of Cs ions in germanium was also determined by a co~npletely independent technique: viz. by 
measuring the transmission of Cs137 through thin films of germanium. The method consisted of three steps: 
(i) clcposition of a thin film of gernlanium on an aluminuin target by vacuum sublin~ation; (ii) bombardment 
of the targct by a beam of Cs137 ions; ant1 (iii) co~nplete removal of the ger~naniu~m layer by  a 10-minute 
im~nersion in 3% aqueous HZOZ solution. By co~inting the target irninediately before and after step (iii), 
the fraction of the beam penetrating t l l ro~~gh  the germanium Llrn into the aluminum was obtained. 
Sirice the germanium film is completely dissolved in this experiment, IIO assumption about uniform etching 
rate is required. A siinilar technique has been used by Jech (14) to  obtain approxi~nate penetration depths 
for 4- t o  6-kev I<r8" ions in nickel films. 

Vacuu~n sublirnation of the ger~nanium was carried out slo\vly, with the collecting surface a t  least 20 cm 
from the heated iila~nent, in order, to obtain a fairly uniforin layer. The rate of deposition mas approxi- 
rnately 5 pg CII I -~  min-'. 

I I I I ,  1 
0 10 2 0  3 0  4 0  5 0  6 0  

THICKNESS OF GERMANIUM DISSOLVED - pg cm-' 
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The thickness of each germanium layer was determined radiochemically, using germanium containing a 
small amount of the 12-hr Ge77 isotope. This enabled extremely thin sublimed layers to  be measured 
accurately by comparison of the counting rate of each target with that  of a germanium standard of known 
weight. This radiochemical analysis was complicated by one factor: the Ge77 isotope decays to  As77, which 
in turn decays, with a 39-hr half-life, t o  the stable isotope Se77. Since arsenic is much more volatile than 
germanium, it was found that  the As77 content of the sublimed layer was considerably greater than that  
of the standard source. A suitable correction term for this effect was obtained by following the decay of 
each target for several days. With this procedure, it was possible to  determine the average thickness of the 
germanium to  f 15%. Some of the thicker layers were also measured by observing the increase in weight 
of the aluminum targets. There was no significant difference between the two methods (see Table I). 

TABLE I 
Transn~ission of Cs137 ions through germanium 

Fill11 thickness (pg cm-=) 

E l  Radioche~nical Weight yo transmission 
(kev) analysis change of C ~ l 3 ~  

After the film thickness was obtained, the (Ge77+As77) activity was allowed to  decay to  a negligible 
level before proceeding with the bombardment. 

Two additional tests were carried out in order to  confirm tha t  the aqueous Hz02 solution dissolves the 
germani~un completely, without attacking the underlying aluminum. 

T o  determine whether the aqueous H?O? treatment dissolves the germanium film con~pletely, a blank 
run was made with radioactive germanium of high specific activity and using the inactive Cs133 isotope in 
step (ii). After a 10-minute immersion in aqueous 1-1202, it was found that  less than 0.05% of the germanium 
activity remained on the aluminun1 foil. Hence, the dissolving of germanium was essentially quantitative. 

T o  verify that  the peroxide solution does not attack the underlying aluminum surface, another blank 
run was performed in which the ions were injected directly into the aluminum target, i.e. before the 
germanium film was added. Any decrease in counting rate of the target after the germaniuin film was 
dissolved would indicate that  the H202 solution was dissolving some of the underlying aluminun~. The Cs137 
ions were injected into the aluminum a t  10-lcev energy, and a thin, uniform layer of a l u m i n ~ ~ m  of linown 
thicl;ness (1.6 pg cm-?) was then dissolved away by the standard anodizing and film stripping technique 
(5). This thiclcness corresponds roughly to  the "most probable range" of 10-kev C ~ l 3 ~  io11s in a l u m i n u ~ ~ ~ ;  
hence, its removal effectively exposes a surface layer of aluminum with maximum Cs137 content. After 
measuring the target activity, a layer of inactive germanium approxi~nately 30 pg cm-? in t1licl;ness mas 
deposited on the surface, and subsequently dissolved by  immersion in 3% aqueous HzOs. The decrease 
in C S ' ~ ~  content was less than 1%. From this experiment, and the known distribution of the embedded 

ions in the aluininunl (131, it is estimated that  the amount of a lun~ inun~  dissol\:ed by the aqueous 
1-1202 treatment was less than 0.05 pg CIII-~, i.e. less than one atom layer. 

These preliminary experiments have shown tha t  a thin layer of germanium of Bnown thicl;ness can be 
sublimed onto an aluminum surface, bonlbarded with Cs ions, and then removed completely without 
removing a significant amount of the underlying aluminum. I-Ience, the major sources of error for obtaining 
range data in germanium by chemical etching have been eliminated in the "transmission method". 

Three difierent bon~bardn~en t  energies have been investigated-4, 20, and 40 kev; the results are sum- 
marized in Table I. The 4-lcev result has been included in Fig. 1 ;  the extremely small transmission through 
a 5 pg cm-? layer confirnls our earlier suggestion that the "tail" observed above in Fig. 1 is not an  abnornlal 
penetration phenomenon but  is due to  a non-uniform rate of etching across the germanium surface. 
i\ con~pletely unexpected, direct observation of this non-uniformity in etching rate across a germanium 

surface occurred in several of these transmission experiments. During the dissolving of the sublinled layers, 
it was noticed that  the bo~mbarded area of the ger~nanium dissolved somewhat more slowly than the u11- 
bombarded area; in fact, the last part t o  disappear resembled closely the shape of the bombarding beam. In 
subsequent runs, this effect was confirmed by obtaining an autoradiograph of the bombarded foil, and 
then comparing this autoradiograph visually with the appearance of the aluminum surface during the 
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dissolving of the germanium. In every case, immersion in the aqueous HsOa produced on the aluminum 
surface a fleeting pattern of u~ldissolved germanium which was identical in shape with the distribution 
of Csl37 atonls in the autoradiograph. Evidently, the ionic bombardment inhibits very ~narlcedly the rate 
of dissolution of the ge r~nan iu~n  layer-in the present case, the reduction in rate corresponded roughly 
to a factor of 3. 

DISCUSSIOX 

Depth-of-penetration curves for each of the energies studied are plotted in Fig. 2, 
together with the earlier results of Bredov et al. (2). No evidence of an abnormally large 

FIG. 2. Depth of penetration of CsI3' ions in germaniunl as a fu~lction of energy: 0 using method (1); 
using method (2); A Bredov's data for 4-kev Cs13.'. 

penetration of ger~nanium by Cs ions has beell observed in the present investigation; 
in fact, even the 40-kev beam penetrated only a small fraction of the depth reported 
by Bredov for 4-ltev ions. 

A probable explanation for this discrepancy may be found in the n~arltecl reduction 
in etching rate that acconlpallies Cs ion bombardment. Bredov et al. deter~nined their 
rate of etching, not on the bombarded specimen, but by weight loss of a control specimen 
which had not been subjected to the Cs ion bombardment. Consequently, the actual 
rate of etching of the bonlbarded surface (and hence, the penetration depth of the Cs 
ions) would be considerably less than the values calculated fro111 the etching rate of an 
unbombarded speci~nen. I t  is, nevertheless, surprising that  the discrepancy should have 
been so large, and suggests that  chemical etching is not a reliable method of determining 
snlall depths of penetr a t' 1011. 

Values of the median range obtained from the penetration curves of Fig. 2 are listed 
in Table I1 together with corresponcling values for Csl" ions of similar energy in aluminunl 
targets. 

In order to compare the alurninu~u and germaniu~n results on a common basis, Lind- 
hard and Scharff's recent theoretical treatlllent (8) has been used. They define a suitable 
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range parameter p and an energy parameter E, such that all range-energy data expressed 
in terms of these parameters should fall on the same curve. The expressions For these 
two parameters may be written 

ancl 

where the subscripts 1 and 2 refer to the projectile and target atom respectively, a is 
the appropriate screening distance, Z, the collision diameter, and El is the projectile 
energy in lzv.  By substituting the appropriate range-energy data from Table I1 into 

TABLE I1 
Range of Cs13' ions in germanium and a l u m i n ~ ~ m  

R,,, median range (pg cm-') 
E l  -- 

(kev) In aluminum In germani~um 

the above equations, the p-E plot shown in Fig. 3 is obtained. An earlier approximate 
treatlllellt by Xielsen (15) is inclucled For comparison. I t  will be notecl that the germanium 

Fig. 3. p-E plot for CsI3' ions: 8 in aluminum; X in germanium; A Bredov el a1 
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and aluminum results do  in fact agree extremely well with one another, and tha t  deviations 
fro111 the theoretical p-E curve predicted by Lindhard and Scharff, although significant, 
are not unreasonable and are within the linlitation of the theory. I n  a future paper, the 
application of this p-E plot to  all our previous experimental rneasure~nents will be con- 
sidered in detail. 
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SOME REACTIONS INVOLVED IN THE PHOTOBROMINATION 
OF SIMPLE ALCOHOLS AND KETONES IN THE VAPOR PHASE 

E. BUCKLEY* AND E. WHITTLE 
Depart~nent of Clzemistry, Uni-dersity College, Cathays Park,  Cardiff, Wales  

Received April 2,  1962 

ABSTRACT 

The vapor phase brorninations of methanol, ethanol, formaldehyde, and acetaldehyde are 
all photosensitive. The products have been identified and nlechanis~ns postulated to esplain 
their formation. The vapor phase reactions between forrnaldehyde and HBr, acetaldehyde 
and HBr, acetaldehyde and acetyl bromide, and ethanol and acetyl bromide have also been 
studied. 

The vapor phase reactions between bromine and simple organic co~npounds containing 
oxygen have received little attention. We are currently studying the kinetics of reactions 
of this type and have obtained considerable information about the chemistry involved, 
which will now be described. Unless otherwise stated, all reactions involve mixtures of 
the vapors of the reactants a t  room temperature. 

We have shown previously (1) that the reaction between bronline and methanol is 
photosensitive and is given by 

A mechanism was proposed for this overall process involving successive stripping of 
hydrogen atoms from methanol by bromine atoms, thus giving formaldehyde as an. 
intermediate. This was subsequently confirmed by kinetic studies (2). From separate 
experiments (1) it was found that the bronlination of formaldehyde is also photosensitive 
and is given by 

If more formaldehyde is used than is required by eq. [2] the yield of HBr falls consider- 
ably and separate experiments showed that formaldehyde and WBr react immediately 
with a 1:l stoichiometry, producing drops of liquid on the walls of the container. If 
condensation is prevented the number of moles of products may be estimated from the 
pressure change. The results of two experiments are given in Table I. The products are 
water and sym-dibromodimethyl ether, and if the reaction is 

TABLE I 
The reaction between forlnaldehyde and HBr 

H Br CHzO Total products 

NOTE: all quantities are in pmoles. 

*Present address: Departnzent of Chemistry, University of British Colz~mbia, Vancouver, Bri t ish Colz~nzbia. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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then the number of moles of products should equal the number of illoles of I-IBr reacted. 
If there is an excess of HBr, the final moles of products including unreacted I-IBr should 
still equal the initial moles of HBr, and this is confirmed by the data of Table I .  

Tischtschenko (3) has shown that reaction [3] occurs when HBr reacts with solid 
polyoxyinethylene and that  similar reactions occur when HI  or HCI is used. We have 
prepared the ethers (XCI-Iz)?O, where X = C1, Br, I ,  and have illeasured their infrared 
spectra, which are of interest, siiice Bellamy (4) has pointed out that the influence of 
a-halogenation on the C-0 stretching vibration has not been studied. The following 
wave numbers of this vibration were found for solutions of the ethers in carbon disulphide: 
(CH3)z0, 1164; (CH?Cl)IO, 1099; ( C H I B ~ ) ~ ~ ,  1080; (CH2I)?O, 1057 c111-~. 

The vapor pressure of the dibroilloether was nleasured in the teinperature range 
'84-307" I< and is given by the equation 

log P,, = 9.244r0.20 -2420&60/T. 

The unl;nown compound methyl hypobroinite could be produced by 

CH3011 + Brs -t CHaOBr + I-IBr, [4 1 
a reaction frequently postulated to  occur in solutions of bromine in methanol. I t  could 
also be formed by 

CH?O + HBr + CH30Br. [51 

However, we could detect no trace of it in the products of the vapor phase reactions. In 
1894, Henry (5) isolated an unstable con~pound which he claimed to  be BrCH20H. We 
have repeated his experiment, which consists of passing I-IBr into aqueous 40% formalin 
a t  roo111 temperature. After about 90 minutes, an oily liquid separated but its infrared 
spectruill was the same as that  of sym-dibroinodi~l~ethyl ether and indeed this is a con- 
venient way of making the compound. 

Bromine and Acetaldehyde 
The reaction between broilline and acetaldehyde is almost instantaneous in daylight 

but there is no dark reaction. A series of experilllents was done usiilg progressively increas- 
ing amounts of bromine ineasured photometrically. The following result is typical: 
initial acetaldehyde 29.1 mm, initial brolnine 34.9 min, residual bromine 6.7 111111. Clearly 
the stoichiometry is close to 1: l  when using excess bromine. Infrared analysis indicated 
that acetyl bromide and I-IBr are the only inajor products, with traces of acetic acid, 
CO, and CH4. I-Ience the overall reaction is 

CHaCHO + Br? + CH3COBr + HBr. [GI 

This was confirn~ed by dissolving the products in water and titrating the I-I+ liberated. 
In one experiment 40.6 pmole of bromine reacted with 46.0 pmole of acetalclehyde, and 
118.6 pmole of I-I+ was found, coinpared to the expected value of 3X40.6 = 121.8 pinole. 

In view of these facts the probable i~~echanism of reaction [GI is 

Br? + hv + 2Br PI 
Br + CI13CHO + HBr + CH,CO 181 

CHsCO + Br? -t CH3COBr + Br 191 

plus a suitable termination step, e.g. 

Br + Br + M -t Br? + M. ~101 
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BUCKLEY AND WHITTLE: PHOTOBROMINATION 1813 

The traces of CO and CH4 amounted to  less than 0.4% of the acetaldehyde reacted and 
could be owing to the brealxlown of the acetyl radical: 

C H L O  4 CH3 + CO [ I l l  
C H ,  + CH3CHO CH4 + CH3CO. [I21 

The formation of acetic acid is discussed later. 
If inore acetaldehyde is used than is required by reaction [6], additional products are 

obtained, the main one being an ester, and it  seeins likely that the excess acetaldehyde 
reacts with the products of reaction [6]. This was confirined by reacting 42.3 prnole of 
bromine with 79.7 pmole of acetaldehyde. The products were dissolved in water and on 
rapid titration (to avoid appreciable hydrolysis of the ester by reaction [14]) the nleasured 

was 56.1 pinole compared with the expected 3 X42.3 pmole. We have therefore studied 
the reactions of acetaldehyde with acetyl bromide and with I-IBr. 

React ion between i lce taldehyde a n d  d c c t y l  B r o m i d e  
On mixing equiinolar amounts of the vapors of these compounds, both react completely 

and no I-IBr is liberated. The  pl-oduct has a fruity smell and an infrared spectrunl rather 
lilte that of ethyl acetate. The carbonyl absorptioil is a t  1773 cm-I compared to 1745 c111-~ 
for ethyl acetate. 

The product of the reaction was sllown to be a-bromoethyl acetate, produced by the 
react ion 

CH3COBr f CM3CHO 4 CH3COOCH(Br)CHX. [I31 

The broi~loestcr is unstable and is difficult to  free from acetic acid as  it is fairly readily 
hydrolyzed by water according to the equation 

CH,COOCl-I(Br)CH3 f 1320 4 CH3COOII f HBr f CH3CI-10, [ L ~ I  

and the fact that this reaction was found to be quantitative plr~s the illfor~natioll given 
above are s t ro~lg proof of the identity ol the compound. 

The brolnoester has been little stuclied since 'Tawildaro\v (6) made it by heating a 
mixture of acctaldehydc and acctyl brolllicle to  130' and distilliilg the product. We fincl 
that,  011 mixing the liquids a t  20°, heat is liberated and good yields of the ester are obtained. 
Its infrared spectrunz is iclclltical with that of the ester for~ned when bromine reacts with 
excess acctaldeh3-cle; cle,lrl!- the acet!.l bromide formed reacts with excess acetaldehyde. 

T h e  React ion between .lcetaldchyde sad I 7 B r  
On mixing gaseous acecaldeh~cle ancl I-IBr, the changes seen are thc same as  when 

formaldehycle is ~ ~ s e d .  The lower layer of the two liquids produced has an infrared spectrunz 
characteristic of an ether, with two intense absorptioiis a t  1076 and 1128 cm-I co~npared 
with a single band a t  1120 cm-l in diethyl ether. By analogy with reaction [3], the ether 
could be di-a-brolaoethyl etlzer, produced by 

ZCI-ILI-I0 f 2HBr -> CH,CII(Br)OCH(Br)CM3 f HZO. [I51 

This compound is unstable and is rapidly hydrolyzed by water, which reverses reaction 
[ Is] ;  this has been used to checl; the assigncd formula. I t  does not seem to have been 
I-cportecl previo~~sly, although the corresponding clicl~loroetl~cr was made by i\?offett 
(7) from acetaldehyde and I-ICI in the liquicl phase. 

If reaction [15] occurs to solne extent when broinii~e reacts with acetaldehyde, the11 the 
water formed could react with the acetyl broillide present to give the traces of acetic acid 
mentioned earlier. 
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The Brorninatio~z of Ethanol 
The reaction between bromiiie and aqueous ethanol has been studied in detail (8, 9) 

and it was found that in concentrated aqueous ethanol the only products are ethyl acetate 
and hydrobroiilic acid, whereas in dilute solution acetic acicl is formed rather than ethyl 
acetate. The mechanism has not been definitely establislled. 

In the vapor phase, we find that ethanol and bromine react only in light. The results 
of two experiments are shown in Table I1 and it is clear that the stoichiometi-y is close 
to 1 :1. The main products are etl1g7l acetate and HBr, so the overall reaction is 

TABLE I1 

The reaction bet\\sccn bromine ant1 ethanol 
-- 

Initial Final 
pressure ( rn~n)  pressurc (rlim) 

Rr? reacted 
C?HaOEI Br. Br? (mm)  

When methanol is brominated, fornlaldehyde is formed as  an intermecliate so it is lilcely 
that ethanol will give acetaldehyde 011 bromination. But acetalcleliyde is rapidly bronii- 
nated to acetyl bromide, which could react with residual ethanol. If the vapors of ethanol 
and acetyl bromide are mixed there is an immediate reaction which gives only ethyl 
acetate and I-IBr, presumably by 

C?I-I,OH + CI-1,COBr -) CIH:;COOC?H:, + HBr. ~ ' 7 1  

111 view of the above facts the following meclianism is postulated to explain reaction [ l G ] :  

Br? + hv 4 2Br [71 

Br + CIH,CI-I~OI-I 4 HBr + CH,CI-IOH 1181 
CH,CIHO +- I-IBr + Br [lga] 

7' 
CHZCHOI-I + Brl or 

I 
CH,CI-I(Br)OH + Rr [19b] 

CM,CH(Br)OH -) CH,CHO + IHBr [19cI 

followed by reactions [8], [0] ,  and [17].  The terilliilation step of this chain sequence has 
not been identified. Reaction [10a], and the alteri~atives [19b] and [lgc] are analogous to 
those discussed by Bucliley and Whittle (1) in coili~ection with the bromination of meth- 
anol. If each molecule of acetyl bi-omide produced is converted to ethyl acetate, the above 
mechanism gives reaction [16] as the overall result. 

A minor product of the bromination of ethanol is acetic acid, probably because of 
hydrolysis of some of the intermediate acetyl bromide. The necessary water could be 
produced by reaction [I51 or b17 

C?I-lsOH + HBr -) CZHSBT + M?O. P O ]  

There would also be traces of water in the original ethanol. Any ethyl bromide formed by 
this reaction would be very difficult to detect. 
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BUCKLEY A N D  LVIIITTLE: PHOTOBROMIS.-\TION 1615 

ESPERIMENTAI,  

AIale,.ials 
Br2 and CH?O were treated as  described previously (1). HBr \\,as made fro111 Br? and tetralin. B.D.H. 

spectroscopic ethanol was dried with a n h y d r o ~ ~ s  Na?SO.,, distilled, and finally subjected to bulb-to-bulb 
distillations on a vacuum line. A middle cut \\;as stored a t  -80'. May and Baker acetaldehyde was subjected 
to several bulb-to-bulb distillations on the vacuunl line and a small middle cut stored a t  -80'. 

Procedz~re 
The reactions tool; place in a conventional high vacuum apparatus and all materials were thoroughly 

degassed before mixing. 
syitl-Dibronzodi~~~ethyl Etlzei. 
This \\,as made by (a) mixing the vapors of CH,O and HBr or (b) treatment of paraforlnaldehyde with 

I-IBr. In each case the products were two immiscible liquids, the lo\ver one being the ether and the upper 
layer aqueous HBr. The ether \\,as driecl with anhydrous Na2S04. I t  fumes ancl decomposes in air and 
reacts very rapidly with aqueous NaOH. Because of this instability the ether cannot be obtained completely 
pure. A Carills estimation gave 747% Br (theor. 78.4%). A sample was hyclrolyzetl with dilute KaOH, and 
the H+ and Br- ions liberated were estimated independently and were found to be equivalent. Two samples 
of the ether, weighing 0.046 and 0.0-12 g respectively, gave 0.034 and 0.031 g of HBr (theor. HBr from 
reverse of eq. [3], 0.0365 and 0.0335 g). This is satisfactory in view of the instability of the compountl. 

Procedure (b) above was also used to  make (CI-I?CI):O and (CIIpI),O starting with HCL and 1-11 respect- 
ively. There is no apparent reaction between HCI and CH?O vapors, and IICl gas ~i ius t  be left in contact 
with paraformaldehyde for several clays a t  100' C before liquid products are formed. 

a-Broiuoetl~yl Acetate 
This was made (a) by mixing tlie vapors of CI-IBCIIO ancl CI-IsCOBr or (b) more conveniently by mixing 

the corresponding liquids, using a slight excess of CH,CHO. When reaction was complete, tlie mixture was 
cooletl to 20' and any excess CH3CHO pumped away. The  residue mas distilled and a fraction with boiling 
point range of 108-132" \vas collected. This mas rapidly urashed with dilute aqueous KaIIC03 followed by 
water and it \vas dried with anhydrous Sa?SO.!. The final product could not be freed of traces of acetic acid, 
probably beca~rsc of the reacly hydrolysis of the ester; this xvas studied with the following results. 

Ester (0.329 g, 1.97 mmole) was dissolved in water and left until hydrolysis was complete. On the basis 
of eq. 11-11 we expect 1.97 mmole Br-, 1.97 mmole CH3CH0,  and 3.94 mniole H+. 'The Br- and II+ were 
determinetl volumetrically as 1.74 ant1 3.66 minole respectively. The CI-IPCHO shoultl equal the Br- and 
was found to be 1.73 mmole using a gravimetric determination based on the 2,4-dinitrophenyIIi>~drazone. 
The results are satisfactory since the ester could not be completely freed of acetic acid. 

Di-a-bronzoethyl Etl~ei. 
This was made by mixing the vapors of CH:CI-I0 and HBr. The subsequent results and procedure urere 

sin~ilar to those given above ~ ~ n d c r  s)l?iz-dibromodin~ethyl ether. A sample of 0.088 g of di-a-bromoetliyl 
ether was hyclrolyzed with excess aqueous XaOH, and 0.056 g of HBr \\-as liberated (theor. on the basis 
of the reverse of reaction [l5],  0.061 a ) .  

Oiie of u s  (E. B.) w i s h e s  to t h a n k  tlie D.S.I.R. fo r  a ~ l i a i n t e n a n c e  g r a n t .  
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NOVEL DEVIATIONS FROM THE 'MIXTURE LAW' 
IN  THE RADIOLYSIS OF HYDROCARBON MIXTURES1 

P. J. DYNE AND J. DENIIARTOG 
Research Clzelnirtry Branch, Atoncic Energy of Canada Liruited, Chalk River, 01ztario 

Received April 10, 1062 

ABSTRACT 

The 'mixture law' states that,  if the radiolysis of nlaterial A gives a product 31 with ),ield 
G>r, then, in a mixture where the mole fraction of A is SA, the yield of M is G\rX;L. 

In the radiolysis of dilute mixtures of cyclohexane-dl? or of n~ethylcyclohexane-dl., with 
other aliphatic hydrocarbons D? IS formed in a process which is first order with respect to 
the deiitero compound. As a conseqLlence these in ixt~~res  provide a sensitive method of 
detecting deviations from the mixture law. 

Experilllentally the yield of D, and the yield of H D  vary nridely from one solvent to another 
anlongst the Ca to CIO hydrocarbons selected. The yields of Dz and H D  are, approximately, 
linearly related. The solvents have si~nilar quantitative erfects on the yields for both deuterated 
hydrocarbons. 

These deviations from the mixture law cannot be explained in ternls of lci~~etic effects (varia- 
tions in rate constants caused by differing bond strengths), because the D? yield measures a 
process without free radical inter~nediates. Mcchanisn~s involving excitation transfer, ion- 
molecule reactions. and subexcitation electrons are discussed. 

INTRODUCTION 

An effective method of exploring mechanisms of radiolysis is to examine the radiatiorl 
chemistry of mixtures. I-lere effects and interactions unsuspected from the radiolysis of a 
purc compound may be clearly revealed. 

The  first expectation abo~ i t  the radiolysis of a binary misture is that the product yields 
will follow a simple mixture law. Suppose is the yield of YI derived from a material A,  
ancl suppose that  X ,  is the fraction of energy absorbed by .A in a binar). ~n i s t~~ i - e  of A 
and B. The yield of b/I in the ~nistui-e is the11 expected to be GL'hlX.I. P L I ~  a~lotller waj7, the 
yield GII pcr 100 ea nbsorbcd ,in conzpo7ze~zt A is expected to be independent of composition. 

In practice, mixtures obeying this simple law are the exception. Many physical and 
cllemical interactions are possible between the compouncls in the misture and the inter- 
mecliates in the decomposition, a~lcl, as a coilsccluence, the \.ields depart wiclelj. fro111 the 
simple n l i x t~~ re  law. This is hardly surprising co~~sicleri~ig the diversity of compo~inds 
studied il l  a single mixt~11-e, e.g. cyclohesane-benzene (1-3), carbon tetrachloricle and 
diphenyl-picryl-hycI~-az>~l (-l), hesane and methyl methacrylate ( 5 ) .  ~~Iechanisms of 
energy transfer, charge transfer, ancl radical scavengi~lg have been proposed for these 
interactions ancl have been demonstratecl with varying clegrees of rigor. 

If the components of the mixture are similar, interactions are expected to be small or 
non-existent, as shown, for instance, by the 11yd1-oge11 yield fl-0111 1llist~11-es oi benzene (LO) 
and toluene (G). The  present paper describes experime~lts on mixtures of aliphatic and 
alicyclic hydrocarbons ~vllere large cleviatio~ls fl-0111 the simple mixture law are observed. 

111 these experiments we measure the yielcl of D:! ancl I-ID from nlistures of cyclo- 
hexai~e-dl? (or ~ ~ ~ e t l ~ y l c y c l o l ~ e x a ~ ~ e - & )  with other hyclrocarbons (called "sol~7ents"). 
Iiinetic analysis (7, 8) S~IOWS that,  a t  low concentrations of the cleuterated 11yclroca1-boll, 
the D p  conles exclusively from the first-order decoml~osi t io~~ 

c -CGDI~ -+ D ?  f products, 

'Issiled as  A.E.C.L. h70. 1543. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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D Y N E  A N D  DENHARTOG: MIXTURE LAW DEVIATIONS 1617 

in which both deuterium atoms come from the same hydrocarbon molecule. The yield of 
D z  is equivalent to the yield of M referred to in an earlier paragraph. We calculate the 
yield of this first-order decomposition, G I ( D ) ,  from the relation 

G 1 ( D )  = G ( D z ) / l O O  ev absorbed in cyclohexane-dlz. 

We assume that the fraction of energy absorbed by the cyclol~exane-d12 is equal to its 
nlole fraction.* We find that G l ( D )  is not a constant, as expected from the mixture law, 
but varies widely from solvent to solvent. 

The use of a deuterated hydrocarbon as one component of a mixture gives, via the 
analysis of D z  and I-ID, a sensitive method of detecting the reactions of one co~l lpo~le~l t  
in a mixture. Conseque~ltly we call the deuterated hyclrocarbon molecule 'the detector 
molecule' and the other, non-deuteratecl hydrocarbon 'the solvent' since it is always 
present in large excess. 

T h e  techniques o f  irradiation (Co-60 ?-rays), dosimetry, and isotopic analysis o f  the hydrogen have bee11 
described previously (7 ,  8 ) .  In cases where the  methane yield is appreciable the  total amount o f  gas, not 
condensed in liquid X? ,  was measured and analyzed mass spectron~etrically for methane and the hydrogen 
isotopes. 

Cyclohesane-dl?, ~nethylcyclohexane-dlr, and benzene46 o f  >99% isotopic purity were obtained from 
Merclr & Co. T h e  isotopic purity \vas confirlned b y  mass spectro~netric a~lalysis. 

T h e  hydrocarbon solvents \\ere: Fisher Spectrograde: n-hexane and cyclohesane; Phillips Pure Grade: 
~neth~lcyc lopentane ,  12-decane, methylcyclohesane, cyclopentane, n-pentane, and n-octane; Phillips 
Research Grade: n-Ilexane, cyclohexane, cyclopentane, neohesane, isopentane, isohesane, and n-pentane; 
Anachernia: (purilied with NrSOr) methylcyclohesane, ethylcyclohesane, n-nonane, and n-clecane; Mathe- 
son, Cole~nan and Bell: (puriliecl wi th  H2SO4) isooctane and decalin. T h e  Phillips chen~icals were used as 
received after n7e had found that  refluxing wi th  sulphuric acid t o  remove olehns, according t o  the  method 
o f  Hardwiclc ( 5 ) ,  did not increase G(H2). \\;ith the  exceptioll o f  n-hexane, which will be discussed later, no  
significant difference nlas found in the  behavior o f  solvents from clinerent manufacturers. 

In general, measurements were ~ n a d e  at two concentrations o f  the  deuterated hydrocarbon, one a t  about 
3 mole% and one at about 6 mole%. These gave yields o f  IID and D2 xvhich lay on a line passing through 
the  origin. T h e  estimated uncertainty in the percentage o f  Dr and hence in G 1 ( D )  amounts t o  about &5%; 
the uncertainty in the  percentage o f  I-ID is less than this and amounts t o  &3%. T h e  values o f  G(H2) in 
Table I were obtained from 2.0-1111 samples a t  a dose o f  5X1OCr ev / l .  Values o f  G(tota1 hydrogen) for the  

T A B L E  I 
Summary o f  DZ and I-ID yields in hydrocarbon solvents 

Solutions o f  Solutions o f  
cyclohexane-dl! n~eth)~lcyclohexane-dl,? 

G(H2) -- 

I-Iydrocarbon solvent (pure solvent) GI ( D )  g (HD)  G I @ )  R ( H D )  

1. n-I'entane 
2. Isopentane 
3. Cyclopentane 
4. n-Hesane 
5. Isohexane 
6.  Neohexane 
7.  i\/Iethylcyclopentane 
8. Cyclohesane 
9. Di~nethylpentane 

10. NIethylcyclohexanc 
11. 12-Octane 
12. Isooctane 
13. Ethylcyclohesane 
I-L. n-Sonane 
15. n-Decane 
16. Decalin 

* I n  the nzl.\-t~~res studied the wzole fractio~~ is appro-vinrately eq~lal to the electron fract,ion, the paran~eter chosen 
by nzawy workeis. Tlze effects reported i n  tlzis paper are ntz~clz larger than the differences between n~ole fraction 
and electio~~ fiactiow. 
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smaller isotopic samples containing the heavy hydrocarbon gave results of somewhat lower precision, 
deviating by as much as 5y0 from the r e s ~ ~ l t s  obtained with the larger samples. The val~les of G1(D) and 
g(IID) are based on the amounts actually measured on the s~nal l  samples. These, again, will be somewhat 
lower than the limiting values a t  zero dose. 

This study is essentially a survey; observations were made a t  f e w r  concentrations of the deuterated 
hydrocarbon than in the earlier studies (7, 8). The reliability and reprod~lcibility of all these experiments is 
good and so the smaller number of experinleutal points does not materially reduce the significance of the 
data.  

Experime~lts with 11-hexane showed that  while Fisher Spectrograde Inaterial and Phillips Research Grade 
gave essentially the sallle G(I-I:), the values of Gl(D) and g(MD) from the isotopic tnistures wit11 the Fisher 
material were about half those found in the  Phillips material. IVe naturally loolced for this type of \.ariati011 
with other hydrocarbons. However, cyclohexane from several manufacturers, viz. Phillips Pure and liesearch 
grades, Fisher Spectrograde, all gave essentially identical results. This impurity effect is, so far as we lcnow, 
restricted to  n-hexane: it is noteworthy that this 'impurity' does not rnarlcedly affect G(I12) although it 
affects both g(MD) and Gl(D) proportionately. 

T H E  I<INETIC ANALYSIS 

The kinetic scheme used has been given previously (7, 8) and is sumlllarized below for 
tlze reader's conve~lience. In essence it separates hydrogen-forming processes into two 
classes: those which are first order with respect to the hydrocarbo~~ and those which 
are second order. 

The scheme is: 

CH--+Wq + P 
first-order yields Gi(H) 

C,,--D:! + P 

CH --+ X, + P 
second-order yields G?(I-I) 

C,-XD + P G2(D) 

XH + CII + 1 1 2  + P rate constant k l  
XD + C, + EID + P " kz 
X , + C , + I - I D + P  " " k3 
XD + CD + D ?  + P " " k4 

where CH is the light hydrocarbon, CD the deuterated hydrocarbon, P is any residue, and 
XH and XD the reactive intermediates in the bimolecular, second-order processes. We 
have showll that in mixtures containing CD moles of the heavy hydrocarbon a11d CII 
nloles of the light hydrocarbon the yield of D z  is given by:  

G(D2) Gs(D) X k.i/kz X (CD/CH)'+G~(D) X CD/CII 

when CE > CD, and that in the limit C,, >> C,, 

Gi(D) = G(D3) X (C,r/Cu). 

The yield of HD is given by 

when CH >> CD. 

We define 

This analysis assuines that the exci tat io~~ is partitioned between the components 
according to their mole fraction, and the simple expectation is that  G1(D) is independent 
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DYNE AND DENHARTOG: MIXTURE LAW DEVIATIONS 1619 

of the nature of C,, the solvent. As will be seen, Gl(D) varies with the solvent and we 
interpret this in terms of interaction of the detector nlolecule with the solvent. 

RESULTS AND CORRELATIONS 

(a) Alifihatic Solvents 
The results are tabulated in Table I and are plotted in Figs. 1-3. The range of values 

of G1(D) and g(HD) is large: values of Gl(D) for CsD12 in decalin and in n-pentane differ 

g (HD) 
FIG. 1. Variation of G1(D) with g(HD) for solutions of cyclohexane-dl? in various solvents. The key 

to the nurilbers identifying the solvents is in Table I. 

by a factor of 30, values of g@ID) for the sallle ~llixture differ by a factor of 7. In its 
si~llplest experinlental terms the percentages of Dz and I-ID differ by these amounts, since 
the yield of total hydrogen is relatively constant. The range in G(tota1 hydrogen) for 
these sallle mixtures anloullts to 15%. The effect we are studying is consequently of much 
greater ~llag~litude than the variations in hydrogen yield betiveen one 11)-drocarbon and 
another. I t  is also much greater than anj7 correctio~ls which might be ~nade  to the calcula- 
tion of nlole fraction due to non-ideality of the solution and other corrections which nlight 
alter the initial esti~nate of the energy partitioning. 

There is a correlation between G1(D) and g(1-ID). Solvents in which Gl(D) is large are 
also solve~lts in which g(1-ID) is large. This is shown in Figs. 1 and 2, where values of 
g(HD) are plotted against G1(D). T o  a first approxi~llation this correlation is linear, i.e. 
it can be expressed by 

where B is a constant. 
There is also a correlation between Gl(D) for cyclohexane-dl2 solutions and Gl(D) for 

methylcyclohexane-d14 solutions. Solveilts in which Gl(D) is large for one detector mole- 
cule also give large values for the other detector molecule. This is shown in Fig. 3. 
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FIG. 2. Variation of Gl(D) with p(1-ID) for solutions of meth~~lcyclohesane-dl.$ in various solvents. The  
key to the numbers identifying the solvents is i11 Table I. 

G,(D) IN C I  DI4- 

FIG. 3. The effect of solvent on G,(D) from COD1? (abscissa) against GI(D) from C7Dll (ordinate). 
liey to the numbers identif) ing the solvents is in Tablc 1. 

The 

These results show that  the effective reactivity of the detector molecule, as measured 
by EID and D2 yields, varies widely from solveilt to solvent. This variation in reactivity 
must appear in the yields of all the other products derived from the detector molecule. T o  
take an example, the yields of cyclohexene and high molecular weight hydrocarbo~ls with 
a Cs ring must differ between mixtures in pentane or in heptane. h'luccini and Schuler (9) 
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D Y N E  AND DENHARTOG: MIXTURE LAW DEVIATIONS 16.21 

have studied mixtures of cyclol~exa~le and cyclopentane, analyzing the (C6)?, (C6,C5), 
and (C5)? hydrocarbons. They conclude that the solutions are regular and show no 
evidence of energy transfer. These procluct yields are not symmetric with concentrations; 
they attribute this to reactions changing the identity of free radicals: 

No measurements were nlacle of the yields of olefins. If this change of identity reactioil 
occurred it could mask the effects of the interaction we observe through the yields I-ID 
and D2. While h4uccini and Schuler's experiment gives no inliling of the iilteractioil we 
observe we do not consider that it is in conflict with our data. 

A further conclusion from the experimental results is that, since G1(D) varies with 
solvent, no unique significance can be placed on the value obtaiilecl from solutions of 
C6D12 in CGHlZ (7). There is no reasoil to suppose that it gives the first-order yield in 
'pure' C6D12, since we cannot assume that there is no interaction between illolecules 
which differ only in isotopic substitution. 

(b) Solz~tio~zs of Aromatic Hydrocarbons 
Experiments were carried out with benzene-d6 as the detector illolecule in both aroillatic 

and aliphatic solvents. 
From a complete ailalysis of mixtures of benzene and benzene-d6 we have shown (10) 

that,  within experiinental error, the mixtures are regular. The isotopic composition of 
hydrogen evolvecl from a 50:50 benzene-benzene-d6 inixture can be accurately predicted 
from the ltinetic analysis which is confined to  the two ends of the concentration range, 
CH >> CD and CD >> CII. 

Values of G1(D) and g(1-ID) for benzene-d6 in four aromatic solvents are shown in 
Table 11. 

TABLE I1 
Solutions of benzene-dc in  aromatic 

hydrocarbons 

Solvent lo3 G,(D) lo2 g(HD) 

Benzene 3 . 2  2 .7  
Toluene 3 . 2  5 .2  
Cumcne 3 .2  5 .7  
p-Sylene 2 . 6  6 . 2  

The extreme errors in GI(D) amount to f 5XlO-V(uni t ) ,  in g(1-ID) to f 2X loF3 
G(ui1it). Values of G1(D) show little variation with solvent. In view of the wide variations 
observecl with aliphatic mixtures it is reassuring to  find some nlixtures in which the 
simple espectation, the invariance of Gl(D), is realized. Variations in g(1-ID) due to 
kinetic effects are to be expected in these systems because of the aliphatic side chains in 
the solvents other than benzene. 

Data on solutions of benzene-d6 in aliphatic hydrocarbons are more difficult to interpret. 
The percentage of D2  in the radiolytic gas is very small so that G1(D) can only be deter- 
mined with low precision. G(1-ID) is a inarkedly non-linear function of the concentration 
of the deutero compound, so g(1-ID) can only be estiinated from the lin~iting slope of the 
yield curve. Solutions of benzene-d6 in cyclohexane, n-hexane, cyclopentane, isopentaile, 
and n-octane have these points in common: firstly, the liiniting value of g(I-ID) is about 3 
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in all cases, showing a reactivity of benzene which is fully comparable to that of cyclo- 
hesane-dl?, and, secondly, Gl(D) >, G(D2) for pure benzene-ds. This last observation was 
first made bj. Patrick and Burtoil ( l l ) ,  who coinmented that  it was apparently inconsis- 
tent with the amount of I-ID obtained from mixtures of benzene and benzene-d6. I t  is 
lilcelv that a solvent iilteractio~l is affecting the value of GI(D) (10). 

T H E  MECHANISM OF T H E  INTERACTION 

Any proposed mechanism nzust predict: 
( I)  changes in that yield of Dz which is first order with respect to the deuterated 

hydrocarboil ; 
(2) the empirical relation g(1-ID) = AG1(D) +B. 
Let CH and CD represent the concentrations of these hydrocarbons and IH and ID the 

concentration of illterinediates derived fro111 them. IH and ID symbolize any ion, excited 
state, or inolecular fragment derived froill CE and CD. 

The dominant terms in the rate equation describing the first-order D n  yield cannot be 
of the form kCD2, KCDID, or kID2, since these will give a second-order dependeilce of 
G(D2) on CD. A first-order dependence will be given by algebraic terms of the form kcD,  
kCDCR, kIDCH, kCDIB, and kIDIH. The first term does not contain any explicit iilteraction 
with the solvent, and the second describes a reaction which would take place i11 the 
absence of radiation. The first two terms call therefore be discarded. Speculatiilg on the 
reactioils which would generate the last three rate expressions, we see that these would 
arise from 

I D + C H  + D.'+ . . .  [71 

C D + ] H  + D 2 + . . .  (81 

I D + I E  + D ? +  . . .  . [D l  

Conventional free radical reactions, in particular 14 atoll1 reactions, of the forin of [7] 
and [S] provide paths for the formation of I-ID but not of D?. Reaction [9] is implausible. 

We have therefore to speculate on novel reactioils of the forms of [7] and [S]. We 
present t ~ v o  possibilities: in the first the intermediates are i~nspecified excited states, in 
the second the intermediate is specifically identified as an ion. 

A n  Excitation Transfer il4echanisnz 
Writing the intermediates as excited states CD:aalld CI.I:':, reaction [B] becornes 

We follow a11 earlier suggestion (5) that CD:decomposes by two parallel routes: 

i.e., the first-order process giving Dz and the second-order process giving I-ID have a 
conzmon precursor. Algebraic treatment of steps [lo] and [I l l  coinbined with the lcinetic 
scheme of the section "The ICinetic Analysis'' yields a relation of the form of equation [ 5 ] .  
This can be seen directly as follows: 
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DYNE AND DENHARTOG: MIXTURE LAW DEVI.ATIONS 1623 

The rates of tlie first- aiid second-order decornpositioiis will be given by otkllCD* 
and /3kllCD:'. If (Y and P are constant and indepeiideiit of the solvent, the11 G(D2) and 
G(1-ID) will vary proportionately. We call write 

Comparing with equation [5]  we see A = P/a,  B = k3/klG2(H). The solvelit efiect 
appears in tlie variation of Gl(D), which is given by 

where GD and GH are the primary yields of CD" and CH*, and klz is tlie surn of the rate 
constants of the concurrent processes: 

At low coiicentratioiis of CD the effective variable is kla/klz. 
If this niechaiiisin is correct and our ideiitification of equatioii [ti] is valid, this implies 

tliat the constant term is k3/klGz(I-I). This does seem possible. 
If an excitation transfer mechanism is operating then the magnitude of the interaction 

i i i ~ ~ s t  be, in part, determined by the relative energies of the excited species involved. Now 
tlie order of tlie solveilts in decreasing values of Gl(D) (approximately tlie order of 
Table I) is roughly the order of increasing carbon number. Since tlie ioiiizatioil potential 
of hydrocarbons decrease with increasing carbon number this correlation is qualitatively 
in agreement with tlie suppositioli of excitation transfer. IHowever, the ionizatioll potelitial 
is also a ineasure of tlie energy levels of excited states so this argument alone does not favor 
charged escited species over uncharged excited species. I t  woulcl appear fro111 these results 
tliat the net probability of excitation transfer illcreases as the difference between the energy 
levels of the solvent and detector molecule increases. 

Talting this excitation transfer picture we note that Gl(D) for CGDlY i l l  cyclollexaiie 
is greater than it is in methylcyclohexanc. A4etliylcyclohexane is therefore an energy 
acceptor relative to cyclohexane. I t  follows that Gl(D) for methylc~~clohexaiie-dl., should 
be higher in cyclohexane than i t  is in metliylcycloliexa~~e and also higher than G1(D) for 
cyclohexane in methylcycloliexane. Both these differences are observed. 

I t  is also possible that this effect is produced by subescitation electrons. This is briefly 
discussed in tlie last section. 

An Ion-iVolecj~le -Mechanis?n 
Willialiis (12) has argued tliat ion-molecule reactions play a significant role in the 

radiolysis of liquid alkanes. The major point of Williains' paper is that ion-molecule 
reactions are allo\ved tliern~ocliernically. 

The nieclianism proposed by Williams for the forn~ation of the dinler is 
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by either I-I atom or hydride ioii transfer, followed by 

If this reaction is written for two liydrocarbons, one of them deuterated, the reaction 
path for I-I atom transfer is 

C,,I-I?,,+?+ + CED?e+Y --t C,,Hz,,+li + C,Dr,+?H (H atom transfer). [I41 

Elimination of liyclrogen from the C,Dz,+?H radical inay take two paths: 

I11 reaction [ l 3 ]  we have a process giving D2 which will be first order witli respect to 
the concentration of the deuterated hydrocarbon. The possibility of D 2  elimination rather 
than I-ID elimination depends on the extent to which the transferred I-I atom 1;eeps its 
identity in the radical. Tliis reaction also says that I-ID is foriiied by iiiolecular eliminatioii. 
Since G(1-ID) - lOG(D2) we have simply to  assuiiie that only 1 in 10 of the eliminations 
gives D2. This is a relatively small amount of randomization compared with the statistical 
reaction in which D2 would be greatly in excess since (2ef2) >> 1. 

The eHect of solvent appears through the relative probabilities of reactions [I&] and 
[Is]. I t  can be shown that a scheliie based 011 reactions [13], [14], and [I51 call give relatiolis 
of the form of our correlation equation [ 5 ] .  

Tliis argunieiit neglects contributions to  the first-order hydrogen yield by the ionic 
molecular eliininatioii 

The yield of tliis reaction, in an isotopic experiment, could change witli solvent due to 
prefereiltial charge exchange. This is a iiieclianisni wliicli is formally equivalent to  the first 
mecliaiiism discussed in the first part of tliis section. 

Possible illeclzanisms of Excitation Transfer or Preferential Excitation 
The formation of excited states by ionizing radiation has always raised the intriguing 

possibilities of energy transfer playing a doininant role in radiation-induced reactions. For 
energy transfer to be efficient the time-constant characteristic of the transfer process 
iiiust be a t  most as long as the lifetime of the excited state. Tliis often requires the energy 
transfer cross section to be appreciably greater than the gas-kinetic cross section. 

One mechanism wliicli permits the energy transfer cross sections to be large has been 
outlined by Lipsky and Burton (13) and Nosworthy, Magee, and Burton (14). I11 simple 
terms the idea is this: molecules in liquids are geometrically ordered over small distances 
and electronic excitatioii of one niolecule may, to some extent, be delocalized and be 
inore accurateIy described as a state of the ordered group of molecules. Tliis delocalization 
will give the excitation a inability and range greater than that expected for inolecules witli 
interaction and collision cross sections comparable to their gas-liinetic cross sections. 
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DYNE AND DENHARTOG: MIXTURE LAW DEVI:\TIONS 1625 

Again, while the chemical nature of the lnolecules has little effect on their initial proba- 
bility of excitation it may affect the process in which the delocalized energy is focused 
onto one particular rnolecule prior to the molecular dissociation. 

This hypothesis could be tested by exalninillg the radiolysis of isotopic mixtures in the 
vapor phase: we are planning to do this. 

I t  is also possible that these experirnellts reveal the effects of subescitatioll electrons 
whose properties have been outlined by Platzlnall (15). Secondary electrons with energies 
greater than the lnininluln electronic excitation energy of the irradiated substance lose 
their energy rapidly: below this energy they lose their energy by relativelj- slow thermal 
processes. Another substance, with a lower electronic excitation energy will, however, 
act as an efficient sink for the energy of these 'subexcitation' electrons. Chelnical effects 
resulting from this excitation of the second substance would be apparent a t  low concen- 
trations (-1%) and would appear as a greater sensitivity to radiation than expected. 
I t  is clear that,  in a qualitative sense, our observations follow this pattern: this model 
pernlits us to accept the observation that very small differences in excitation energy, as 
nleasured by the ionization potential, can have a large effect on the reactivity. 
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ABSTRACT 

Xew N-E-substitutecl lysines have been sy~lthetized as  follows: by conde~lsilig 5-6-brolno- 
butylhyclantoin uritli different primary amines, 5-6-all~ylaniinobutylhyda~itoins were obtainecl, 
the allcaline hyclrolysis of which gave the corresponding N-€-substituted lysines. N-a-Substi- 
tuted hesahomoserines have also been prepared by acid hydrolysis of the reaction product 
between a,€-clihyclroxycaproic nitrile and primary amines. 5-Amino-5-carbosypentane sul- 
phonamide has been prepared in the following nay :  5-6-bromobutylhpdantoin was reacted 
with thiourea, ancl the resulting isotliio~~ronium salt was oxidized with chlorine. G a s e o ~ ~ s  
aninionia was then bubbled through an ethereal suspension of the 5-6-chlorosulphonyl butyl- 
hydantoin and the resulting sulphonamide was hyclrolyzed under pressure with bariurn 
hydroxide. 5-Amino-5-carbos)~pe1itane sulphonamide was then isolated and crystallized. 

A l'heure actuelle, le mittabolisine de la lysine est passablement bien connu meme si 
1'011 n'a pu encore clitmontrer de facon certaine la prhsence de quelques intermitdiaires 
dont on a postulit l'existence (I).  Cependant, on est loin d'avoir pritcisit tous les aspects 
de ce n~ittabolisme. Ainsi, on rencontre encore peu d'Ctudes biochimiques des ditrivhs de 
cet acide amini.: on n'a en effet synthittisit jusqu'A prhsent qu'un petit nombre d'analogues 
de la lysine. Au cours de ce travail, nous avons synthittisi. plusieurs nouveaux c1itrivi.s de 
la lysine. Nous en avons fait Lme ittude biologiq~~e pritliminaire e t  nous publierons ailleurs 
les rCsultats de cette Ctude. 

On peut classifier en deux groupes les analogues de la lysille ditj& existants: les uns sont 
porteurs de radicaus alkylits situits sur l'un ou l 'autre atome d'azote ou sur les deux 2 la 
fois; les autres soni des clitrivits de  la lysine oh 1'011 a greffit des chaPnes latitrales ~ L I  encore 
des composi.~ oil on a reinplacit l'un ou l'autrc des groupe~nents a m i d s  de la lj-sine par 
un radical quelconque. S o u s  avons synthhtisC quelques repritsentallts de ces deux groupes: 
les acides N-E-mitthyl-, S-E-ethyl-, N-E-cyclohexyl- e t  N-E-pipitridyl-lysine e t  les acides 
itthylamino-2 l~yclrosy-G e t  cyclol~exylainino-2 hydrosy-6 caproi'ques. Enfiu, au cours cle ce 
travail, nous avons pritparit un nouvel acide aminit porte~rr d 'un groupelllent sulfonamidc 
en 6 :  l'acide amino-5 carboxy-5 pentanesulfonamide. 

Voici maiiltenallt les moda1iti.s de notre synthPsc de dkrivits de la lysine porteurs de  
groupemenis alliylits sur l'azote en E .  La condensation de  la 6-bromobutylhj-dantoi'ne-5 
(I) avec diflitrentes anlines primaires donne une 6-all<ylan1inobutyll1ydantoi'ne-5 (11). 
L'hydrolyse de cette hydantoine soit c11 inilieu alcalin e t  sous pression, soii en milieu 
acide donne un acide alliylamino-6 amino-2 caproi'que (111). Les rendeinents de la con- 
densation sont de l'ordre de 45%; par contre, les rendements de  l'hydrolyse de l'hydan- 
toi'ne en acide ainini. sont nleilleurs (75%). A l'exception de la N-E-nlitthyl-lysine e t  de la 
K-E-pipitridyl-lysinc, les produjts obtenus sont relativement faciles A purifier. Le sch6ma 
suivant ritsume le processus suivi : 

CO-NH CO-NH 

Br-(CI-I!),-CI-I 
/ 

R-NHI R-NH-(CHl)r-CH I Ba(OH)? 
\ fi ~r \ 1 -  + 

SI-I-CO NH-CO 

I I1 
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R-SH-(CH-) CH-COOH 
" '-I 

NH2 

I11 

Enger et Steib (2), Keuberger et Sanger (3) et Poduska (4) ont d6j8 s~~nthCtis6 la 
N-E-m6thyl-ljsine mais en utilisant coinme produit de d6part l'acide E-aminocaproi'que 
qu'ils ont m6thylC en E. Pour la synth6se de d6riv6s N-a-allcyl6s de la lysine, d'autres 
auteurs ( 5 )  utilisent comme produit de depart la lysine ou l'acide E-aminocaproi'que. 
Dans ce dernier cas, ils proc6dent de la fagon suivante: la fonction E-amin6e 6tant protkgke, 
ils greffent sur le carbone alpha de la mol6cule une fonction amin6e puis remplacent cette 
derni6re fonction aminCe par un haloghe et enfin, l'halog6ne par l'amine choisie. 

Sous avons voulu obtenir ces dCriv6s par synthPse totale B partir de produits facilement 
accessibles comme le dihydropyranne. Gauclry a d6j8 p~ibli6 (6) une synth6se de la lysine 
8 partir de cette substance. L'hydrolyse acide du dihydropyranne donne la 6-hydrosy- 
val6raldCh~-de dont le traitement par la m6thode classique de Bucherer et Lieb (7) 
conduit 8 la formation de la 6-hydroxybut~ 1-5 hyclantoi'ne et finalement B l'acide amino-2 
hydrosy-6 caproi'que. En remplasant d a m  cette synthPse l'ammoniac par des amines 
primaires, nous esp6rions obtenir des dbrivks de l'1~exahomosCrine 3 azote substitu6 en 
position alpha. I1 6tait toutefois A pr6voir que le traitement au carbonate d'ammonium 
des aminonitriles substitubs entrainerait un reinplacement du groupe allcyl6 par l'ammo- 
niac. En effet, on avait clej3 observC (3) que le traitement au carbonate d 'ammoni~~m de 
l'aminonitrile du cyclopentane donnait la spirohydantoi'ne non substituke sur l'azote. 
De plus, on avait not6 que l'hydrolyse acide B chaud dissociait l'aininonitrile pour redon- 
ner la cyclopentanone de d6part et non l'acide amin6 attendu. 

Dans notre cas, nous avons r6ussi B obtenir, B partir de la 6-hydros~-val6rald6l~yde e t  
de 1'6thylainine ou de la cyclohexylainine, deux alkylaminoi~itriles clue nous avons isol6s 
et dont l'hydrolyse par l'acide sulfurique concentr6 3 froid a finalement don116 deux 
acides alliylamino-2 hydrox~r-6 caproi'ques. 

Pour transformer ces deux acides hydrosyl6s en dkriv6s de la lysine, il ne restait plus 
qu'A prot6ger le groupement alpha amin6 soit par acylation, soit par la formation d'une 
hydantoi'ne substituke et qulB reinplacer l'l~yclroxyle terminal par le bromc. Une ainina- 
tion de l'hydantoi'ne ou du d6riv6 acyl6 ainsi pr6par6, suivie d'une hydrolyse, aurait 
alors donn6 l'acide particulier recherch6. Nous n'avons pu, cepcndant, obtenir de cette 
fagon des d6rivCs alkylamino-2 de la lysine. I1 a 6t6 impossible, en effet, d'isoler une 
hydal~toi'ne cristalline par traitement B l'isocyanate de phknyle ou au cyanate de potassiuin 
du nitrile cyclol~ex~~larnino-2 hydroxy-6 caproi'que. 

ALI cours de ces rechercl~es, nous avons prkparC un nouvel acide a-amin6 contenant un 
groupement sulfonamide en position 6. Reisner (9) a d6jB synth6tis6 plusieurs acides 
-y-sulfonamide a-ainin6s qui sont des analogues de l'acide glutamique. L'un de ces acides, 
l'ami~lo-3 carboxy-3 propane sulfonamide, est un boil inhibiteur in vitro de la croissance 
de Escherichia coli T2 et s~~ppr ime  la m~iltiplication du coliphage T2. Coinme il n'esiste 
aucun analogue de la lysine B groupement E-sulfonamide, nous avons pens6 en pr6parer 
un. Nous avons rCussi de la fagon suivante la synth6se de l'acide E-sulfonamicle a-amino- 
caproi'que ou amino-5 carboxy-5 pentane sulfonamide. 

On transforme d'abord la 6-bromobutylhydantoi'ne-5 (I) en un sel d'isothio-uronium 
(IV) au cours d'une reaction presque quantitative et d1ex6cution facile. On peut pr6parer 
ensuite le chlorure de sulfonyle de la butylhydantoi'ne-5 (VI) de deux ~naniPres dirf6rentes: 
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Clr 

\ 
NH-CO 

i 
CO-NH 0 0 

/ I OH- \ / 
IHrS02S-(CI-I?)4--CH 1 S-(CH,) l-CIH-COOH 

\ 1 hyclrolyse 
NH-CO 

I 
NH? 

I 
NH? 

VI I VIII 

(a)  On sounlet le sel d' isothio-uroniu~~~ (IV) 5 une hydrolpse alcaline modCr6e que 1'011 
fait suivre d'une oxydation 5 l'iode. On obtient ainsi le d6riv6 dithio (V) que l'on traite 
au chlore apr6s l'avoir suspendu d a m  l'eau. 

(b) On dissout le sel d'isothio-uroniu111 (IV) dails l'eau e t  l'on traite imm6diatenzent 
la solution aqueuse par le chlore. On obtie~lt aussit8t le chlorure de sulfonyle de la butyl- 
hydanto'ine-5 (VI) avec un  rendement beaucoup plus &lev6 d a m  ce cas que dans le premier. 
AprCs avoir pr6pai-6 la sulfonamide (VII) par traitenlent A l'ammoniac gazeuu d'une 
suspe~lsion 6th6rke du chlorure de sulfonple (VI), on obtie~it facilenzent l'acide amin6 
recherch6 (VIII) par une hydrolyse alcaline e t  sous pression de la sulfonamidebutyI- 
hydantoi'ne-5 (VII). Le rendement final en acide E-sulfonamide a-aminocapro'iqi~e est 
de 22.3% ou de 33.8% selon que 1'011 utilise 011 11011 la bis(thio-6-but>~lllydantoi'ne-5) (V), 
lc rendenlent itta~lt cnlcul6 B partir de la 6-bronzobutyllzyda~~toi'ne-5. 

PARTIE  ESPERI~\~IENTALE 

6-Bioiirob~~tylhj~dni~toi'?zc-5 ( I )  
On prbpare ce produit selo11 la methocle clecrite par Gauclry (6). a partir dc 0.2 molc (3-4.4 g) cle 6-11ydros)-- 

b~~tylhycla~ltoi'ne-5, on obtient linalernent, aprbs recristallisation, 47 g de 6-bromob~1t).lhydaritoi'ne-5. 
Rendement: 707,; p.f 126-127" (lit. 129-131") (6). Anal. Calc. pour C~M110?NrBr: K, 11.977,. Obtenu: 
N, 11.~17,.  

Rion~l~ydrn tes  de 6-nlkj~lan~i~~ob~ityll~ydui~~toi~zes-5 ( I I )  
Premier cas: On d i s s o ~ ~ t  0.1 tilole (23.5 g) cle 6-bromob~~tylhyclantoi'ne-5 dans un cscirs cle mCthylaminc B 

30% ou d'kthylarnine h 70%. 
Deuxibrne cas: On dissout la msme quantite de 6-bromobutyll1yda11toi'1ie-5 dans 55 ml cl'ethanol cliaucl 

e t  on ajoute, lentement, 0.2 ~ r ~ o l e  cle cyclohexylarnine OLI 0.3 mole de piperidine. La reaction est passablement 
exothermique avec la mbtliyl- ou llCthyl-arnine, liigbrement esotherrniquc avec la cyclohesylamine e t  la 
pipericline. On laisse reposcr le mClange reactionnel B la temperature ambiante pendant 2 jours. Des cristaus 
n'apparaissent qu'avec la cyclohexylarnine. On se debarrasse du solvant e t  de l'escbs cl'amine par une Cvapo- 
ration h sec du melange, sous vide e t  B basse temperature. Dans le cas de la reaction avec la pipericline, il 
f a ~ l t  dissoudre le residu dans l'cau e t  l'estraire plusieurs fois 2 l'bthcr pour le debarrasser de t o ~ ~ t e  trace 
d'ari~ine. 

On dissout l'hydantoi'ne substitube clans I'Cthanol absolu B l'exception du  brornhydrate de la 6-1nCth).la- 
minobutylhydantolne-5 que l'on dissout clans le mCthano1. On laisse la solution alcooliq~~e plusieurs jours 
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j. la glacihre. On hltre des crista~lx blancs que l'on recristallise de 1'Cthanol absolu OLI ~ L I  n~Cthanol (cas de la 
6-1n6thylaminobutyll1>~dai1toi'ne-5). 

On tro~lvera aL1 Tableall I la liste des 6-alkylaminob~~tylhydantoi'nes-5 pr6parCes. 

TABLEAU I 

N, O/ ,  Br, yo 
Rendernent, - - 

R 7% P.f., "C 'I'ro~~vk ThCorie I'rouv6 Thkorie 

HBr . CH3-NH- 45 141-142 15.82 15.79 - 30.03 
HBr . C?Hs-KEI- (53 170-181 14.85 15.00 20.32 28.52 
HBr.  CrjH11-NH- 47 190-192 12.36 12.53 24.10 23.84 

H B ~ . ~ N -  44 185-187 11.06 13.12 25.00 24.05 

Bromlzydretes d'aczdes enzi7zo-2 alkyle?iii?to-6 ceproi'qzres 
On hydrolyse ces hydantoi'nes au mo>.en de Ba(OH)a.SH?O en solution aqueusc, SOLIS pression, j. 170" 

pendant Llne demi-lleure (G), OLI encore, au moyen de IIBr j. 48%, B reflux pendant 15 heures. Les rendcments 
de l'hydrolyse acide sont ioutefois tres infhrieurs 5 ceus de I'hydrolyse alcaline. On recristallise de l'eau e t  
de l'alcool les divers bromhydrates de la lysine B l'exccption ~ L I  bromhydrate de la N - ~ - c ~ c l o l ~ e x ~ l - l ~ s i ~ ~ ~  
qui recristallise de l'alcool absolu. On trou17era au Tableau 11 la liste des dbrivks de la lysine ainsi prepares. 

TABLEAU I1 

r\cides ainino-2 alkylamino-6 caproi'ques 

N, % B1-, % 
Rendement, 

R 70 P.f., "C 'I'rou\4 Thkorie TrouvC ThCorie 

HBr . CH3-NI-I- 74 23-1-235 10.71 11.61 33.14 32.00 
HBr.  CsH5-SH- 82 215-217 10.93 10.97 31.05 31.32 

40* 
IIBr.  C6H11-NH- 65 240-251 8 .06  1). 03 25.15 25.76 

H B ~  .OX- 77 Y23-225 0.30 9.40 26.83 27.06 

*Obtenu par hydrolyse acide. 

Ces acides amino-2 alkylamino-6 caproi'ques ~nigrellt vers la cathode j. 1 '~lect ropl~or~sc  sur papier pH 8.6 
e t  donnent une coloration violette 2 la ninhydrine. 

PhCnylcerbe?lzetes des ecides n7i7i7zo-2 elkyle?~ri?to-6 ceprmqzles 
On a caracterisi. les divers acides amino-2 alkylamino-6 caproi'ques en en preparant les phenylcarbamates 

par la methode habituelle (Tableau 111). 

Alky len t i~ to -2  hydroxy-5 cepronitriles 
( a )  Ethyle~izi?to-2 hydroxy-5 ce$ro?zitrile 
On dissout 0.77 mole (100 g) de dihydroxy-2,5 capronitrile dans 2 lnoles d16thylamine j. 70%. On abandonne 

le mklange pendant 3 j o ~ ~ r s  B la temperature ambiante. On evapore l'escc's d'amine sous vide e t  j. basse 
temperature. On dissout le residu dans ]'ether anhydre e t  l'on extrait la solution ether& au moyen de l'kther 
de petrole bouillant. On refroidit cette dernitre so l~~ t ion  e t  l'on liltre des cristaux de nitrile 6thylami110-2 
hydroxy-5 caproi'que. P.f. 44-45". Rendement: 36.5 g (30%). Anal. Calc. pour C~HIGO?!~: N, 17.03%. 
Obtenu: N, 17.58%. L'acCtylation de ce produit a donne une 11~1ile que nous n'avons pas caracteriske. 

( b )  Cyclohexylentino-2 ltydroxy-5 cepro7titrile 
On laisse tolnber lentement 1.6 moles de cyclohexylanline dans 0.8 mole (104 g) dedihydroxy-2,s caproni- 

trile. On note un fort degagement de chaleur e t  le produit de la reaction ne tarde pas B cristalliser. On le 
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TABLEAU 111 

PhCnylcarbamates des acides amino-2 allrylamino-6 caproiq~~es  

R-(CH?)r-CH-COOH 
I 
NH 
I 

filtre e t  on le recristallise de l'alcool. P.f. 103-105". Rendement: 123.5 g (73%). Anal. Calc. poLlr CI.H..ONZ: 
N, 13.32%. Obtenu: N, 13.32%. L'acetylation de ce produit n'a pas donne de d6rivC cristalliu. 

Acides alkylamino-2 lzydroxy-6 caprmqztes 
On hydrolyse pendant 15 heures 0.1 mole de l'un ou de l 'autre nitrile au  lnoyen d'un eschs d'acide chlor- 

hydrique concentre. On Cvapore B sec et  I'on chasse toute trace d'eau. On dissout le rCsidu dans l'alcool 
anhydre, I'on filtre le NHrCl forme e t  I'on ajoute un exchs de pyridine. On porte B la glacihre e t  I'on obtient 
dans les deux cas un pr6cipitC amorphe. On recristallise de l'acCtone I'acide Cthylamino-2 hydroxy-ti 
caproi'que. P.f. 184-185'. Rendement: 7 g (40%). Anal. Calc. pour CcHllOaN: N, 7.99%. Obtenu: N, 7.30%. 
Quant B I'acide cyclohesylamino-2 hydroxy-6 caproi'que, on peut le purifier en en prCparant le chlorhydrate 
que I'on traite B nouveau par la pyridine. P.f. 210-211". Rendement: 16.8 g (73y0). Anal. Calc. pour 
C12H2,03N: N ,  6.11%. Obtenu: N, 5.87y0. 

Le traitement de ces dells acides amin6s B I'isocyanate de phenyle Ile donne que des huilles non cristal- 
lisables. 

Brofnhydrate de la 6-isot1~io-z~~o~ziu~~z bl~tyl.l~yda?~tmne-5 ( I  V )  
On prepare ce derive en ~nodifiant conune suit la technique de Snyder e t  Cannon (10). On dissout dans 1111 

minimum d'alcool absolu et  bouillant 23.5 g (0.1 mole) de 6-bromobutylhydantoi'lle-5 e t  7.6 g (0.1 mole) de 
thiouree. On fait bouillir le tout i reflux au bain-nlarie pendant 21 heures. Le dCriv6 cristallise dans le ballon. 
On porte Q la glacihre pour quelques heures. On filtre des cristaux blancs q~r 'on lave B I'acCtone. Les cristaux, 
trPs solubles dans l'eau e t  le mCthanol, fondent B 176-177". Rendement: 28.6 g (92%). Anal. Calc. pour 
CsHlj02N~BrS: N, 18.00%. Obtenu: N, 18.03%. 

Bis(thio-6-bz~tyllzydantmne-5) ( V )  
On dissout 73 g (0.23 mole) d'isothio-uronium de la butylhydantoi'ne-5 dans un minim~rln d'eau bouillante 

e t  on y ajoute, lentement, 100 1111 d'une solution de soude B 18.8%. On agite le tout pendant une heure. On 
oxyde (11) ensuite le produit par addition d'une solution d'iode iodurC (0.23 mole) jusqu'i  apparition d'une 
coloration brune permanente. On filtre le prCcipitC e t  on le dissout dans 250 ml de cellosolve bouillant. On 
purifie la solution par addition de noir animal e t  on lui ajoute 300 ml d'eau. On porte h la glacihre. On 
obtient 28.0 g (63.0%) de cristaux blancs fondant B 178-180". Anal. Calc. pour ClrH?70rN,S?: N ,  14.96%. 
Obtenu: N, 14.64%. 

6-Clilorosz~lfonylbutylhydantm?ze-5 ( V I )  
(a) On rCduit 26.8 g (0.07 mole) de bis(thio-6-butylhydantoi'ne-5) en une poudre fine que l'on suspend 

ensuite dans 100 ml d'eau. On place le ballon dans un bain de glace e t  l'on agite la suspension. On fait passer 
un courant de chlore pendant 80 minutes. Une lnasse solide se forme. On dbcante, on dissout la masse dans 
I'acCtate dlCthyle e t  l'on traite I'eau cinq fois avec ce mCme solvant. On sPche l'acetate d'ethyle avec du 
sulfate de sodium anhydre, on le filtre et  on le distille sous vide. On dissout le rCsidu dans I'acCtate d'bthyle, 
on ajoute de I'Cther de petrole e t  on place le tout dans la glacihre. On filtre 25.0 g (69%) de cristaux blancs 
fondant B 128-130'. Anal. Calc. pour C7H1104SCI: N, 11.00%. Obtenu: N, 10.82%. 

(b) On prepare la 6-chlorosulfonylbutyIhydantoi'ne-5 en traitant directement par le chlore, aprbs une 
elimination preliminaire du brome sous forme de bro~nure  d'argent, le bromhydrate de la 6-isothio-uronium 
butylhydantoi'ne-5 (12). En partant de 31.0 g (0.1 mole) du sel d'isothio-uronium de la butylhydantoi'ne-5, 
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on obtient 18.0 g (72%) de cristaux blancs fondant ?I 123-125". Anal. Calc. pour CTH1104SCI: N, 11.00%. 
Obtenu: N, 11.30%. 

6-Slllfonamidebutylhydantmne-6 ( V I I )  
On prepare ce derive selon la methode decrite par Reisner (9). On utilise 24.0 g (0.094 mole) de 8-chloro- 

sulfonylbutylhydantoi'ne-5 et l'on obtient finalement, aprks recristallisation, 14.0 g (63%) de 6-sulfonamide- 
butylhydantoi'ne-5 sous forme de cristaux blancs fondant B 159-160". Anal. Calc. pour C7H1304N3S: N, 
17.88%. Obtenu: N, 17.93%. 

Acide DL-amino-5 carboxy-5 pentane sulfonamide ( V I I I )  
L'hydrolyse alcaline, suivant la methode de Gaudry (6), de 8.2 g (0.035 mole) de d-sulfonamidebutyl- 

hydantoi'ne-5 a donnC 6.5 g (89%) de cristaux blancs d'acide DL-amino-5 carboxy-5 pentane sulfonamide 
fondant Q 243-245". Anal. Calc. pour C G H ~ ~ O ~ X \ T ? S :  N, 13.33%. Obtenu: N, 13.45%. 

Le traitelnetit de ce nouvel acide amin6 par l'isocyanate de ph6nyle a donnk un dCrivC non cristallin qui 
se transforrne par une hydrolyse acide avec HCI 6 iVen une 6-sulfonan~idebutyl-[(phhyl-3)hydantoine-51 
recristallisable de I'alcool. P.f. 146-148". Anal. Calc. pour C13H17N304S: N, 13.46%. Obtenu: N, 13.26%. 

Les auteurs re~nercient i\'Ionsieur Benoit Mercier de sa precieuse collaboratioll technique 
2 ce travail. 11s re~nercie~lt 6galement le Conseil Natioilal de Recherches Mkdicales du  
Canada d'y avoir particip6 par l'octroi de subve~ltio~ls (octroi MA-831). 
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TERPENOIDS 
11. CEANOTHENIC ACID: A Cto A-NORLUPANE DERIVATIVE 

P. DE MAYO AND A. N. STARRATT 
Departnzent of Clzenzistry, Unhersi ty  of Western Otatario, London, Ontario 

Received April 9, 1062 

ABSTRACT 
Extraction of Ceanol~zls aiizericanzls (Jersey Tea) has afforcled a new pentacyclic triterpenoid 

of the empirical formula CzeHIzOr. I t  is a dicarboxylic acid containing two ethylenic linlcages. 
The environment of one carbosyl group and one ethylenic linltage hay been shown by diag~lostic 
transformations characteristic of ring E of the lupeol-betulin series. The other ethylenic 
linkage has been shown to be present in a contracted ring A from which one carbon atom 
has been lost. The position of the second carbospl group has been established by introduction 
of the 11-0x0-12-ene system, when monodecarbosylation occurred under milcl conditions. This 
and other evidence establishes ceanothenic acid to be A-norlupa-1,22-cliene-14,1'i-dicarbosylic 
acid. 

Investigations of the triterpenoid constituents of Ceanothz~s arne~icanz~s (Jersey Tea) 
were first initiated by Julian, Pikl, and Dawson (I) ,  who reportecl the presence of ceano- 
thic acid, a hydroxy dicarboxylic acid. Subsequent investigations (2) established tile 
structure and stereochemistry of ceanothic acid to be as in (I) and have also established 
its iclentity with e~nmolic acid (3-5). 

During the isolation of ceanothic acid a number of simple aromatic acids were isolated 
(see Experimental) together with the triterpenoids lupeol, betulin, and betulinic acid 
(11, R = CI-13, R = CI-1201-1, and R = COOH respectively). In addition there was 
obtained a new acid, ceanothenic acid.l 

Ceanothenic acid analyzed for C29I-14204 or C30H4404, and was a dicarboxylic acicl. I t  
gave a non-crystalline dimethyl ester, reconverted to the acid on lithium iodide halolysis 
(6), and gave a tetrahydro acid on hydrogenation over platinum oxide. This, in turn, 
gave a crystalline dimethyl ester. Both the tetrahydro acicl and its ester were optically 
transparent in the ultraviolet in the region 1.95-220 mp and gave no color with tetra- 
nitromethane. No points of unsaturation other than the carboxyl functions therefore 
rernained in the molecule: ceanothenic acid thus contained two ethylenic linltages and 
was pentacarbocyclic. The tetrahydro acid was converted into the acid chloride and 
thence, with lithium aluminum hydride, to the saturated diol characterized as the cli- 
acetate and, by oxidation, as the dialdehyde. The dicarboxylic acid recovered by oxidation 
of the diol had properties identical with those of the starting material, thus confirming 
its homogeneity. 

In  the infrared, ceanothenic acid exhibited two bands, a t  893 and 753 cm-I (nujol 
mull). The former band was in the position expected for the methylene out-of-plane 
deformation in an isopropenyl group. This assignment was confirinecl by the obteiltion 
of forillaldehyde on ozonolysis of ceanothenic acid and by the presence, in the 1l.m.r. 
spectrum of climethyl ceanothenate (Fig. 1 (b)) ,  of bands a t  T 5.29 and 5.41 (two multi- 

\ 
plets, 2 H, C=CH2?) and 8.34 (singlet, 3 H) (7, p. 57) for the methylene and methyl 

/ 
moieties of the isopropenyl group. 

' T h e  isolation of tlais ac-id .ions reported in the expe~ijizentai! sectiox of Part  I of this series. 1191 iti~prooed 
isolation proc-edz~re i s  l~ere prese71fed. 

2172 a n  earlier paper ( 2 )  this  was inadoertently ~eferred to as  a doz~blet. TVe wish to tl~an,k Dr. J .  B.  Stotlaers 
and n Referee.for drnzoit~g this to ozlr attentio?~. 

Canadian Journal of Chemistr),. Volume 40 (1962) 
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oc MAYO AND STARRATT: TERPENOIDS 

The band a t  753 cm-I was suggestive of a cis disubstituted ethyle~lic linkage. In the 
n.m.r. spectrurll there were two do~~b le t s ,  a t  T 4.66 and 4.11 (J - 5.7) (2 I-I), in accord 
with the presence of vicinal vinyl hydrogen atoms. Further, the similarity of this pattern 
to that obtained fro111 the substance (111)-derived fro111 ceanothenic acid (see Fig. l ( a ) )  
by dehydration-decarboxylation-was indicative of a lilie environ~llerlt for the double 
bond in cea~lothe~lic acid. Methyl anhydrobetulinate (IV), in contrast, showed no such 
pattern (Fig. l(c)). 

If such were the case it seemed plausible that the extruded ring A carbon in ceanothic 
acid (I) had been eliminated in ceanothenic acid. This sl~ould, therefore, contain only 29 
carbon atoms. The molecular weight, determined nlass spectroscopically on dinlethyl 
tetrahydroceanothenate, confirmed the hypothesis.3 At  this point it was possible to  
consider the part structure (V) for ceanothenic acid. Cl~emical evidence, in confirmatio~l, 
was then sought. 

IVIethyl ceanothenate, on treatment with osmium tetroxide gave the expected tetrol. 
Cleavage with periodic acid in methanolic solution, with the appropriate oxygen uptalie, 
gave, however, a crystalline product differing from the expected analysis by the elements 
of nlethanol. Methanol of crystallizatio~~ could be discounted since the process of puri- 
fication involved chro~uatography and subsequent crystallizatio~~ from ether and light 

3T.t% are w t z ~ ~ h  indebted to Dr. R. Bievzunn (1lB.I.T.) for this determimztion. 
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FIG. 1. X.M.R. spectra of ( a )  methyl decarboxyanhydroceanothate, (0) di~uethyl ceanothenate, and 
(c) n~ ethyl anhydrobetulinate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



DE MAYO A N D  STARR.\TT: TERPENOIDS 1635 

petroleum. Finally, any aldehydic structures could be rejected, since no low-field bands 
attributable to  such hydrogen (7, p. 62) could be discerned in the n.nl.r. spectrum. 

The  presence of the expected acetyl group was indicated by a singlet (3 H) a t  T 7.84. A 
singlet (3 H)  a t  T 6.57 confirmed the presence of a rnethoxyl function. I n  addition there 
was, clearly discernible, bands (1 1-1 each) a t  T 5.84 and 5.43 in addition to  the two 
methyl esters, which, a t  such low field, were required to  be attributed to  the environment 
of the moiety of the molecule under discussion. This pattern was compatible with expecta- 
tion for the acetal and heiniacetal hydrogens of structures (VI;  R = Me) or (VII) and 
this interpretation was confirmed, a s  follows. 

Under the acidic conditions of 2,4-dinitrophenylhydrazone formation, the hemiacetal, 
being in equilibrium with the aldehyde, would be expected to  react, and, in the event, 
the cleavage product gave the predicted tris-2,4-dinitrophenylhydrazone. Cleavage of 
the tetrol was then carried out in aqueous dioxane. The  product, which was, however, 
not crystalline, showed bands a t  T 0.85 and 0.73 conlpatible with aldehydes bearing no 
a hydrogen atoms. Since the infrared spectrum exhibited hydroxyl absorption a t  3360 
~ 1 1 1 - ~  it appeared possible tha t  the product might be a mixture of aldehyde and hemiacetal 
(VI, R = H).  Treatment with 2,4-dinitrophenylhydrazine in acid gave the sanie tris-2,4- 
dinitrophenylhydrazone obtained previously. 

When the aqueous dioxane cleavage product was heated in aqueous inethanol con- 
taining 2% of sodium hydroxide for 30 minutes the resultant product was almost entirely 
acidic. Acidification of the alkaline solution, however, gave material which was neutral. 
Such behavior and spectral properties (v,,, 1708 cm-l) are compatible with those of a 
6-lactone sucli a s  (VIII) or (IX). I n  agreement there was present, in the i1.m.r. spectrum 
(T - 5.85, J ,- 11 c.P.s.), one half of the non-equivalence quartet  expected for the 
lactonic methylene group, the other half being obscured by the ester methoxyl groups. 
T h e  same substance was obtained by allowing the cleavage product to stand a t  room 
temperature with methanolic sodium methoxide. T h e  formation of the lactone, an  internal 
Cannizzaro reaction, has analogy in the chemistry of the monoterpenoid iridodial (8). 

T h e  above transformations establish the nature of ring A and, further, exclude from 
consideration positions 23, 24, and 25 for the unplaced carboxyl group. I-Iad i t  been 
present a t  any one of these points a very facile deforrnylatioll would have been expected 
in the cleavage product, in view of its nature as an  a-for~nyl  ester, under the conditions 
of the Cannizzaro reaction: none was observed. Two positions, Ce and C14, remained. 

A characteristic and diagnostic test for the terminal ring E in the lupeol-betulin series 
is the acid-catalyzed expansion of this ring with, in the case of substances having a 
carboxyl a t  Cli, subsequent lactonization (9). When a solution of ceanothenic acid was 
refl~ixed in 98y0 formic acid or in hydrochloric-acetic acids the product recovered was 
neutral, both carboxyl groups evidently having been involved in lactonization. The  
band a t  893 cm-l, indicative of the isopropenyl methylene, was no longer present in the 
infrared s p e c t r ~ ~ i n  as was the allylic methyl in the n.1n.r. spectrum, observations expected 
for the ring E expansions. I n  an  a t tempt  to achieve this transforillation whilst leaving 
ring A untouched, dimethyl ceanothenate was dissolved in benzene, and a solution of 
s u l p h ~ ~ r i c  acid in acetic acid added (9). After 5 days a t  room temperature the same 
dilactone was obtained. 

T h e  part  structure (V) now having been substantiated, i t  was required to place the 
remaining carboxyl group. Since the formation of the dilactone involved a rearrangement 
both in ring E and ring A no information could be forthcoming from it. The  simplest 
approach appeared to  be the introduction into ring C of a functional group so a s  to 
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effect a selective decarboxylation. A route to the i~ltroductio~l of such a group lay in 
the well-known coilversion of substances of the lupeol-betulin class into that of 0-amyrin 
(9), but a prerequisite for such an approach was the re~noval of the unsaturation fro111 
ring A. 

Attempted selective hydrogenation, bromination, and peracid oxidation were unavailing 
in attempts to discriminate between the two ethylenic linkages. Recourse to diimide 
(11) as the reducing agent was successful and, in fact, ~ ~ n d e r  the conditions of the reaction 
the isopropenyl group was entirely resistant. A brief survey of other ethylenic systems 
showed that, whilst norbornylene was reduced to norbornane, lupeol, a-amyrin benzoate, 
cholesterol, and cholest-2-ene were largely unaffected. 

With dihydroceanothenic acid (X) available, the P-amyrin conversion now appeared 
feasible. Treatment with formic acid gave the expected acid lactone (XI), characterized 
as the methyl ester, which mas reduced to the diol (XII) with lithium aluminu~n hydride. 
I t  was intended to dehydrate the secondary alcohol (10) and oxidize further with selenium 
dioxide (12), but preliminary tests indicated that these later steps proceeded in too poor 
yield for the quantity of material available. 

At this point the recently reported oxjdation of compounds of the lupeol-betulin 
class with mercuric acetate became available (13). With this reagent the direct intro- 
duction of a A12 ethylenic linkage has been shown to be possible. Oxidation of methyl 
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DE MAYO AND STARRATT: TERPBNOIDS 1637 

dihydroceanothate with mercuric acetate, in the manner described (13), gave the dehydro 
compound (XII I ;  R or R' = COOMe, R' or R = Me). Hydrogenation over platinum 
oxide saturated the isopropenyl group, giving (XIV; R or R' = COOMe, R' or R = Me) 
characterized as the acid by lithium iodide halolysis (6). Although evolving gas a t  the 
melting point, as  to be expected of a /3,r-unsaturated acid, the product of this decarboxy- 
lation could not be obtained crystalline. Oxidation of (XIV) with chromic acid in acetic 
acid gave the desired 11-ketone (XV; R or R' = COORIIe, R' or R = Me). 

The keto diester, unlike its precursor (XIV) and in keeping with its nature as  a vinylo- 
gous /3-ketoester, was readily hydrolyzed by 5% potassium hydroxide to a non-crystalline 
dicarboxylic acid monoester (14). This decarboxylated a t  145' to give the crystalline 
monoester (XV; R = Me, R' = H). The carboxyl unallocated in (V) must therefore be 
placed a t  C14. Any possibility that the ethylenic linkage might have moved /3,y into 
the C13-Cl8 position and that the C17 carboxyl had been lost could be discounted since 
the monoester retained its cy,/3-unsaturated ketone. Cea~lothenic acid is, therefore, to be 
represented as (XVI), a disposition of carboxyl groups paralleled in the a-amyrin series 
by quinovic acid (15). 

Although no direct evidence is available, it seems possible that  the configuration of 
the isopropenyl group in (XII1)-(XV) may be opposite that  (a) in lupeol, ceanothic 
acid, or ceanothenic acid. The n.m.r. spectrunl shows a significant change, the original 
two multiplets now appearing as a single broad band a t  T 5.24. In addition, on mechanistic 
grounds, since it  has been shown (13) that the isopropenyl group is required for oxidation, 
inversion would seem necessary to allow approach of the reagent to  C12 

Since the direct lactonization from C27 to C1 or C34 is not possible, rearrangement 
must occur on dilactonization. Two more probable structures may be considered, (XVII) 
and (XVIII), the formation of both of which involves only the generation of tertiary 
carbonium ions after the initial migration. These are derived by protonation a t  either 
end of the cyclopentene ethylenic linkage. These two formulations differ in the number 
of potential acetic acid n~olecules obtainable by Icuhn-Roth oxidation. The monolactone 
(XI) ,  now to be represented as (XIX),  has two methyl groups and two geminal dimethyl 
groups. The same obtains in formulation (XVIII) for the dilactone. The alternative 
(XVII) has, in contrast, four methyl groups and one gelnilla1 dimethyl group. Since 
geininal dimethyl functions are known to give only a sinall fraction of a molecule of 
acetic acid, (XVII) would be expected to  have a greatly increased Kuhn-Roth yield of 
acetic acid over (XIX). In fact, (XIX) gave 2.3 C-Me and the dilactone 2.2,j and, on 
this basis, (XVII) may be excluded. The positioil of the lactone is that found in the 
acid-catalyzed lactone from quinovic acid, novic acid (16). 

EXPERIMENTAL 
For general experilnental details see Part I (2). Nuclear magnetic resonance spectra were determined 

in carbon tetrachloride solution. Silica gel was B.D.H. grade except where specified differently. 

Extraction of Cea?zotR?~s ati~ericawzrs 
( a )  The ground root bark (10 kg) was extracted by standing with alcohol for approxilnately 24 hours, 

after which time the solvent was drained off. This was repeated seven times. The combined alcohol extract 
(30 1.) was concentrated to about 2 I., diluted with water, and extracted with ether. The ethereal solution 
was extracted eshaustively with potass i~~nl  hydroxide solution, the insoluble potassium salts removed by 
filtration, and the defatted acids derived fro111 the soluble salts isolated as  previously described (2). 

The  larger benzene-soluble portion of the acid mixture was chrolnatographed on silica gel (730 g ;  Davison). 
Elution with benzene-ether (19:l) yielded a material which, after recrystallization of a portion from ether- 
benzene followed by ether-methanol, gave ceanothenic acid, n1.p. 350-354' (decomposition) undepressed 

V n  nzrnzbering ceanotileftic acid i t  has been asszrmed that C ?  is extrzlded. 
5We are greatly indebted to Mr.  J .  $1. L. C a i ~ e r o n  (Glasgow) for these deternli7aations. 
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on admixture with the acid from the earlier isolation (2), [ a ] ~  $39" (c, 1.25; pyridine). Calc. for C2eH4?04: 
C, 76.61; H, 9.31; 0 ,  14.08%. Found: C, 76.45; H, 9.23; 0 ,  14.43%. Further elution produced the pre- 
viously reported triterpenoids, betulinic acid, and ceanothic acid ( I ) .  

Additional amounts of ceanothenic acid were obtained upon addition of alcohol to  the benzene-insoluble 
portion of the acid mixture. This then crystallized (rn.p. 340-346') and combination of this \\.ith the 
ceanothenic acid obtained upon chromatography yielded 8 g of crude acid. 

The ether solution remaining after removal of the acidic material was washed with aqueous hydrochloric 
acid (2 N; 5 x 3 0 0  ml) and the neutral fraction isolated by evaporation. 

The neutral material (17.6 g) from 19 Icg root bark was refluxed fcr 3 hours under nitrogen with aqlleous 
alcoholic (1:s) potassium hydroxide solution (57;; 300 The neutral fraction (30 g) fro111 this, separated 
by ether extraction, was chromatographed on silica gel (650 g). Elution with light petroleum - benzene 
(3:7) afforded lupeol, identified by melting point (207-20S0), mixed melting point, rotation ([a]D +27O), 
and infrared spectrum. Elution with benzene-ether (9:l) produced a fraction which \vas recrystallized to 
give 8-sitosterol, m.p. 136-13T0, identical in every respect with authentic material. Further elution \\.ith 
benzene-ether (3:l) gave be t~~ l in ,  identified by melting point and mixed melting point. Acetylation gave 
the acetate identical in every respect with authentic betulin diacetate. 

Acidilication of the aqueous phase of the hydrolysis mixture followed by ether estraction of the acidic 
tnaterial afforded a fraction (9.9 g) which was chromatographed on silica gel. Elution with b e n ~ e n e - ~ t h ~ r  
(1:3) gave a substance shown by melting point, mixed melting point, ~~l t raviole t  and infrared spectra to 
be phthaEc acid. 

(b) After alcoholic extraction of the root bark (10 kg) with alcohol, a further extraction was carried 
out using chloroform ( 3 x 4  After evaporation of the chloroform the residue was extracted exhaustively 
\\rith refluxing light petroleum, dissolved in ether, the acidic fraction isolated by extraction \\,it11 potassium 
hydroxide solution (20/6), acidification, and ether extraction. The residue (7.2 g) was chromatographed on 
silica gel (210 g). Elution with benzene-ether (9:l) gave crystalline material, n1.p. 201-202'. Calc. for 
CsH804: C,  57.14; H, 4.8070. Found: C, 57.52; N, 4.797;. Methylation with cliazolnethane gave a crystalline 
compound, 1n.p. 58-59'. The substances \Irere identified as vanillic acid and its methyl ether, and their 

points were undepressed on admixture with authentic specimens. 
EILltion with benzene-ether (4:l) gave material, m.p. 184-185', raised to  207-208' after further purifi- 

cation. Calc. for cgH1005: C,  54.54; H, 5.09; 0 ,  40.37%. Found: C,  54.22; H, 5.20; 0 ,  40.78%. Methylation 
with diazomethane produced a compound, n1.p. 80-81". The  original compound was identified as syringic 
acid by melting point, mixed melting point, and infrared spec t run~ .~  

Di??zethyl Ceanotlrenate 
Ceanothenic acid was tnethylated with diazomethane to yield a non-crystalline ester, [a]= +3z0 (c, 

0.81), 1720, 1642, 890 cnl-I (CCIJ. Calc. for C~1H1604: C, 77.13; H,  9.617i. Found: C, 77.17; H ,  9.20%. 

Tetrahydroceanothenic Acid 
Ceanothenic acid (33 mg) absorbed 2.0 mole of hydrogen when hydrogenated in glacial acetic acid over 

oxide catalyst. Recrystallization from ether gave tetrahydroceanothenic acid, m.p. 340' (decom- 
position), [elD -34O (6, 0.51; pyridine), v,,,;, 1686 cm-' (nujol mull). C ~ C .  for C?eH4GOd: C, 75.94; H, 1 0 . l l ~ o .  
Found: C, 75.88; 1-1, 9.9070. 

Dil7zethyl Tetralzydroceanotltellate 
~ ~ t r a h ~ d r o c e a n o t h e n i c  acid (20 mg) was methylated with cliazomethane to  give the dimethyl ester, 

m.p. 159-163', [ a ] ~  -21' (c, 1.2). Calc. for C~IHSOOJ: C, 76.50; H ,  10.36; OCH3, 12.72%. Found: C, 76.58; 
H, 10.17; 0CH3,  11.52%. The molecular weight (mass. spec.) was 486 (calc. 486.7). 

Osonolysis of Ceanothenic Acid 
Oz~nolysis of ceanothenic acid (56 mg) in acetic acicl solution a t  room temperature for 30 minutes followed 

by distillation into aqueous dimeclone gave formaldehyde, characterized as  the dimedone derivative, i n  
12% yield. A similar ozonolysis of ~~ndecylenic acid (21 mg) produced a 217; yielcl of formaldehyde as the 
dimeclone derivative. Addition of alkali (10% potassium hydroxide solution) to the non-crystalline acidic 
product from ozonolysis followed by 12-I<I solution produced a precipitate of iodoform. 

Ceanothenic Acid Dilactone 
(a) Ceanothenic acid (68 111g) \\'as refluxed 5 hours wit11 fornlic acid (10 ml; 987,). The residue, obtained 

upon evaporation of the formic acid in  vaczro, was chromatographed on alumina (Grade 1 ;  3 g) .  Elution 
with light petroleum -benzene (1:l) afforded crystalline material \\.hich gave, after recrystallization from 
chloroform-methanol, ceanothenic acid dilactone (19 mg), [ a ] ~  - 17' (c, 1.04). Calc. for C2eH4?04. 0.5Me- 
OH: C, 75.32; H ,  9.36%. Found: C,  75.33; H, 9.20Y0. The dilactone possessed a complex melting point, 
undergoing transition in the range 250-285', before finally conipletelj- melting, a t  285O. 

6We wish to express our thanks to Mr. M. P. L i  for this experiment. 
7lVe are grateful to Dr. Irwin A. Pearl (The Institzrte of Paper Chetnistry, Wisconsin) for a specimen of 

sYringic acid. 
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DE MAYO AND STARRATT: TERPENOIDS 1639 

(b) Ceanothenic acid (110 mg) was refluxed with a mixture of acetic acid (36 1111) and concentrated 
hydrochloric acid (4 nll) for 2 hours. Additional hydrochloric acid (2 rill) was added and the refluxing 
continued for 3 hours. Dilution with water and ether extraction yielded a neutral product which gave, 
after recrystallization from ether, ceanothenic acid dilactone (42 nlg). 

(c) Methyl ceanothenate (22 mg) was dissolved in benzene ( I  ml), and acetic acid (5 ml) and sulphuric 
acid (1 ml) added. After 5 days' standing a t  room temperature, ether extraction followed by chromatog- 
raphy on a l~~n i ina  yielded ceanothenic acid dilactone identical in every way with the material described 
above. 

Conversiott of Tetrahydroceanotkenic Acid to the Diol (XX) 
Tetrahydroceanothenic acid (32 mg) was refluxed 1 hour with thionyl chloride (3 nil). The thionyl 

chloride was relnoved under reduced pressure, then dry benzene (5 ml) added and lilceu\lise removed. The  
residue was dissolved in dioxane, an excess of lithium alunlinun~ hydride added, and the mixture refluxed 
for 12 hours. After working up in the usual manner and filtering through alumina (Grade 4; 1 g), crystalline 
material (25 mg) was obtained which, after recrystallization from ether-methanol, afforded the diol (XS), 
m.p. 253-254", [O]D -41" (c, 0.99; pyridine), v,,,, 3330 crn-I (nujol mull). Calc. for C?IH~OO?: C, 80.87; 
H, 11.7070. Found: C, 80.51; H, 11.56%. 

Oxidation of the diol with an acetic acid solution of chromic anhydride a t  room temperature regenerated 
tetrahydroceanothenic acid identical in every respect with that  obtained directly. 

The  crude diol (400 mg) was acetylated (30 minutes a t  100' with acetic anhydride - pyricline (1:2)), and 
the isolated product chromatographed on alumina (8 g ;  Grade I ) .  Light petroleum -benzene (19:l) eluted 
crystalline material which, after recrystallization from ether-methanol, gave the diacetate, m.p. 121-122O, 
[elD -31" (r, 0.99), v,,, 1730 cm-I. Calc. for C33H5404: C, 76.99; H,  10.57%. Found: C, 76.98; H, 10.51%. 

JIethyl A7zhydrobetulinate 
Methyl betulinate benzoate (134 mg) was heated under nitrogen for 30 minutes on a metal bath a t  

320-330". The  crude product was relluxed under nitrogen with alcoholic potassium hydroxide (loyo) 
followed by isolation of the neutral material with ether and chromatography on alumina (2 g ;  Grade 1). 
Elution with light petroleum and crystallization from ch1oroforn1-methanol gave methyl anhydrobetulinate, 
1n.p. 154-157", [a]D 4-25' (r, 2.44), v,,, 1720, 1642, 889 cm-I. Calc. for C31H4802 0.5MeOH: C, 80.76; 
H, 10.627,. Found: C, 80.33; H, 10.62%. 

O S ~ T Z ~ C  'lcid Oxidation 
&[ethyl ceanothenate (195 n ~ g )  was dissolved in dioxane (2.5 1111), and pyridine (3.5 ~ n l )  and osmic acid 

(350 mg) added. This mixture was kept in the dark a t  room temperature for 9 days, when the osmic ester 
was decomposed with sodium bisulphite (17). The crude product was isolated by ether extraction and 
filtered through alumina with methanol-benzene (1:5). Recrystallization from methanol afforded the 
tetrol (112 mg), 1n.p. 264-26Oo, [G]D -25' (c, 0.62; alcohol), v,,, 3440, 1712 cm-I. Calc. for C31H6008: C , 
67.61; I-I, 9.15%. Found: C, 67.75; H, 9.167,. 

Periodir ilcid Tzt~ation of the Telrol i n  J/letha?zol 
The  tetrol (114 mg), dissolved in methanol (24 ml) and water (3 ml), was titrated with periodic acid 

(3 ml; approx. 0.4 iV). After 4 hours the uptake of oxidant had ceased, with consun~ption of 2.3 moles. 
The product was isolated by ether extraction and chromatographed on alumina (6g ;  Grade 1). Elution 
with benzene-ether (19:l) gave a con~pound, m.p. 185-190' after recrystallization from ether-light 
petroleunl. The substance showed urn,, 1708 cm-I, and n.m.r. bands a t  T = 7.87, 6.60, 6.37, 6.21, and 5.88. 
Further elution gave a second compound ((VI; R = Me) or (VII)), m.p. 184-186" after recrystallization 
from ether - light petroleum, [ a ] ~  - 10' ( r ,  0.54), vmnx 3400, 1720 cnl-l, n.m.r. bands a t  T = 7.84, 6.57, 
6.35. 6.22. 5.84, and 5.43. Calc. for C31H4808: C, 67.85; H .  8.82; OMe. 16.95%. Found: C. 67.91: H. 8.92: ."  . , 

OM;, 16.61%. 
T o  the cleavage product ((VI; R = Me) or (VII)) (16 mg) in alcohol (35 ml) was added a solution of 

2,4-dinitrophenylhydrazine (45 mg) in alcohol (4 ml) containing hydrochloric acid (6 drops). After refluxing 
for 4.5 hours, the product was isolated and chromatographed on alumina. Benzene removed some non- 
crystalline material and on further elution with chloroform a substance was obtained which was recrystal- 
lized from chloroform-methanol to  give the tris-2,4-dinitrophenylhydrazone, m.p. 281-282". Calc. for 
CrsH5pOloN12: C, 54.56; H, 5.30; N, 15.90yc. Found: C, 55.03; H, 5.88; N, 15.68%. 

Periodic Acid Titration of the Tet~ol  (XXI) i n  Dioxane 
The tetrol (35 ml) was titrated with periodic acid in the same manner as  above, using dioxane (8 ml) 

and water (1 ml) as solvent. At the end of 4 hours, reaction mas con~plete, with the consumption of 2.1 
moles of oxidant. 

Chromatography of the product did not afford any crystalline material. The n.m.r. spectrum of the oil 
showed bands a t  7 = 7.94, 6.34, 6.18, 0.85, and 0.73 and the compound possessed v,,, 3360 and 1708 cm-1. 
Reaction of this product with 2,4-dinitrophenylhydrazone afforded the same derivative, n1.p. 281-282O, a s  
was obtained from the methanolic titration. 
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Canniz,-aro Reaction 
Sodi~lni hydroxide solution (2 ml; 10%) was added to the periodic acid - dioxane cleavage product 

(20 mg), dissolved in methanol (8 ml). The solution was retlused under nitrogen for 0.5 hours. Ether 
extraction yielded a trace of neutral material (3 mg). Acidificatio~i of the allcaline solution followed by 
re-extraction with ether gave crystalline niaterial (16 mg). This material could not now be extracted from 
the ethereal solution with aqueous po ta s s i~~m hydroside (2%). Recrystallization from ether-petrol gave 
the 6-lactone, m.p. 212-215', [ a ] ~  -18' (c, 1.04), v ,,,:,, 1708 cm-I, .r = 7.80, 6.28, 6.21. Calc. for C30H.140i: 
C, 69.74; 11, 8.58%. Found: C,  70.28; I-I, 8.30%. The periodic acid - dioxane cleavage product (24 mg) in 
a sodium methoxide solution (2%) maintained overnight a t  roo111 temperature alforded the satne lactone. 

Dihydroceanothenic ilcid 
Potassiu~ii azodicarboxylate (200 mg; 1.1 mmoles) prepared from azodicarbonamide \vas added to a 

solution of ceanothenic acid (20 nig) in niethyl cellosolve (2 ml). Acetic acid (155 mg; 2.2 mmoles) was 
added and the mixture stirred under nitrogen until the disappearance of color (approx. 10 minutes). Re- 
crystallizatio~l from ether-methanol gave dihydroceanothenic acid, m.p. 340" (decomposition), [a]= $15' 
(c, 0.99; pyridine), v,,,:,, 1692, 1646, 888 cm-I ( n ~ ~ j o l  mull). Calc. for C?BH4,0,.0.5MeOH: C, 75.00; H ,  
9.76%. Found: C, 75.01; H ,  9.72%. I n  the same manner norbornylene (220 mg) was reduced with potassium 
azodifor~ilate (4 g) and acetic acid (3.6 g).  The product was identified a s  norbornane by melting point and 
infrared spectrum. 

Dihydroceanotlzenic Acid Lactone 
Dihydroceanothenic acid (84 nig) was refluxed 3 hours with forniic acid (25 ml; 97%). The product, 

after removal of the formic acid in vaczlo, was chrornatographed on silica gel (4.5 g). Elution with benzene- 
ether (19:l) yielded material which was recrystallized from ether - light petrole~nii to give dihydroceano- 
thenic acid lactone, m.p. 289-291°, [ a ] ~  $47' (c, 1.21), v,:,, 1764, 1605 cm-I. Calc. for C?9H1,0,: C, 76.27; 
H, 9.71%. F O L I I ~ ~ :  C, 76.11; 11, 947%. 

Alethy1 Dilzydroceanotlzenate Lacto~ze (XIX) 
Methylation of the acid with diazomethane gave ~nethyl  dihydroceanothenate lactonc, recrystallized 

from ether - light petroleum, m.p. 179-18O0, [ a ] ~  $43' (c, 1.05), v,,, 1760, 1712 cm-'. Calc. for C30H.lG0.1: 
C,  76.55; H ,  9.85Yo. Found: C, 76.44; H, 9.79'7,. 

Alethy1 Dclzydrodilzydroceanotlzenate 
Methyl dihydroceanothenate (106 nig) in chloroforln (4 ml) was refluxed with mercuric acetate (2 g) in 

acetic acid (20 nil) for 5 hours. The residue obtained after chloroform extraction was dissolved in pyridine 
and hydrogen sulphide passed through i t  for 1 hour. The precipitated sulphide was rc~iioved by filtration 
and the pyridine re~iioved in  vacuo. The residue, in ether, was washed with ammonium sulphide solution 
and the remaining niaterial was chromatographed 011 alutnina (2 g ;  Grade 1). Elution with benzer~e-ether 
(19:l) afforded material (47 mg) urhich recrystallized fro111 ether-~iiethanol to give methyl dehydrodihydro- 
ceanothenate, 1n.p. 160-161°, [a]= $54', (c, 1.09), v,,,,, 1723, 1669, 1625, 902 (shoulder), 894 cm-I (CCI4). 
Calc. for C31H,aO.l: C, 77.13; H, 9.C117~. Found: C, 76.70; H, 9.49%. 

dlethyl Dehydrotetralzydroceanothenate 
Methyl dehydrodihydroceanothenate (332 mg) in acetic acid (18 ml) was hydrogenated over platinum 

oxide catalyst (82 nig). Recrystallization of the product from ether - light petroleum gave ~nethyl  dehydro- 
tetrahydroceanothenate, 1ii.p. 190-192", [ a ] ~  $8' (c, 0.93), v , , . ~  1716 cm-I. Calc. for CalH.1sO4: C, 76.81; 
H ,  9.98%. Found: C, 77.33; H ,  10.03U/0. 

Litlzizdnz Iodide Halolyses 
(a) Methyl ceanothenate (31 mg), in 2,4,6-collidine (2.8 ml), was refluxed for 8 hours with anhydrous 

l i t h i ~ ~ m  iodide (114 mg). The cooled solution was poured into a mixture of 2 IV HCI (15 ml) and ether - 
ruethylene chloride (15 nil; 2:l). The aqueous portion was twice washed with ether - rnethylene chloride 
(2:l) .  The co~iibined organic extract was then washed with dilute hydrochloric acid and water belore 
evaporation of the solvent. Recrystallization of the product gave ceanothenic acid (22 ~i lg) ,  m.p. 34'7-351'. 

(b) bIethyl dehydrotetrahydroceanothenate ( S I V ;  R = Me, R' = COOI\II~) (57 nig) with lithiulil 
iodide (200 mg) in 2,4,6-collidine (4 nil) was refluxed for 8 hours. The reaction mixture was worked LIP as 
above. The product was recrystallized from ether-methanol to give the corresponding acid (28 mg), 1n.p. 
320-330" (gas evolution), [ a ] ~  -4" (c, 0.75; pyridine), v,,, 1692 cm-' (n~ljol mull). Calc. for C?9H.4.10.1: 
C, 76.27; H, 9.7l'g. Found: C, 76.09; H, 9.56%. Methylation of the acid gave back ~ilethyl dehyclrotetra- 
hydroceanothenate, identified by melting point, mixed melting point, and infrared spectrum. 

Methyl 11-OsodehydrotetraAydroceanotlzenate 
An acetic acid solution of methyl dehydrotetrahydroceanothenate (50 mg) was allowed to stand over- 

night a t  room temperature with an excess of chro~nic acid solution (10 ml; 0.16 N in acetic acid). Isolation 
of the product and recrystallization fro~il ether - light petroleu~ii gave methyl Il-oxodehydrotetrahydro- 
ceanothenate, n1.p. 217-21g0, [ a ] ~  -34' (c, 1.04), A,,, 239 nip (E  = 12,200), v ,,I,, 1718, 1699, 1615 c~n-1. 
Calc. for C ~ I H ~ G O ~ :  C, 74.66%; H ,  9.30%. F O L I I I ~ :  C,  74.74; H,  9.43%. 
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Hydrolysis and Decarboxylation of the Keto9te ( X  V; R = 11[e, R' = COOMe) 
Methyl 11-osotetrahydrodehydroceanothenate (52mg) was refluxed under nitrogen for 4 hours with 

niethanolic potassium hydroxide (20 rill; 5%). The mixture was worked up as usual and the crude acidic 
fraction (22 mg) in methanol (10 1n1) titrated with N/100 sodium hydroxide to a phenolphthalein end 
point. A titration value of 82% of the calculated mas obtained. 

This acid material n7as decarboxylated by heating 10 minutes a t  145' under nitrogen. Filtration through 
alumina with benzene and recrystallization from ether-methanol afforded the neutral ketoester (XV; 
R = Me, R' = H),  m.p. 182-185', [ a ] ~  -95', (c, 1.11), A,,, 241 mp ( e  = 13,200), v,,, 1717, 1600, 1614 
cm-1. Calc. for C?eH.lrOs: C, 79.04; H,  10.070/c. Found: C, 79.07; H, 9.787;. 

Oxidation of the Diol (XX) zvith Chrontic Acid 
The diol (62 mg-) in Analar acetic acid (3 ml) was oxidized by standing overnight a t  room temperature 

with 0.17 N chromic acid in acetic acid (5.5 ml). Following isolation, the product was separated into acidic 
and neutral fractions. The neutral fraction was chro~natographed on alumina (2 g),  elution with light 
petroleum -benzene (19:l) affording crystalline material in poor yield. Recrystallization fro111 ether- 
methanol gave the dialdehyde, 111.p. 138-142O, [a]u -22' (c, 0.75), v,,:,, 2740, 1715 cm-'. Calc. for C Y ~ H , ~ O ? :  
C, 81.63; H,  10.87%. Found: C, 81.52; H ,  10.16%. 

Reduction of Dihydroceanothenic Acid Lacto9ze (XI )  
Dihydroceanothenic acid lactone (97 mg) in tetrahydrofuran (9 ml) was refluxed with an  excess of 

lithium aluminum hydride (300 mg) for 0.5 hour. The  product was isolated in the usual manner and 
methylated with diazomethane. The crude product was filtered through alumina (2 g ;  Grade 1) in benzene 
and recrystallized from ether - light petroleum to yield the diol ( S I I ) ,  m.p. 236-238", [ o l ] ~  +23", ( 6 ,  0.90), 
v, ,,,x 3350, 17O!)cm-'. Calc. for CsoHjoOn: C, 75.90; H, 10.6270. Found: C, 76.05; H, 10.50%. 
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INFLUENCE OF THE DEFECT CENTERS ON THE 
SZILARD-CHALMERS ANNEALING 
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ABSTRACT 

Reactor-irradiated copper and cobalt oxinates were studied for the behavior of CLIG~ ailcl 
Co60 atoms prod~tced by radiative thermal neutron capture. The annealing processes associated 
with the Szilard-Chalmers effect were followed by means of retention. Both substances 
exhibit annealing a t  room temperature, formally following first-order Itinetics. The retention 
was found to increase with reactor exposure time, following kinetics similar t o  that for post- 
irradiation thermal annealing. The interpretation of experi~nental data  relies on the assump- 
tion that  fractions annealed a t  room temperature decrease with increasing density of defect 
centers containing an annealable Szilard-Chalrners atom. 

INTRODUCTIOK 

The mechanism of the processes occurring in radiation-damaged solids is still considered 
to  be in question in spite of the number of works published hitherto on this topic. I11 this 
connection the usefulness and importance of the Szilard-Chal~zlers method, which by its 
very simple radiochemical procedures obtains many results hardly available by the use 
of other methods, are well known. 

complexity of these processes is shown by the lack of reproducibility of experi- 
lllental data. Attempts were rnade to follow the influence of various factors such as crystal 
fragment size, irradiation con~litions (dose, dose rate, temperature), sample type (treated 
or untreated), etc. AS a matter of fact most of these factors determine in a straightforward 
manner the crystal damage range along with the retention value, as shown by Maddocl; 

Vargas (I) ,  although variations were found not only in a unique direction. Certainly, 
definite conclusions may not be drawn until new experimental data can lead to a lnore 
precise 1;nowledge of the way crystal defects act on recombination of recoil species. 

discussioll of experimental results will rely on Harbottle and Sutin's hot-zone 
model (2); the processes arising after hot-zone cooling will be examined according to 
Vand-Primali's llypotl~esis on processes group distributed in activation energy (3). 

Oxinates were chosen for the investigation of processes associated wit11 the Szilard- 
Chalmers effect because, on the one hand, for chelate compounds, the exchange reaction 
between the recoil and complexed atom does, properly, not occur; on the other hand, 
owing to the solubility of osinates in organic solvents there appears the possibility of 
carrying out the separation of recoil atoms through water extraction, without using 
more intricate analytical methods which may eventualll- change the original distribution 
of recoil fragments. h/Ioreover, oxinates exhibit radiation and thermal stability against 
irradiation decomposition as well as radiation and ther~nal sensitivity against annealing. 
In  the present work copper and cobalt osinates mere chosen. Cobalt (4), tungsten, 
calcium (5), copper, manganese, and nicliel oxinates (6) were also studied but  only in 
order to obtain high specific activity radioisotopes. 

ESPERIMENTAI,  
Irradiation 

Samples contained in quartz tubes \yere irradiated in the thermal colu~nn of the I.F.A. reactor. The 
irradiations were carried out in air a t  hole temperature (30-35" C);  irradiation times ranged from 15 minutes 
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to 10 hours for copper oxinate and from 1 hour to 8 hours for cobalt oxinate. Irradiation conditions were 
as follows: thermal neutron flux 1.2X10n c~n-~sec-l, fast neutron flux 6.3X109 ~rn-~sec-l, gamma dose 
rate 3.5 X106 r hr-l. 

Extraction 
Irradiated 1-mg samples were dissolved in freshly distilled chloroform. Cobalt oxinate dissolution was 

carried out a t  a temperature of 45-50" C, nz-toluidine traces being present. The recoil atoms were water- 
extracted a t  pH = 6 with Cu2+ and CoZ+ respectively as carriers. 

T o  test the separation method the following operations were performed: (a) Extraction of C U ~ '  synthetized 
copper oxinate from chloroformic phase to aqueous phase a t  pH 6; no active copper ions were found in the 
aqueous phase. (b) Extraction of active copper ions from aqueous solution a t  pH 6 to chloroformic phase; 
no activity was found in the chloroformic phase. (c) No exchange reaction was found between complexed 
active copper in the chloroformic phase and inactive CuZ+ used as carrier in the aqueous phase. Similar 
procedures were used for cobalt oxinate. 

Counting 
Both phases activity was measured using an immersion G.M. counter. Measurements were made af ter  

Cu60 (5.18 minutes) and Co60m (10 minutes) activities had decreased to a negligible value. Retention was 
conlputed from the ratio between chloroformic and total activity of both phases. Each result consists of the 
average value obtained for two or three irradiation sets, with similar irradiation conditions. The uncertainty 
affecting the average value is f 1.5%. 

RESULTS AND DISCUSSIONS 

Copper Oxinate 
The retention of sanlples reactor-irradiated for 15 minutes-9.5 hours was determined 

a t  room temperature and found to increase with time. In a few hours it reached a value of 
94%, which remained constant even 24 hours after irradiation. An exception was found 
for the 9.5-hours irradiated sample, which exhibited from the very beginning a retention 
of 94%. Therefore, the conclusion may be drawn that in neutron-irradiated copper 
oxinate a fast annealing characterized by the decrease in annealing rate with time and 
by the appearance of a pseudo plateau occurs a t  room temperature. The following step, 
the slow annealing process taking place with constant annealing rate, was not yet tested 
owing to the short life of recoil radioactive atoms (7). 

I t  nlust also be pointed out that for salnples treated immediately after irradiation, the 
shorter the irradiation time the s~llaller the retention value, the existence of various 
original retention values hellce depending on reactor exposure time. The ordinarj~ plot 
of R(t) could not account for this assu~llption because retention values in the range of 
greatest annealing rates were unknown, as deternlinations could only be made during 
the first few minutes after irradiation. The uncertainty affecting the retention value did 
not even allow the plot of a curve representing exactly the annealing kinetics, by extra- 
polation of which the retention a t  the end of irradiation might be obtained. The question 
was solved in another way. 

As Harbottle and Sutin (8) pointed out, annealing of radiative neutron capture damages 
may be treated according to Vand-Primak's concept of group of processes distributed 
in activation energy (3). On the other hand it was denlonstrated (9) that in first approxi- 
mation, fast annealing nlay be fornially considered as a first-order process characterized 
by apparent rate constants. The approxinlation is allowed for owing to the existence of a 
Primal< spectrunl consisting of a narrow band of activation energy. 

In the present work a plot of log (AX) versus t is given, where AR = R,-R, R, being 
the retention value a t  the pseudo plateau and R the retention value a t  time t. Straight 
lines exhibiting equal slopes were obtained, as was expected. Figure la shows the variation 
of annealing fraction with time a t  room temperature, for two samples irradiated with 
various integral neutron fluxes. The plot gives, by extrapolation, the original retention 
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FIG. 1. The annealing a t  roonl tenlperture of copper osinate irradiated as follows: I ,  15 minutes; 2, 30 
minutes; 3, 1 hour; 4, 2 ho~rrs;  5, 3 hours; G, 4 hours; 7, '3.5 hours. 

Ro,  i.e., the retention a t  the end of irradiation. R o  increases with irradiation time; its 
values are given in Table I. The log (AX) versus t plot allowed also for the computation 

TAB1.E I 
Variation of the retention Ro with the time of irradiation t' for copper osinate 

t ' ,  niin 15 30 GO 120 1 SO 240 570 
Ro. % 60.9 6'3.8 54 1 81 4 86 1 90 4 $14 0 

of a set of thermal annealing kinetic curves for various samples (Fig. lb). The formal 
kinetic equation characteriziilg the process is: 

[].I AR = (AR), esp (-kt), 

where (AX), = R,-Ro. The apparent rate constant has the value k = 4.03X10-* sec-I. 
Siinilar considerations led to the description of the annealing during the irradiation. 

Reactor annealing is illarked by prime superscripts; therefore R,' = Ro and (AX)' = 

R,'-R'. A plot of log (AR)' versus irradiation time t' is a straight line, as shown in 
Fig. 2a. Hence, the annealing during irradiation inay be formally considered as a first- 
order process. The kinetic curve of the annealing during irradiation corresponds to an 
equation of the same type as the former: 

[a] (AR)' = (AR),' exp (-kt1), 

~ ~ h e r e  (AX),' = R,'-Rot. The numerical values obtained by graphical means from the 
plot in Fig. 2a are k' = 1.73XlO-"ec-l and Ro' = 54.6%. The condition k # k' does 
not agree with the assunlption that annealing could occur only under the influence of 
the temperature, although in this circumstance the temperature plays an important part. 
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NEGOESCU A N D  COSTEA: SZILARD-CHALMERS ANNEALING 

FIG. 2. The annealing concomitant with the irradiation of copper oxinate. 

Moreover, curves similar to those plotted in Fig. 2b were reported for potassium chromate 
(10) and for hexammino-cobaltic nitrate (11); an equation of the type of eq. [2]  was 
also found. I t  is worthwhile to point out the great original retention value Xo', which 
may be accounted for by applying only the hot-zone model because both the lack of 
nuclear inefficiency of gamma-ray emission and the lack of a Suess effect do not succeed 
in explaining the fact that about a half of tlie whole activity is retained by the original 
chemical compound or by compounds exhibiting a similar structure. However, it niay 
be assumed that original retention results from recombination processes occurring in 
10-l1 second in the melt, which behaves as a cage for the recoil atom (12). Thus, the 
original retention arising from spontaneous recrystallization may quite possibly remain 
constant during the whole irradiation time. T o  this may be added tlie secondary retention, 
which also varies with time and which is due to radiation and thermal annealing of recoil 
atoms not yet rearranged and trapped in tlie hot zone during recrystallization. These 
processes require, also, activation energies as  pointed out for thermal annealing, though 
radiation annealing might be accounted for by tlie appearance of hot spots behaving 
like hot zones. 

Cobalt Oxinate 
Cobalt oxinate behaves like copper oxinate. Annealing process a t  rooin temperature 

may be observed and the retention increases with time until reaching a saturation value, 
which is founcl to be constant even after 50 hours. However, the pseudo plateau is not 
the same for all samples, smaller values being found for samples irradiated with stronger 
integral neutron fluxes. The saturation retention values R, for samples reactor-irradiated 
for 2-8 hours are given in Table 11. 

TABLE I 1  
Variation of the retentions Ro and R, with the time of irradiation t' 

for cobalt oxinate 
- 

t', min 120 240 300 480 
Ro, % 32.1) 35.5 41.4 48.8 
R,, % 83.0 71 . 0  67.0 64.0 

According to reasons similar to those for copper oxinate, annealing curves are studied 
on a log (AX) versus time plot. Figure 3a shows that thermal annealing follows eq. [I] 
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FIG. 3. The annealing a t  room temperature of cobalt osinate irradiated as fol1on.s: 1, 2 hours; 2, 4 hours; 
3, 5 hours; 4, 8 hours. 

with k = 0.80X10-4 sec-I. Figure 3a also allows computation of the original retention 
values Ro (Table 11), and thus a plot for thermal annealing 1;inetic curves is obtained. 
As shown in Fig. 3b, the curves cross one another according to their radiation history. 
As for copper oxinate, Ro increases with reactor exposure time, attesting annealing 
during irradiation. 

Influence of Defect Centers 
Now two questions arise: saturation retention value depends on the one hand on 

heating temperature (room temperature) and on the other hand on irradiation time. An 
answer may be found by studying the variation of the annealable fraction a t  rooin 
temperature (AX), = R,-Ro for the samples irradiated with various integral neutron 
fluxes. Moreover, the differences in crystal damages are also accounted for by various 
integral neutron fluxes. I t  may be shown that (AX), l / N ,  where N is the density of 
defect centers. 

Such a dependence was also found for hexammino-cobaltic nitrate (9). In a study of 
thermal annealing a t  various temperatures for various irradiation conditions it was found 
that,  for a given heating temperature T, the annealable fraction (AX), may be written: 

[31 (AR), = (YON'-P(T- To), 

where a 0  and p are constants characterizing the con~pound and To is also a constant 
representing the characteristic annealing temperature, i.e., the teinperature from which 
annealing begins and which is related to the minimum activation energy of Primak's 
spectrum (3) by the equation EO = k T  ln (Bt). In eq. [3] N is the number of annealable 
defects, i.e., the number of cooled hot zones containing an annealable recoil atom. 

For the present case, in which annealing occurs a t  room teinperature, T- To = AT is a 
constant; therefore, 
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NEGOESCU A N D  C0STE.-1: SZILARD-CI-IALMERS A N N E A L I N G  

so that eq. [3] may be written 

[GI (AR), = C ~ N - ~ ? .  

In Table I11 values of (AIi), and N  are given for copper and cobalt oxinates. I t  is note- 
worthy that an approximately linear relation is found between the logarithm of the change 

TABLE I11 
The values of the fraction destined to  be annealed and of the 

number of defect centers, for different irradiation times 

Copper osinate Cobalt oxinate 

t ' ,  min ( 4 R ) - ,  70 N ( 4 W m 7  % .\' 

in retention from the zero-time value to pseudo-equilibrium value and the logarithm of 
the density of the defect centers, although the slope between two successive poillts 
increases by degrees with the growth of the number of defect centers (Fig. 4). This proves 

l o g  N 

FIG. 4. ?'be fraction destined to anneal a t  room temperature, as a function of the density of the defect 
centers: 1, copper osinate; 2, cobalt osinate. 

the validity of eq. [GI for copper and cobalt oxinates. However, the imperfect linearity 
denotes that  the phenomenon is more complex and. we are under no illusions that the 
results are sufficient to  generalize our equation, but  hope that  further studies will be 
suggested by them and that  a theoretical consideration of this experimental evidence 
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will resolve the prob lem of the d e p e n d e n c e  b e t w e e n  t h e  a n l l e a l i ~ l g  a n d  the  d e n s i t y  of 
defect centers .  
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CLAM POISON 
111. PAPER ELECTROPHORESIS O F  CLAM POISON1 

R. A. B. BXNNXI~D AND A. A. CASSELMAN 
Defence Research Chemical Laboratories, Ottawa, Ontario 

Received April 19, 1962 

ABSTRACT 

111 paper strip electrophoretograms on Whatman 3MM paper, clam poison migrated 
toward the cathode when forrnic acid (1 IV and 0.1 IV) ,  acetic acid (1 N ) ,  sodi~lln acetate - 
acetic acid (0.1 M ) ,  n~o~~osod ium dihydrogen phosphate - disodi~tm monohydrogen phosphate 
(0.1 A f ) ,  and s o d i ~ ~ m  tetraborate (0.1 A f )  were used as electrolytes. Formic acid (1 N )  proved 
the most suitable of these for examination of the quantitative electrophoretic behavior of 
clam poisoti. A method of pretreatment for the paper mas developed to minimize introduction 
of extractable imp~irities into material recovered after electrophoresis by aqueous eli~tion. 
Pure clam poison, on electrophoresis for l. 'i5 hours a t  900 v or1 an 8 X  18-in. sheet of pretreated 
paper, migrated as a single, positively charged, Uieber-positive band with apparent mobility 
18.1 cm, which exhibited 110 fl~~orescerice. Recovery was cluantitative on both a weight and 
toxicity basis, and the toxicity, specific rotation, and infrared spectrum of the recovered toxin 
were identical with those of the starting material, t h ~ l s  providitlg all adclitiotlal check on the 
homogeneity of the sample. Quantitative electrophoresis of toxin from clam poison tailings 
which had been purihed by paper chromatography removed impurities which the latter 
method was incapable of eliminating, with resultant irnproverne~lt in both the specific rotation 
and toxicity. Two such treatments provided toxi11 possessing a toxicity arid specific rotation 
within the accepted limits for pure clanl poison. 

INTRODUCTION 

The purification of clam poison by ion exchange followed by chromatography on acid- 
washed alumina, by chromatography on Norit A followed by crystallization as the helian- 
thate, by countercurrent distribution (I) ,  or by paper cl~romatography (2), provided 
material concluded to be chemically homogeneous because of the close correspondence in 
chemical, physical, and biological properties of the resultant specimens. Nevertl~eless, the 
fact that  this exceedingly toxic substance of low molecular weight has not been obtained 
in a crystalline form possessiilg a definite melting point (2) makes it desirable to  examine 
its purity by methods other than those mentioned above. Recently, we described a 
heavy-paper technique by means of which the toxin in clam poisoil tailings was enriched 
approximately fourfold in toxicity to 5000-5800 mouse units (MU)/mg in 67% yield. 
The recovered toxin exhibited physical, chemical, and biological characteristics which 
agreed in all respects with those reported previously for pure clan1 poisoil (1, 2), except 
that  the specific rotation (+98&4") was approximately 257, below normal. Since paper 
cl~romatography proved incapable of producing further improvement in the toxicity and 
rotation it was uncertain whether the low rotation referred to  above was caused by the 
presence of impurities or whether the toxin recovered from the tailings differed fro111 clain 
poison in some subtle manner. I t  therefore seemed worthwhile to examine the homo- 
geneity of pure clam poison and tailings toxin by a method different fro111 those previously 
employed, and the behavior of these materials during quantitative paper strip electro- 
phoresis is reported herein. 

RESULTS AND DISCUSSION 

The paper strip electrophoresis of pure clam poison was examined in a series of electro- 
lytes ranging in pH from 1.8 to  9.25 using Whatman 3MM paper and results are given 

' Issz~ed as D.R.C.L. Report No.  367. 

Canadian Journal of Chemistry. Volume 40 (1902) 
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in Table I.  In all these electrolytes, the toxin migrated toward the cathode as a single, 
Weber-positive spot. In the first four electrolytes there was no ultraviolet fluorescence 

TABLE I 
Paper electropl~oresis of clam poison 

'True distance" ( a n )  migrated by: 

Electrolyte 

- 

'Time U\y-Ruorescent 
P 13 ( h 1.) Tosin material 

HCOOI-I, 1 N 
HCOOH. 0 . 1  iV 

*Migration toward cathode designated as positive. 

coincident with the toxin spot and none was anticipated since paper chronlatogranls 
performed on the same sample in the usual nlanner (2) revealed it to be free of fluores- 
cence.* In the phosphate and borate buffers, however, there was ultraviolet fluorescence 
coincident with or overlappiilg the Weber-positive spot, together with two additional 
ultraviolet-fluorescent spots. The explanation for this phenomenon caililot be stated with 
certainty but could well be related to the frequent observation that the toxicity of clam 
poison decreases with increasing pH of its aqueous solutions (4-6), thus inlplying sonle 
destruction of the poison under these conditions. In this connection we have found that 
clam poison ltept a t  25' in aqueous solution a t  pH G for 11 days decoillposed to the 
extent of 40%, with formation of a second Weber-positive substance of low toxicity and 
two additional ultraviolet-fluorescent substances, one of which is highly toxic (7). The 
appearance of ~llultiple fluorescent spots in the phosphate and borate buffers nzaltes these 
electrolytes less suitable for quantitative examination of the electrophoresis of clan1 poison 
than those electrolytes wl~ich do not cause such abnonnalities. The sodium acetate - 
acetic acid buffer, altl~ough satisfactory for qualitative experiments, was not considered 
suitable for quantitative worlc because of the difficulty of removing salt from the 
recoverecl toxin. The 1 AT for~nic acid proved the illost satisfactory of the renlai~liilg acidic 
electrolytes, since it gave the ~llost compact spots and the nlobility of the poison was high. 
Whatmrul No. 1 and Reeve Angel No. 934-AH glass fiber papers gave lllore diffuse spots 
than No. 3MM paper and could not be loaded as heavily as the latter. Experiments with 
Whatman No. 17 and seed-test papers revealed them to be unsuitable for strip electro- 
phoretic ~vorlc, a t  least in this application, since 1-mg spots of toxin streaked very baclly. 

Earlier work on the purification of clan1 poisoil by quantitative paper chromatograp1~y 
in the acidic solvent systein t-butano1:acetic acid:water (2: l : l )  on Whatman No. 1, 
No. 17, and seed-test papers established the iinportailce of extensive pretreatinellt oi the 
papers to illiiliillize iiltroduction of iillpurities into the recovered toxin (2, 3). I t  ~ v a s  
therefore necessary to ascertain the quantities of inlpurities introduced into toxin re- 
covered by aqueous elution after electrophoresis on Whatnlan 3MRiI paper in 1 M forinic 

*Previozcsly, samples of partially pzcrijied cla?i~ poison obtained frovz both the U.S. A r m y  Ckenvical Corps 
Biological Laboratories and the U.S. A r m y  Clte7izical Research and Developqnent Laboratories exhibited f i ~ o r e s -  
cence coi?tcideiet wi th the Weber-positioe toxin i ? ~  paper chro7~tatogmn~s i n  t-bz~tano1:acetic acid:waler (2:l:l). 
This  ficorescence proved separable front the toxin on electropItoresis i n  the jirst fozcr electrolytes listed i n  Table I 
and was concluded to be a rrrinor impz~r i t y  present i n  partially p~rrijied sanzples, since pzlre speci.mens fronz botlz 
o f  the above-me?ztio?ted sources did not coittai~t i t .  
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BANNARD AND CASSELMAN: CLAM POISON 1651 

acid and, if possible, to develop a method of pretreatment for the paper capable of inini- 
mizing such impurities. T o  this end, 8x18-in. sheets of untreated 3MM paper were 
subjected to electrophoresis in blanli runs under conditions identical with those described 
in the experimental section for electrophoresis of clan1 poison. Strips were removed from 
the dried sheet a t  preselected mobilities correspoilding to the conlponents in clam poison 
tailings, eluted with water, treated with Ainberlite IRA-400 (Cl) resin, and filtered (2, 3). 
The filtrates were lyophilized and residues weighed. The experiments were repeated using 
Whatman 3MM papers which had been cl~romatograpl~ically pretreated by the procedure 
previously found to be most effective for removal of impurities from CVhatman No. 1, 
No. 17, and seed-test papers (2, 3). Finally, 8x18-in. sheets of 3MM paper which had 
been chrolnatographically pretreated were conditioned further, by elution with 1 iV 
formic acid and prolonged electropl~oretic treatinent as  described in the experimental 
section, before the quantities of extractable iinpurities were determined. Results of these 
experiments are given in Table 11, fro111 which it is clear that untreated paper yields 

TABLE I1 

Impurity recovered from Whatman 3MM paper 

Weight recovered (mg/in2) from: 

Mobility Pretreated and 
of band electrophoretically 

(cm) Untreated Pretreated conditioned 

substantial amounts of impurities which call be reduced appreciably by chromatographic 
pretreatment (2, 3). A further reduction can be effected by prolonged washing of the 
pretreated papers with 1 N formic acid, followed by electrophoretic conditioning. Pre- 
liminary experiments revealed the apparent mobility of clam poisoil under the experi- 
mental conditions used to be 18-19 clll and that the maximunl loading attainable to 
confine the toxin to a 1x8-in. band after electrophoresis is 8-10 mg. I t  was concluded 
from the data in Table I1 that use of electrophoretically conditioned pretreated paper 
would introduce 2-3y0 ol ilnpurity into the recovered toxin, and although this level was 
somewhat greater than that realized by use of heavy-paper chromatography (3) it was 
still acceptable for the purpose of the present study. 

A salllple of pure clan1 poison dihydrochloride (5.02 mg, toxicity GOO0 MU/mg, [a],25 

+127") was applied to an 8x18-in. sheet of electropl~oretically conditioned pretreated 
paper and subjected to electrophoresis in 1 N formic acid a t  900 v for 1.75 hours. Examina- 
tion of a reference strip from the electrophoretogram under ultraviolet irradiation revealed 
no ultraviolet-fluorescent material. Spraying with Weber reagent revealed only one 
pinli spot with apparent lnobility 18.1 cm and ninhydriil produced a single yellow spot 
characteristic of the toxin (2) with the same mobility as the Weber-positive material. 
The substance was recovered by aqueous elution and the toxicity (5700 RlIU/mg) and 
specific rotation (+12G0) were identical, within experimental error, with those of the 
starting material. The infrared spectrum was also identical with that  reported previously 
for clam poison (2, 8). Since recovery was quantitative on both a weight (102%) and 
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toxicity (97.5yo) basis it is evident that paper electrophoresis provides further support 
for the view that clam poison which possesses the physical constants delineated by 
Schantz and co-worlters ( I )  is homogeneous. 

Electrophoretogranls on sainples of tailings toxin (toxicity 5400f 400 MU/mg, [a],?s 

+98&4") 011 Whatman 3Mi\/I paper in 1 N forinic acid a t  900 v for 1.75 hours revealed 
the presence of Weber-positive toxin a t  an apparent mobility of 18-19 cm, ninhydrin- 
positive spots a t  21 and 30 cm, and ultraviolet-fluorescent spots a t  6.5 and 8 cm. These 
results indicated that electropl~oresis is capable of separating components in the tailings 
toxin which are not separable by paper chromatography. 

A sanlple of tailings toxin (8.10 mg, toxicity 5100 MU/mg, [a]D'"+1020) was applied 
to an 8 X 18-in. sheet of electrophoretically coilditioiled pretreated Whatman Sh/IM paper 
and subjected to  electrophoresis a t  000 v for 1.75 hours in 1 N formic acid. A reference 
strip was examined under ultraviolet irradiation, then sprayed wit11 TiTieber-reagent and 
ninhydrin for location of the components, which were recovered by aqueous elution. The 
eluates were lyophilized, weighed, and bioassayed as described in the experimental section. 
The results given in Table 111 clearly show that recovery 011 a weight basis is quantitative 

TABLE 111 

Quantitative electrophoresis of tailings toxin'' 

Apparent Corrected 
\\-eight , . 

Fraction Chromogenic mobility 1 osicity Total 
No. agent (cm) (mg) (Ml;/mg) M U  

1 LJltraviolet 6 6 
2 Ultraviolet 8 0 
3 \\Tel~er 18 5 
4 Ninhyclrin 21 8 
5 Sinhydrin 30 0 

*Theoretical recovery 8.10 Ing (-11,300 MU!. 

- 

0.168 200 34 
0.148 250 37 
6 .  662 5,500 36,600 
0.580 550 320 
0 641 Nil 
- -- 

s l!)9 (101%) 
-- 

37,000 (89.6%) 

wllereas recovery on a toxicity basis is of theoretical. Approximately 9970 of the 
toxicity accounted for is contained in fraction 3, the specific rotation of lvllich rose by 14y0 
to  + l l G O  and the toxicity of which increased 8yo. The infrared spectruill of the fraction 
was indistinguishable froni that of clam poison (3). Because of the marked increase in 
rotation on electrophoretic treatment it appeared that the anomalous rotations of 
enriched tailings toxin (3) owe their origin to the presence of impurities (fractions 1, 2, 
3,  and 5) which possess low-order toxicities and little or 110 optical activity. (Fractions 
1, 2, and 5 had no optical activity and fraction -I had specific rotation +8.2".) This point 
of view was confirmed by a second experiment in which fractioil 3 was repurified by the 
same method. The recovered toxin had specific rotation +127" and toxicity 5800 MU/illg, 
which is within the range of values reported by Schantz and co-workers for pure clam 
poison (I) ,  and the infrared spectruill of the sample remained unchanged. Recovery i11 

the toxin fraction was %'yo 011 a weight basis and 96y0 on a toxicity basis. The discre- 
pancy between the recovery on a weight and toxicity basis in the experimental results 
given in Table I11 is ascribed to  the difficulty of obtaining accurate bioassays 011 fractions 
possessing low-order toxicity, particularly when the latter contain rather large ainouilts 
of impurities froill the paper. I t  is possible that  such impurities may suppress the toxicity 
since it  has been shown by Wiberg and Stephenson (6) that the presence of sodium chloride 
produces such an effect. 
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BAXNARD AND CASSELMAN: CLAM POISON 1653 

I t  is evident, therefore, that the toxin obtained by paper chromatographic purificatioil 
of clan1 poison tailings (3) is clam poisoil containing toxic iinpurities with little or no 
optical activity and which are removable by paper electrophoresis. Clearly, the method 
described herein for electrophoretic purification of clam poison, although useful as  a 
research tool, is quite impractical for purification of large quantities of tailings. I-Iowever, 
it seems quite likely to  is that  a continuous electrophoretic apparatus would circumvent 
this drawback. 

Schantz and co-workers (8) have reported clam poison to contain periodate-cleavable 
groups, the precise nature of which is unl<~lown. The periodate-labile moiety could contain 
one or inore of several well-ltnown functional groups (9) and it is conceivable that one 
of these might be a 1,2-diol. I t  occurred to  is that it might be possible to  demonstrate the 
presence of the latter if it ~ v a s  present in a cis configuration in a five- or six-membered ring 
by the behavior of clam poison on paper electrophoresis in borate buffer, since under such 
circumstances a negatively charged borate-diol complex would be formed which would 
~nigrate toward the anode (10, 11). The observation (Table I) that clam poison migrates 
toward the cathode on electrophoresis in borate buffer could, therefore, be construed as 
evidence against the presence of the type of 1,2-diol group referred to  above. However, 
it was also considered possible that the effect of borate in producing a negatively charged 
complex might have been maslted by concomitant formation of ammonium-type ions on 
the basic centers known to be present (8). A brief examination of two inode1 compounds 
deinonstrated that maslting of the borate-complexiig effect with diols can indeed occur 
in the presence of a basic nitrogen atom. I t  was previously shown (12) that  the N-p- 
nitrobenzoyl derivatives of dl-3a-arni11o-la,2~-cyclohexanediol and dl-3p-amino-la,2LY- 
cyclol~exanediol had -IZ, values of 0 and 0.34 respectively on electroplioresis in 0.1 11 
sodium tetraborate a t  435 v ;  i.e., as  anticipated, the cis-diol formed a borate complex 
which inigrated toward tlie anode, whereas the trans-diol did not. Under identical con- 
ditions, the corresponding aminediols dl-3a-amino-la,2~-c~~clohexanediol and dl-3p- 
amiiio-1a,2a-cyclo11exaiiediol behaved quite differently. Both migrated toward the 
cathode ailcl tlie Adc values for tlie cis- and trans-diols were -0.24 and -0.49 respectively. 
These results suggest that  the trans-diol foi-mecl only an onium-t).pe ion and thus migrated 
toward the cathode more rapidly than the cis-diol, \vliicli in additioil contained a nega- 
tively charged center clue to borate complex formation. Thus, conclusions reacliecl 011 the 
basis of paper electrophoresis in borate buffer regarding the stereochei~iical configuratioil 
of 1,2-diols in five- 01- six-membered ring compounds which also contain a basic nitrogeil 
atoin may be erroneous unless the basic center is protected froill salt formation. I t  is 
therefore not possible to  conclude from the present experiments whether or not clam 
poison contains a 1,2-diol function. 

All experiments were performed in a water-cooled closed strip-type apparatus (E.C. Apparatus Co., 
Model 401) containing the appropriate electrolyte. For qualitative esperiments 10 X (200 -y) of a 2% aqueous 
solution of clam poison was applied to  strips of IYhatrnan 3bIM paper (6.3X4G cm) and placed in the 
apparatus, which was equipped with \vicl;s of Whatman 3hIhI paper extending the strips to which the tosin 
\\.as applied into the electrolyte (total path length of current = 60 cm). 11 voltage of 900 \\.as applied (i.e. 
15 v/cm) for the length of time given in Table I .  The paper strips mere dried for 7 minutes on a glass plate 
a t  10O0,* cut in half longitudinally, ant1 the portion containing the clam poison sprayecl with Weber reagent, 

'eEscessiz~e l~eating of tlze paper s tLps  nzzcst be avoided since it was fozlnd t l~a t  heating at 100" for periods 
esceeding 10 nzinzltes cazcses the appearance of z~ltraviolet-fl~~oresce?zt material coincident with the toxin. Unlike 
other ieltraviolet-fEzeorescellt nzaterial which is observed to be coincident with the tosin i n  paper clzron~atogranzs of 
partially purified tosin,  tltefEzcorescent sz~bstance prodzlced by action of heat on pzcre clatiz poison i s  not separable 
electropl~oretically. 
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after examination under ultraviolet irradiation to  locate fluorescent material. The remainder of the electro- 
phoretogram was sprayed with a chrornogenic agent to  reveal the particular reference compound used to 
dehne the electroendosmotic migration. i-Inositol was used as reference compound for the first four electro- 
lytes shown in Table I and was revealed by spraying with arnmoniacal silver nitrate, follo\ved by heating. 
L-Proline (isoelectric point pH 6.3) was used as  reference compo~rtld in the phosphate buffer and revealed by 
spraying with ninhydrin. The glucose and te t ra~~~et l~ylglucose  used with borate buffer were revealed by 
a~n~noniacal  silver nitrate and by iodine in petroleunl ether (0.2% w/v) respectively. Acid electrolytes were 
prepared from reagent grade acids, the strengths of which were deter~nined by titration. The other buffers 
were prepared from appropriate reagent grade salts. 

For the experiments with dl-3a-a1nino-lol,2p-cyclohexa1~ediol and dl-3~-a111ino-lol,2a-cyclohesanediol in 
0.1 M sodiu~n tetraborate, ly0 aqueous solutions were spotted on strips of Reeve Angel No. 934-AEI glass 
fiber paper (G.3X46 cm) together with glucose and tetratnethylglucose and subjected to electropl~oresis 
under conditions identical with those previously described for the N-p-nitrobenzoyl derivatives (12). The  
strips were dried a t  100° on a glass plate and sprayed with allialine perrnallganate (13). 

Pretreatnlext of Papers 
\Vhatman 3MM papers were pretreated by chromatographic washing according to the method described 

previously (2) for \Vhatman No. 1 paper. For preparation of electrophoretically conditioned paper, the 
pretreated paper was eluted with 1 LV fornlic acid for 2 days, with water for 2 days, air-dried, and cut into 
8x18-in.  sheets. The latter nrere subjected to electrophoresis in 1 iV formic acid a t  900 v for 5 hours, dried 
for 1.5 ~ninutes a t  100' then in air a t  room temperature, washed for 2 days \vith \\later, and air-dried. 

Blafzk Runs on Pretreated Paper 
Wiclcs used in all quantitative experiments \\-ere pretreated Whatnlan No. 1 paper. Whatrnan 3MM 

papers (8x18-in.), untreated, pretreated, and electrophoretically conditioned, were subjected to  electro- 
phoresis in 1 iVformic acid a t  900 v for 1.75 hours. The sheet was dried for 1.5 lninutes a t  100' and suspended 
horizontally a t  roo111 temperature until completely dry. Bands (1/2 to 1 in. wide) were cut from the "electro- 
phoretogram" in locations corresponding to the mobilities displayed by components in tailings toxin in 
qualitative experiments under equivalent conditions and eluted with water (3-5 ml). The eluates were 
passed through Amberlite IRA-400 (C1) resin (1.5-2 ml), f~ltered through a line-porosity sintered-glass 
funnel, lyophilized, and weighed. Fro111 the areas of the strips, the weights of residues recoverable per sq. 
in. of paper a t  the mobilities indicated in Table I1 were determined. 

Paper Electrophoretic Pz~rificatio7z of Tailings Torin 
Clam poison tailings toxin (8.40 mg, toxicity 5100 MU/mg, [ol]1)'~+102~) was applied as 28 spots from a 

ly0 solution along a start  line 4 in. from one end of an 8x18-in.  sheet of electrophoretically conditioned 
\Vhatman 3RiIM paper. The sheet was subjected to  electrophoresis under conditions identical with those 
for the blank runs. After drying as described above, a reference strip was examined under ultraviolet irradia- 
tion, sprayed wit11 LVeber reagent and ninhydrin for location of the components, and the bands removed. 
The latter \\rere extracted as  described in the blank runs and t11e weights of residues determined. From 
the weights thus obtained, the  weights of impurities lino\vn to be introduced as a result of blanli runs on the 
same batch of paper were subtracted to give the corrected weight of each fraction, as shown in Table 111. 
Bioassays were performed on all the fractions as described previously (3, 5). The infrared spectrum of 
fraction 3 was recorded (ICBr pellet) and the specific rotation (1% aq~leous solution) was found to  bc [aIDz5 
+ l l G O .  Fraction 3 was repurihed in the same manner, yielding toxin with specific rotation +12i0 and toxicity 
5800 iMU/mg (recovery, DGyo on a toxicity basis and 9770 on a weight basis). 

Paper Electroplzoresis of Pure Clavc Poisoz Diiiydrochloride 
Pure clam poison dihydrochloride (5.02 mg, toxicity GOO0 MU/mg, [ol]~?' f127") was subjected to quanti- 

tative electrophoresis as described for the tailings toxin. Only one \Veber-positive band of apparent mobility 
18.1 cm was obtained. Elution gave 4.78 mg (102% on a weight basis, 97.5% on a toxicity basis) of pale 
yellow glass with toxicity 5700 MU/mg and [ a ] ~ ? j  f 123". The infrared spectrum was identical mith that of 
the starting material. 
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KINETIC SOLVENT EFFECT IN ETARD'S REACTION 

R. A. STAIRS 
Departvzerzt of Chenzistry, Qzieefz's University, Kifzgston, 07ztario 

Received July 28, 1961 

ABSTRACT 

The rate of the reaction of chromyl chloride with toluene has beer1 measured i11 a number of 
halogenated solvents. The data were correlated with the solubility parameters of the solvents 
and also with their dielectric constants. The results \Irere taken as evidence against an ionic 
mechanislm for the reaction. 

INTRODUCTION 

The initial stage of Etard's reaction may involve ionic or molecular attack up011 the 
hydrocarbon by a species containing chromiuin VI.  However, the Itinetic study reported 
previously (1) was unable to discriminate between these two possibilities. In an attempt to 
subject this point to experimental scrutiny, we have now examined the effect of solvent 
on the rate of reaction of chromyl chloride with toluene. The influence of solvent on the 
rate of a chemical reaction has been discussed by Frost and Pearson from two points of 
view (2, pp. 132, 140). Following Hildebrand (3) they derive a relation between the rate 
constant and the molar volumes and solubility parameters of the various species (2, 
p. 132), which can be rearranged: 

Here 17 represents a molar volume and 6 a solubility parameter (related to internal 
pressure). The subscripts refer to the two reactants (A, B),  the activated complex ($), 
and the solvent ( I ) ,  and ko and k are the rate constants i l l  a hypothetical ideal solution 
and in the real solution. For a given reaction a t  constant temperature, in different solvents 
having a range of values of the solubility parameter 61,  by fitting an equation of the forni 
log k = a + b 6 , + ~ 6 ~ ~  to the data ,  it should be possible to evaluate 17, from the coefficient 
of 612, and then 6+ from the coefficient of 6 L ,  i f  I/,, TjR, S.,, 6B are known or call be estimated. 
\\iith imprecise data it should still be possible, by ma1;ing an assumption about the 
voluine of activation (AV* = 17*- I/,- TTB), to arrive a t  an estiinate of 6,, and hence 
obtain some idea of the molecular character of the activated complex. 

The other approach (2, p. 140), following Kirkwood (4), considers all the species A, B, 
and $ as more or less polar, ignores all but electrostatic forces, and >.ields 

Here k is the rate constant i11 the real solvent of dielectric constant E ,  and k o  is that in a 
hypotlletical solvent of dielectric constant unity, but otherwise identical with the first. 
N is Avogadro's number, and p represents the electric dipole moment and r the ~nolecular 
radius of the species indicated by the subscript. Thus, if estimates call be inade of the 
dipole moments and the radii of the reactant species and of the radius of the activated 
complex, an estimate of the dipole moment of the complex call be obtained from the 
slope of a graph of log k against (6- 1)/(26+1). 

Canadian Journal of Chemistry. Volume 40 (1962) 
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STAIRS: KINETIC SOLVENT EFFECT 1657 

METHOD AXD RESULTS 

ICinetic measurements were made on the reaction between chrornyl chloride and 
toluene (Etard's reaction), using the method already described ( I ) ,  in a nuinber of solvents. 
The solveilts are listed in Table I ,  together witli values of their dielectric constants and 

TABLE I 

Solvent properties 

Solvent e!g8* 6293 

1,2-Dichloroethane 10 13 (3.81 
1,1,2,2-Tetrachloroethane 7 . 8 3  9 .8§ 
Chloroform 4.96 9 . 3 1  
1,1,2-Trichloro-f-ethane 2.18t  7 . 9  
Carbon tetrachloride 2.23 8 . 6 1  
Pentachloroethane 3 .60  9.4: 

"Values from International Critical Tables, unless otherwise 
indicated. 

tValue from "Freon" Tecl~nical Bulletin B-2, E.I. Pont de 
N_e-m~~urs and Co. (Inc.), Wilmington 98. Dela\vare (adjusted to 
30- L). 

SValue froni ref. 2, p. 430. 
$Value estimated by methotls from ref. 3, chap. S S I I I .  

solubility paraiiieters a t  25OC. All the solvents were purified by treatment first with 
concentrated FILS04 and then witli water, followed by drying over CaCl2, and distillation 
through a short column. The most satisfactory test of purity was foulid to be tlie clarity 
of the CrO.Cl2 solutions. Slow reaction of CrO?Cl2 with the solvent was observed, aiid 
roughly corrected for, in tlie case of dichloroethane. 

Table I1 coiitaii~s the results, in the form of second-order rate constants, each being tlie 
average of three to six determinatioiis in eacli solvent a t  eacli temperature. Estimates of 

'I"-\BLE 11 

Icinetic data 
-- 

Steric 
Solvent t ("c)  k (liter mole-'set-l) En (lical/mole) factor 

CCI, 25.0  1.55+0.04X10P' 14.9" 2 x 10-5 
C~H,CII 25.0 7.8+0.6X10-'L 11.6  1 X lo-6 

0 . 4  1.G0+0.05X10-' 
40.0  2 . 3 3  +O .20 x lo-3 

CI-ICIJ 25.0 2.50+0.14X10-~' 14.0  1.5X10-" 
35.0  5.84+0.11X10-.1 

1 . 0 3.28+0.07X10-5 
Czf-I zC1.1 27.5  G .28+1 .02X10~ '  13. G 2 x 10-5 

35.0  1.1G+0.11X10-3 
1 . 0  7 .1+2.1X10-5 

C?Cl:,F:I 1 . 0  1 . 8 3 3 ~  0.09X10P 14.9  5 X 10-j 
13.0  5.63=t0.08X10-5 
21 .3  1 .38+0.25X10-.L 

C?HCli 0 . 5  2 .5+0.5Xl0-"  14 .2  2 X lo-6 
25 . 0 3 . 5 4 f  0.15X10-' 
40 .0  7.7+0.7X10-4 

"Stairs and Burns (1). 

the Arrhenius activatioil energies and steric factors are also listed. The steric factors 
appear to  be normal (2, p. 94) for a bimolecular reaction between two fairly co~iiples 
molecules, except for tlie reaction in 1,2-dichloroetliane, which may be anomalously slow, 
or in error owing to reaction with tlie solvent. The constants were based on initial rates 
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only, and are assumed to refer to  the first stage of the complex overall reaction, i.e. to  
the reaction 

PhCHa + CrO?Clz = PhCH?OCrCl?OH. [;I 

DISCUSSION 

Equation [i] may represent a nlolecular reaction, going essentially as written, or i t  may 
involve attack by a catioil derived from Cr02C12. In the latter case i t  is necessary to 
assume a bimolecular ionization step, e.g. 

in order to  explain the observed (I)  partial order of unity with respect to  Cr02C12. The 
activated coinplex would be cationic, but  associated with an anion, and the dipole moment 
of this ion pair would be large, possibly as large as 10 debyes. If a meaningful solubility 
parameter could be assigned to  such a polar entity, it would be large number. On the 
other hand, the molecular reaction would be expected to  have an activated complex 
resembling a moderately polar molecule. I t  should be pointed out that  the kinetic 
ambiguity between ionic and molecular mechanisms demonstrated by Weil and Morris 
(5) in the urea reaction does not apply here, owing to  the distinctly different character of 
the activated complex postulated for the two n~echanisn~s. 

Figure l (a )  shows the results of plotting the logarithms of the observed rate constants 
versus the solubility parameters (62) of the various solvents, all a t  25" C. The data  did not 

FIG. 1. Rate constants a t  25' C in various solvents (as common logarithms) plotted (a) against the 
solubility parameters of the solvents, 61, and (b) against the function ( e - 1 ) / ( 2 e + l )  of the dielectric constant. 

appear to  fit equation [I] well enough to justify calculation of the volun~e of activation, 
so the curve in the figure was drawn with an assumed value of AV* = -10 ml/inole. 
The point for the solvent CF2ClCFC12 is the only one seriously off the curve. 

The positive slope means that  the activated complex has a higher solubility parameter 
than the reactants. Using molar volumes and solubility parameters of 107 nll and 8.9 
for toluene (3, p. 437) and 81.0 in1 and 10.4 for Cr02C12 (estimated by methods of ref. 3, 
chap. XXIII ) ,  the value of 6, estimated froin the slope is 11.5% 0.5, which represents 
only a moderate increase in intermolecular forces, and presunlably in polarity. 

In Fig. l ( b )  the logarithms of the observed rate constants are plotted against (E- 1)/ 
(26+1) a t  25" C. The positive slope of the line means that  the activated complex is nlore 
polar than the reactants. Using radii estimated from the molar volumes used above, 
and the dipole moments 0.47 for Cr02C12 (6) and 0.4 (7) for toluene, one may calculate 
from the slope, using equation [2], p* = 2.0. This value is typical of moderately polar 
n~olecules. 
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STAIRS: KIXETIC SOLVENT EFFECT 1659 

Analysis of the data by the two methods has shown that,  in this case a t  least, the data 
are more compatible with the electrostatic than with the solubility parameter theories. 
However, within their limitations both approaches lead to the same conclusion, namely 
that the activated con~plex in Etard's reaction is somewhat more polar than the starting 
materials, but probably not polar enough to be described as ionic, even though in these 
relatively non-polar media an ionic activated co~nplex would probably exist as an 

associated ion pair. 
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I. NEW METHODS FOR THE PREPARATION OF NOp+BF,-, NO?+PF6-, NO?+AsF6- ' 
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Received April 13, 1962 

ABSTRACT 

Two new methods are presented for the preparation of corllples salts of N 0 2 F  using easily 
available starting materials such as nitric acid, HF ,  BF,, etc. These nlethocls procl~rce very 
pure materials in a one-step reaction. 

There is an increasing interest in the chemistry of nitronium salts since i t  has been 
proved that  the attacking species in the nitration of aromatic compounds in many cases 
is the NOz+ ion which forms before or during the nitration. In the nitroniunl salts, the 
NOz+ ion is already present before the interaction with the aromatics. The  nitronium 
salts are excellent nitrating agents (1-4) for aromatics, sometiines showing nitrating 
ability superior to that  of the mixed acids or other nitrating agents. N- and 0-nitrations 
have also been carried out with nitronium salts (5). The  lnost frequently used nitroniurn 
salts for nitrations are N0zfBF4- and N02+PFG- because of the ease of handling; generally, 
no side reaction occurs during nitrations by these compounds. 

Most of the known nitronium salts other than the co~nplex salts of N 0 2 F  were prepared 
in pure state and studied by Goddard, Hughes, and Ingold (6). 

The  first nitronium salts of NOZF were prepared by Woolf and EmCleus (7) in 1950 by 
the interaction of KO2 together with BrF3 on suitable non-metallic compounds like 
B203 ,  As205, etc. With this method, they obtained N0zfBF4-, NO2+PFG-, NOzfAsFG-, 
and NOz+SbFG-. Since tha t  time, other new methods have become known for the pre- 
paration of ~ l i t ron iu~n  salts of N02F and a number of new salts have been prepared. 
Schmeisser and Elisher (8) prepared N02+BF4- and (N02+)2SiFG-- by adding the appro- 
priate fluoride to  a mixture of NzO5 and anhydrous H F  in nitrometha~le. A number of 
nitronium salts have been prepared by reacting NOZF (9, 10) with non-metallic elements 
or with their fluorides. Nitronium tetrafluoroborate has also been prepared by the ozone 
oxidation of the nitrozoniunl salt (11). 

All of the above-mentioned  neth hods present some difficulties. Some of them do not 
produce pure materials, others require separate preparation of sensitive starting materials. 

In this worli, two new possibilities were investigated for the preparation of nitronium 
salts of N02F.  The  aim of this investigation was to  find methods which can produce 
large quantities of pure nitronium salt in a simple, one-step reaction using available 
starting materials. 

T h e  first reaction investigated was the interaction between nitric acid, anhydrous 
H F ,  and Lewis acid fluorides. 

According to Gillespie and Millen (12), the following equilibrium exists i f  anhydrous 
I-IF is added to  nitric acid: 

Cai~adian Journal of Chemistry. Volume 40 (1962) 
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In the infrared and Raman spectra of solutioils of HNO3 in liquid MF spectral features 
attributed to nitronium ion have also been observed by Del Gseco and Gryder (13). I t  
was found in this investigation that if a sufficient amount of Lewis acid fluoride is added 
to an equimolar mixture of nitric acid and anhydrous HF,  solid nitronium salt can be 
separated. The reaction proceeds without solvent but is easier to handle in nitromethane 
solution: 

HNO3 + H F  + nBF3 --, N02+BF4- + H?O. (n-1)BFa. 

The yields depend on the amount of Lewis acid used in the reaction, as  it is shown in 
Tables I and 11. 

TABLE I 

Yield of NOZBFe 
BF3 HK03 H F CHINO? 

(111ole) (mole) (111ole) (6) (g) (%) 

TABLE I1 

Yield of NO?PFG 
P F  5 HNO3 H F CHIXO. - 

(mole) (111ole) (mole) (g) (6) (5%) 

I t  was found that optimum yield was obtained if enough (n = 2) BF3 is added to 
forill the con~plex salt and I-IBFBOH with the by-product water: 

HNO3 + H F  + 2BF3 4 NO,+BF.j- + HBFIOH. 

The reaction is more complex if PF5 or AsFS are used in the place of BF3 because these 
coinpouilds undergo hydrolysis with the water formed in the reaction. 

I t  can be seen from Table I1 that maximum yield call be obtained if enough PF5 is 
added to give the nitroniurn salt and POF3 with the water formed in the reaction. I t  
can also be seen that only a small amount of M F  is necessary to start the reaction because 
the hydrolysis of PF5 supplies more than a sufficient amo~unt of H F  for the reaction: 

H F  
MN03 + 2PF5 - NOz+PFG- + POFI + HF. 

If the reaction is carried out under pressure a better utilization of the PF, can be 
achieved according to the followillg equation: 

4HNO3 + 5PF5 4 ~ N O Z P F G -  + H F  + H ~ P O I .  

By using the described methods, N02+BF4-, N02+PFed, N02+AsF6- were prepared 
with good purity and NOz+SbFe-, (N02+)2SiF6-- contailliilated with hydrolysis by- 
products. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1662 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

Later it was found that nitric acid can be replaced by esters of nitric acid in these 
reactions. Kuhn (14) investigated the solutions of ethyl nitrate in sulphuric acid and 
concluded that esters undergo ionization, yielding N02+. He also found that  the ultra- 
violet spectrum of this solution is almost identical with that of a solution of nitric acid 
in the sulphuric acid. Probably the same situation exists in the presence of anhydrous 
HF.  This method is limited to the preparation of N02+BF4-, N02+PF6-, and (N02+)2SiF6-- 
because SiFS and AsF6, being strong oxidizing agents, gave explosio~ls when brought 
together with nitrate esters. I t  was found again (Table 111) that optimum yield call be 
obtained if sufficient arnount of BF3 is added to produce the nitronium salt and remove 
the alcohol by-product in a form of ROH. BFS: 

R-0-NOp + I-IF + 2BF, 4 NO?'BF,- + R-OH. BF,. 

TABLE 111 

Yield of NO?BF, 
BF3 CH,CH2-ONO? H F  CHsNOr 

(mole) (mole) (mole) (8)  (6 )  ('%I 
0.75 0 . 5  0 . 5  GO.  0 49.5 74. $1 
0.875 0 . 5  0 . 5  GO.  0 55.8 84.2 
1 . O  0 . 5  0 .5  GO.  0 62.0 93.4 
1 .25  0 . 5  0 .5  GO.  0 GO.  5 (31 .O  

Methyl, ethyl, n-propyl, and butyl esters of nitric acid were used in these reactions 
and all of the111 gave similar results. The advantage of this second process is that  the 
salts prepared in this way are extremely pure, ideal for kinetic investigations. 

All of the described reactions can be carried out without the use of solvent or in excess 
HF.  In these cases the ionization of nitric acid or the esters may occur before the addition 
of the Lewis acid fluoride. The situation is probably different in nitrometlzane solution, 
although the cryoscopic and spectroscopic properties of the solutions of EIF and I-IN03 
or I-IF and R-ON02 in nitronlethane have not been investigated yet. An equilibrium 
probably exists between the unreacted acid and the protonated nitric acid or esters, and 
the forlllation of nitroniu~n ion is promoted by the addition of the fluorides. The conlples 
nitronium salts precipitate from the nitromethane solution, although NO.+PFG- and 
NOp+AsFG- are soluble in nitromethane, and for this reason it  is advisable to use only 
a small arnount of solvent. The optimum temperature for all these reactions is between 
-20 and 0'. The I-IN03 content of the acid used is important because, in the case of 
dilute acid, large amounts of fluorides are needed to remove water and the yields are 
smaller due to the solubility of the salt in the by-product formed. Best results were 
obtained using 95-100yo nitric acid. All these nitronium salts were prepared earlier by 
other methods. They are stable, white crystalline compounds if kept dry but hydrolyze 
in the presence of moisture. Only a few solvents can be found to dissolve these compounds 
because they interact with nlost of the usual solvents or they are not soluble a t  all. In 
previous work (12), i t  was found that tetramethylene sulphone is a good solvent for all 
of the salts. Solutio~ls up to 10% can be made of this solvent. Nitronlethane is an excellent 
solvent for NO?+PFC- and NOz+AsF6-, especially for the latter (=50%). All of nitronium 
salts are soluble in anhydrous HF.  

The infrared spectra of the nitronium salts (15) prepared by these nlethods were 
compared to the infrared spectra of ni t roni~~nl  salts prepared by other methods and 
were found to be identical. 
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EXPERIMENTAL 

Reagents 
The nitric acid used was either fuming nitric acid (HNOI assay 90%) or red fuming nitric acid (HKOJ 

assay 100yo). The  I-IF used in the process was (HF  assay 96-100%) supplied by the Matheson Co. The 
BF3 and SiF4 were also supplied by the Matheson Co. (BF3 assay 99y0, SiF4 assay 09.5%). P F j  and AsFj 
were supplied by Ozark and Mahoning Co. SbF j  was supplied by Stauffer Chemicals Co. The al1;yl nitrates 
and nitromethane used were Eastman white label chemicals or supplied by I i  and I< Laboratories, Inc. 

T h e  HNOa Method 
A solution of 40 g of a n h y d r o ~ ~ s  H F  (2 moles) and 126 g of red fuming nitric acid (2 moles) in 250 g 

of nitromethane was placed in a 1-liter silica or polyethylene flask, and 271.3 g of BF3 (4 moles) was intro- 
duced into this solution. The  temperature was kept between -15 and 0" and the flask was shalcen during 
the reaction. After the BF3 addition, the precipitated white solid was filtered, washed twice with 40 g of 
nitromethane, then twice with 50 rnl of Freon 113, chloroform, methylene chloride, or carbon tetrachloride. 
The complex was dried by pumping off the volatile washing solvents. Yield 91.8%, based on H N 0 3  used. 
Nyo found, 10.55, calculated, 10.5. 

I\T02PF6, NO2AsFt were made essentially in the same way using PFs  or AsFj instead of BF3 but the 
mole ratio of reagent used is different: HF:HN03:PFj(AsFs) = 0.5:1:2. In the preparation of N02BF4,  
the HF:HNOs:BFa inole ratio was 1:1:2. (X02)2SiFt and N02SbF6 can also be prepared by this method 
but the products are contamiilated with SiO2 and antimony oxide impurities. 

T h e  R-0-NO2 Metl~od 
A sol~ltion of 20 g of anhydrous H F  (1 mole) and 1 mole of alkyl nitrate in 120 g of nitromethane were 

placed in a 500-ml silica flask, and 2 moles of BF3 were in t rod~~ced into the reaction mixture. The  tem- 
perature was kept between -20 and 0" C during the reaction. The  product was filtered, washed twice 
with 25 e: of nitromethane, then twice with 25 1111 of low-boilinq halogenated aliphatic hydrocarbon (Freon 
113, chloroform, etc.). 

Yield 93.4a/o, based on allcyl nitrate used. The product is very pure. NCjc calc~~la ted,  10.5, found, 10.5. 
N02PFG and (N02)ZSiFG can also be made by this process. 

The author is very grateful to Mrs. S. 14. Flood for carrying out some of the experi- 
~neiltal work and to Dr. Denys Coolc and Miss C. D. Anderson for taking the infrared 
spectra of the compounds. 
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ortho-DIQUATERNARY AROMATIC COMPOUNDS 
I. THE SYNTHESIS OF ortho-DITERTIARYBUTYLBENZENE. SOME REACTIONS OF 

SIDE CHAIN SUBSTITUTED DERIVATIVES 
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Department of Chenzistry, il{ozrnt ALlGson Uniuersity, Sackuille, New B~unswick 

Received April 24, 1962 

A B S T R A C T  

1,1,4,4-Tetra111ethyItetralone ( I )  was converted b y  oxidative procedures into o-phenylene- 
diisobutyric acid ( 1 1 1 ) .  Hydride reduction o f  the dirnethyl ester o f  1 1 1  yielded B,Bf-dihydroxy- 
o-di-t-butylbenze~~e ( I V ) .  T h e  ditosylate o f  IV was converted b y  hydride reduction into 
o-di-t-butylbenzene ( V I )  (44%) together wit11 rearrangement products. Ultraviolet spectral 
evidence indicated a slight distortion o f  the  benzene ring in V I  and its various side chain 
derivatives. Side reactions were encountered in the synthesis o f  111, which involved the  
conversion o f  this acid b y  periodate or lead tetraacetate oxidation illto a lactone ( X )  and the  
anhydride ( X I ) .  A mechanism is postulated to account for the formation o f  X .  T h e  structures 
postulated for the various compounds were confirmed b y  n.m.r. spectral studies. 

INTRODUCTION 

The considerable interest in strained aromatic compounds bearing o-t-butyl groups 
has culminated in several recent syntheses of this system through the cyclization of 
t-butylacetylenic compounds with orgaiioiiietallic catalysts. Hubel and co-worlters have 
successfully applied this method to  the synthesis of 1,2,4-tri-t-butylbenzene ( I ) ,  1,2-di-t- 
butylbenzene (2), and 1,2,4,5-tetra-t-butylbenzene (3).  Similarly Arnett and co-workers 
synthesized tetra-t-butylbenzene (4) and an impure version of o-di-t-butylbenzene (5). 
Earlier unsuccessful attempts to  synthesize this system have been discussed (4-6) 

I11 1938 Bruson and co-workers (7) reported the syntheses of o-phenylene-diisobutyric 
acid, the first derivative of o-di-t-butylbenzene reported in the literature. In a pre- 
liminary comn~unication (8) we reported the conversion of this acid into p$'-diliydroxy- 
o-di-t-butylbenzene. We now wish to  report on tlie details of this synthesis as well as 
tlie conversion of this diol to o-di-t-butylbenzene and some interesting reactions of side 
chain derivatives of o-di-t-butylbenzene. This strained systenl represents the initial 
research undertaken in our laboratory into the chemistry of various o-diquaternary 
aromatic systems. 

DISCUSSION OF RESULTS  

Bruson's procedure for the cyclialkylation of benzene with 2,2,5,5-tetranzethyltetra- 
hydrofuranone to  produce 1,1,4,4-tetramethyltetralone': (I) was the starting point in 
our synthesis. structure assigned to  I was confirnled by its 1i.m.r. spectrum. A pealc 
a t  8.69 p.p.111. was attributed to  the two methyl groups 011 carbon 4, while a peal; a t  
8.56 of equal intensity was attributed to  the two methyls 011 carbon I ,  adjacent to  the 
carbonj~l function. The  two methylene hydrogelis appeared a t  7.36 ancl a peak a t  2.74 
correspoiided in relative intensity to  the four aromatic protons. The conversion of I to 
o-pheiiyleiie-diisobutyric acid (111) by permanganate oxidation according to Bruson's 
procedure (7) was not very successful. A low yield of the acid (111) was obtained with 
a melting point of 218-219'. 011 the other hand Bruson reported a melting poilit of 

&Thzs syntl~esis actzrally yields a nzixtzlre of I and reari.ange17zenl prodzrcls szrc.1~ as I-acetyl-l,S,S-trimetkyli?zdalt 
a?zd 2,2,4,4-tetra111et11yl-i-indanone. Tlzese rearrangenzents will be the szcbjcct of a later pz~blication. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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181-183" for this acid. In order to establish the identity of our acid, an alternate synthesis 
was carried out. 1x1 this synthesis I was oxidized with seleiliunl dioxide to  produce the 
yellow diketoile (11) in high yield. Periodic acid oxidation of I1 a t  70' readily yielded the 
acid (111). Treatment of I11 with diazonlethaile yielded the corresponding diester, 
dimethyl-o-phenylene-diisobutyrate. The structure of this ester (and therefore of the acid 
111) was coilfirnled by its n.1n.r. spectruin. This spectrum showed a single band for 
C-methyl a t  8.40 p.p.111. of relative intensity corresponding to the four C-inetlzyls. The  
absorption for the two 0-methyls appeared a t  6.39 p.p.111. and the four aromatic protoils 
absorbed a t  2.73 p.p.m. On expailsion of the spectrum, this band was resolved into the 
two groups of bands of the A?B2 type of pattern. The above diester was reduced with 
litl~ium aluminun~ hydride to yield P,P'-dihydroxy-o-di-f-butylbenzene (IV). The diol 
(IV) showed the expected 1l.m.r. spectrunz. This spectrum showed a single peak attribut- 
able to C-methyl a t  8.51 p.p.111. and of relative iilteilsity corresponding to four such 
groups. A peak a t  8.21 p.p.m. was assigned to the two llydroxyl hydrogens and one a t  
6.22 p.p.m. to the four metllylene hydrogens. The aromatic protoils showed the usual 
two groups of bands of the A2B2 pattern near 2.53 and 2.78 p.p.in. The infrared spectrum 
of a ICBr pellet of this coinpound showed hydroxyl absorptioil a t  3350 cm-l, a strong 
band a t  1037 cm-I due to the -CH?OI-I groups, and a strong band a t  750 cm-I due to 
o-disubstitution. The relationships between these compounds are illustrated below. 

Treatment of the diol (IV) with p-toluenesulphonyl chloride in pyridine gave the 
corresponding ditosylate (V). Reduction of an ethereal solution of V with lithium 
aluminum hydride yielded a mixture of hydrocarbons showing parent masses of 190 
and 188 in a high-temperature inlet inass spectrometer. Vapor phase chromatography 
indicated three major components in this mixture and, using this technique, o-di-t-butyl- 
benzene (VI) (m.p. 24-27") was separated i l l  44% yield. The structure of this hydrocarboil 
was confirnled by its i1.m.r. spectrum, which showed one strong band for the C-methyls 
a t  8.49 p.p.111. corresponding to the six such groups and the two groups of bands for the 
four aromatic protons near 2.63 and 3.09 p.p.nz. The infrared spectrunl of VI showed 
bands a t  1390, 1360, 1230, and 1195 cm-I attributed to the t-butyl groups, and a strong 
band for o-disubstitution was present a t  755 cm-l. 
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The two other major components formed by hydride reduction of V were found to 
consist of an unsaturated hydrocarbon (VII) and a hydrocarbon (VIII) of the same 
slteletal structure, since VII was converted to VIII by catalytic reduction. The structure 
of VII was established by its n.m.r. spectrum. This spectrum showed a band a t  8.63 p.p.In. 
corresponding to the nine protons of a t-butyl group. There was a series of partially resolved 
symmetrical bands at  7.08, 8.10, 8.44, and 8.50 p.p.n~. of relative intensity correspollding 
to six protons. The observed splitting can be explained by examination of a lnolecular 
nlodel of o-t-butyl-P,P-dimethylstyrene, the structure postulated for VII. The bulky 
t-butyl group forces the ortho-situated unsaturated side chain out of the plane of the 
benzene ring. As a result one of the methyl groups on the olefinic carbon lies directly 
over the plane of the benzene ring, thereby causing a shielding effect on the protons in 
this group which is absent in the other methyl group on the olefinic carbon. An A3B3-type 
pattern is therefore observed for these two methyl groups. Absorption a t  3.43 p.p.m. 
mas attributed to the olefinic proton and a series of bands between 2.58 and 3.00 p.13.m. 
to the four arolllatic protons. 

I-Iydrocarbon VII showed the expected infrared spectrunl with a band at  837 cm-I 
attributed to the out-of-plane deformation of the olefinic proton and a band a t  765 cm-I 
due to o-disubstitution. On the other hand VII did not show the typical ultraviolet 
spectrum expected of an allcyl styrene. There was only con~paratively weal; general 
absorption, with no maxima observed. This can be attributed to steric inhibition of 
resonance whereby the olefinic double bond has been twisted out of the plane of the 
benzene ring. 

Hydrocarbons VII and VIII undoubtedly formed by rearrangenlent accompanyillg the 
hydride reduction of V. In this case the nucleopl~ilic displacement of the tosyl group 
may talce place by an ionizing mechanism. The benzene ring can participate in this 
displacenlent (anchimeric assistance) through formation of a phenoniuin ion inter- 
mediate (IX). The relief of strain in the rearranged conlpounds VII and VIII would be 
a contributing driving force for this rearrangement. This is an interesting case of re- 
arrangenlent accompanying hydride reduction; kvinstein and co-workers (9) demon- 
strated that ethyl ether becomes a good ionizing ~nedium in the presence of an added 
salt. I t  is possible that lithium aluminum hydride sinlilarly promotes the ionizatio~l of 
V in ethyl ether. 
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The ultraviolet absorptioil spectra of o-di-t-butylbenzene and derivatives are sum- 
marized in Table I. o-Di-t-butylbenzene and its derivatives all show a broad general 

TABLE I 
Ultraviolet absorption spectra 

Compound h a l  (111~) E 

1,1,4,4-Tetramethyltetralin 271, 264, 257 898,157, 324 
o-I'henylene-diisol)utyric acid (111) 262 233 
Di~iiethyl-o-phe1iyIe11e-diisol~i~tyr~~te 264 252 
p,p'-Dihyclrosy-o-di-t-bi~tylbenzene (I\-) 26.5 225 
o-Di-t-butylbenzene 96". 5 214 

band in the region 262-2G5 mp. The characteristic aspect of this absorption is the loss 
of aromatic vibrational fine structure typical of o-disubstituted benzenes such as 1,1,4,4- 
tetramethyltetralin. This effect has been the subject of some discussion (3-5, 8) including 
a detailed cliscussion of the infrared and ultraviolet spectrum of 1,3-,4-tri-t-butylbenzene 
by Dale (10). 'The absence of vibrational fine structure has been attributed to  a slight 
twisting of the benzene ring. This would result in a small decrease in overlap of the 
associated aroinatic a-orbitals, which could account for the washing out of the aromatic 
fine structure in the ultraviolet spectrum. On the other hand the effect is a very subtle 
one compared to a seriously distorted benzene ring. Rapoport and S~nolinsky (11) 
synthesized a highly strained 6,5,5,5-tetracyclic hydrocarbon which showed a much 
more dramatic change in ultraviolet absorption. In this case the spectrum was not 
only completely devoid of fine structure but showed a bathochroinic shift of a t  least 
8 111p and approximately one-half the intensity of the corresponding unstrained analogue. 
A strikingly different behavior was shonrn by benzo[l,2:4,5]dicyclobutene examined by 
Cava and co-workers (12). The ultraviolet spectrum of this strained hydrocarbon showed 
a bathochroinic displaceinent of 8-10 in@ from durene but the vibrational fine structure 
was preserved and further~nore the extinction coefficient of the strained hydrocarbon 
was 10 times greater than that of durene. Perhaps the strain in benzo[l,2:4,3]dicyclo- 
butene manifests itself in all opening of the angles of the benzene ring which renlains 
essentially planar, while the ring is actually slightly distorted in o-di-t-but>~lbenze~~e and 
derivatives. 

If the o-t-butyl groups are seriously distorted fro111 the plane of the ring, it is con- 
ceivable that derivatives of o-di-t-butylbenzene could exist in optically active forms 
(assuming the more liltely "trans" distortion). Attenlpts to resolve o-phenylene-diiso- 
butyric acid (111) through its brucine salt were completely unsuccessful. The  salt was 
entirely homogeneous rather than consisting of diastereoisoineric forms. An attempt is 
being made to  obtain detailed quantitative information on the "structure" of P,P'-di- 
hydroxy-o-di-t-butylbenzene (IV) by X-ray analysis." Unfortunately the crystal structure 
is a complex one with a large unit cell (approximately a cube of 17 A) containing 16 
molecules. The space group was found to be Iba2 with no center of sylninetry and with 
two molecules in the asynlmetric unit. 

Periodic acid oxidation of 2,3-dioxo-1,1,4,4-tetrainethyltetralin proceeded normally in 
aqueous dioxane a t  70' to yield (64%) the acid (111). However a new neutral compound 
accompanied the formation of this acid and when the oxidation was carried out a t  the 

*The  az~tltors are indebted to Dr. A. W. Hanson, Division of Pure Pl~.ysics, National Researcl~ Council, for 
the X-ray measzirements. 
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boiling point of the solvent this neutral product was forlned in 90% yield. This neutral 
compound analyzed for C13H1602 and was shown to  have the lactone structure (X) on 
the following evidence. Carbonyl absorption was shown in the ester region of the infrared 
a t  1729 cm-I and a strong band for o-disubstitution was present a t  760 cm-I. The ultra- 
violet spectrum of X showed characteristic aromatic absorption a t  262.5 mp, E = 271 
and 270 mp, c = 236 which was almost identical with that of 1,1,4,4-tetramethyltetra- 
lone (I). Mass spectral analysis of X showed the theoretical parent mass of 204, and 
fragment masses corresponding to loss of CI-I,, CO?, and CO(CH3)2 were observed. The 
n.m.r. spectrum of X showed two bands for C-methyl absorption. One appeared a t  
8.40 p.p.111. corresponding in intensity to six protons. The other band of equal intensity 
was shifted downfield to 8.30 p.p.m. due to the adjacent oxygen function. The four 
aromatic protons absorbed a t  2.74 p.p.m. 

Experiments on the mechanisms of formation of X showed that it formed from the 
acid (111). This acid was oxidized with periodic acid in aqueous dioxane to yield X.  
Treatment of I11 with lead tetraacetate in anhydrous dioxane or with periodic acid in 
glacial acetic acid yielded a mixture of approxin~ately equal amounts of lactone (X) 
and the acid anhydride (XI) (m.p. 98-99'). The salne anhydride resulted from dehydra- 
tion of 111 with acetic anhydride. Colonge and Lagier earlier reported (13) the preparatioli 
of this anhydride with a melting point of 116'. Their compound probably has a different 
structure than XI  since we have independent evidence that their starting material for 
oxidative degradation was not the proposed 1,1,5,5-tetramethyI-6,7-benzosuberane but 
rather mas l-isopropyl-4,4-di1netI~~~ltetralin. The acid (111) was recovered unchanged 
from heating with mineral acids or with hydrogen peroxide or benzoyl peroxide in various 
solvents. I t  appears that this reaction is specific for periodic acid and lead tetraacetate. 

i\iIcCoy and Zagalo (14) reported a decarboxylation and lactonization of 2,3-diphenyl- 
glutaric acid with lead tetraacetate. Because the more stable (trans) lactone formed, 
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they favored a non-concerted mechanism, either radical or carbonium ion. Other workers 
(15) favor ionic mechanisms for the decarboxylation of organic acids by lead tetra- 
acetate. I t  is possible that formation of the lactone (X) from the acid (111) involves 
intermediate formation of a cyclic con~pound such as XII .  The latter could decompose 
by an ionic mechanism to the lactone. Anhydride formation which occurred in anhydrous 
solvents may take place prior to fornlatio~l of the cyclic i~ltermediate. A free radical 
mechanism can also be written for these reactions but the expectation that a free radical 
reaction could be catalyzed by peroxides was not realized. 

ESPERIMEXTAL 

The melting points wcre obtained on a hot stage equipped with a microscope and are ~~ncorrected. Ultra- 
violet spectra were recorded on a Beckman DIC-2 spectrophoto~neter and infrared spectra on a Perliin-Elmer 
Model 136 Infracord. Reaction products were analyzed on a Perkin-Elmer Model 154-D vapor fractometer. 
The mass spectroscopic and nuclear magnetic resonance spectra were obtained in independent laboratories. 
The 1,1,4,4-tetrameth).Itetralonc used was prepared by a proced~rre sinlilar to that  reported (7). The purified 
conlpound had m.p. 76.5-77.5'; A,;,, 263.5 n ~ p ,  e = 259 and 271 mp, e = 223. The infrared spectrum showed 
carbonyl absorption a t  1700 cm-I and a band for o-disubstitution a t  755 c~n-I. 

2,S-Dioxo-1,1,4,4-tetra~~1etlzyltetrali (11) 
1,1,4,4-Tetramethyl-2-tetralone (25.0g, 0.12 mole) was dissolved in 200 1n1 of freshly purified dioxane, 

and s e l e n i ~ ~ ~ n  dioxide (14.0 g, 0.125 mole) was added. The reaction mixture was stirred and refluxed for 
44 hours. After cooling and filtering, the solvent was removed 1111der reduced pressure on the steam cone 
to yield a crude crystalline product. Recrystallization frotn petroleum ether yielded 22.3 g (86% yield) of 
yellow crystals (n3.p. 61.5-63"). The ~lltraviolet spectrum of this compound had bands a t  267 mp, e = 429 
and 273 ~ n p ,  e = 369. The infrared spectrum had a strong carbonyl band a t  1700 CIII-~ and a band for 
o-disubstitution a t  755 cm-I. Anal. Calc. for C ~ ~ H I S O L :  C, 77.74; H,  7.46; 0 ,  14.80. F o ~ ~ n d :  C, 77.85, 77.85; 
H, 7.57, 7.62; 0 ,  14.89, 14.80. 

The Action of Periodic Acid on I I  
( A )  Preparation of o-Phen~lene-d,iisobutyric Acid (111) and 116ethyl Ester 
3,3-Dioso- l,l,4,4-tetramethyltetralin (41.0 g, 0.19 mole) was dissolved in 435 ml of diosane-water, and 

50.1 g (0.32 mole) of paraperiodic acid was added. The reaction mixture was stirred and heated a t  70' for 
a total of 40 hours. The solvent was removed ~ ~ n d e r  reduced pressure on the steam cone to leave a solid 
residue. This solid was taken LIP in ether and extracted with 10% sodium hydroxide. On acidification of the 
alkaline extract, a flocculent white precipitate was obtained. Recrystallization from ethyl acetate yielded 
30.2 g (64% yield) of o-phenylene-diisobutyric acid (111) (m.p. 218-219'). The ultraviolet spectrum of this 
acid had a broad band a t  262 mp, e = 233 (methanol). The infrared spectrum showed carbonyl absorption 
a t  1680 cm-I and 0 -d i s~~bs t i t~~ t ion  a t  755 cm-I. Anal. Calc. for CllH1804: C, 67.16; H ,  7.35; rleut. equiv., 
125. Found: C, 67.03, 67.15; H, 7.32, 7.32; neut. equiv., 123.9, 124.4. 

The neutral material fro111 the preparation of the acid (111) was a viscous l i q ~ ~ i d  (6.7 g). Vapor phase, 
infrared, and ~~l t raviole t  analyses of this material showed it to be identical with the neutral lactone (X) 
described below (B). 

o-Phenylene-diisobutyric acid (25.0 g, 0.10 mole) was dissolved in ethyl ether and an ethereal solution 
of excess diazomethane was added slowly with stirring. The reaction mixture was allowed to stand in the 
refrigerator overnight. The solvent was then distilled, leaving a cr~rde crystalline product. Recrystallization 
from petrole~lnl ether yielded colorless crystals (27.3 g, 98Yo), 111.p. 102-103". Anal. Calc. for CI6H??OI: 
C, 69.03; H,  7.97; 0 ,  23.00. Found: C, 0 . 3 3 ;  H,  8.01; 0 ,  23.39. 

The ~~l t raviole t  spectrum of this ester showed a strong band a t  264 mp, e = 252 (methanol). The infrared 
s p e c t r ~ ~ m  showed carbonyl absorption a t  1720 cm-I and a strong band a t  752 cn-I attributed to o-disubsti- 
tution (carbon disulphide). 

(B) Fo~mation of Lactone (A') 
The diketone (11) (25.0g, 0.12 mole) was oxidized with paraperiodic (31.0 g,  0.14 ~nole) in 250 ml of 

aqueous dioxane under similar conditions as above (A) except that  the reaction mixture was refluxed 
(100"). 011 working up the reaction n~ i s tu re  as before, only 2.03 g (7%) of acidic material (111) was isolated. 
The major part of the reaction was a neutral product (22 g, 777;). This neutral compound was purified by 
chron~atography of a petroleum ether solution on alumina. The compound crystallized on vacuum distillation 
fro111 a Spath tube. Recrystallization from p c t r o l e ~ ~ ~ n  ether yielded colorless crystals, m.p. 50-51". Anal. 
Calc. for ClnMleOp: C,  76.44; H, 7.89; 0 ,  15.67. F o ~ ~ n d :  C, 76.63, 76.49; H,  7.75, 7.85; 0 ,  15.67,15.76. 

The ultraviolet spectrum of this compound showed bands a t  262.5 mp, e = 271 and 270 mp, e = 236 
(cyclohexal~e). The infrared spectrum showed carbonyl absorption a t  1729 c~n-I and a strong band attributed 
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to  o-disubstitution a t  765 cm-1 (carbon disulpliide). High-temperature mass spectroscopic analysis sho~vcd 
a parent mass of 204. Large peaks for fragment masses were present a t  189, 161, and 145. 

p,B'-Dihydroxy-o-di-t-bz~tylbc~zzene ( I  V) 
Lithium aluminum llydride (14.8 g, 0.39 mole) was dissolved in '750 ml of dry ethyl ether in a three- 

necked flask equipped with a dropping funnel and a rellux condenser protectetl b!. a calci~ini chloride drying 
tube. Dimethyl-o-phenylene-diisob~~tyrate (27.1 e, 0.0!)7 mole) \\-as clissolved in 750 ml of dr). ethyl ether 
and added dropwise to  the reaction niixt~u-c over a period of 1.5 hours. The reaction mixture was refluxed 
for 27 hours. I t  was deconiposed in ice water and made just acicl with hydrochloric acid. The ether layer 
was separated, washed free from acicl with \\-atel-, alicl driecl over sodium sulpliate. Evaporation of the 
solvent left a white crystalline compound x~hich, on recrystallization from petrolcutn ether-acetone, 
yielded 18.5 g (867; yielcl) of colorless crystals, m.p. 115-116". Anal. Calc. for CI.tHL.!O?: C, 75.63; H ,  
9.98; 0 ,  14.39; active hydrogen, 0.90. Found: C, 55.3-4, 75.92; H ,  9.98, 9.94; 0 ,  15.12; active hydrogen, 
0.90. 

The infrared spec t r~~ ln  of this diol in a ICBr pellet she\\-ed broad hyclrosyl absorption a t  3350 cnl-1. A 
strong band a t  1037 cm-I was attributed to the -CH?OII g ro~~p ings  ancl a strong band a t  750 cni-1 to 
o-disubstitution. In chlorofori~i solution the hydroxyl absorption appeared as t ~ ~ o  I:ancls, a t  3100 and 
3570 cm-1. The ultraviolet spectruni shelved a broad band a t  265 mp, e = 323 (methanol). 

Ditosylatc (V)  of IT' 
p,pl-Dihydroxy-0-cli-l-butylbe~~zei~e (18.5 g, 0.083 mole) was clissolvecl in 100 ml of pyridine ancl cooled 

to  0'. l'osyl cliloritle (4'7.4 g, 0.24.9 mole) was sin~i!al-ly dissol\.ecl in 100 ml of pyridine and cooled to 0'. 
The tosyl chloride solution was then adclecl to the cliol solution and the resulting mixture left a t  roo111 
temperature for 24 hours. :\bout 200 ml of water was then aclclecl and a white solid came o ~ i t  of solution. 
'This was extracted with chloroform, washed with ice-cold 137; sulphuric acicl, saturated sodium bicarbonate 
solution, and finally with water. After drying over sodium s ~ ~ l p h a t c ,  the solvent \\,as removed under r e d ~ ~ c e d  
pressure a t  38' to  yield a white crystalline solid. Two ret.r).stallizations from petroleuni ether - chlorofor~ii 
yielded 36.7 g (83% yield) of ditosylate (V) (1n.p. 110-111'). Anal. Calc. for C?FII~~S:OG: C, 63.37; H, 6.46; 
0 ,  18.00; S, 12.08. Found: C, 63.36, 63.32; M, 6.57, 6.67; 0 ,  17.80, 17.79; S, 12.38, 12.49. 

The ultraviolet spectrum1 of this compound showed ba~icls a t  262 mp, e = 1293 and 273 mp, e = 10S2. 

Lillrir~~n illuu~i?zzlnz I-Ijldride Redzrcl io?~ of 17, o-Di-t-bzttylbe~7zene 
The clitosylate (V) (18.0 g, 0.034 mole) \\'as clissol\~ecl in 1800 1111 of an11).clrous etliyl etlier, and lithiunl 

aluminum 111dride (14.3g, 0.37 mole) \\-as added all a t  once. The reaction mixture was stirred a t  rcom 
temperature for 2 da1.s. I t  was then clecomposed in ice lvatcr, made slightly acidic with l~ydrocliloric acid 
and the resulting mixture extracted coiltinuously with ethyl etlier fcr 2 clays. The extract was dried over 
anhydrous sodium sulphate ancl the solvent distilled to leave 6.3 g of a liquid residue. Vapor phase analysis 
a t  198" of tliis p r o d ~ ~ c t  on a column of apiezon L grease (column "a") indicated that  there \\,ere three 
major components present (A, B, and C). These co~nponcnts \\-ere cleanly separated on this colu~iin with 
retention tiriles of A% = 95.5, I3 = 112.5, and C = 147 respectively. Quantitative vapor phase analysis 
indicated that the relative amounts of the componerlts present were 199;  A,  21% B, and 44'3; C. The 
original reaction product was reduced in methanol solution with liyclrogen over a palladium - calcium 
carbonate catalyst a t  50 p.s.i. Vapor phase analysis of the reduced material shol\-ccl that component A 
had disappeared and component B was correspontlingly increased. The proportion of co~nponent C \\-as 
unchanged. 

Larger cluantities of the three components produced in the liydride reduction of V were obtained by 
vapor chromatography. This was accornplisl~ed by repetitive runs on an apiezon 1- grease column a t  198' 
and by superheating the outlet from the vapor fractometer to  240" with electric heating tape. In tliis way 
the components were distilled into the collector as they eluted fro111 the column rather than condensing 
and remixing. 

The major component (C;  o-di-1-butj~lbenzene) was a crystalline compound, n1.p. 24-27'. Anal. Calc. 
for C14H22: C, 88.35; M, 11.65. Found: C ,  88.13, 88.22; 11, 11.60, 11.64. 

The infrared spectru~n of this compound sho\\red a strong band a t  755 cm-1 attributed to o-disubstitution. 
Bands a t  1390, 1360, 1230, and 11115 cm-I wert assigned to t-butyl groups. The ultraviolet spectrum showed 
one band without fine structure a t  262.5 mp, s = 214. 

Component A (~~nsatura ted hydrocarbon) was similarly isolated by vapor phase analysis. This compound 
was obtained as  a colorless oil. ilnal. Calc. for CjdHZo: C. 80.29: H,  10.71. Found: C. 89.28. 89.15: H. 10.78. . . 
10.72. 

The infrared spectrum of this compound showed a strong band a t  760 c~n-I attributed to o-disubstitution 
and a strong band a t  837 cm-' assigned to the out-of-plane deformation of a n  olefinic proton. The ultra- 
violet spectrum showled only general absorption (260 mp, E = 1055). 

Coniponent B from the vapor phase analysis (also the reduction product of A) was not isolated for 
detailed analyses. However, the ultraviolet spectrum of B showed absorption typical of o-disubstituted 
aromatic hydrocarbons with vibrational hne structure. 
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The ~ l r t ~ o ? ~  of Periodic Arid on o-Pltenlyene-diisobzctyric Acid (111) 
(A) 171 Aqueous Dzorane 
The acid (111) (1.0 g, 0.004 mole) and paraperiodic acid (0.91 g, 0.004 mole) were dissolved in a mixture 

of 15 ml of dioxane and 9 ml of water. The reaction mixture was stirred and refluxed for 45 hours. Thc 
solvent mas removed under reduced pressure on the stearn cone and the residue treated with ether. The  
ether extract was washed with 10yG sodiunl hydroxide but no acid was recovered from the alkali extract. 
Distillation of the solvent from the ether extract left a semisolid residue (0.80 g).  Ultraviolet, infrared, and 
vapor phase analyses of this material indicated i t  to be the lactone (S). 

(B) I n  Glacial Acetic Acid 
The acid (111) (0.50 g, 0.002 mole) and paraperioclic acid (0.46 g, 0.002 mole) urcre dissolved in glacial 

acetic acid and the solution heated a t  100' for 2 days. The  solvent was distillecl under reduced pressure 
on the steain cone and the residue treated with ethyl ether. Some unreacted acid (111) (0.07 g) was recoverecl 
froin this ether extract by extraction with 10% sodium hydroxide. The  ether extract yieldcd 0.33 g of 
solid material. This material was analyzecl on the vapor fractorneter and found to contain 41% of the 
lactone (S) and 59% of the anhydride of o-phenylene-diisobutyric acid. The same anhydride was prepared 
for comparison purposes as  described below. 

o-Phenylene-diisob~~tyric acid (0.35 g, 0.0014 mole) was clissolved in 6.0 ml of acetic anhydride and the 
solution refluxcd for 3 hours. The solvent was distilled ulltler reduced pressure to  yield 0.30 g (92TG) of 
colorless crystals. Recrystallization from petrole~irn ether procluced colorless crystals of m.p. 98-99'. Anal. 
Calc. for Cl4H16O1: C, 72.39; H,  6.94; 0 ,  20.67. Found: C, 7'2.28; I-I, 6.87; 0 ,  20.41. 

The infrared spectrum of this anhydride showed a clouhlet a t  1770 and 1725 cm-I for carbony1 absorption. 
A band a t  765 cm-I was attributed to  o-disubstitution The ~~l t raviole t  spectrum did not show definite 
maxima but exhibited shoulders a t  260 m p ,  E = 339 ant1 267 mp, e = 212. 

Tlze dlctio?~ of Lead Tetraacetate on 111 
o-Phenylene-diisob~~tyric acid (8.00 g,  0.032 mole) was dissolved in 300 rnl of purifiecl anhyclrous dloxane, 

and lead tetraacetate (14.24 g,  0.032 mole) addecl. The mixture was stirred and heated a t  75" for 21 hours. 
Thc solvent \\.as distilled undcr reduced pressure on the steam cone and the organic residue dissolvccl in 
ethyl ether. The product from thc cther extract was found to  contain a mixture of approxi~nately equal 
amounts of the lactone (S) and the anhydride (m.p. 98-99") by vapor phase analysis. 
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LIGNIN MODEL COMPOUNDS 
11. PREPARATION AND PROPERTIES OF 
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ABSTRACT 

Modern concepts of lignin structure suggest that the ketol 1-hydroxy-1-(4-hydroxy-3- 
methoxypheny1)-2-propanone, VI, should be detectable in the hydrolysis products of lignin 
and wood. A reference sample of VI, previously unavailable, has now been prepared by catalytic 
hydroge~lation of the dilretone 1-(Phydrosy-3-methoxyphenyl)-1,2-proparedione 11. Both 
fermentative and catalytic hydrogenation of I 1  gave mixtures of, according to paper chroma- 
tography, mainly 2-hydroxy-l-(4-hydroxy-3-methoxyphenyl)-l-propa101e, V ;  the desired 
ketol, VI; small amounts of vanillic acid; and traces of guaiacyl acetone and an unknown 
phenolic compound. The ketol VI was isolated from the catalytic hydrogenation products by 
solvent fractionation and was identified by absorption spectra, derivatives, and comparison 
with the other two possible isomeric ketols. Dilute alkali converted VI to  the isomeric ketol V. 
Both ethanolysis and acidolysis of VI gave the same monomeric products as  lignin. 

Since the discovery by Hibbert and co-workers (1) that the four guaiacplpropane 
derivatives I-IV were produced by refluxing extractive-free coniferous wood with ethanol 
containing a small percentage of hydrogen chloride, extensive studies have been con- 
ducted on related monomers and dimers as model compounds for lignin reactions. In 
this way significant new laowledge of lignin structure and behavior has been acquired. 

R-CO-CH (OCaH5)-CH3 R-CO-CO-CH, 
I I1  

R-CH (0CaHj)-CO-CH3 R-CH 2-CO-CH a 

111 IV 

R-CO-CHOH-CI33 R-CHOH-CO-CH3 
v VI 

R-CH?-CO-CFI 20H 
VII R = 4-hydroxy-3-methosyphenyl 

In seeking an explarlation for the formation from lignin of the "ethanolysis" products, 
the synthesis and study of the three isomeric a-ketols V, VI, and VII were undertaken by 
the Hibbert group. The  synthesis of V, 2-hydroxy-1-(4-hydroxy-3-methoxypheny1)-1- 
propanone, and VII,  3-  hydroxy -1-(4-hydroxy -3- methoxyphenyl) -2-propanone, was 
accolnplished (2, 3) but repeated attempts failed to provide VI, 1-hydroxy-1-(4-hydroxy- 
3-methoxyphen~71)-2-propmone, and therefore it was necessary to perform ethanolysis 
and other reactions on its diacetate (4). Wacek and I-Iorak (5) also attempted to prepare 
VI but found, as had Mitchell (6), that even very mild deacetylation techniclues applied 
to the diacetate of VI invariably resulted in rearrangement to the more stable V. These 
filldings were in accord with the results obtained with related alkylaryl a-ketols by 
Auwers and No11 (7) and Temnikova (8). Thus methylbenzoyl carbinol (V, R = phenyl) 
rearranged with a variety of reagents to phenylacetyl carbinol (VI, R = phenyl) whereas 

*Paper presented at the 44th Annual  Conference, Chemical I~~st i tzr te  of Ca?~ada,  Montreal, Qzreber, A U ~ I L S ~  3-6, 
1961. 
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substitution of a methoxyl or hydroxyl group into the para position of the benzene ring 
stabilized the methylbenzoyl carbinol and completely reversed the order of stability. In 
the guaiacylpropane series, therefore, the para hydroxyl group stabilizes the 2-hydroxy 
derivative V and accounts for the difficulties experienced in attenlpts to prepare the 
1-hydroxy derivative VI. 

In a previous paper (9) strong experimental support was provided for EIibbert's pro- 
posal that the ethanolysis products, I-IV, are derived from lignin via a more reactive 
P-hydroxyconiferyl alcohol unit, VIII,  by a series of rearrangements: 

The relatively small amo~unt of the ethyl ether, 111, of the lcetol VI compared to that 
of I of the Bet01 V obtained in lignin ethanolysis is consistent with the above scheme 
and the apparent relative stability of the lcetols. 

The same explanation applies to the formation of the lignin ethanolysis products by 
ethanolysis of g~laiacylglycerol and its P-guaiacyl and p-coniferyl ethers, substances xirhich 
have been found to be excellent model compounds for the s t~ idy  of characteristic lignin 
reactions (10). A primary a-fl dehydration would yield an en01 ether which would hydro- 
lyze to P-hydroxyconiferyl alcohol, VIII.  According to this scheme small amounts of the 
intermediate 1-hydroxy ketone VI should occur in the hydrolysis and acidolysis products 
of lignin and lignin model compounds. Goldschillid (11) suspected that an unknown 
substance detected among the products of aqueous hydrolysis of extractive-free western 
hemlock woodmeal was the 1-hydroxy derivative VI but this awaits confirmation. Adler 
et al. (12) showed that refluxing guaiacylglycerol-P-guaiacyl ether and two isolated lignins 
with dioxane-water containing 0.2 N hydrogen chloride ("acidolysis") gave a mixture 
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of products containing the 2-hydroxy ketone V, the diketone 11, and guaiacyl acetone, 
IV. Other guaiacylpropane derivatives, if  present, were not identified. The purpose of 
the present work was to prepare a sample of the 1-hydroxy compound VI for reference 
purposes in lignin hydrolytic studies and to permit a study of its properties in relation 
to lignin and related propylphenols. 

In seeking inethods that would avoid the chance of acid- and base-catalyzed rearrange- 
inents in the final stages, the possibility of preparing VI by treating vanillin with fer- 
menting sugar solutions was investigated. Neuberg and EIirsh (13) had found that 
addition of benzaldehyde to sugar solutioils yielded soine phenylacetyl carbinol as well 
as  benzyl alcohol. Application of this technique to vanillin showed that as well as the 
main product, vanillyl alcohol, minor amounts of vanillic acid, and two unlcno\\rn com- 
pounds were produced. Paper cl~ron~atographic exalnination showed that neither of these 
was the linown 2-hydroxy derivative V. While it was considered possible that some of 
the desired 1-hydroxy coinpound VI was present, this technique as a method of prepara- 
tion was abandoned because of the obvious difficulties in purification. Subsequently, 
reports of the siinilar work of EIiguchi et al. (14) came to hand. These worliers also found 
that vanillyl alcohol, vanillic acid, and small amounts of the dilietone I1 were forined 
froin vanillin in fermenting sugar solution. Another nlinor product detected by paper 
chromatography (15) was believed to be the 1-hydroxy derivative VI but no confirmation 
has been published. 

The hydrogenation of the diketoile I1 as a meaiIs of preparing a sanlple of VI was 
investigated. This approach would eliillinate contamination of the products with reduction 
products of vanillin. Both phytochemical and catalytic recluction methods were esamii~ed. 

Addition of the yellow diltetone to fermenting sucrose solution resulted in rapid 
decolol-ization. Descending paper chromatography in two solvent systeins showed the 
presence of six phenolic substances: the lcetol V (the main compone~~t) ,  vanillic acid, 
~~nchanged dilcetone (trace), guaiacyl acetone, IV (trace), and two unl;nowi~ cornpo~u~ds. 
One of these (I?, = O.S9 ill butanol-ethanol-ammonia-\\rater, 40:10:1:49 v/v) gave a 
pinl; color with diazotized s~~lpllanilic acid (DSX) and was present in traces. The other 
(I?, = 0.76), present in substantial quantities, gave an orange color with DSA. 

When the dil<etone I1 was treated in ethanol with 1 mole of hydrogen a t  room tem- 
perature and pressure over a palladi~ln- barium sulphate catalyst prepared according to 
1<~111n (16), a very similar mixture of phenolic products was obtained according to paper 
chi-omatograpl~y. In this case the illixture \vas not coi~taininated urith yeast and sugar 
fermentation products and it crystallized on standing. Recrystallization froin benzene 
gave the pure 2-hydroxy derivative V. Attempts to isolate the other products by 
chromatography on celite and cellulose columns were unsuccessful. I-Iowever, extraction 
of an ether solutioll of the mixture with aqueous bisulphite solution gave a bisulphite- 
soluble fraction containing the substance l?, = 0.76, believed to be the desired 1-hydrox!- 
derivative, VI, contaminated with unreacted dilietone, 11. Distributioll of this fraction 
betureen benzene and water gave a good separation, the di1;etone being retained in the 
benzene layer. 

The product isolated fro111 the aqueous layer as a colorless oil gave a strongly positive 
test for p-h>:dl-oxybenzyl alcohols with qui~lone ~ ~ ~ o ~ ~ o c l ~ l o r o i ~ ~ ~ i d e  (17) and exhibited 
only one spot on paper chromatograms using several solvent systems. I t  slowly crystal- 
lized and after recrystallization from ether - petroleum ether had a me!ting point of 
53-54" C. The ultraviolet and infrared absorption spectra were consistent with a l-aryl- 
2-propanone structure. Proof that it was thz expected l-h~.drox)r derivative, VI, was 
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provided by preparing the diacetate, which, obtained in high yield, was identical with 
an authentic sample of the diacetate of VI synthesized by the  neth hod of Mitchell and 
I-Iibbert (4). 

I t  was of interest to determine the relative proportion of the two a-lcetols V and VI 
produced by catalytic hydrogenation of the diketone. By quantitative paper chromatog- 
raphy (IS), the mixture was found to consist of 7370 2-hydroxy derivative, V ;  13% 
1-hydroxy derivative, VI;  14Y0 unchanged diketone; 2.6% va~lillic acid; and a trace of 
guaiacyl acetone, IV, and an unlcnown (R, = 0.89). 

No systematic investigation of the effect different solvents or catalysts might have 
on the hydrogenation of the diketone was undertaken. I-Iowever, after this paper was 
presented, the results of Adler and Marton (19) on the hydrogellati011 of a series of 
lignin model con~pounds becalne available. Using 93Yo acetic acid as solvent and a 
palladiu~ll chloride - barium sulphate catalyst, unwashed after prehydrogenation, they 
found that carbonyl groups conjugated to the guaiacyl ring, as in the ketol V and the 
diketone 11, were reduced rapidly, whereas those in the position P to the ring, as in IV, 
were practically unafiected. Thus rapid addition of 2 moles of hydrogen to  the dilcetone 
was reported to  yield guaiacyl acetone, IV, via hydrogenation and then hydrogenolysis, 
the p-carbonyl not being reduced. This report prompted us to hydrogenate the dilcetone 
with Kuhn's catalyst (16) in acetic acid instead of ethanol. After addition of 1 lnole 
of hydrogen, the products were approximately the same as when ethanol was used as  
solvent, the main product being, as before, the 2-hydroxy derivative V. The indicated 
rnarlred effect of the catalyst on the course of the reaction is now being investigated. 

Etha~lolysis of l - h y d r o x v - l - ( 4 - l ~ y d r o s y - 3 - m e t h o x y p h e ~ e ,  VI, gave the 
same propylphenol products, I-IV, as lignin, in accord with the prior worlc on the 
diacetate (4). 

Treatment of VI ivith dilute alkali a t  93' C rapidly brought about colnplete con- 
version to the 2-hydroxy derivative V, a result predictable from the filldings of i\iIitchell 
(6) and of Wacelc and I-Ioralc (3). 

Acidolysis of VI in dioxane-water according to  the  neth hod of Adler et nl. (12) gave 
a mixture consisting of mainly the 2-hydroxy derivative V and the diltetone I1 with traces 
of vanillic acid, vanillin, and a11 U I I ~ ~ I ~ O W I I  phenol. Both V and I1 were obtained by  
Adler et nl. by the acidolysis products of wood and isolated lignin. After -I. hours of 
acidolysis, roughly 1056 of the lietol VI was unchanged. This llleasure of stability indicates 
that  there is a good possibility of detecting the occurrence of the ketol VI in the acidolysis 
and hydrolysis products of ligllills and wood. 

The preparation of I-hydrosj -1-(4-1~ydroxy-3-methoxyphel~yl)-2-propanone, VI,  com- 
pletes the syntheses of the three possible a-lietols in the guaiacylpropane series and 
provides reference salnples lor use in ligllill clegradatio~l studies. I ts  behavior in ethanoly- 
sis and acidolysis reactions co~lfir~ns conclusions based on prior studies with clerivatives 
and isomers. 

EXPERILMENTAL 

Solvent systems for paper chrorllatographic exan~inations were butanol-ethanol-ammonia-water 
(40:10:1:49 v/v) (BEAlV) and tetrahydrofuran - petroleum ether (65-110") - water (3:7:5 v/v) (THF). In  
the case of the latter systenl R,'s depe~lded to a marlred extent on the care exercised in equilibrating the 
paper with the solvent and therefore are not quoted. 

Preparatiou of Diketone 1-(&-Hydroxy-S-~~zet7~o?iyp7~e~t~~l)-l,2-p~opanedione, 11 
'Two methods were used: 2-hpdros~-l(4-hydroxy-3-methoxyphenyl)-l-propanone was prepared from 

guaiacol and oxidized with copper sulphate by the method of Briclcman el al. (20), or propiovanillone (22) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1676 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1963 

was converted with isobutyl nitrite by the method of Fodor el al. (21) to the a-oximino lietone, which was 
hydrolyzed to  the diketone with 2% HC1 a t  reflux or with 12 iV H?SO., a t  room tenlperature. The yello\v 
diketone was extracted with benzene and recrystallized from petroleu111 ether, m.p. 6'2-63O C. 

Preparntio?~ of l-Hydroxy-1(4-hydrory-3-me~I1ox~~pl~enyl)-2-propa~1one, V I  
l<uhnls catalyst (16) (0.5 g) was added to  ethanol (50 ml), the flask evacuated, and the contents 

equilibrated with Hz (13.7 ml) by ~llechanical shal<illg a t  slight pressure. The diketone (3 g = 0.0155 mole) 
was added, the flask again evacuated, and Hz (348 ml = 0.0155 mole) added with mechanical shaking 
over 21 minutes. The catalyst was liltered and washed with ethanol, the liltrate and Xvashings being evaporated 
under reduced pressure to  yield a yello\v oil (3 g). This oil gave a positive color test for P-hydroxybenzyl 
alcohols with quinone n~o~lochloroimide ( l i ) ,  and descending paper chromatographic exan~ination showed 
the presence of six substances giving positive color reactions with DSA. The use of reference satllples 
established the presence of vanillic acid (orange, R/ 0.22 BEA\V); 2-hydroxy-I-(4-hydroxy-3-methoxy- 
pheny1)-1-propanone, V (tan, Rf 0.54); dilietone 1 I (tan, R/ 0.60); guaiacyl acetone, 1V (red, Rf 0.89); 
and two t~nlcnowns (strong orange, R, 0.76; and weak red, R/ 0.89). The unknown with the same Rf on 
paper as guaiacyl acetone using BEAW was readily separated from it with the other solve~lt (THF).  

The unknown with the orange color reaction, which also gave a positive 2,4-di1litrophenylhydrazo11e test, 
was isolated by the follo\ving fractionation, each step being monitored by paper chromatography. A diethy1 
ether solution (100 ml) was extracted with 15y0 sodium bisulphite solution ( 4 x 2 0  ml), then was back- 
extracted with diethyl ether ( 4 x 2 5  ml) to  ensure removal of the 2-hydroxy derivative V and vanillic acid 
from the bisulphite-soluble co~llpou~lds. The bisulphite solution was acidilied to pH 3 with 6 N I-12S0,,, 
stripped of SO? using partial vacuum and a nitrogen bubbler, and then extracted with chloroform ( 5 x 2 5  
ml). After drying, the chloroform was evaporated to  leave a yellow oil which in benzene solution (50 1111) 
was extracted with water ( 5 x 2 5  ml). The water after back extraction with benzene ( 2 x 2 5  1111) \\,as extracted 
with chloroform ( 7 x 2 5  ml). Drying and remo\~al of the chloroform left a colorless oil (280 mg; 9y0 yield) 
which slowly crystallized. This material showed only one spot (orange, R/ 0.7G BEAW) on a papergranl. 
Recrystallization from ether - petroleum ether gave colorless crystals, melting point 53-54' C. The infrared 
absorption spectrum, uP;fGr in cm-I 3450, 3325, 2950, 2860, 1700 (unconjugated carbonyl), 1610, 1516, 1470, 
1433, 1355, 1270, 1150, 1125, 1080, 1030, 866, 814, 735, was consistent with structure VI being very similar 
to that of the isomeric a-lietol VII (9). The ~~l t raviole t  absorption spectrum in ethanol (max. 282 mp; 
min. 261 mp; shoulder 234 mp) was also consistent with this form~~lation. The semicarbazone, 1~1.p. 170.5- 
172" C from hot water, differed from those of authentic specilllens of the t\vo a-ketols V and VII,  111.p. 
147-148 and 194-196" C respectively, prepared by identical procedures. The diacetate prepared in high 
yield (80%) by a 5-minute reflux in acetic anhydride - pyridine was identical by mixed melting point, 
95.5-96" C,  and infrared spectra with an  authentic sample of l-acetoxy-l-(4-acetoxy-3-1nethoxyphen~l)-2- 
propanone synthesized by the method of Mitchell and I-Iibbert (4). 

If the oily hydrogenation product from the dilietone was seeded \vith the 2-hydrosy-1-(4-hydroxy-3- 
methoxyphenyl)-1-propanone, V,  partial crystallizatio~l occurred. Trituration with cold benzene follorved 
by recrystallization from benzene gave colorless crystals, 111.p. 110-111° C, ide~ltical with authentic V. 

The presence of vanillic acid in the dilietone hydrogenation product was proved by extraction of the 
ether solutions with cold 5% sodi~lm bicarbonate solution. Acidification gave crystalline material identical 
with an authentic sample of vanillic acid. 

Qztantitative Estinlatio?~ of Diketone Hydroge?latio?t Prodzicls 
A cluantitati\:e paper chromatographic lnethod (18) with BEAW as developing solvent and Folin-Ciocalteu 

reagent for phenols was used, the spots b e i ~ ~ g  detected with ultraviolet light. Optical densities were measured 
a t  750 mp on a Becliman Dl<-2. 

Ethanolysis of l-Hydroxy-l-(4-ltydro.ty-3-~1~etltoxypI1enyl)-2-prano~1e 
A sample (20 mg) was refluxed with ethanol - 3y0 EHC1 (1.5 ml) for 24 hours in a carbon dioxide atmos- 

phere. After cooling, the mixture \vas added to  water (10 ml) and filtered. The liltrate was extracted \\lit11 
ether, the extract dried, and solvent removed. Paper chromatographic examination of the residue in com- 
parison with synthetic mixtures of authentic specimens using BEAW, 20% aqueous I<CI, and isopropanol- 
ammonia-water (8:l : l  v/v) as solvents showed the presence of the etha~lolysis products I-IV. 

Alkaline Rearrangenzent of 1 -Hydroxy-l-(~-h~ydroxy-3-~i~etkoxypl~e1~yl)-2-propa~zone 
,4 sa~nple (36 mg) was dissolved in ly0 Na0I-I (15 ml), forming a yellow-colored solution which turned 

orange on warming under a nitrogen atmosphere on a steam bath (95" C)  for 3 hour. Acidification and 
extraction with chloroform yielded, after remo\:al of the solvent, a yellowish oil (30 mg) which slowly 
crystallized. I t  was shown to  be the isomeric 2-hydroxy-l-(4-hydrosy-3-1~~etho~phenyl)-l-propa1one by 
infrared absorption spectr~um and chromatographic conlparison with all authentic sample in BEA\hi and 
20% aqueous ICC1. 

Acidolysis of I -Hydroxy-l-(~-lzydro~.y-S-~~1etItoxypI1e1zyl)-2-propa~~one 
The ketol VI (10 mg) was reflusecl in dioxane-water (9:l) (15 ml) containing 0.2 N hydrogen chloride 

by weight for 4 hours (12). The mixture was neutralized with sodiulu bicarbonate, evaporated to  remove 
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most of the dioxane, diluted with water (10 ml), and extracted with chloroform ( 3 x 2 0  ml). Re~noval of 
the chloroforn~ yielded a yellow oil (9 n ~ g ) .  Paper chromatography with BEAW solvent, THI; solvent, and 
20% aqueous KC1 using DSA and ultraviolet light for detection showed, besidesunchanged starting material 
(roughly 10'7*), the 2-hydroxy isomer V and the diketone I1 with traces of vanillin, vanillic acid, and a n  
unknown phenol. 
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THE PROTON RESONANCE SPECTRUM OF 2-FURANACROLEIN 
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ABSTRACT 

The proton resonance spectrum of 2-furanacrolein consists of t111o emectively independent 
-4BX spectra, tha t  due to the ring protons and tha t  due to the side-chain protons. The solvent 
elfects are such tha t  the latter reduces to an  .4A1X case. The A B S  ant1 i\:\'S cases are dis- 
cussed as deviations from the A?X case. The difference is simply tha t  forbiclden singlet-triplet 
transitions in the A2S  case becorne allo~vecl in the . 4BS  case because the singlet and triplet 
states are uncoupled as  the A? nuclei becorne noncquivalent. Energy level diagrams are given 
to illustrate this situation. 

Abraham and Bernstein give a detailed discussion of the anal! sis of deceptively simple 
high-resolution i1.m.r. spectra (I) .  These arise, in the simplest instance, when a given 
nucleus, X, is coupled differently to two other nuclei. X and B, ~vliich themselves are 
strongly coupled. The observed splittings in tlie spectra of the three nuclei are then equal 
to  the average of the coupling constants J.ls and JBS. J I B  is unobservable in this case. 

Muslier (2) has recently remarked 011 this phenomenon in connection with an anomalous 
interpretation of certain fluorine-fluorine coupling constants (3) and calls it "virtual 
coupling". In tlie course of a study of solvent effects 011 proton resonance spectra we liave 
noticed a good example of this. I t  appears profitable to  discuss this example in terins of a 
general theorem on high-resolution i1.m.r. spectra. I t  supplements the treatment of 
Abraham and Bernstei~i in an interesting may and should perhaps be read together wit11 it. 

The A B X ,  il AIX, A 2X Systems 
A pair of spins call be said to be isoc1ironous if they have the same chemical shift. If, 

in addition, the spins have tlie same coupling co~istaiit with ever)- other spin of the mole- 
cule they are said to  be equivalent. A pair of spins can be equivalent only if they are 
isochronous. There is a well-known theorem stating that  scalar couplings between equiva- 
lent spins are unobservable in a nuclear resonance esperiment (4, 5 ) .  The proof of this 
theorem does not clepend on symmetry in any way. 

By definition the A protolls of the il?X system satisf>- the theorem. The positions of 
the two A protons can usually be made to coincide through a n  operation of the symmetry 
group of tlie molecule. In tha t  case their spin functions combine to form singlet and triplet 
states. Since singlet-triplet transitions are forbidden none of tlie observed transitions 
depend on the coupling constant between the A protons. 

If the A protons are isochronous but unequally coupled to protoil S they are non- 
equivalent and tlie theorem no longer applies. This situation is usually designated as 
AAlX. The effect is to uncouple partially tlie singlet and Fi(LA) = 0 triplet states of tlie 
A protons. This is also so if the A protons are not isochronous, but  are equally coupled to  
proton X.  When the ~lonequivalence arising in either of these two ways is large enough 
the coupling between the A protons becomes observable. 

The two situations are il~termediate stages in the conversion of an A?X systein, which 
gives rise to 5 lines, to  the general ABX system, which has 14 lines in its spectrum. This 
is illustrated in Fig. 1, where the energy levels are given for six different cases as follows: 

Canadian Journal of Chemistry. Volume 40 (1962) 
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CASE:  I 2 3 4 5 6 

A,x AzX bX An'X ABX 

/ ; 
I / 

A A X  

FIG. 1. The energy levcl diagram for a system of three-spin : nuclei with onc nucleus having a large 
relative chemical shift from the other two. The letters s and t indicate singlet and triplet states for the latter 
nuclei. Transitions are given by vertical arrows and those marked A are for the coupled ~luclei. The  various 
cases are described in the test .  

( I )  6 = 0 = J1 = J2 = J'; 
(2) 6 = 0 = J1 = J2, J' > 0 ;  
(3) 6 = 0, Jl = J2 = J1 > @ ;  

(4) 6 = 0 , J l - J ?  > O , J l + J '  = 2 J 1 0 r 6  > O , J 1  = J s  = Jl > 0 ;  
(5) 6 > 0, J I - J s  > 0 , J l - J ?  < 6, J1+J2 = 2J1; 
(6) 6 > O , J l  = J2 = J' = 0. 

Here 6 is the shift between the two A protons, J1 and J z  are the coupling constants 
between the A ancl S protons, and J' is the coupling constant between the A protons. 
We assume, ol course, that the shift between A and S protons is so large that it does not 
affect the shape ol the spectra. We talie J l + J Z  = 2J1, all positive, without too great a 
loss of generality. 

In Fig. 1 the antisymmetric singlet levels are indicated by horizontal brolie11 lines. The 
niaxiinum number of 14 trailsitions in sl-stems of this liil~cl is inclicatecl. There are eight 
transitions which are always ailowed and six of these beconle pairxi~ise isoenergetic in the 
A2X liimit. The other 6 ol the I-% are singlet-triplet transitioils in the A 2 S  limit ancl are 
forbidclen. They are inclicated by brolien vertical arrows. In the i l A I S  or ABX liillit they 
no longer have singlet-triplet character ancl becoine allowed. But tivo of them involve a 
spin flip of all three nuclei ancl are usually very weak. Their occurrence, houwwei-, allows 
one to determine the relative signs ol J1 and J2. They are marlied C in Fig. 1. As can be 
seen from the figure we cannot observe J' when 2D*-J1 is less than the resolution ol a 
goocl spectrometer, presently about 0.3 cycle/sec. D+ and D- are clefined by 

Abraham and Bernsteiil derive the condition [6&1/2(J1- J2)]72J1 < 0.3. Physically 
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1680 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1962 

this condition describes the point a t  which singlet-triplet states are sufficiently strongly 
uncoupled to be detectable experi~nentally. 

The various spectra for such three-spin systems are very easily deduced from Fig. 1 
and three of them are reproduced in Fig. 2. Here broken lines indicate forbidden transi- 
tions. Otherwise the figure is self-explanatory. For the ABX case the two quartets in the 

FIG. 2. The spectral shapes expected for three of the cases whose energy levels are illustrated in Fig. 1 
and described in the test. Urolien vertical pealis indicate forbidden transitions, allowed in the AUX case. 

AB region corresponding to the two X spin states are easily piclced out. I t  is, of course, 
the two outside lines of each quartet which disappear in the A& limit, and by comparison 
with the AB case it becomes perfectly obvious why J1 should no longer be observable. 
111 the more general ABR,X, . . . cases we would have (p+ l ) (q+ l )  . . . such quartets, as  
discussed by Pople and Schaefer (G).  Energy level diagrams for such cases could be 
constructed by simple extensions of Fig. 1. 

EXPERIMENTAL 

Proton spectra were talien of 2-furanacrolein a t  60 Mc/sec a t  various concentrations in acetone and 
benzene Peal; separations were obtailled by the side-band technique, taking averages of LIP to 10 spectra. 
I~lternal and external references were not used and  concentrations were adjusted to obtain the desired 
spectral eflects. The concentrations are therefore not known acc~~rate ly  but  this is of no consequence for 
our purpose. T \ d u e s  i n  chloroforn~ have been given by Bhacca et al. (7). Figures 3 and 4 give the observed 
and calculated spectra in acetone and benzene solutions. 

DISCUSSION 

The  spectrum is a superposition of two effectively independent ABX spectra, one due 
to  the ring protons and one due to  the side-chain protons. In  Fig. 3 the calculated spectra 
are given as arrived a t  by the standard analysis (4). The peaks of the ring protons are 
indicated by broken lines. Table I presents the spectral parameters obtained from spectra 
run more slowly than that  shown in Fig. 3. 
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Spectral parameters for 2-furanacrolein in acetone and benzene solutions in cycle/sec a t  GO Mc/sec 

Relative che~iiical shifts' 

Benzene 
Co~~p l ing  

Acetone A B C coilstants' t 

%ee Fig 3 or 4 lor labelling of PI-olona. 
 all coupling constants are assunicd to be i ~ o s i t i w  

( a )  1Zing Protoms 
There is no startliilg change i l l  the shape oi this A B S  spectrum because the chemical 

shilts never become small con~pared to the coupling constants. The values ol the latter 
agree well with the average values iound for a large number of substituted farans (8) 
and also with those of furari itself, obtained by means of C1+I patterns (9). Preferential 
shifts are discussecl belon-. 

( b )  Side-cizain I'rotons 
As can be seen from 'Table I and Fig. 4, increasing dilutio~l i11 benzene results in a 

preferential shift to high field of the a-ethylenic proton such that ?IHo(ua-u,) = 6 
decreases to about zero. The energy levels i l l  Fig. I lead us to  expect a trailsitio~l from a 
14-line ARX pattern to a 5-line XAIX pattern if D+ becomes indisti~iguishable fro111 Jab. 
'This will be so if (6+l/2J8,)2i2J,a < 0.3. 

In the n10st co~icentrated benzene solution, A, there are 10 A B S  lines. The two conlbilia- 
tioil lines in the X region are too weal; to  be observed and since J,, is effectively zero 
there are only two a lines instead of four. These two lines are broadened by a meal; coupling 
to proton 5 on the ring. 

I n  benzene solution R tlie ABX situation still holds but 6 is s~llall enough that: all six 
possible X lines are observable, including the two combination lines. In the AB region 
two of the weal; transitions which become si~iglet-triplet transitions in the A& limit 
are already too weal; to be observed. 

Finally, in benzene solution C we are just on the borderline between AAIX and ABS.  
8 is just a little less than zero and all AB transitions which become singlet-triplet transi- 
tions in the A2S limit are too weak t~ be observed, but the two combination lines are 
detectable. Even if 8 were zero we would still have a 0.4 cycle/sec splittiilg of the lines in 
the AB region. 'The combination lines woulcl not be observable, ho~vever. Presumably 
because of the small coupling of proton a to  proton 5 this is not observable in Fig. 4C. 
I t  is clear, of course, that the size of J,b determines the rate a t  which one approaches a 5 -  
line spectru~n. Physically this means that  the size of Jab relative to 8 and Jay-  Joy deter- 
 nines the tightness of the coupling of the AB protons. We have the curious situation that  
the larger the relative magnitude of J,,B the sooner it  becomes unobservable. 

( c )  Preferential Solvent Shi f ts  
In going from acetone solutioll to the most dilute benzene solution the a-ethylenic 

proton shows a preferential shift to  high field relative to the 0-ethylenic proton of almost 
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SCHAEFER: 2-FUR.1NACROLEIN SPECTRUM 1683 

1 p.p.in. Crotonaldehyde shows a similar behavior (6). In the ring i t  is proton 3 which 
shows the largest solve~lt shift and i t  is a l~nost  as large as that  of the a-ethylenic proton. 
So~ne  co~lfor~nations of tlle n~olecule will have the a and 3 protoils quite near. The implica- 
tion is that  the benzene molecules pack around the solute ~nolecule in such a way as to  
avoid the oxygen atoms as  far as  possible. The s l~ i f t s  in Table I lend some support to  this 
idea. Why this should be so is a problem. 

This work was supported by the National Research Council and the Research 
Corporation. 
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THE EXTRACTION OF THORIUM AND SOME LOWER LANTHANIDE 
NITRATES BY DIBUTYL BUTYL PHOSPHONATE 
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Received April 3, 1963 

ABSTRACT 

The distribution of thori~un and a nunlber of lanthanides between nitric acid and solutions 
of dibutyl butyl phosphonate in odorless kerosene has been examined as a function of the 
aqueous nitric acid conce~ltration. Experiments \Irere conducted a t  trace metal concentration 
using radioisotopes. Separation factors (denoted by S a n d  defined as the ratio of the distribution 
coefficients, K ,  for two metal species) have been measured for some lanthanide-lantha~lide 
couples and also for some thori~1111-lanthanidc couples. Results indicate that separation 
factors bcttveen successive lanthanides (gixen by S = Kz+l/Kz)  a t  the lower end of the rare- 
earth series are superior to those obtained with either tributyl phosphate (TBI') (D. Scargill 
et al. 1. Inorg. & Nuclear Cliem. 4, 304 (1957)) or trioctyl phosphine oxide (TOPO) (J. &I. 
~chmi ' t t .  Oak Ridge National Laboratory. Unpublished data) ,  but as  2 increases, SDBB~ 
~ S T U I '  > STOI'O. [;or thorium-lanthanide couples, S'DBBP > S'TBP. Meas~~rements  over a 
range of extractant concentrations indicate that the lanthanides are extracted as trisolvates. 

INTRODUCTION 

Much work is being p~irsued a t  the present time in elucidating the metal-extractive 
properties of organophosphorus reagents. Of the neutral esters, tributyl phosphate 
(TBP) has found widespread application in the large-scale separation of metals, while a 
number of analytical procedures for the deterinination of metals with trioctyl phosphine 
oxide have also beell devised (3). Siddall (4) and Madigail and Cattrall (5) have shown 
that dibutyl butyl phosphoilate (DBBP) is a inore efficient extractant for uranium and 
thoriun~ than TBP. Other workers in these laboratories have procluced urailiuin of 
nuclear-grade purity by a process, employing DBBP, which competes successfully with 
T B P  in giving a product of high purity and in economy of operation (6, 7). Since DBBP 
call also compete with T B P  in availability and initial cost, i t  possesses great potential in 
the large-scale separation of these metals. Some measurements have also been reported 
for the extraction of thorium and lanthanides with diphosphonates, these compounds 
being 0-diketones (8). Radioisotopes of the rare-earth elements were used as tracers to 
obtain accurate values for the distributioil coefficients achieved. 

ESPERIMEN'I'XL 
DBBP was obtained froni the Virginia-Carolina Chemical Corporation. Infrared spectra and titration 

agail~st standard alkali indicated the presence of about 1% hydrogen-bonded acidic in~purities. All organic 
sollrtions were, therefore, scrubbed with sodium hydroxide and then \vashed several times with distilled 
lvater prior to use. A 58y0 ( ( \ I / \ . )  solution of DBBP in Icerosene was used in all distribution experiments. 
Trioctyl phosphine oxide (TOPO) uras an Eastnlan I<odalc \\'bite Label product and \\;as used without 
further p~~rification. The nitric acid used was Mallinckrodt analytical reagent grade and the kerosene was 
supplied by Anachemia. 

La140 and Pr14s were obtained as carrier-free isotopes from Oak Ridge National Laboratory, Eulj?llj' 
fro111 Atomic Energy of Canada Ltd., Challc River, Ontario, and TbI6" froni the Radiochemical Centre, 
Aniersham, England. For the thoriunl measurements, carrier-free T1i23" was prepared according to  the 
method described by Berman et al. (I)). The  -,-emitting lanthanides were assayed using a NaI (Tl) scintilla- 
tion assembly, and the j3-active Th234 using a Geiger-Miiller counter. 

The distribution coefficient is defined as 

A' = 
concentration of nuclide in organic phase 
concentration of nuclide in aqueous phase 

*National Research Council Postdoctorate Fellow. 
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MANNING:  EXTR.4CTION OF TI lORIUM A N D  LANTHANIDES 1685 

Ten milliliters of both phases were shaken together in Erlenmeyer flasks for a period of 1 hour, prelimi- 
nary runs having shown that  equilibration was attained in less than 30 minutes. All organic phases were 
pre-equilibrated. The temperature was 27+3O C;  under these conditions the variation in K with temperature 
is well within experimental error ( 3 ~ 3 % ) .  

RESULTS .AND DISCUSSION 

The Nature of the Species Extracted 
To  determine the nature of the species extracted, K was measured as  a function of the 

neutral ester coilcerltratioil in the organic phase. The application of dilute solutions of 
DBBP (desirable to  maintain ideality in the organic phase) would involve the measure- 
illeilt of very low distribution coefficients. I t  was decided, therefore, to carry out this 
investigation, using another neutral organophosphorus reagent, trioctyl phosphine oxide 
(TOPO), since, according to Weaver (lo), readily measurable distribution coefficients 
may be obtained a t  low extractant concentration. Eulj''lS1 117as employed as a tracer, and 
the aqueous phase was 0.316 dl HN03.  The results are listed in Table I ,  and are presented 
graphically in Fig. 1. The limiting slope is 2.0, which indicates the formation of the species 

TABLE I 
Distribution coefficients for Eu15'/'" a t  ranging TOPO concentrations 

T O P 0  
concn., 11.1 0.232 0.0464 0.0232 0.0116 0.0058 

K 20.6 1.000 0.1'78 0.0'244 0.004 

l o - '  I M 

CONCENTRATION OF TOPO IN KEROSENE 

FIG. 1. Variation in KE,, with TOPO, 11.1. 

E U ( K O ~ ) ~ ( T O P O ) ~ .  Since it has been established previously that  lanthanides are extracted 
by T B P  as trisolvates ( I ) ,  and since DBBP is intermediate between T B P  and TOPO 
in both structure and electron-donor properties, it is reasonable to  assume that the species 
extracted is E U ( N O ~ ) ~ ( D B B P ) ~ .  

Extraction of iMetal Nitrates with 58% DBBP i n  ICerosene 
The measured distribution coefficients and equilibriuill aqueous nitric acid concentra- 

tions are listed in Table 11, and are plotted against each other in Fig. 2. 
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TABLE I1 
Distribution coefficients and equilibrium aqueous acidities 

Nitric acid, 
1M 

I 

2 4 6 8 10 12 M 
NITRIC ACID CONCENTRATION 

FIG. 2. Lantl~anide nitrate distribution coefficients a t  \.arying nitric acid concentrations: 0 Lallo; 
pr14?; EU15?l154; x TblGO, 

Although the plots follow the general pattern exhibited by the analogous lanthanide - 
H N 0 3  -48% 'TBP - kerosene system (I), the "valle).~" are seen to be much deeper. 
Scargill et al. ( 1 )  and Hesforcl el nl. (11) have discussecl the shapes of the T B P  curves, and 
stated that the important factors in operation are: 

( a )  The salting-out effect of the nitrate ion. This effect produces the initial increase in 
I< with increasing nitric acid conce~ltration. 

(b) Lanthanide-nitrate complexing and I-IN03 competition for T B P  molecules. These 
reactions would operate over the second portion of the curves and offer an expla~lation 
for the decreasing partition coefficients. 
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M.-INNIXG: EXTR.4CTION OF TI-IORIUM A N D  L.-INTI-1:INIDES lG87 

(c) Activity coefficients. According to Scargill et al., this effect is responsible for the 
rising partition coefficients a t  the higher acidities. 

That  these factors are primary in deter~llinillg the shapes of the rare earth - DBBP 
estraction curves is apparent from a qualitative co~nparison of the plots of Fig. 2 \vitl~ 
the correspolldillg plots of Scargill et al. (1). -4s metal-nitrate complexing in both systems 
is identical under given aqueous conditions, the deeper "valleys" observed in the DBBP 
system may be attributed to greater DBBP-HN03 interaction, with the formation of 
the species DBBP. (HN03),. That  the extrsction of europiulu by T O P 0  also passes 
through a maximum has been demonstrated by Weaver (10). 

Some ILN03 values between aclueous and DBBP phases are listed in Table 11. 
The non-parallel nature of the lanthanide-DBBP curves a t  very high acidities (Fig. 2) 

would suggest that another nlechanism is operative in this region. Marcus and Abra- 
hamer (12) have sho~vn that the lanthanides are estractecl by long-chain amines i ro~n  
nitrate solutions as al l io~~ic coinpleses, a~lcl, therefore, a t  the higher acidities employed in 
the present investigation, considerable la~lthanide-nitrate complesing can be expectecl, 
the degree of which depends upon the hydration nunlber of the ion. Since the ionic radii 
of the lanthanicles decrease \vith increasing atonlic number (the "lantl~anide colltraction"), 
the rare earths become progressively more hydrated, and, therefore, less prone to nitrate 
interaction. 

This latter effect may account for the fact that  the slope of the lantllanuln distribution 
curve (Fig. 2) is much smaller, a t  higher nitrate concentratio~l, than for ELI and Tb. 

Allowing for the small difference in extractant concelltration, DBBP is seen to be a 
better extractant for lanthanicles than TBP. 

At nitric acid concentrations greater than 4 AT, distribution coefficients increase ~vith 2, 
as is to  be expected from the graclation in the ionic radii of the rare earths, but uncler 110 

experimental conclitio~ls are the curves regularly spaced. At lower acidities, ho\\-ever, 
distribution coefficients increase with atomic number from La to  Eu,  but  a t  this point 
in the lanthanide series a clisconti~luity occurs, and ICTb < ICEu. These points are illus- 
trated in Fig. 3, nrhich is a plot of I< against 2 a t  a number of nitric acicl concentrations. 
Some T B P  clata linve been included (I) ,  and it is apparent in this systern also that partition 

ATOMIC NUMBER 

FIG. 3. Distribution coefficients for lanthanides as a function of atorliic number: 0 13 BI H S 0 3 ,  
DBBP; v 6 -16 1-IK03, DBBP; X 2 111 HNOs, DI3BP; A 13  1M HNO,, 48% TBP. 
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coefficients are not proportional to the atolllic number, although the authors state 
otherwise. 

Separation Factors 
In Table I11 are listed values for the separation factors for some lanthanide-lantlla~lide 

T,4BLE 111 
S' and S values for metal-metal couples, 12 11d H N 0 3  

58% DBBP 48% TBP 
-- 

TO PO 
-- 

Couple Sf S S' S S ' S 

Ce-La 2.5 2.5 
Pr-La 8.5 2.9 2.3 l.5t 
Pm-Ce 6.9 1.9 
Nd-Pr 1.2 1.2t 
Sm-Nd 1.2t 
Gd-Sm 0.8 
EU-PIII 2 .  a 1.5 
Eu-Pr 6.6 1.6 
Tb-Eu 2 . 0  1 .4  - ~~ 

Eu-La 56 
Th-La >lo4* 
'Th-Eu >500* 

*8 M llNOa. 
t0.1 M TOPO in kerosene, pH 1, ref. 2. 
$1 ill I-lNO3, 1 M NaN03, 0.6 ilil I-13P0.1, 0.1 M HzSO.1, 0.1 d.i TOPO i n  cyclohexane, ref. 13 

couples and also for some thorium-lanthanide couples determined in the present investi- 
gation. S' and S are separation factors defined as follows. 

S' = KrVII/Kh12, where MI  and M ?  represent any two nuclides, 
and 

S = separation factor between successive lanthanides 

The TBP figures have bee11 computed from the data of Scargill et al. (I),  while the TOPO 
figures are those of Sc11nlitt (2) and Ross et al. (13). As Table 111 indicates, DBBP is 
superior to TBP and TOPO in the separation of lanthanum from other lanthanides, but 
for all three extractants S decreases as Z increases, and for the Gd-Sm pair STOPO < 1. 
At the middle reaches of the 1-are-earth series, SDnsp and STBp are comparable, SDnnp 
- S T B p  ,- 1.4. For thorium-lanthanide mixtures, DBBP affords a higher degree of 
specificity of extraction than TBP,  but it is difficult to compare directly the separation 
factors obtained with DBBP and TOPO as quantitative data are not available. 

Lewis and Ingles (14), in these laboratories, from investigations involving the prefer- 
ential adsorption of lanthanides on cation-exchange resins froin sulphate solutions, 
obtained n~axiinum separation factors of G between thorium and lanthanum. 

CONCLUSIONS 

Although the separation factors between successive lanthanides determined in this 
investigation are inferior to those obtained with acidic organophosphor~is reagents 
(15, lG), the high S' values measured for the thorium-lanthanide system, coupled with 
the ready availability and relative cheapness of DBBP, would suggest that DBBP might 
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MANNING:  EXTRXCTION OF THORIUM AND LANTH:\NIDES 1G8Y 

find ready application in the separation of thorium from rare earths on the illdustrial 
scale. 

TOPO is among the best extractants of ~netals  of all organophosphorus reagents, but 
it suffers from the disadvantage that it is expensive, and although TOPO has found 
application ill the analytical separation of metals, its cost would preclude its use in large- 
scale processes. 

Further investigations are being pursued to assess the influence on the magnitude of 
S' and S ,  by introducing acidic extractants into the organic phase in conjunction with 
DBBP. As thorium is lrnown to coluplex more strongly than the lanthanides with such 
cation-exchangers as thenoyltrifluoroacetone, i t  is possible that  any synergic etiects 
which might occur woulcl produce an enhancement of the separation factors. 
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ELECTROCHEMISTRY OF THE NICKEL OXIDE ELECTRODE 
PART 111. ANODIC POLARIZATION AND SELF-DISCHARGE BEHAVIOR 

B. E. CONWAY AND P. L. BOURGAULT:~ 
Depar tn ie~~f  of Clze~?tistry, University of Ottazua, Ottawa, Ojztario 

Received March 26, 1962 

ABSTRACT 

Further evidence that  the rate-controlling process in self-discharge of the iiickel oxide 
electrode is the anodic partial reaction of oxygen evolution is reported and is based on: 
( a )  comparison of the heats of activation for open-circuit oxygen evolution and for d-c. anodic 
polarization with oxygen evolution; ( b )  comparison of the current potential behavior for d-c. 
anodic polarization and for rates of oxygen evolution on open circuit as a function of potential; 
and (c) co~nparison of H/D isotope eSfects for open-circuit and d-c. polarization behavior. In 
the latter cases, an unusual and characteristic inverse isotope effect is observed. 

True Tafel slopes are deduced and interpreted in terms of possible mechanisms of oxygen 
evolution, taking account of the dependence of activation energy upon surface coverage 
by adsorbecl intermediates. 

INTRODUCTION 

I n  previous papers (1, 2) we have discussed the mechanism of the self-discharge 
behavior of electrodes in a state of oxidation approaching and exceeding "Ni 111" and 
have given some evidence that  the rate-controlling process in self-discharge is a step in the 
anodic partial reaction of oxygen evolution. Since the converse view, tha t  the cathodic step 
is rate limiting (but without a full appreciation of the electrochenlical factors involved), 
has been presented elsewhere (3), we give, in the present paper, further unequivocal 
evidence for the identity of the rate-controlling process on open-circuit self-discharge, 
and hence of mechanism, by comparing the kinetics of the oxygen evolution process on 
open circuit and on clriven anodic polarization of the charged (i.e. in a state of oxidation 
approxinlating to  L 'NiOl .5")  nickel oxicle electl-ode. Related data  for the adsorption 
pseudocapacity associated with the surface layer a t  the nickel oxicle electrode are also 
prese~~tecl. 

Techniques used in thc preparation of electrodes and solutions, in the e.1n.f. measurements, ancl in the 
determination of oxygen evolution rates on open circuit (4) have been described in detail in our previous 
publications (I., 2). Evidence has also been given else~vliere (5) that  ordinarily prepared aqueous solutions 
(made up from recrystallizecl analytical grade IiOI-I ancl t~~ice-disti l led "conductance" nratcr) give results 
identical, within experimental error, with those obtaincd using ultrapurified solutions preparcd from potas- 
sium amalgam ancl pre-electrolyzed anodic;llly before carrying out the liinetic runs a t  the niclicl electrcde. 
The ordinarily preparecl solutions were hence used in the present work. 

The follolving matters of experimental procedure require further mention: 

( a )  Steady-state Cuiient-potential Behnziior 
A number of experiments \\ere carried out in order to compare the  Icinetic paramctcrs (T-iz. the apparent 

heats of activation ancl the exchange currents) for steady-state d-c. anodic oxygen evolution and open- 
circuit oxygen evolution. Since the nicliel oxide electrode behaves electrically as a large capacitance (2,,5) 
due to discharge or desorption of 0-containing radicals a t  its surface, normal proccclures for examining 
steady-state polarization behavior a t  varicus current clensities must bc mcdified t o  allow for ~ s e u d o -  
Faraclaic effects in charging the adsorption capacity (5, G )  wllich lead to  time variation of the clcctrcde 
potential when the current density is varied. 

The impregnatecl plaques (7) \yere given three cycles of charging and discharging a t  25" C beIore being 
usecl in the liinetic polarization measurements. The initial charging rate mas a t  38.5 ma g-I of Ni(OH)? 

"Present address: Johnson ilJatthey and Mallory Co., Toronto, Ontario. 
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CONWAY AND BOURGAULT: ELECTROCI-IEMISTRY 1691 

for 30 hours and subsequent discharge and charge cycles were a t  about 55 ma g-I for 5 hours. This con- 
ditioning of electrodes was necessary to  obtain the best reproducibility (f 5 mv in polarization measure- 
ments; it is of interest that this figure is three or four times better than is normally attainable with pure 
solid metal electrodes). The electrodes were then transferred to the experimental cell containing two Hg/HgO 
reference electrodes and the ICOII solution prepared from the recrystallized monohydrate. Final charging 
was then carried out a t  38.5 ma g-I Ni(0H)Z for 30 hours and then a t  various higher and lolver current 
densities until steady values of oxygen overpotential were attained. 

The criterion of what constitutes a "steady state" is dependent upon the current density used. At high 
current densities (300 ma g-I), e.m.f. was considered to be "constant" when i t  changed a t  a rate not exceeding 
0.01 mv sec-1. However, a t  a current density of 3 ma g-I a rate of change of e.m.f. of mv sec-1 is quite 
significant. This arises as follows: following a change of current density and polarization, the total current 
i T  passing into the electrode will be made up of a Faradaic contribution i~ (due to oxygen evolution) and a 
component i c  due to the change of charge held by the surface capacitance. Thus 

The measured current i~ will thus only be equal to i ~ ,  which is of significance in the kinetics of oxygen 
evolution, when the charging current has fallen to a negligible value. At low current densities, it is hence 
necessary to wait for a relatively greater constancy of e.m.f. with time (i.e., a low value of d V / d t )  than would 
be the case a t  high current density, in order to obtain the same degree of accuracy in ir. Estimates of thc 
capacity were obtained from the slopes of electrode potential vs. volume of oxygen evolvecl on open circuit 
(1, 5) and from the 8 values (1, 8) obtained in e.1n.f. decay studies. 

At the lowest current densities, several days* would be required for CdTf/dt to become less that  1% of iT. 
In order to overcome this difficulty, the value CdV/d t  was obtained a t  various times and when it reached a 
value ic' less that 10% of i T ,  the current ic' was subtracted from i T ,  giving the required i r  for oxygen evolu- 
tion. Allowing for a possible error of 10% in the estimate of CdV/d t ,  the error introduced into the corres- 
ponding estimate of i r  when i c  = ic' = iT/ lO was only 1%. At  higher current densities, the value of C d V / d t  
becomes negligible compared with i~ in a few minutes. 

(6)  Apparent Heats of Activation 
The apparent (9, 10) heats of activation for the driven anoclic oxygen evolution process ancl for the 

evolution of oxygen on self-discharge were evaluatcd by conducting the above steady-state measurements 
over a range of temperatures and also following the oxygen evolution rates on open circuit a t  various tern- 
peratures. In calculating the heat of activation, allowance was made for the e.m.f. of the Hg/HgO electrode 
and its temperature coefficient, so that the heats of activation would refer, in the usual way, to the oxygen 
evolution process a t  the reversible oxygen potential. 

(6) Deuteriz~tn Isotope Effects 
The effect of complete deuterium substitution in the "hydrated" oxide, the solvent and the electrolyte, 

on the kinetics of open-circuit decay of e.m.f. and on the rate of anoclic oxygen evolution was investigated by 
examining the behavior of electrodes prepared from anhydrous niclcel sulphate by precipitation of Ni(OD)2 
by means of KOD in D20. Control experiments were carried out using ordinary I-I-containing reagents bu t  
retaining the NiS04 instead of the normally used Xi(N03)? hydrate, which cannot be prepared anhydrous 
without decomposition. The purpose of this experiment was to obtain further conlirmation of our previous 
evidence ( I )  that the open-circuit self-discharge process is controlled by the anodic oxygen evolution partial 
process rather than by  the cathodic partial process of reduction of the higher oxicle to Ni(O1-I)?, as claimed 
by Pitman and Work (3). 

( d )  E.ll6.F. Decay and Swface  Capacitance 
Electromotive force decay s t ~ ~ d i e s  were inacle as described previously (I) ,  and from the evaluation of the 

term 8 in the logarithmic decay of potential with time, the capacitance of the electrode was evaluated 
( I ,  8, 5). Tests were performed (see Results) to check the validity of the estimates of 8 ancl of the assignment 
of slopes of e.m.f. decay lines in log [time]. Surface capacitance values were also obtained from the slopes 
of the lines relating e.m.f. of the electrode to volumes of oxygen evolvcd, as described previously (1); new 
data were obtained a t  various temperatures and ICOII concentrations which extend the range and applic- 
ability of our previous considerations (I) .  

RESULTS 

( a )  Steady-state d-c. Polarization Behavior 
The steady-state Tafel lines obtained by the procedure described above are shown in 

Fig. 1 for 7 M (inolal) aqueous I<OH a t  five temperatures. Current densities are expressed 

" I t  slzould be noted tlzat the adsorptiotz or psez~docapacitance of tlze nickel oxide electrodes i s  very large, c.g. of 
tlte order of 100 Fg-I  (1 ,  6). I t  i s  for this reason that the charging currents, nuhich are negligible at most other 
kinds of electrodes, except at tlze very lozoest current densities, are ivzportant i n  the present work. 
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L o g , ,  [current  densi ty]  amps g - '  

FIG. 1. Steady-state Tafel lines for d-c. anodic polarizatio~l of the nickel oxide electrode in 7 ilc ICOH 
a t  various temperatures. 

in amp g-I as discussed previously (1, 2) since the real areas of the wet electrodes cannot 
be precisely determined (B.E.T. areas of the charged nickel oxide electrodes in the dry 
condition are about 40 m2g-I and of the uncharged electrodes 30 r112g-I; these values 
callnot be safely identified with the electrochemically accessible real areas of wet electrodes, 
although it  is likely that areas of similar orders of magnitude are involved). The points 
shown are the mean values obtained from a series of measurements a t  increasing and 
decreasing current densities and are also averaged for runs with several electrodes. 
Reproducibilities of points are about k 5  111v a t  a given current density. The slopes of the 
lines (calculated for 2.3" C) are 0.049k0.002. 

( b )  Rates of Oxygelt E - ~ o l ~ ~ t i o n  on  Open Circi~it  
Typical plots of oxygen evolutioil rate as a function of electrode potential on open 

circuit are shown in Fig. 2 for various KOH solutions a t  lo, 25", and 60.5" C. Depending 
on concentration and temperature, these lines exhibit either one or two linear regions, 
as previously discussed, corresponding to the inflections in the e.m.f. decay lines (1, 5). 
The changes of slope in the latter plots of e.1n.f. vs. log [time] are hence not due to 
i~lciderltal changes of capacitance with potential but must reflect a true change of mech- 
anism (or rate-controlling step) in the oxygen evolutio~l reaction. When a change of slope 
in the plot of e.m.f. vs. log [oxygen evolution rate] occurs, the two corresponding exchange 
currents can be evaluated and are shown, for 2.3" C, in Fig. 3 as a function of the log 
of the ~nolal activity of ICOH. I t  is seen that while the slopes of the e.m.f. - log [rate] 
plots vary significantly with I<OH concentration, the exchange currents io for oxygen 
evolution are not dependent, within the reproducibility'%f the data, upon KOH activity 
(Fig. 3 ) ;  however, the d<fference between the mean io values for the processes in the upper 
and lower potential regions is certainly quite significant (Fig. 3). The  datunl for the steady- 
state anodic polarizatio~l in 7 dif KOH a t  25" C, indicated by the square point in Fig. 3, 
is also consistent with the other data obtained from the open-circuit measurements. 
The exchange currents for various temperatures are summarized in Table I. 

*The  reprodrrcibility of the i o  valzres appears to be less satisfactory than the clainzed reprodzrcibility (f 5 mo) 
for the overpotential valzres. TIzis arises, however, since a relatively long estrapolation 0.f the log[rate] plot is 
necessary dowlt to the reversible osygelz potential, and the Tafel slopes are small. 
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FIG. 3. Eschange currents for the t \ \~o processes in osygen evolution a t  high and low anodic overpotentials 
for various IiOH activities a t  25" C. 

TABLE I 
Exchange currents in alnp ggl from extrapolation of e.m.f. -log [rate of oxygen 

evolution] lines 

Temp. 
("C) Concn. Region I Region I1 Region I11 

[SX lo-']* 
j5 x 10-61 

*Tliese io values correspond to  the two values of b obtained for these conditions in the plots of 
ox)-gen evolution rate against potential. 

fValites for i o  ior these co~icentrations cannot be obtained since no second regioti oi the osygerl 
e~rolution rate line apyears. 

( c )  Identity of Open-circuit and Steady-state Kinetic Bel~avior 
( i )  Current-potential Behavior 
Direct comparison bet~veen the current-potential relationships obtained for stead! - 

state d-c. and open-circuit oxygen evolution in 7 Jb aqueous ICOH a t  23' C is illade in 
Fig. 4 and it is evident that, provided the electrode is conditioned by several cl~cles of 
charging and discharging, the lriiletic behavior on ope11 circuit is identical with that  for 
steady d-c. polarizatio~l provicled due allo~vance is made, as described above, for pseudo- 
Faradaic effects in charging the surface capacitance (2). I11 the plot for the open-circuit 
behavior in Fig. 4, the current density is identified with the self-discharge curreilt 
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.54 1 I 

- 4 -3 -2 -I 4 

Log,, [current density] ornps 9-6 

FIG. 4. Comparison of steady-state d-c. polarization behavior with that  deduced from rates of osygen 
el-ol~ition on open circuit (7 111 ICOH, 25" C). 

expressed as 4F. d Vo,/dt, where Vo, is the volunle of osygen evolved a t  N.T.P. (corrected 
for partial pressure of water vapor over the KOH solution (18)) as a function of time t. 

Froin Fig. 4, i t  is evident that previous cycliilg history is of importance in determining 
the position of the Tafel line (i.e. the io value) but not the slope and hence the rate- 
controlling mechanism. A number of esperin~ents made a t  various times have indicated 
that the electrodes give reproducible behavior after the second or third cycle of charging 
and discharging. I t  is see11 that fourth-cycle data  for both open-circuit and steacl~7-state 
kinetic behavior are identical within the experimental reproducibility (5 mv). 

(ii) A4PParetzt Heats of A ctivatio7z 
'The apparent heat of activation (in the sense of Teml;in (9, 10)) lor steady-state d-c. 

polai-ization in 7 M ICOI-I is derived froin the Arrhenius plot sho1v11 in Fig. 3 by calculati~lg 
(d(l11 i ) /d( l /T))E a t  an osygen overpotential of Eo, = 0.18 v and is fou11d to  be 15.2. 
(&I)  lrcal mole-'. This corresponds, with the observed 'I'~1fel slope of 0.049&0.002, to  a 
heat of activation a t  the reversible oxygen potential of 20.2 (f1.G) kcal mole-'. In this 
calculation, allowa~lce is nlade for the fact that the e.1n.f. n~easu reme~~t s  were made with 
respect to the Hg/HgO electrode, which has a tempel-atul-e coefficient of standard e.111.f. 
of -0.55 X lop3 v ("C)-' (11). 

The correspoilcli~lg heat of activation for the evolution ol osygeil on opell circuz't is 
identical with this value (see Fig. 5 ) ,  although the Arrhenius plot is slightly shifted 
to~vards higher rates a t  a given temperature compared with that  for the d-c. polarization. 
This nlay be due to slightly different electrode preparations used in these two esperi- 
ments; in the oxygen evolution work, electrodes having maxiin~un degree of impregnation 
(achieved by three successive vacuum impregnatio~ls (1, 2)) were used in order to  achieve 
the highest possible extent of oxygen evolution with a given electrode. 

(.i*i*i) Direction of H-D Isotope Efects 
Open-circuit decay measurements were inade in H20/ICOH and DyO/ICOD solutions 

using electrodes prepared Iron1 anhydrous Ni2S0., as described. Related experiments on 
0s)-gen evolution ii~ldei- cl-c. polarization a t  nickel wires were also carried out in D?O 
and HzO. 111 both cases, the mercuric oside reference electrode was used so that the 
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\ 0 FROM O X Y G E N  EVOLUTION 

1 0, x FROM D-C.POLARIZATION I 

FIG. 5 .  Arrhenius plots for the apparent electrochemical heat of activation for the oxygen evolution 
reaction a t  nickel oxide electrodes (7 ill KOH; overpotential for 0 2  evolution = 0.18 v). 

oxygen overpotential a t  a given current density or after a given time of decay could be 
compared directly in H20 and D20 ,  since the standard free energy and hence e.1n.f. 
associated with the reaction 

I-Ig + 1/2 0 2  e HgO 

is independent of the nature or activity of the water species. 
Both for the open-circuit decay process ancl the d-c. polarization behavior, the H/D 

isotope effect on the rate of oxygen evolution is an inverse one having a magnitude of 
about l/5, the reaction in the D-solvent being the faster a t  a given oxygen overpotential. 
This direction of the isotope effect has also been found a t  the partially charged electrodes 
in a formal state of oxidation "Ni01.~6" and has been referred to previously (2). The 
identity of the direction of the isotope effects for open-circuit and d-c. polarizatioil 
behavior is further evidence that the rate-controlling process is the same in the two cases 
and is hence associated with oxygen evolution. The direction of the isotope effect observed 
is also important negative evidence that the cathodic reduction step* involving protoil 
transfer, viz. 

\vl~ich must occur in self-discharge, is not ,  as has been suggested by Pitman and Worli (S), 
the rate-controlling partial process. The inverse isotope effect probably arises from 
preferential discharge of 0 from OD- in D 2 0  thail from OH- i11 HzO on account of 
different solvation energies of the isotopically analogous ions (12, 13). 

( d )  Open-circuit Decay of E .M.F. ,  and Electrode Capacitance 
Further (see ref. 1) e.il1.f. decay studies have been made a t  various tenlperatures and 

the capacitance involved i11 the associated self-discharge process has been evaluated from 

*Tlte catltodic redrlction step dilriug relatively sltort tintes (less than  ahozrt I d a y )  and at rootn teti~peratzrre 
~rzainly  involves redzrction of tlte surface phase (5)  rather than tlte hzdk plzase, althouglz self-discltarge of tlte 
latter can be signi$cavt a t  eleztated tenzperallrres (e.g. 60' C) or over lo~zger t imes (2) .  
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the 0 constant defined (8) and discussed (1, 5 )  previously. The self-consistency of the 
e.il1.f. decay data obtained was checked by establishing that :  

(i) the 0 term was inversely proportional to the current density prior to interruption of 
the current (see Fig. G(a)) ; 

FIG. CI(~). 0 values plotted against initial polarizing current density (0.72 ilf ICOH, 25" C). 

(ii) the e.m.f. decay lines taken from a series of different initial polarizing current 
densities were (almost) coincident (see Fig. G(b)); 

4th cycle : i' = 2OMA 0 =  70se 
\ 2nd cycle : x i' = 3MA 

~ o M A . - ~ \ ~ ,  3rdcycle :o i ' =  IMA 

O x  0.725M KOH 

.40 1 I I I 

I 2 3 4 5 

Loglo [lime +'J] sec 

FIG. G(b) .  Coincide~lce of e.m.f. decay lines talcen from different initial polarizing current densities 
(0.72 A 1  I<OH, 25. C). 

(iii) the same slope of the e.1n.f. decay line was obtained by malring an e.111.f. decay 
plot by the "difference" procedure (see Fig. 6(6)) ; this type of plot merely eliminates an]- 
arbitrariness in the estimation of 0. I t  is particularly ~lseful in cases where it is suspected 
that a change of mechanism may occur with falling electrode potential a t  a potential near 
the starting value, i.e. after a time on open circuit comparable with 0. 
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log,,,At, sec 

0 0- t ime (in secl 

x-time+e(in sec ; e = 9 0 s e c )  

- Atime (in sec) 

.36 1 1 
I 2 3 4 5 

loglo [time] or loglo [time +el, sec 

FIG. G(G). .\l~plication of the difference method for e\aluation of e.m.f. decay slopes without evalua- 
tion of 8 (9.1 ill I(OI-1, 25" C ) ;  ilt \ alues are the times required for successive falls of potentials of 4 n ~ v ,  
as a firnction of mean potential during these times. Log t and log [ t+8] plots for comparison. 

The e.m.f. decay lines plotted in terms of E vs. log [ t+B]  are sl~own in Fig. 7 for various 
concentrations a t  -2 j0 ,  lo, and 60.5" C. The behavior a t  25' C, previously published (l), 
is included for comparison. The associated 0 values lead (8, 1) to  the capacities listed in 
Table 11, where they are co~npared with the (initial) capacities deduced (cf. ref. 1) from 

TABLE I1 
Surface capacitance and active oxygen content of electrodes as a function of temperature and ICDI-I 

concentration 
-~ 

Active 0 atom per Ni atom 
Surface capacitance (F g-I) 

Lost in first 
'Temperature Concn. From 8 . From dEld0.t Initial 24 hours 

("c! (df/liter) (3115%") (+15%*) (f 0.03") (&0.005'6) 

*The margins of error irldicated are the maximum deviations from the mean values observed between replicate runs done ur~der  
the same corlditions of temperature and concentration. 

-)The values recorded here are of "initial" capacitance a t  the highest anodic potential a t  the beginning of the e.m.f. decay. 
Substantially higher values arise a t  lower e.m.f.'s after  the  decay has proceeded for some tirne, particularly in the more dilute 
solutions a t  higher tempentures.  
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the volunles of oxygen evolved on open circuit as a functioil of electrode potential (as 
show11 in Fig. 8). The corresponding total active oxygen to llickel ratios have been calcu- 
lated from coulolllbic discharging and charging curves and are given in the last column 
of Table 11. 

( a )  Iiate-determi7zing ~14echarzisrn in Seu-rlisclzarge 
From the above results, it is clear that  three distinct lines of evidence strongly indicate 

that  the self-discharge process is controlled by the anodic  partial reaction of oxygen 
evolution rather than the catl~oclic one of reduction of nickel oxide in the bull; (or the 
surface) phase as suggested by Pitnlan and 1470rli (3). Their differing coilclusioll evidentlj- 
arises from the fact that average rates of oxygen evolution were estimated over a long 
time and hence over an appreciable range of falling potentials without making a proper 
allowance for the relation of the rate to the electrode potential. I t  may also be noted that  
the marlced increase of the self-discharge rate a t  various given electrode potentials with 
increasing IiOH activity cail~lot be related in a simple way to the nature of the self- 
discharge mechanism, since it is now eviclent that  the effect arises mainly froin the depend- 
ence of Tale1 slopes of the rate-detern~ining oxygen evolution reactioil on the ICOH 
activity; the corresponding io values (see Fig. 3) are, in fact, almost independent of IiOH 
activity \vithin the reproducibilitj. i~ldicated. 

The possibility that the self-discharge process in the overcharge region is simply a 
non-electrochemical decomposition or desorption fro111 the surface phase a t  the interface 
of the nic1;el oxide particles ( i t .  a process analogous to  the deco~nposition reactions of the 
chemically prepared higher nickel oxide discussed by Howell (23)) can be eliminated on 
the basis of the identity of oxj-gen evolution rate and d-c. polarization Tafel slopes. Such 
a dependence oi rates upon potential could oilly arise in a non-electrocl~e~~~ical decompo- 
sition if there was a re~narlcable and coincidental depeildence of free energy of the surface 
phase (and hence associatecl electrode potential) upon coverage by adsorbed species 
leading to an apparent dependence of rate of decoillposition on electrode potential. All 
the characteristics of the self-discharge process are consistent with an electrochemically 
controlled reaction, as also occurs for the partially charged material where an electro- 
chei~~ically controlled self-discharge process call quantitatively account for the steady- 
state mixed potential (2). 

( b )  E.M.F. Decay Slopes a n d  Current-potelztial Belzavior 
Elsewhere (5) we have sho\vu how the e.m.f. decay slopes ( d E / d  In t )  may be related 

in a formal way to the mecl~anisticallj- significant Tafel slopes when the surface capaci- 
tance ( 2 ,  5) involved in the self-discharge process is potential dependent. This case arises 
with the nickel oxide electrode only a t  room and higher tenlperatures but  not a t  all a t  
low tenlperatures in quite strong I<OH solutions. MThen the e.111.f. decay slopes bl are 
obtained, the true Tafel slope bs follo\vs (5, 14) from 

where b2 is the Nernst factor relating surface charge q ,  or corresponding capacity d q , / d E  
to potential E in the equation 

qs  = kcEJb2  

as we have shown previouslj~ (5). 
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- ".AA T =  1°C 
h A -0.10 

4 'A 
b x - 1.0 

x~ 0 -7.0 M KOH 

'A + -8 .6  
'A 

'AM 

- 

- x. 
+. . *'X 

X - 0.15 

0 - 2.9 M K O H  

+ - 9.4 

- 14.6 

FIG. 8. Volunles of oxygen evolved on open circuit as a function of potential in various I<OH solutions 
and a t  three temperatures. 
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111 the dilute solutions ( < 1 ill KOH) a t  2.5" C, the t rue Tafel slopes may be calculated 
from the slopes of the e.m.f. decay lines (Fig. 7) using the observed dependence (1, 5) 
of surface charge up011 potential (deduced from oxygen volume measui-ements (Fig. S) 
as a function of pote~ltial (1)). The followiilg values are obtained: 

0.15 d/ KOH (25" C) upper potential region b3 = 0.045 
0.15 A 1  ItOH (25" C) lower potential region be = 0.022 
7 11l KOH (25" C) upper potential region b3 = 0.045 
7 111 KOH (25" C) d-c. polarization (upper region) b3 = 0.049 
0.15 M I<OI-I (60.5" C) upper potential region b3 = 0.051 
0.15 A!! ItOI-I (60.5" C) lower potential region b3 = 0.027 
1.5 114 I<OH (60.5" C) upper potential region b3 = 0.044 
I .5 J l  I<OH (60.5" C) lower potential region b3 = 0.021 

We now consider the mechanistic significance of these true Tafel slopes in relation to 
our previous discussion ( I )  of rate-controlling mecl~anisms. By comparison with the 
steady-state Tafel lines for d-c. polarization (in 7 11l ICOH), it is seen that the Tafel 
slopes derived from the e.m.f. decay slopes in the upper potential region are now iairly 
consistent with the cl-c. polarization values (viz. 0.049~t0.002). In all cases, the Tafel 
slope in the lower potential region (corresponding to the lower io values in Fig. 3) is 
approximately one half that for the mechanism occurring a t  highel- potentials in cases 
where both the e.m.f. decay and ox).gen evolution rate lines show a clear inflection. 

Elsewhere (I)  we have suggested consecutive mechanisms of oxygen evolution a t  the 
nic1;el oxide electrode that are consistent with limiting Tafel slopes of $ .  2.3RT/F 
(0.038 v a t  25" C), followed by either Q.2.3RT/F (0.023 v) or 2.311T/3F (0.020 v). 
The true Tafel slopes (for the upper potential region) discussed above are seen to be 
between 2.3Rl ' jF (0.059 V) and 2.2.3RTIF.  Thomas (15) has sllown, by taliing into 
account the variation of activation energy with surface coverage of intermediates, that 
the former value can arise in a sinlple radical recombination step, e.g. H + H -+ Hz,  in 
cathodic hydrogen evolution, when the activation energy for desorption in a molecule- 
produci~lg step is greater than the net desorption energy, i t . ,  in the present case when the 
reverse process of cliemisorption of 0 2  as  M-0 is "activated". Inspection of the following 
possible oxygen-proclucing mechanisms i~lvolvi~lg recombination steps: 

/ OH- + M -) MOH + e 

I \  
SWIOI-I --r MO + HuO 

2WIO --r M + O? 

i 01-I-+ hlI --r MOH + e  

( i )  
( i i )  

( i i i )  

( i )  
( i i )  

( i i i )  

where M refers to the surface of the nicltel oxide, indicates (1, 19) that the final step in 
either case ~llust be associated with a Tafel slope of 2.3RT/4F for low coverage by MO 
or MOH, with the Langmuir isother111 applying (15, 20). At appreciable coverages, 
different results can arise as discussed below. Since we have also to account for a lower 
slope of either g .  2 .3RT/F or 2.3RT/3F, which appears a t  lower poteiltials in dilute 
solutions, the scheme previously suggested (I) ,  viz : 

M + O H -  -, M O H + e  
WIOH + OH- -, WIO + IH?O 
MO + WIOH + WIHOz 

MHOu + MOH - M + HZ0 + 0 2  

( i )  
(ii) 

( i i i )  
( i v )  

nlust still be considered under certain conditions. 
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Case I :  General Equakio?zs for the Recombination iWecha?zisms I(ii), I(iii), or II(iii) 
Elsewhere (21) we have developed the treatment of Thomas (15) and applied it to 

steps similar to the recombination reactions I (ii) , I (iii) , or I1 (iii), allowing for variation 
of the free energy of activation of the various steps with coverage; analogous calculations 
of surface coverage effects have previously been carried out with regard to electrochemical 
H/D isotope effects (16). In another paper ( 5 ) ,  we have shown from the direction of 
potential dependence of the adsorption pseudocapacity that  the nicliel oxide surface is 
appreciably covered \vith 0-containing radical intermediates except a t  low anodic 
potentials. 

The coverage by the adsorbed OH species a t  the surface must hence be considered 
sufficient to cause variation of the heat of adsorption AH of OH with coverage 0, according 
to the equation 

per g radical of OH; then with I(i) or II(i) in quasi-equilibrium and with Ohlo, + $ 
(cf. ref. 15) and e>loH >> SO that the main effect of v ariations of 0 is in the exponentials, 
we obtain (15, 24) 

where I< is a constant a t  constant concentration and temperature, and the AG+ values 
are the standard free energies of activation for the indicated forward and bacltmard 
reactions I(i) or II(i) proceeding a t  an interfacial p.d. of V. 

The rate equation for rate-controlling I(ii) is 

1 
a? = k2(0,10H)2 exp -[AGZ4-2yr10+(1 - y)r20]/RT, [31 

where y is a symmetry factor similar to the usual 0 and r2 refers to MO species in  an equa- 
tion sinzilar to [I.]. For intermediate coverage (0 + 0.5) the variation of a, with 
will be mainly due to variation of the exponelltials with 0 in the terms involving rle 
and r2e. For lnost examples of chemisorption, the heat of adsorption varies by a t  least 
10 ltcal (g-atom)-' over the range of fractional coverage 0 to say 0.9, so that r is of the 
order 10 ltcal. A variation of 0 fro111 0 = 0.1 to say 0.9 as potential is varied would change 
the velocity of a recombination step by a factor of 81 due to variation of the pre-expo- 
nential term in  Ohlo,\ liowever, the corresponding effect in the exponential, through the 
r term talten as 10 lical, would give a rate factor of 

This ratio is approxilnately exp [26.6] or 10" so that the exponential e term, even when 
e varies over as large a range as 0.1-0.9, can be by far the principal factor determining 
the dependence of rate upon coverage. In practice, this means that the variation of e 

*It1 the original treat~nent (15)  for ltydrogen erroltltion tlte only intermediate i s  adsorbed H. W l ~ e n  several 
consecutive steps are i?trrolzled, as  i n  the present case, l i ~ n i t ~ n g  asstmzptions ntzrst be made about the total coverage 
by interntediates a7td about the relative z~alues of cooerage, e.g. by 0 and OH etc. Szicl~ assz~7nptio?ts are also the 
basis of the preuiovs general analysis of oxygen eaolution slopes (19)  bz~t  neglecti?tg coverage effects i n  exponential 
ternzs. I n  the present case, with I ( i i )  or I I ( i i )  rate determining, B a r o ~  will be 7lz1~ch greater than 0 x 0 .  
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with potential occurs over a much wider range of poteiltial than is possible if only the 
pre-exponential terills in B are involved in the rate expressioil (21). 

Substitution of Orl from [2] into [3] leads to  the Tafel slope of 

when r l  = r?,  as is likely for the similar chemical species OH and 0 a t  the water-covered 
surface (21). No activated adsorption case (cf. ref. 15) can arise with I(ii) since molecular 
oxygen is not a product (to be desorbed) of this step. The Tafel slope can hence never be 
RT/2F for this step and the lowest Tafel slope obtainable is R T / F  when rl  >> rz. 

If I(iii) or II(iii) were rate determining, the low coverage Tafel slope is obviously 
RT/4F and the interinediate coverage slope is now RT/2F (15) for non-activated adsorp- 
tion conditions. However, since in I(iii) or II(iii), the illolecular oxygen produced is the 
final product and must be desorbed, the activated adsorption case (cf. ref. 15) must 
be considered here and correspoilds t o  the substitution of a term 2yrB instead of 2rB in 
the rate equation siillilar to  [3] for reactions I(iii) or II(iii), leading to  a Tafel slope of 
R T / F  when y = 0.5, and r now refers to  coverage effects due to MO + MOH if I(iii) or 
II(iii) is rate controlling. For I(iii) or II(iii) the Tafel slope could hence change in the 
sequence 

RT/4F (low coverage) + RT/2F (intermediate coverage) + R T / F  (intermediate 
coverage, "activated" adsorption). 

We may note that  when surface coverage terms are introduced into the exponentials 
in the rate expressions the lowest Tafel slope that  can arise is RT/2F when the exponential 
terms in 6 are inore important that  the pre-exponential B terms. Steps such as I(iii) or 
I1 (iii), which give a slope less than RT/2F a t  low coverage (1, 19), cannot hence be 
distinguished, under conditions of interillediate coverage, from steps I(ii) or II(ii) a t  
low coverage. The same arises for ion-radical reco~llbinatioil steps which, independent of 
their position ill the consecutive sequence of steps, will not give slopes less than R T / F  
when coverage by interillediates is appreciable (21, see below) except when they are 
ternlinal desorptioil steps for which the n~iniinum slope will normally be 2.3(2RT/3F). 

Case 2: Ion-Radical Rearrangement-Mechanism II(ii)  or III( i i )  
Here, following the same methods as above, the theoretically possible Tafel slopes are: 

Langmuir adsorption (low coverage) 2.3(2RT/3F); 
Temkin adsorption (intermediate coverage) 2.3(2RT/F) (rl = r!), 

2.3(RT/F) (rl >> rz). 

Since molecular O2 is not a product in these reactions, neither of the termiilal desorptioil 
cases considered above are relevant to  this case. 

(c) Conclz~sions on Reaction Mechanism 
If the observed slope of 0.049 in the upper potential region is to  be identified with that  

considered above for recombination in reactions I(iii) or II(iii) with "activated" desorp- 
tion, y will be 0.6 while i f  the slope were t o  be identified with that  for the desorptioil 
reactions II(ii) or III(ii) a t  low coverage, the symmetry factor P in 
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woulcl vary fro111 0.22 to about 0.33 depending on the value of the slope considered, which 
varies to some extent with concentration (e.g. see refs. 1, 5). At the present time, we cannot 
nlake a final distinction between the several above possibilities but me note that the lox~ 
values of /3 which would noxv be required to account for the observed slopes with the 
radical-ion desorptioil mecl~anism (Langmuir case) are unusual, while the value of y 
(which has a similar significance to  that  of /3) required to account for the observed slopes 
in the upper potential region 011 the basis of a recombination reaction has the inore 
reasonable value of 0.6, nearer to the normal espected value of about 0.5. 

Under conditions corresponcli~lg to activated adsorption of oxygen, i t  is seen that the 
observed slope for the upper potential region must preferably be explained in tei-ins of the 
radical recombination mechanism I1 (iii) or I11 (iii), with y + 0.6 since I1 (ii) or I11 (ii) a t  
appreciable coverage call never give slopes less than 2 .3RT/F (rl >> r2) (21). The lower 
slope of 2.3(2RT/5F) or 2.3(I<T/31;) observed a t  l o ~ e r  potentials in clilute solutions still 
follows in terins of the same consecutive mechanisms previously suggested ( I ) ,  althougl~ 
it must be noted that  for these slopes to arise, the coverage must be loxv, since a t  inter- 
lllediate coverage III(iii) cannot give a slope less than 2 .3RT/F for the same reasons 
as those xvhich determine the slope of I(ii) or II(ii). Similarly, i f  III(iv) were rate cleter- 
lllining, only slopes of 2.3RT/2F or 2.3RT/2yF coulcl arise as in the case of I(iii) or 
I I (iii). 

S i ~ ~ c e  the lower slopes are observed only after an appreciable volume of oxygen has 
bee11 desorbed in the self-discharge, this requirement of low coverage is not inconsistent 
wit11 the experimental situation; we have in fact sho~vn (5) that  the total amount of oxygen 
desorbed over about a day corresponds to about a monolayer, based on the B.E.T. area 
of the dry oxidized electrode. Also with decreasing potential, the pseudocapacitance 
increases, indicating a trend (5) froill high to lower coverage. 

For the osygen-producing reactio~ls a t  the nickel oxide electrode, the low coverage 
Langmuir case is almost certainly o111y applicable after appreciable desorption ol oxygen 
011 self-discharge, since we have shown (5) from the direction of the potential dependence 
of the adsorption pseudocapacitance (viz. decreasing capacitance with increasing allodic 
oxygen overpotential) that the adsorbed layer of 0-containing radicals a t  the surface is 
approaching full coverage a t  high anodic potentials. Under these conditions, xvllere the 
heat of adsorption of 0-containing radicals will be far removed from the "initial" or 
zero-coverage value, it is likely that  the condition of "activated" adsorption (15) will 
llold, corresponding to a slope of 2.3RT/F for the final desorption step. 

We hence conclude that  the observed slope in the upper potential region could corre- 
spond to the final recombination step a t  appreciable coverages under "activated adsorp- 
tion" conditions and the change of slope wit11 decreasing potentials (and coverage) 
could correspond to a real change of mechanism to process III(iii) or to the alternative 
process ivIO f OH- -+ i\lIH02 f e, as previously suggested ( I ) ,  corresponding to a 
slope of 2.3(2RT/5F) under conditions of low coverage. 

((1) Electrode S~~rface  Capacity and Actine 0:Ni ratio 
Elsewhere (2, 5) we have discussed the significance of the surface capacitance in relation 

to the e.m.f. decay behavior and to the mechanism of charging of the electrode. The 
results in Table I1 extend the previous observations ( I )  to higher and lower temperatures. 
The capacitance values given are "initial" values corresponding to the highest anodic 
potential involved a t  the moment of commencement of e.il1.f. decay on open-circuit 
oxygen evolution; the variation of capacitance with temperature a t  a given concentration 
is not significant but the active 0 : N i  ratio generally increases with increasing KOH 
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concentration a t  25' C and 60.5' C and the extent of self-discharge measured by the 
oxygen evolved is larger a t  the higher tenlperature on account of the greater rate of the 
process a t  elevated tenzperatures, as indicated by the kinetic data  given above. The 
actual surface capacitance values vary appreciably probably on account of the difficulty 
ol reproducing surfaces of the same real area fro111 one run to  another. The trend of the 
active 0 : N i  ratios with increasing I<OH concentration nlay reflect stabilization of tlze 
surface layer of higher degree of oxidation by adsorbed I<OH. The trend of true reversible 
potentials for the "NiOl.25" electrode with I<OH concentration requires participation of 
adsorbed I<OH (2); elsewhere (25) it will be shown that  the reversible potentials for the 
nickel oxide electrode, even in a low state of charge, are determined by the surface phase 
a t  the nicltel oxide - solution interface. 

We may coliclude by riotillg that  from equation [2] we can write 

d0/d V = Fly. 

Since the pseudocapacity associated with the coverage 0 by radicals is 

C = dq/d V, 

where q is the adsorbed charge corresponding to 0 and given by 

it is clear that  a constant pseudocapacit). contribution C arises, associated with the linear 
dependence of 0 on V, given by 

and is determined by the rate of change of adsorption energy with coverage (cf. ref. 22). 
When the heat of adsorptiori varies with 0 by some power other than unity, potential- 
dependent capacitance call be shown (21) to  result, as is also the case (24) for Langmuir 
coriditioris when the pre-exp3nential0 terms are talten into account. When pre-exponential 
and espo~le~ltial terms in 0 are combined, a more complex expression for C can be shown 
to result (21). 
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NOTES 

THE X-RAY POWDER DIFFRACTION PATTERNS OF AMMONIA - NICKEL 
CYANIDE COMPLEXES 

Clathrate compounds of ammonia - nickel cyanide complexes can be prepared from a 
small group of organic molecules. The composition of this series of clathrates is i-epre- 
sented by [Ni(CN)2.WI-I3.M], where M is aniline, benzene, furan, phenol, pyridine, 
pyrrole, or thiophene. A11 X-ray structural investigation of benzene clathrate has been 
macle by Rayner and Powell ( I) .  

Thc three clathrates were prepared by the method described by Palmer (2). The 
hydrated ammonia - nickel cyanide coinplex was obtained as stated by Bhatnagar (3). 
The following cocle has been used for these coinpouncls in this note: 

JA = [Ni(CS)2.NI-I1.C4I-IjN], pyrrole clathrate; 
V3II = [Ni(CN)?. NH1. $1-1201, hydrated ammonia - nicliel c\.ailicle complex; 
QR = [Ni(CN)2. NHS. CGI-IBNI-I?], aililiile clathrate; 
-4B = [Ni(CN)2. CSH~N] ,  pyridiile clathrate. 

'The unground powdcr, cxcept when indicated, mas inti-oduced into a 0.2-111111 glass 
capillary tube of 0.01-mnl wall thickness. Diffraction patterns were obtained using 
Philips Debye-Scherrer powder cameras, diameter 114.83 111111, ailcl Cu I<, radiation. 
Exposures froin 5 to 10 hours a t  30 1;v and 10 ma were used. Line positions were corrected 
;or film s11rinl;age and coilverted into d-values using tables (4). Relative intensities were 
estiinated visually on a scale of 100. The 1 / 1 1  values, as recordccl, take into account the 
widths of the lines. 

The X-ray powder diffraction patterns of the four complexes studied are presented in 
Figs. l (a ) ,  l(b),  l(c), and l(e). The corresponding cliffraction data are given in Table I. 
Letters ai-e used to report on the condition of some of the observed lines. A diffuse line 
is indicated by the letter "d". An ~111resolved doublet which appeared as an uilusually 
wide line is marlied "w". 

The four patterns of Figs. 1 (a), 1 (b), 1 (c), and l(e) are different from one another and 
could be used to characterize the corresponding compounds. However, under close 
inspection, a ilunlber of lines repeat with about the saine relative intensities in each of these 
powder diagrams. These lines are, limiting the discussion to the ones of larger d-values: 
3.60, 3.21, 2.54, 2.27, and 2.19 A. Qualitatively, it ~vould therefore appear that these four 
complexes have some ~0111111011 structural feature. 

The effect of mechanical grinding on the powder diagranls was studied. The patterns 
froin coinplexes AB and JA remained unaffected. RiIany lines disappeared on the pattern 
froin complex QR, as illustrated in Fig. l(d).  Complex VM showed the presence of solne 
additional doublets in its pattern, Fig. l(f).  However, these changes attributed to the 

'Dcpartnrent of Cheinistry, The University of Western Az~stralia, ~Vedlands, Perth, Az~stralia. 
?Food and Drztg Laboratories, Departnzent of Natio?zal Health and Welfnre, Ottnwn, Ontario. 

FIG. 1. S - R a y  powder diffraction patterns: ( a )  complex AB, not ground; (b)  complex JA, not ground; 
(c )  conlplex QR, not ground; ( d )  complex QR, ground; ( e )  complex VM, not ground; (f) complex VM, 
ground; (g) the four complexes heated a t  2 0 0 f  10' C for 30 minutes; ( h )  the four complexes heated at 
30031 10" C for 30 minutes. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 1709 

TABLE I 
X - R a y  diffraction da ta  

a, -A 1/11 1 d ,  A 1/11 1 a, X 1/11 d, .A 1/11 

Complex AB (not ground) 

Co~iiplex J A  (not ground) 

Complex QI: (not ground) 

I I  Comples V1\1 (not ground) 

*Two lines which are closely spaced. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1710 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1962 

grinding of the powder were not predictable, since several patterns were obtained which 
were similar to Figs. l(c) and 1 (e), the diagrams fro111 the unground QR and VM powders 
respectively. 

The heat stability of the co~nplexes was investigated. I t  was not possible to correlate 
the changes observed in the patterns with tlie expected ones associated with either the 
loss of the enclathrated organic molecules or the removal of NH3  fro111 tlie solid matrix. 
Therefore, it is not known how the initial dissociation of these co~nplexes with heat takes 
place. I-Iowever, i t  was observed that a t  200f10°  C the four complexes turned to a light 
brown color and yieldecl an X-ray diffraction pattern, Fig. l(g),  which was identifiecl as 
that from anhydrous nickel cyanide ( 5 ) .  When the temperature was raised to 3 0 0 f  10' C, 
the four complexes gave the cubic pattern characteristic of niclcel oxide, Fig. l(h). 

This worlc was supported by research grants from the University of Western Australia, 
and one of us (V. M. B.) wishes to thank that body for its generosity. Grateful aclcnowledg- 
ment is made of the valuable technical assistance by J .  C. Meranger for the X-ray 
diffraction work. 
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2. i\r. G. PALMER. Esperimcntal inorga1;ic chemistry. ~ a m d r i d g e  University Press, London. 1954. 
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4. H. E. SWANSOX. Table for conversion of X-ray diffraction angles to  interplanar spacings. App. Math. - . - .. 
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VANADIUM TRIALKOXIDES AND SOME ALCOHOLATES OF VANADIUM TRICHLORIDE 

In attempting to prepare vanadium triallcoxides with vanadiu~n trichloride as a starting 
material we have found that the lower aliphatic alcollols coordinate with vanadium tri- 
chloride, forming green solid alcoholates which are sparingly soluble in benzene, ether, 
toluene, carbon tetrachloride, or petrol, but lrlore soluble in di~nethylcellosolve. Methanol 
formed a 1:4 cornplex, VC13,4MeOH, whilst ethanol gave VC13,3EtOH, but neither 
conlplex could be crystallized from the alcohol. Isopropanol also gave a 1:4 complex, 
VC13,4PriOH, which was recrystallized from boiling isopropanol. These alcoholates were 
readily oxidized 011 exposure to the air. I t  is noteworthy that chromium and iron tri- 
clilorides also form alcoholates (viz. CrC13,3ROH (1); FeCI3,2ROH (2)). 

The preparation of vanadium triallcoxides proved to be very difficult due to their 
ease of oxidation. Only the trinlethoxide and triethoxide could be obtained in a reasonably 
pure state as  green non-volatile solids. They were both prepared by the reaction involving 
vanadium trichloride and the appropriate litllium alkoxide: 

VCI, + 3LiOR --t V(OR), + 3LiC1. 

*Prese?at address: CI~etnistry Department, T h e  Uninersity of TYestertz Ontario, London, 01ztario. 
tP~ese t z t  address: CI~ewzistry Departlnetzt, Alii?rshi Singh College, BiAar Uninersity, India.  

Canadian J o u r ~ ~ a l  of Cliemistry. Volume 40 ( l D G ? )  
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NOTES 1711 

Several methods for preparing vanadium triisopropoxide were tried but  the product 
always contained vanadium in a higher valence state than three. I n  one experiment the 
quinquevale~lt vailadyl compound VO(OPr')3 was obtained whilst in another the quaclri- 
valent vanadium tetraisopropoxide V(OPrL)* was isolatecl. Similarly, attempts to prepare 
vanadium tri-tert-butoxide were u~lsuccessful because of oxidation. In view of the pre- 
cautions taken to avoid atmospheric oxidation it seems probable that the vanaclium 
trialltoxides are sufficiently powerfull\- reducing to liberate hpclrogen from the alcohols 
(cf. action of alkali metals). Moreover, it seellls liliellr that we succeeded in isolating 
V(OA/Ie)3 and V(OEt)3 only because they are sparingly soluble and hence less prone to 
oxidation. I t  is noteworthy that a similar facile oxidation has been observed with cerium 
(111) (3),  uranium(1V) (4), runcl niobium(1V) (5) allioxicles. The insolubility and non- 
volatility of vanaclium trimethoxicle and va~nadiu~n triethoxide strongly suggest that these 
compouncls are polymeric. Vanadium triethoxide thus differs from ferric ethoxide and 
aluminum ethoxide, which call both be volatilizecl uncles recluced pressure. 

;lpparal~ls 
A~\ll-glass apparatus specially aclaptcd to exclude atmospheric moisture and oxygen \\-as used. 'The apparatus 

\\-as rinsed \\-it11 ethanol, dried a t  120" C,  and allo\vecl to cool i ? ~  vncuo. All operations were conclucted under 
an atmosphere of purc dry nitrogen. The gas \\.as finally deosygenatcd by scrubbing wit11 a solution of the 
sodium 1;etyl of benzophenone in diphen1.l ether. 'l'hc gas \\.as conducted to  tlie apparatus through poly- 
ctliglene tubing since the latter is lcss permeable to oxygen than P.V.C. tubing. 

Cherrlicnls 
I:anadi~lm trichloricle \\.as prepared as  follo\\~s: \,anacIium metal \\,as chlorinatecl a t  130-150" C to form 

the  tetrachloricle, \\.hicIi \\,as dissociated a t  160-170" C to  give the  trichloride. h,lethanol was dricd by 
refluxing for 2-1 hours over rnagnesiu~n methoside and then distilled. Ethanol \\.as lirst driccl azeotropically 
with benzenc ancl then che~iiically with sodium ethoside and diethylphthalate follo\ved by distillation. 
Isopropanol \\.as clricd azeotropically with benzene. lerl-Eutanol n7as dried first over freshly ignited calcium 
oxide, tlicn clistilled over sodium, and finally s~tbjectecl to azeotropic distillation with benzenc. In the pre- 
paration of the \ .anncIi~~m(lII)  all~oxicles the alcohols \\.ere passed tliroogli a colulnn of dry  cliroriiatographic 
alumina to remo\.e traces of peroxides. 

Benzene, toluenc, pctrol, ancl clicthyl ether \\.ere dried over sodium and distilled. Carbon tetrachloride 
was dried by distillation over phosphoric oxicle. 

:l~nlylical ~lfelhods 
\.anaclium was cletcrmined volumetrically, after recluction to V(I1) in a Jones 12eductor, by titration with 

ceric ammonium sulpliate using ferroin indicator. 'This gavc the titer for "total" vanadium; the avcl-age 
valency of tlie vanadium in a compound \\?as decluced by comparing the equivalent weight of vanadium 
given by the titration of total \:anadiurn \\.it11 the ecluivalcnt \\-ciglit determined by clircct titration of tlie 
sample with ceric ammonium sulphatc. In the vanadium all;osicles the "total" \:anacliurn \\.as cliecl;ed 
gravimetrically as follo\\.s: 'l'lie sample (ca. 0.2 g) \\-as \veighed directly into a crucible and hgdrol>,zed wit11 
dilute nitric acid. After careful evaporation to  dryness (infrared lamp) tlic residue was treatecl with n few 
drops of concentrated nitric acicl, clricel, then ignited to V?O;,. Chlorine was determined gravimctrically by  
precipitation of silver chloricle in acid solution. AIethoxidc, ethoxide, and isopropoxide were cletcrmincd 
vol~rmetrically using the chromic acid mcthocl (6) \\.it11 corrections for the concomitant oxidation of V(II1) 
to  V([V).  

Prepn~nl io?~ oj' VCla,41lJeOliT 
Vanaclium trichloride (4.4 g;  V, 32.8; C1, 67.5%; valcncy, 3.01) appeared not to  rcact \\.it11 mcthanol 

(30 g) even on shaking. I-Icating under reflux for 3 hours gave a grcen solution but the coolcd solution did 
not crystallize. E\.aporation of the esccss methanol unclcr reduced pressure a t  room temperature left n 
green solid (8.0 g).  Founcl: V,  18.72, 18.57; CI, 36.8, 36.8; McOH, 45.9, 46.8; valency, 3.04. VC13,4MeOI-I 
requires: V,  17.89; C1, 37.3; i\,IeOH, 44.8%. Attempts to recrystallize the procluct from ~ n c t h a ~ ~ o l  were 
~~nsuccessful. 

Pieparc~liotz o j  VCL.I,SELON 
Vanacli~rm trichloride (5.2 g) appcarecl not to  react with ethanol (38.5 g) a t  room temperature. I.\fter 

reflusing the mixture for 4 hours the excess alcohol was removecl, lea\.ing a green solid (9.4 g). Found: 
V, 17.6, 17.6; CI, X1.66, 33.60; EtOH, 45.9, 46.1; valency, 3.24. IrCI3,3EtOI-I requires: IT, 17.3; CI, 36.01; 
EtOI-I, -16.7%. 
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Preparation of VC13,4PriOH 
Vanadium trichloride (11.5 g) was reflused with isopropanol (105 g), and on cooling deposited green 

crystals which \\.ere separated by decantation and recrystallized from isopropanol. The green crystalline 
product (26.6 g) was dried i i z  vacuo a t  room temperature. Found: V, 13.12, 13.15; CI, 26.50, 26.50; PriOIH, 
60.01, 59.98; valency, 3.05. VC13,4PriOI-I requires: V, 12.83; CI, 26.80; Pr'OH, 60.4y0. 

P~eparntioiz of Vanadi~im Tritnellto.uide 
Vanadiurn trichloride (10.2 g) was dissolved in methanol (150 ml) and to this soIution was added a solution 

of lithi~um methoxide (from 1.36 g Li) in methanol (100 ml). Vanadiurn trirnethoxide was precipitated as a 
green solid, which was filtered off and washed with methanol (800-1000 ~ n l )  untiI the washing was free from 
chloride. The hnal residue (6.8 g) mas analyzed. Found: V, 34.8 (vol~~metrically), 34.7 (gravin~etricall~);  
MeO, 64.2, 64.6; valency, 3.08; ratio ivIeO:V, 3.04; C1, 0 ;  Li, 0. V(0Me)s requires; V, 35.4; MeO, 64.6%. 
The  trimethovide was heated to  150" a t  ca. 10-' mm in a n~olecular still and a trace of greenish-yellow 
sublimate was obtained, but the green solid \vas non-volatile. Found: V, 35.4; MeO, 64.4; valency, 3.05; 
MeO:V, 2.96. The trace of subli~nate was probably the quincluex-alent vanadyl tritnethoxide. 

Preparation of Vanadiunz Trietlcoside 
From the reaction involving VCl3 (12.8 g) and lithium ethoside (frorn 1.7 g Li) in ethanol (500 ml) a green 

solid (9.1 g) was finally obtained after filtration and exhaustive washing with ethanol. Ijound: V, 27.1, 27.2; 
EtO, 70.0; C1, 0 ;  Li, 0 ;  valency, 3.1; EtO:V, 2.93. V(OEt)3 requires: \:, 27.4; EtO, 72.6%. A sample of the 
triethoxide was heated to 250" a t  ca. lo-.' mnl in a molecular still but gave only a trace of yellow sublimate 
(probably VO(OEt)3). The non-volatile residue (found: V, 40.2%; valency, 4.8) was not the triethoside. 

Attetizpts to Prepare Vat~adi~im Triisoproposide 
(a) Frotiz VC13 and Sodizim Isopropo.de 
The trichloride (8.2 g) suspended in isopropanol (175 ml) was refluxed in the boiler of a Soxhlet apparatus, 

which also contained sodium (3.59 g) in the extraction compartment. The sodium isopropoxide \\-as thus 
extracted into the vanadii~ln trichloride solution in an  atmosphere of hydrogen. After filtration the green 
solution was evaporated under reduced pressure but  gave a bro~vn solid residue (12.1 g). Found: V, 24.4, 
23.3; PriO, 44.1, 43.7; valency, 4.58, 4.60; PriO:V, 1.56. \J(OPri)3 requires: V, 22.4; PriO, 77.670. 
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During 12 hours of refluring a faint green color developed in the solve~lt. .After filtration thc liltrate was 
talien to dryness, giving a light green solid (0.2 g). Found: \:, 17.0. \ ' (OBLI'J~ requires: V, 1S.970. The product 
mas heated a t  0.01 mm but  nothing volatilized up to 340'. 

( 6 )  Front T7iz?zadizinz Tritnetlzo~ide and Alnrninzinc tert-B,zito.xide 
Vanadiunl trimethoxide (4.2 g) and aluminum tri-tert-butoxide (7.2 g) were mixed \\;it11 petrol (20 mi, 

boiling range 40-60") ancl well shaken. After evaporating off the solvent the residue \\,as heated ,in vaczio. A 
green liquid distilled o\.er (1.3 g;  b.p. 140" a t  0.3 m ~ n ) .  1;ound: \:, 17.4; valency, 4.98. VO(OBul)~ requires: 
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(c) Fronz the Action of tert-Brilanor! on Vanaditim A7iride 
Potassium arnide was prepared in liquid ammonia (1000 mi) fro111 potassiu~n (8.27 g). \ranadiun~ tri- 

chloride (10.6 g) was added, causing an exothermic reaction. After the ~ n i x t i ~ r e  had stood overnight, lert- 
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butanol-benzene azeotrope (SO ml) was slowly added and the solvents \\.ere then evaporated off. The residue 
was extracted with petrol (200 ml, 40-60" boiling range) and gave a green solution which, upon evaporation 
and drying, left a violet solitl (1.32 g). Found: V, 16.1, 16.3; valency, 5.0. 
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TRANSFORMATION OF ACONITINE TO AN ISOMER OF HYPACONITINE* 

Iiypaconitine, C331i45010Xj [aID = +23O (CI-IC13), 1n.p. 19g0, has long been considered 
to be closely related to aconitine in structure. Majirna and T a ~ n u r a  have reported tha t  
hypaconitine contains an N-methyl group rather than the N-ethyl group that  is present 
in aconitine (1). They also found that hypaconitine is very resistant to chromic acid 
oxidation. I t  is linown that aconitine (I) is oxidized with ease by chromic acid to a 
lietone, aconiti~lone, which readily loses the elements of ~nethanol to form the a,p-u11- 
saturated lietone aconitoline, and that it is a secondary hydroxyl in ring r l  that is oxidized 
in tllis reaction (2). I-Ience, if hypaconitine possesses the same ring structure as aconitine, 
it cannot contain a similarly placed hydroxyl in ring A. 

I t  was then assumed as a morliing hypothesis that hypaconitine had the same structure 
as aconitine except that it contained an N-methyl instead of an N-ethyl group, and that  
it laclied the hydroxyl of ring 4. r ln  attempt to convert aconitine into the assumed 
structure I1 of hypaconitine was started in this laboratory by Dr. N. V. Riggs. By 
treatment of aconitine with thionyl chloride, anhyclroaconitine (C341-I4jO10N) was obtained, 
which, on catalytic hydrogenation, absorbed 1 mole of hydrogen and produced deoxy- 
aconitine (C34H47010N). I t  has now been demonstrated that the ringA hydroxyl was the one 
that was removed in these reactions. Pyrolysis of deoxyaconitine gave pyrodeoxyaconi- 
tine, C32H4308N (111). Tra~lsesterificatioil of the pyro co~npour~ I  gave pyrodeoxyaconirle 
(IV), which was isolated as the perchlorate. The infrared spectru~n of pyrodeoxyaconine 
contained carbonyl absorption a t  1705 cm-I, lilie pyraconine, and it can thus be concluded 
that a secondary hydroxyl group must be present in ring D of deoxyaconitine (cf. ref. 3). 
If this ring D hydroxyl had been the one removed in the formation of deoxyaconitine, 
the pyrolysis product would have been an olefin lilie pyrodelphinine (4) instead of being 
a lietone. 

*Issued as N.R.C. No. 6896. 
tNatioaal Research Cozc?zcil of Caftada Postdoctorate Fellow. 

Canadian Journal of Chemistry. Vnlume 40 (1962) 
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NOTES 1715 

EXPERIMENTAL 

All melting points were measured on a hot-stage under the microscope. The infrared spectra were obtained 
in nujol nlulls on a Perkin-Elmer model 21 double-beam instrument. 

Anhydroaco?liti?te Perclrlorate" 
Aconitine (3  g) and redistilled thionyl chloride (10 1111) \\.ere refluxed for 3 l i o ~ ~ r s ,  initial gas evolution 

apparently ceasing after 40 minutes. The n l i x t ~ ~ r e  was evaporated a t  the water pump on a water bath a t  
60" to a dry froth which was evaporated twice similarly with methanol (5 ml). The residue dissolved in 
methanol (5 ml) was neutralized by the dropwise addition of 70-72% perchloric acid, the solid mass obtained 
diluted with methanol (5  n ~ l ) ,  and the rn ix t~~re  set  aside. The crystal crop (2.5 g) was recrystallized several 
times from methanol-ether, fro111 which it separated as  clunips of prisms, m.p. 200-204', [olIn'j = +12.g0 
(c, 1.90 in acetone). The ~naterial  was dried a t  100' and 0.4 mnl for 16 hours for analysis. Found: C, 55.40; 
H,  6.38; C1, 4.53; OCH3, 17.66y0. Calc. for C3.1H4j010N.HC10.~.0.5H20: C, 55.39; H, 6.43; C1,4.S1; -kXOCM3,, 
16.84y0. The water of crystallization was not removed by drying a t  100' and 0.01 mm. Founcl: C, 55.51; 
H ,  6.46%. 

Deoryaconitine" 
A solution of anhydroaconitine perchlorate (151 mg) in purified ethanol (20 1111) absorbed hydrogen 

(4.89 ml a t  25" and 7G0 m m ;  calc. for 1 mole, 5.01 ml) in the presence of 5y0 palladil~m-95% barium sulphate 
catalyst during 5 ~ O L I ~ S ,  uptake then ceasing. Evaporation of the filtrate and crystallization of the residue 
fro111 methanol with addition of ether gave prisms, m.p. 180" after softening a t  165O, [olln'j = -11.5' (c,  
2.33 in acetone). The  material was dried a t  100' and 0.5 rnm for 16 hours. Found: C, 55.87; I-I, 7.16; C1, 
4.80. Calc. for C ~ ~ I - I ~ ~ O I O N . I - I C I O ~ :  C, 55.92; I-I, 6.63; C1, 4.86%. 

The perchlorate was shaken with cold saturated sodium carbonate solution and the mixture extracted 
three times with chloroform. The combined extract was dried over sodium carbonate and evaporated to a 
froth which rapidly crystallized in contact with a little n~ethanol. Recrystallization from acetone-water 
gave colorless leaves, m.p. 173-176". The material was dried a t  100' and 0.4 mrn for 4 hours. Found: C, 
64.84; H, 7.52; OCH3, 19.43. Calc. for C3.jH41010N: C, 64.84; I-I, 7.52; 4XOCH3, 19.71%. 

Pyrodeosyaconitii~e 
Deoxyaconitine (85 mg) was placed in a sublimation tube and the tube evacuated to 5X 10-4 111111. The 

tube was then placed in a block heater a t  200-206° C and held a t  tha t  temperature for 30 minutes while 
the pyrolysis product distilled slowly. Yield of faintly colored distillate, 70 mg. .-\I1 at tempts to  crystallize 
the distillate were unsuccessful and i t  \\,as redistilled for analysis. [ o l ] ~ ' ~  = -82" (c = 1.0 in ethanol). Calc. 
for C32H430sN: C,  67.46; I-I, 7.61; N, 2.46. Found: C, 67.40; I-I, 7.-19; N, 2.44%. 

Pyrodeosyaco~ri?ze Perc/rlorate 
Distilled pyrodeosyaconitine (150 n ~ g )  was dissolved in dry  methanol (10 cc). Sodium (1-2 mg) was 

added and the solution was kept a t  0' for 1 hour. The methanol was then removecl by distillation a t  30' 
under reduced pressure. Chrotnatography of the residue over Gracle IV alumina gave 66 mg of product 
t ha t  crystallized from a concentrated ether solution, m.p. 85-90', Since the crystals could not be obtained 
in pure form, the base \\.as converted to  the perchlorate salt. Recrystallized fro111 methanol-ether, 111.p. 
250-260' decomp., [CZ]D" = -86" (c = 0.6 in water). The infrared spectrum has a strong band a t  1705 
cm-1. Calc. for C2~H3~07N.HC104: C, 53.05; I-I, 7.12; N,  2.47. Found: C,  53.11; H,  7.24; X, 2.45%. 

iV-Desetlryl-deox)~aconiti~te 
Deoxyaconitine (750 mg) was dissolved in 3y0 acetic acid (25 cc), and mercuric acetate (1.25 g) mas 

added. The solution was heated on the steam bath for 1 hour. The crystalline mercurous acetate tha t  
forrned was then removed from the cooled reaction ~nixture by  liltration. 'The liltrate was extracted with 
three portions of chloroform and the conlbined chlorofornl extracts \\.ere washecl with 5% potassium car- 
bonate solution ancl then with water. Concentration of the dried chloroform solution to dryness left a 
white foam. Yield: 350 ~ n g .  All attenlpts to  crystallize this material failed. 

Chromatography over Grade 111 alumina gave a main fraction of 210 nlg when the column was eluted 
with 50% benzene-chloroform. 'he lack of a triplet in the n.m.r. spectrum a t  a r value of 8.9 indicated 
that the ethj.1 group attached to the nitrogen was absent. 

Attempts to prepare crystalline salts of the secondary a~n ine  mere also unsuccessful. 
The original aqueous reaction mixture, which had been extracted with chloroform, \\as then made basic 

and extracted again with chloroform. Concentration of the washed and dried chloroforln extract left a 
residue that was crystallized fro111 ether - n-hexane, m.p. 168-175". The n.111.r. spectrum indicated that  
t he  N-ethyl group was still present, so this product was not investigated further. 

Ethylatio?t of iV-Desethyl-deoxyaconitine 
The chromatographed secondary anline (50 mg) was dissolved in ether and treated with excess ethyl 

"Experintents perfornzed by Dr. N. V.  Riggs. 
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iodide. The solution was reflused for 30 minutes. Excess ethyl iodide and ether were distilled off and the 
residue was dissolved in water. The aqueous solution was made basic with potassium carbonate and the 
precipitate was extracted with chloroforrn. Concentration of the washed and dried chloroform extracts 
left a white foarn which was crystallized from ether -n-hexane to  a constant melting point of 167-174" 
decomp. The melting point was not depressed when the product was mixed with deoxyaconitine. The 
infrared spectrunl was identical with that of deoxyaconitine. 

n/IetlzyZation of N-Desetl~yZ-deoryaco?dine 
The chromatographed secondary a~n ine  (300 mg) was dissolved in ether and treated with excess methyl 

iodide. The solution was refluxed for 30 ~ninutes  and then concentrated to  dryness in uaczlo. The residue 
(370 mg) was worked up exactly as  above and yielded a white foam (2-10 mg) that crystallized on contact 
with ether. This was recrystallized from methanol to a constant rnelting point: of 172-175" decomp., 
[ol]~?O = 1-18" (c, 1.2 in CHC13). Calc. for C ~ ~ H J ~ O I O N :  C,  64.37; 11, 7.37; N, 2.27. Found: C, 64.57; H, 
7.20; N, 2.33%. 
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A NEW SPRAY FOR THE DETECTION OF HIGHLY SUBSTITUTED ACETALS AND 
KETALS OF CARBOHYDRATES 

The detection of highly substituted acetals and ketals of carbohydrates on paper 
chromatograms is often difficult or impossible with the co~nmonly used spray reagents 
(i.e. alkaline silver nitrate (I),  9-anisidine hydrochloride (2)) unless vicinal hydroxyl or 
reducing groups are present. Pacak and Cerny (3) report the use of ceric ammoniu~n 
nitrate for the detection of isopropylidene compounds. I-Iowever, the author has found 
this reagent (2-3% aqueous solution heated a t  120' C for 2-3 minutes) to give difficultly 
reproducible results and now reports a lnodificatio~l giving a more sensitive, reliable, and 
per~llanent method of detection. 

The chromatograms developed in basic, acidic, or neutral solvent systems were dried 
(cl~romatograrns from acidic solveilts were air dried for 1 hour) and sprayed, first with a 
freshly prepared aqueous solution of ceric ammonium nitrate (2-3yo) then immediately 
with a 29& solutio~l of silver nitrate in acetone (1). The chromatograms, after drying a t  
120" C for 2-3 minutes, were sprayed with a 2y0 ethanolic solutio~l of sodiu~n hydroxide, 
and after 2-3 minutes the background color was bleached by immersion of the chromato- 
gram in sodium thiosulphate solution. After application of the sod i~~ ln  hydroxide spray 
reagent, a further overspraying with the ceric a ~ n ~ n o ~ l i u ~ n  nitrate solution was fourid to 
give improved definition. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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this reagent (2-3% aqueous solution heated a t  120' C for 2-3 minutes) to give difficultly 
reproducible results and now reports a lnodificatio~l giving a more sensitive, reliable, and 
per~llanent method of detection. 

The chromatograms developed in basic, acidic, or neutral solvent systems were dried 
(cl~romatograrns from acidic solveilts were air dried for 1 hour) and sprayed, first with a 
freshly prepared aqueous solution of ceric ammonium nitrate (2-3yo) then immediately 
with a 29& solutio~l of silver nitrate in acetone (1). The chromatograms, after drying a t  
120" C for 2-3 minutes, were sprayed with a 2y0 ethanolic solutio~l of sodiu~n hydroxide, 
and after 2-3 minutes the background color was bleached by immersion of the chromato- 
gram in sodium thiosulphate solution. After application of the sod i~~ ln  hydroxide spray 
reagent, a further overspraying with the ceric a ~ n ~ n o ~ l i u ~ n  nitrate solution was fourid to 
give improved definition. 
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C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 1717 

The cornpourlds listed in Table I were detected as light brown to black spats 011 a light 
background after followi~~g the procedure above. 

Reagent 

Coiupound XgNOa, NaOIl 

1,2:5,6-Di-0-isopropylidene-D-glucofuranosc' - 
Di-0-isopropylicler~e-ribitol - 

1,2:4,5-Di-O-isopropylidene-3-0-i11et11~~~-~-fr~ictose - 
5,6-Carbonate-1,2-O-isopropylidene-~-gl~~cof~1ranose - 
2,3:5,6-Di-0-isopropylidene-D-mannose - 

2,3:5,6-Di-O-isopropylidene-~-111a111iitol - 
1,3:3,1:5,6-Tri-O-isopropylidene-~-manl1itol~ - 
2,4-0-Benzylidene-5,G-O-isopropylidene-~-gl11citoI - 
Methyl-a-D-glucopyranoside V\\' 
blethyl-4,G-0-benzylide11e-a-~-glucoside~ 
6-Chloro-6-deoxy-D-mannose \'\v 
3 ,6-Anhydro-~-ma~~i~oside  V\l. 
Methyl 2,3,4,6-tetra-0-methyl-a-D-mannosideg \? \Y 
Methyl 2,3,1,6-tetra-0-methyl-a-D-galactoside - 
1,2,3,4,5-Pcnta-0-acetyl-L-arabinitol 41 
Methyl 2,3,4-tri-0-acetyl-a-D-ribopyrd1105ide 41 
Sucrose octacetate Wl 
hlaltose octacetate S 
Ethyleneglycol \\- 
Glvcerol M 

- 

Ceric AgNO, 

NOTE: S = strong positive; IM = rnedilrrr~ positive; LV = weak positive; V = \.cry. 
*Detected in quantities of 8-13 fig. 
?Detected ill quantities of 15 fig. 
$Detected in quantities of 30-40fig. 

1. \\'. E. TI<E~ELY:\S, D. P. PI<OCTOI<, and J.  S. H.\RRISOS. Sature, 166, 444 (10503. 
3. L. I~OEGH. I. l i .  S. TOSPS, and \\I. I-I. \\I.\DBI.\s. T .  Cheln. Soc. 1708 llO5Oi 
3. J. Pac.ll< arqd hll. ~1:;s~. Collection C/echoslov. ~ 6 e r n .  Communs. 2-1, 3801 (1939); Chem. ;\bstr. 

54, SGl:3i (1060). 

THE STRUCTURE OF CARBOLINES AND RELATED COMPOUNDS 

In  a recent paper Abramovitch and Adanzs (1) have made some relnarlis concerning the 
worl; of this autlzor (2) on the corlcept of valence state and the electro~lic structure of 
carbolines and their anh>.dronium bases. They state in the footnote on p. 2318 of ref- 
erence 1:  ". . . his conclusion that it is unnecessary to represent the carboline anhydro- 
bases as hybrids of dipolar and quinono'id structures in view of the fact that his results 
'illustrate eloqi~ently the compromise between the tenrlency to form the (aromatic) sextet and 
that to nez~tralize the clzarges' seems a contradictio~l in ideas". 

Tlze wording in italics, written by the Authors (1) between quotation marlts, does not 
represent a verbatim translati011 of ally sentence in the original paper (2) ,  but it  is, on the 
best, the abstract of their interpretation of the last paragraph of p. 1532 of reference 2. 

Canadian Journal of Chemistry. Volume 10 (19Ga) 
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Because the quotation is in fact wrong and misleading, we give here its correct English 
version: "One consequellce of this (valence state) interpretation is that i t  is no longer 
necessary to use two formulas (one with charge separation) in e s c l ~ a ~ ~ g e  equilibriu~n with 
one anotller to clenote, for example, anhydronium bases. The balance between the 
tendency to sextet formatio?~ and the tende~zcy to charge nez~trabizatio7z, used by Robinson (3) 
to justify the double formula, is indeed the consequence of the change which has taken 
place in the potential field where the electrons move. Since such a changed situation is 
clearly reflected in the classical formula, this is in itself completely adequate to describe 
the properties of anhydronium bases." 

\Ve would like also to remarl< that the eillphasis of our paper (2) was not on the exact 
calculation of the pIi, or of the spectruiu of the carboline anhydronium bases (whose 
general trend is correctly predicted), but rather on the relationship between the valence 
state of atoills in molecules and the chemical syn~bolism. 

I t  may be convenient to point out, for those who do not read Italian, that an English 
translation of the paper (2) has been published receiltly (4). 

1. R. A. AUI:~MOI-ITCFI a n d  I<. A. 1-1.  DAMS. Can. J. Chem. 39, 25lG (10G1) 
2. I,. Pao~oxr. Gazz. chim. ital. 90, 1530 (19GO). 
3. J .  11'. ;II<M~T and R. ROUIXSO~. J. Chern. Soc. 127, 1GO4 (19'75). 
4. L. P..\OLOXI. Sci. Repts. 1st. Super. SanitA, 1, 8G (19G1). 

REACTIONS OF ALIPHATIC ARYLI-IYDRAZONES AND OF ANILINE WITH 
CARBON kIONOSIDE TO YIELD UREAS 

I t  has been recently reported (1-3) that the cyclization of Schiff bases and of aromatic 
1;etone phenylhyclrazones with carboii monoxide yields N-pl~enylpl~tl~alii~lidines aiid 
pl~tl~alii~~idii~e-N-carb~s~~a~lide~, respectively. I n  this paper we wish to  report the ex- 
tension of the carbon>-lation reaction to  aliphatic arylhydrazones ancl to aniline. Slightly 
modified conditions to those reported by i\/Iurahashi and Horiie (1, 2) were used. 

When a solution of acetone phenylhydrazone in benzene ~vas  reacted with about 1000 
p.s.i. of carbon monoxicle a t  about 250" in the presence of preformed clicobalt octacar- 
bonyl, the main products isolated mere syflz-cliphenylurea, nionophenylurea, aiid cliphenyl. 
I11 addition, a cr\~stalline organocobalt coillplex which, on degradation with illolten sodium 
hydroxide, yielded aniline and ammonia was obtained. A11 unstable substance (B), having 
an einpirical formula of CloHloN (approximate), was separated froill the mixture of 
products by chromatograpl~y 011 alumina. As the latter substance was present in low 
yield, and rapidly changed in the presence of air, further work on it was abandoned. 

Similarly, acetaldehyde phenylhydrazone also reacted ~vith carboii moiloxide to yield 
sym-diphenylurea and monophenylurea. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 

NaOM 
complex --------t PhNH2 + XHa + ? 

The fact that  cliphenyl was present in the reaction product suggests strongly tha t  
during the reaction p h e ~ ~ y l  free radicals were produced and these subsequently combined. 
I t  is possible tha t  the phenyl free radicals were produced by thermal decomposition of the 
azo tautomer of acetone phenylhg-drazone. Support for this hypothesis is provided by the 
recent worlc of Connor (G),  who found tha t  the phenylhydrazo~~es of aldehydes and 
Itetones rapidly tautomerize to  benzene azoalltanes. The homolytic cleavage of the 
latter compound to ield nitrogen and free radicals is well lcnown (7, 8). 

Since sym-diphen) lurea was produced by the reaction of aliphatic arylhydrazones with 
carbon monoxide, it was decided to determine i f  under similar conditions aniline would 
also yield tlie same product. The expected result was realized, although in much lower 
yield. Presumably the dicobalt octacarbongil dehg7drogenated the aniline, yielding sym- 
diphenylurea and possibly cobalt hydrocarbonyl. A similar dehydrogenation of aniline 
was recently reported by Franz and CO-worlcers (4, 5 ) ,  who found that  aniline reacted 
with carbon monoxide in the presence of sulphur to  >lield sym-diphen>ilurea and hydrogen 
sulphide. 

The esplanation of tlie mechanism of tlie reaction is complicated by the fact that 
acetone phenylhydrazone is lanown to be thermally decomposed into aniline and ammonia 
(9). As the rate of formation of ~ym-diphenylurea from aniline was much slower than tha t  
from acetone phenylhydrazone, it would appear that  the reaction n u s t  proceed by a t  
least two independent mecl~anisms. 

EXPERIMENTAL 

Gefzeral Co~ts idera t io?~~ 
The equipment was described previously (10). 

Reactiolz of Aceto?te Plzenyll~ydraeo~ze witlz Carbon illo?toside 
A mixture of 10 g (0.065 mole) of acetone phenylhydrazonc (11) and 2 g of preformed dicobalt octa- 

carbonyl in 40 ml of thiophene-free anhydrous benzene and carbon monoxide (1980 p.s.i. a t  20') \\,as placed 
in the high-pressure bomb. The reactants were heated with rocking a t  250-265O for 2 hours. An observed 
pressure drop of 50 p.s.i. a t  20" was obtained. After the residual gases \\-ere vented, a blue crystalline residue 
(1.65 g) was removed by filtration. The residue was insoluble in ether, benzene, or acetone and very slightly 
sol~lble in N,S-clirnethylforma~~~ide.  Infrared (ICBr): 3150-3450 (broad, 111)~ 1715 (s), 1480 (11, 1330- 
1410 (broacl, w), 1150 (w), 1065 (w), 1010 (w), 825 (m). Anal. Found: C,  44.22; H, 4.16; 3, 16.4-1. 

Combustion of 14.190 mg of blue crystals yielded 3.486 mg of cobalt residue. Reaction of the organocobalt 
cot~lplex with molten sodium hydroxide pellets produced basic gaseous and liquid nitrogen containing 
substances. The gaseous component \\.as shown by means of infrared analysis to contain ammonia. The 
liquid component was converted to a bromo derivative, and sho\vn to be identical \\.it11 an authentic sample 
of 2,4,6-tribromoaniline. Reaction of the liquid component with gaseous hydrogen chloride produced aniline 
hydrochloride. Another compouncl in trace amount was shown, by nuclear magnetic resonance studies, t o  
be present in the liquid. 

After removal of the organocobalt complex, an aliquot of the filtrate containing 1.5 g of the product was 
subjected to exhaustive chro~natographic fractionation on alumina (11OX3O-mm diam.). Petroleurn ether 
(b.p. 65-80") eluted tracesof residual catalyst. .4 1:l mixture of benzene-petrole~un ether (35-60") yielded 
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1720 CANADIAN JOURNAL OF CHEMISTR\'. VOL. 40. 1962 

0.32 g ('20%) of substance r\, which on recrystallization from petroleum ether a t  -50' yielded diphenyl, 
111.p. 66-70'; mixed n1.p. with an authentic sanlple of diphenyl was 08-70". The infrared spectra of both 
co~npounds were identical. 

Substance B (0.16 g) was then eluted from the column with benzene. Fraction B (oil) turned red on 
addition of an acid (or after standing in the air for a few hours) and yellow on addition of a base. Infrared 
(ICUr): 3400 (m),  3080 (w), 2950 (m),  1700 (w), 1620 (w), 1600 (w), 1550 (m),  1460 (s). The n.m.r. spectrum 
of fraction R in chloroform shotved two main peaks a t  2.15 and 7.32 7 having approximate areas of 22:lS. 
.inal. Found: C, 81.45; 11, 6.05; S, 0.70. 

Substance C (sy11~-diphenylurea) was then eluted with a 1:l mixture of berlzene-cl~loroform. Recrystalliza- 
tion of compound C from chlorofornl gave pure material; m.p. 251-252"; mixed m.p. with an  authentic 
sample (12) of sym-diphenylurea was 251-252'. The infrared spectra of both compounds were identical. 

Compound E (monophenylurea) was eluted with a 9 : l  ~ n i x t ~ l r e  of benzene-ethanol; yield, 0.33 g. Recrpstal- 
lization fro111 chloroform gave pure nlonophenylurea, m.p. 146-148"; mixed n1.p. with an authentic sample 
of monophenylurea (13) was 146-148". The infrared spectra of both compounds were identical. 

React io~~ of Acetaldehyde Pl1enyllrydrazo7~e with Carbo71 Mo7~oxide 
r\ mixture of 8.3 g of acetaldehyde phenylhydrazone (14), m.p. 98-10l0, was carbon)lated a t  250-260' 

for 70 minutes. The reaction products consisted of a highly intractable gum in addition to  a blue-black solid 
(0.5 g). .After rcmoval of the solid and gum, the benzene filtrate vras freed of catalyst and then subjected to 
chro~natographic fractionation on alumina according to  the procedure describecl previously in thc esperi- 
mental section. syrw-Diphenylurea (55%) and monophenylurea 17% ((based on the chrolnatographed 
material) were the chief products of the reaction. 

Reaction of rl?~il;7~e with Corbo?z ilfo?zoxide 
X mixture of 1.5 g of aniline ancl 0.4 g dicobalt octacarbonyl in 15 ml of benzene was reacted with 3000 

p.s.i. of carbon monoxide a t  250-260" for 1.5 hours. The product was chromatographed on Florisil, as 
described previously in the csperirnental. syni-Diphenplurea was obtained; 0.0-1 g, n1.p. 250-252"; mised 
m.p. with an  authentic sample of sy?r~-cliphenylurea 250-252". 
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SOTES 1721 

SOME DIELECTRIC PROPERTIES OF CARBONYL CHLORIDE' 

Recent spectroscopic ( I ) ,  crystal structure (2), and calorimetric (3) studies of carbonyl 
chloricle (phosgene) seem to rule out  the possibility of the existence of residual entropy 
in tlie stable solicl forill ( I )  of carbonyl chloride, in contrast with earlier suggestioiis (4). 
Ho\vever, the identification hy Giauque ancl Ot t  (3) of two adclitional, relatively uilstable, 
solid iorms (I1 and 111) proilipted a dielectric study with the aim of cletermining whether 
tlie resiclual clisorcler in these forms \vas accompaniecl by dipolar relaxation processes of 
appreciable rate. I11 addition, the static clielectric constant of the liquid between -132 
and +20° alicl the clipole nioinent of the gas were measured. 

Gas dl~asz~~enzents 
These were unclertalcen primarily to  clieclc the performance of a recently constructed 

apparatus for measurements of clipole moments of substances in the vapor state. The 
apparatus is of the classical 12C oscillator type in which tlie cell capacitance is connected 
in parallel with a series arrangement of a small fixed capacitor (C, = -23 pf) aiid a 
General Raclio Type 722 variable air capacitor. Deviations of the oscillator irecluency 
from 1 i\/Ic/sec, show11 directly on a General Raclio Frequency Deviation Meter, are 
adjusted to zero (to ~vitliin a fraction of a cycle/sec) with the variable capacitor. Readings 
of this capacitor (corrected by calibration) are talcen with tlie cell evacuated (COT), filled 
\tit11 sample a t  a lcnown pressure (C,), and evacuated again (Co"). 

The gas cell consists of three coaxial cylinclrical electrodes of gold-platecl nickel, sus- 
penclecl in a stainless steel vessel. 'The intermediate (high-potential) electrocle is slightly 
shorter than tlie other two and is held in circular grooves in Teflon rings which fit tightly 
between tlie ends of the inner- and outer-most (grounded) electrodes. Tlie rings are backed 
with perforated niclcel dislis, grooved t o  receive the ends of tlie grounded electrodes. 
Tlie electrode assembly is held rigid by bolts which bear or1 tlie baclcing dislis and are 
threaded 011 a niclcel shaft attached to  tlie top of tlie cell vessel. A vacuum-tight seal 
between tlie top ancl body of the vessel, which are bolted together, is provicled by a thin 
2S0 aluminum gasket, placed between a l/lG-in. circular bead macliined 011 the lower 
edge of tlie top and tlie highly polished upper edge of tlie bocly wall. Tlie lead froill the 
high-potential electrode is brought out  through a double I<ovar-glass seal and connected 
to  tlie oscillator via a rigid Teflon-insulated coaxial cable. The cell is coliiiected to the 
sample line via a Kovar-glass seal. Tlie cell constailt (CcelI) is -170 pf. 

Dielectric constants E were cletermined froill 

(E-l)CceIl - - Co- C, 
C,? (Co+ c,+ C,) (C,+ C,+C,) 

in which Co = (CoT+Co")/2 and C, = small effective capacitance in parallel with the 
variable capacitor. Values of the two constants, viz. CD2/ CCel1 and C,+ C,, were determined 
from measurements with standard non-polar gases a t  different pressures and with the 
ceii in parallel with a snlall variable colldenser in which capacitance variations were 
known to 0.001 pf. 

'Isszrcd as A7.R.C. A7o. 6877. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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The cell is mounted in a thermostated oil bath. Temperatures are measured with a 
calibrated thermocouple located in a blind hole in the wall of the cell. 

Gaseous phosgene from a c).linder (Matheson of Canada, Limited) was condensed 
into a cooled, evacuated flask. Vapor pressures of the original samples considerably 
exceeded the vapor pressure of  carbonyl chloride itself, but after about one quarter of 
the samples had been distilled off a t  dry-ice temperatures the vapor pressures at  0" had 
fallen to within a few tenths of a millimeter of the value (564.3 111111) obtained fro111 the 
equation of Giauque and Jones (4) for carbonyl chloride a t  0". The samples studied were 
obtained from the middle one third of the distillate. 

Val~ies of dielectric constant of the vapor were determined a t  7 to 10 pressures between 
40 and GOO 111111 a t  each of five tenlperatures between 20 and 180". We obtain a dipole 
moment (1.179f0.015 debyes) almost identical with that of Snlyth and i\/IcAlpine (5) 
(1.19f 0.01) as re-evaluated (6, 7) with modern constants. Our value of the polarizability 
contribution ( A )  to the molar polarization is 18.3h0.5 ~ 1 1 1 ~  (vs. 18.4h0.4 cm". 

Liquid iMeas~~rements 
Carbonyl chloride was distilled d under vacuum into the dielectric cell. The electrical 

measurements and temperature control and measurement were essentially as previously 
described (8). Values of the static dielectric constant for two samples were obtained a t  
28 temperatures between +20° and -132". At the latter temperature the sample is 
undercooled by some 4" below the melting point of the stable solid form I. Measure~uents 
were made a t  each telnperature a t  10 and 100 l;c/sec. Direct-current conductivities 
ranged from -7 X 10-lo a t  the melting point to -4 X1O-B ohil~-~ci~l-l a t  20". 

The results can be expressed as a function of T (OK) by 

to within a standard deviation of h0.3GOj,. The temperature dependence of the dielectric 
constant is shown graphically in Fig. 1. 

SCHLUNDT x 
B GERMANN 

FIG. 1. Dielectric constant of carbonyl chloride. Solid data a t  10 I;c/sec, temperature increasing. 
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NOTES 1723 

The only previous dielectric measurements on liquicl carbony1 chloride are those 
reported in 1925 by Schlundt and Gerinanll (9) a t  temperatures of 0 and 22". Their 
dielectric constants, viz. 4.72 a t  O0 and 4.34 a t  22", are smaller by 7 to 8% than those 
fouilcl for corresponding temperatures in the present study. I t  appears that most of this 
difference may be attributed to the use bj- Schlundt and Germann of Drude's values (10) 
of the dielectric constants of acetone-benzene solutions for calibration of their apparatus. 
Comparison of Drude's values with those of more recent wor1;ers (e.g., those of Sj.rl;in 
and Sl~edlovsl;a\~a (11)) in the range of concentration correspolldillg to clielectric construnts 
bet\veen 3.5 and 5 sho\vs the former valucs to be too low by almost 6%. 

Dipole moments of carbony1 chloride have bee11 calculated a t  different temperatures 
from the above values of the static dielectric constant of the l i q ~ ~ i d  by usc of the Onsager 
eq~~a t ion .  For this we have take11 values of E ,  derivecl from .;I = 18.4 cm"(ti) ancl clensity 
values from the formula of Davies (12). The dipole nloments obtained are effectively 
inclependent of temperature: a t  0°, for exrumple, the Onsager 1110111ent is 1.175&0.014 
debyes, a t  - 100' l.lG5h0.038 debyes. The inclicated uncertainty a t  O0 is primarilj, clue 
to a sta~ldarcl cleviation of 0.4 c m 5 n  the value of A (6). That  a t  - 100' includes as well 
the possibility that the density given bj. the f o r m ~ ~ l a  of Davies is in error b ~ .  as much as 
2y0; this teinperature is well below the range oi the clata on wllich the formula was based. 

I t  is \vorth noting that,  although the Onsager moment of carbonyl chloricle is, ~vithin 
experimental error, the same as the moment of the gas, values obtained from measure- 
ments of the dielectric constants of dilute solutions in non-polar solvents are considerably 
smaller. NIeasurements of Le F6vre et al .  (13, 7) gave 1.11 clebj-es for carbonyl chloricle 
in CC14 a t  0" and 1.13 debyes in benzene a t  25'. 

Solid ;I/easzirerne~zts 
Numerous dielectric constant and loss measurements were made on solid phosgene of 

different thermal histories in an attempt to determine whether solids I1 and 111 are 
characterized by rotational disorder of the type contributing to the clielcctric constant. 
I\;o disorder of this type was found \vithin the considerable uncertainties of the quantities 
measureel. 

Dielectric constants were 2.7h0.1 below the freezing point, and decreased by about 
0.1 unit 011 coolillg to liquid nitrogen temperature, probably because of some conti-action 
of the sample away iron1 the electrodes a t  very low temperatures. In general the dielectric 
losses in the solid were consiclerably less than those due to cl-c. conductivity in the liquid 
a t  the same frequencies. NO consistent differences were observed in the dielectric bchsvior 
of samples frozen slowly and rapidly (\vith, for example, the thermal histories specified 
by Giauque ancl Ott  (3) ior formation of solids I1 ancl 111), except that samples frozen 
rapidly tended to show pronounced loss maxima a t  10 l;c/sec and lo\ver frequencies a t  
the onset of freezing. 

Of seven cooling curves run on four san~ples of phosgene a t  cooling rates between 0.l0/ 
lllin and 2"/min, five iroze sharply into 111, one into 11, and one directly into I. Form I11 
hacl a waxy appearance and, with further cooli~lg or l~eating, frequently was observed to 
change into white crystals which grew from llucleation centers. I t  could only be melted 
without being coilverted into another form ii it were immediately lleatecl just aiter 
ireezing was completecl. Otherwise all samples melted as I. One or two sho\ved signs of 
starting to melt as 11, coilversion to I ,  ancl melting as I. These observations are in general 
agreement with those of Giauque and Ott (3). 

In view of the instability of 111, it is possible that none of the dielectric il~easurements 
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was made on this forin. However, since the freezing process was followed a number of 
times dielectrically with the invariable observation of oilly a inonotonic fall in dielectric 
constant and loss, even when freezing started in the range of 130 to  135' K,  it is probable 
that form 111, like the other two forms, exhibits no appreciable dipolar polarization. 
Another possibility, that  I11 has dielectric properties very similar to those of the super- 
cooled liquid, inay be excluded. All dielectric samples inelted a t  the melting point of I. 

WIentioi~ should be made of the occurrence in one sample (which had a d-c. conductivity 
in the liquid some 2.5 times as great as the best samples) of a broad loss n~aximuin a t  
temperatures near 118' I<. This maximum developed some hours after the sample had 
frozen, and was subsequently observed on passing through this temperature range in 
either direction, on heating to  the melting point of I and recooling, and on melting the 
sample coillpletely and refreezing. The maximum must be attributed to  solid I, but its 
origin is not clear. The magnitude of the n~aximum increases with decreasing frequency 
(change of the frequency fro111 10 lrc/sec to  100 cycles/sec increased it by a factor of 20) 
and a t  low frequencies a maximum in the dielectric constant is also apparent. There 
appeared to be no dependence of the temperature of the inaxiinuln on frequency. I t  is 
possible that these effects were due to the presence of some HCI or water in the sample, 
and that the maximum corresponded to a eutectic temperature. 
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THE PREPARATION AND RAMAN SPECTRUM OF DIPHOSPHORYL 
TETRAFLUORIDE: COMPARISON WITH THE 

SPECTRUM OF DIPHOSPHORYL TETRACHLORIDE 

E. A. ROBINSON 
Depurtitre?zt of CI~e?r~istry, Ujaioersity of Toronto, Toro?zto, O?zta~io 

IZecei\-ecl May 10, 1062 

Diphosphoryl tetrafl~~oridc has been prepared by the dehydration of difluorophosphoric acid 
with phospl~oric anhydriclc. 'The Raman and 17'%n.m.r. spectra have been determined ancl 
are consistent with a symmetric structure FzP(0)-0-P(O)F?. The Raman spectrum is 
compared with that  of diphosphoryl tetrachloride ancl partial assignments of the frequencies t o  
normal iuodes of vibration are nlade by comparison \\;it11 the spectra of POF3 and POCI;. 

Tlle compound PZO:,F., has been reported previously (I) as a deconlposition product 
of a lvllite solid of approsimate composition PiOloF11, li~hich was obtained a t  - 7 5 O  C by 
the action of an electrical discharge on an equinlolar mixture of oxygen and phospliorus 
triiluoride. I n  the present work, P203F.1 was prepared by the dehydration of difluoro- 
pl~ospl~oric acid with phosphoric oxide: 

The Flg 1n.m.r. spectruln consisted of two pealis of equal intensity, indicating tha t  all 
four fluorine atollls in the molec~~le  are equivalent, the two pealcs being due to spin-spin 
coupling between Flg and PJ1. The  method of preparation of the conlpou~ld and its n.1n.r. 
spectrum are consistent with its fornlulation as clifluorophospl~oric acid anhydride, I. 

The spectrum is s h o \ v ~ ~  in Fig. I .  Table I gives the frequencies of the 22 observed lilies 
ancl a coniparison is made with the spectrunl of P2OaCI4 (2, 3). The infrared spectru~ll of 
P20aC1.1 was checked and the llleasurelllents are also s l io\v~~ in Table I. The formulation 
of P.1OsCIB as dic1~loropliospl~o1-ic anhydride is reasonable since this acid is reported (4) 
as the product of hydrolysis of PzOaCla a t  --GO0. 

Gerding and co-wor1;ers (3) and Baudler and co-wor1;ers (2) attenlpted only a partial 
assignment of frequencies. Tlleir concl~~sions are s~~mmar ized  in Table 11. Gerding (3) 
made his assignment mainly by comparison with his previous assignment of the spectrum 
of S2O5CI2 ( 5 ) ,  wllich has since been criticized (6). 

Canadian Journal of Cliemistry. Volunie -10 (1962) 
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FIG. 1. The Raman spectrum of diphosphoryl tetrafluoride. 

TABLE I 
Vibrational spectra of P.!OBC14 ant1 P20aF4 

(Frequencies in  crn-I) 

713(3) 
0:26(3) 
605(4) 
550(7) 
531(2) 
506 (I)) 
45'7(3) 

'il3(5j p 
649 (1-2) 
61.1 (2-3) d p  
560(8) p 
531(1-2) 
507(15) 11 
454?(1) 
425(20) p 
408(2) 
36-L(4) 
3T3(10) tlp 
:31G(1) 
200(2-3) p 

Koln:  ( a )  prescrlt rcsults; ( b )  Uaudler and co-n~orkcrs ( 2 ) ;  (6) Gcrding and co-workeri (3);  [I, polarized: 
clp, dcpolarized; sh,  sl~ouldcr. 
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RORIXSOX: DIPHOSPIIORYL TETRA-iFLUORIDE 

TABLE I1 
Previous assignments of characteristic vibrations of PrOaClr 

Frequency (cm-I) 

( 0 )  ( b )  Assignment 

1312 1320 P-0 stretch 
806 $166 P-O-P nsym. stretch 
713 714 P-O-P sym. stretch 

- 611 PCll asym. stretch 
343 - PC12 rocking or twisting 

XOTE: (a) Gerding and co-\vorkers (3); ( b )  Baudler a n d  co-\\'orkers (2). 

The normal modes of P203X4 call be related to  tliose of POX3, as  is show11 in Table 111, 
in a manner silnilar to  that  which was usecl previously t o  relate the spectra of disulpliuryl 

'I'=\BLE 111 
Correlation of the vibrational mocles of PZOaXI \vith those of POX3 

0 0 

P o x  3 
I I I1 

S r P-O-PS 2 
- 

Sunlber of 
vibrations 

- - 

P-0 stretch 1390 
PX3 s) m. stretch 486 
l'X3 sytil. bencl 268 
PS3 asym. stretch 581 
PS3 asym. bend 19:3 
PS3 rocking mode 337 

(or P-0 wag) 

1415 P-0 stretch 2: 
873 PX2 sym. stretch 2: 
473 PX?  sym. bend 21 
990 PS?  asym. stretch 2: 
-185 PX?  rocking motles, I & (15 41 
386 P-0 \\ ags, I & 115 4 $ 

,. I orsions 
1'-O-P sym. stretch 
P-O-P as? rn. stretch 
1'-0-1' bend 

"Del\\~aullc :i l~d Francois (10). 
tGutowsky and Liehr (11). 
%In  phase and  out of phase. 
$1. ~~crgcnd icu la r  t o  1'-O-P plane; 11, parallel to P-0-1' ~ilane.  

Total number of vibrations 21 

halides S2OjX? to  those of tlie sulphuryl halides SO?S2  (G). Partial assignments for tlie 
molecules P20aCI.I and P203F4 1i7liich are shown in Table IV mere made in this way and 
it is necessary therefore to  comment on only a few of them. 

For a molecule P?O3X.i tlie maximum number of fundamental vibrational frequencies 
is 21. Baudler and co-wor1:ers report a total oi 2G lines in the Iiaman ancl infrared spectra 
of P203C1.1 and we have foulld 22 lines in tlie Raman spectrum of P203F.I. Some of the 
observed frequencies must therefore be combination or overtone bands. Since we expect 
only two frequencies greater than 1000 cm-I (the in-phase ancl out-of-phase P-0 
stretches), we assign 1270, 1170, and 1083 cm-I in the spectrum of P203F4, ailcl 1248 alid 
1135 cm-I in the spectra of P203C14, as combination or overtone bands. 

Theoretically three vibrations are expected to be associatecl with the P-O-P bridging 
group ancl these are conveniently described as symmetric ancl asymmetric stretches, and 
a bend. The  bend is assigned a t  159 and 160 cm-I (polarlztlil), respectively, for P203C1.1 
and P2O3Fa$, by comparison with the S-O-S bends near 150-IGO c~n-'  in disulphul-yl 
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TrlBLE IV 

Assignment of the vibrational spectra of P ? 0 3 C I ~  and P20aFJ 
~~~~~ 

-ppp--- -- -- 

PrOjC1.j P2OoF.j 
-- -- 

1312 p P-0 stretch, i and o 1300 p P-0 stretch, i 
12-18 01 ertone ? 1370 1'-0 stretch, o 
113.5 Overtone ? 1270 d p  overtone ? 
0 62 1'-0-P asvmmctric stretch 1053 cln o~.ertone ? 
885 ?' 
806 ? 
713 p 1'-0 \vay-ing mode, ( 1 ,  o 
619 P-0 wasiing mocle, I, o 

:p 1 PCI. stretct1i.g rioc~es 
53 1 
507 p 
454? 
428 p 
-k0S 
:<ti-1 
:3-L:3 clp 
200 p 
249 p 
'213 

? 
1'-0-1' synil~lctric stretch 

P-0 wagging or torsional modes 

PC12 bencl, ?, o 
I'CI? bencl, i 

1!Y2 clp / PC12 rocking 11ioc1es 
166 d p  ) 
150 P-0-1' bend 

087 clb P-0-P asymmetric stretch 
9.51 d p  'I 
890 p } PI;? stretches 
85.5 I -- - 
721 p ' P-0 nagging mocle, 11, o 
700 1'-0 wagging mode, I, o 
51s PF. bend, o 
-180 p 
-140 p 
395 
362 
3 sa 
340 
295 
273 clp 
205 

I ' - -~-~~ 's~rnrne t r ic  stretch 
PI:: bend, i 

PF ,  rocking modes, 
P-0 n.r)gging ~nocles, 
and torsional rnodes 

halides (6) ancl tlie Si-0-Si bencl in, e.g., [(CH:I)3Si]20 a t  180 CIII-' (7). The P-0-P 
as\.n~metric stretches are assigned a t  962 cm-I (P.O3C1.1) and 9S7 cm-' ( P Z O ~ F . ~ ) ,  and 
the symmetric stretches a t  425 cin-I (P203Cl4) ancl -180 cm-I (P?03Fa,). Bands near 950 
cm-' have been assignecl to  the P-0--P asymmetric stretches in the infrarecl spectra of 
pyropl~osphates ai~cl p\.rophosphate esters (S). The P-0-P stretches are to be comparecl 
with the assignment of Si-0-Si stretches a t  500-600 cm-I (symmetric) ancl approxi- 
mately 1050 tin-I (as)~mmetric) in several clisilosanes (7), and \\.it11 our recent assignment 
of S-0-S stretches a t  approximately 300 cni-I (symmetric) and approximately 800 
cm-I (asyn-imetric) in the spectra of clis~ilphuryl halides (6). 

The onl~7 other assignment which requires special comment is hhat of the lines a t  713 
cm-I (polai-ized) ancl 649 cnl-I in tile spectrum of P10::Cl.i, ancl 721 cm-I (polarized) and 
700 cm-I in the spectrum of PzO:,F.,, to  P-0 wagging modes. These are to be comparecl 
lvith our recent assignment of 716 cm-I (polarized) and 621 cn1-I in the spectrum of 
S2OjC1?, ailcl 733 cm-' (polarized) and 630 cnl-I in the spectruin of S205F2, to  SO. roclring 
n~odes (6). The relatively high values of these frequencies may be attributed to the close 
proximity of the POCl? groups. 

Recently Stolzer and Simon (9) have reported the preparation of diphosphoryl 
clifluoricle clicl~loricle, P203l;.Cl2, by the reaction between P4010 ancl POFCI2. They claim 
that the compound has the s)~mmetrical structure I1 and have found bands a t  1360 
c111-~ (P-0 stretch), 1.020 cm-I (P-0-P as?;mmetric stretch), 930 cin-I ( P F  stretch), 
and GO0 cm-I (PC1 stretch) i n  the infrared spectrum. I t  is of interest to ilote that  the 
P-0 stretching frequency is close to the mean of the frequencies of the similar vibrations 
in P?0:3C14 (13'2.0 cm-I) and P203F4 (1390 cm-l), which provides aclditional support for 
the symmetric lorm~~lation 11. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



ROBINSON: DIPI-IOSPI-IORYL TETRAFLUORIDE 

EXPERIMENTAL 

Diphosphoryl tetrafluoride was prepared by the reaction between difluorophosphoric acid (O~arlc- 
M a h o ~ ~ i ~ ~ g  Co.) a11d phosphoric anhydride. Difl~~orophosphoric arid (1.0 mole) and P4Olo (0.25 mole) were 
heated ~lnder gentle reflux for 1 hour and the mixture was thcn distilled. The fraction boiling below 75" was 
collected and purified by fractional distillation using an efficient coluinn. The product had b.p. 71". 

The Raman spectrurn was ~neas~lred with the apparatus previously described (6) and polarization measure- 
ments were carried O L I ~  using polaroid cylinders to polari~e the incident light perpe~ldic~llar to and parallel 
to the axis of the Raman tube. 

The 1l.m.r. rneas~lrernents were carried out using a Varian Associates high-resolution n.m.r. spectrometer 
operating a t  56.4 iVIc. 
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AN ELECTRON IMPACT STUDY OF CHLOROMETHYL AND 
DICHLOROMETHYL DERIVATIVES 

A. G. HAI~RISON .IND T .  \IT. SHANNON 
Depa~tnlent  of Clrevristty, Uniocisity of Totonto, Tororrto, Ot~ ta t io  

Received hIay 3,  I962 

The appearance potential of the CI-I?CI' ion has been measured from niethyl chloride, 
dicllloronlethane, bromochloromethane, ancl ethyl chloride. Thc results lead to JHf(C1-12Clf) 
= 230h3 l.;cal/ri~ole. The heat of forlnatioil of CHClrf is esti~natecl to be 215It33 I~cal/mole 
from the appearance potential of this ion in the mass spectrum of chloroform and of bromo- 
dichlol-omethane. By the indirect Inass spectrometric methocl AHr(CH2CI) = 29It:i I;cal/mole 
a i d  Allr(C1-ICI?) = 15+3 kcal/mole are obtained. The ionization potentials of a nuniber of 
chlorine-contailling compounds have been measured. 

INTRODUCTION 

The literature contains little consistent information on the heats of formation of chloro- 
methyl and clichlorometh~~l raclicals ancl ions, ai~cl hence on boncl clissociation energies 
involving these raclicals. Reed ancl Sneclclon (1) have reported the electron-impact 
ionization potential of CIH2C1 radical to be 9.70 ev and have combined this with i'l (CH,Cl+) 
= 12.89 ev from dicl~loromethane to give D(CH2C1-C1) = 74 l;cal/mole. However, their 
appearance potential is considerabl\~ higher than the value 12.3 ev reported by Gutbier 
(2), and, further, the radical ionization potential is in clisagreement with the value 9.32 ev 
measured b!- Lossing, Kebarle, and deSousa (3). 

The results for dichloi-omett~>.l derivatives are eqiially contradictory. Reed and Sneddon 
have reporteel I(CHC12) = 9.51 ev and have combined this wit11 -4(CHC12+) = 13.00 ev 
from clichloro~nethane and 12.43 ev Irom chloroform to  give respectively D(CHC12-H) = 

80 kcal/mole ancl D(C1-IC12-CI) = ti7 Iccal/mole. I t  should be noted that  their ionization 
potential is again in clisagreement with that reported by Lossing et nl. (3), and also that  
the appearance potentials lead t o  mutually inconsistent values for AHf(CIHC12'-) when 
combinecl with standarcl tl~ermocheinical clata. 

Recently, Goldfinger and i\iIartens (4) have estimated D(C1-12C1-13) = 98 l<cal/mole 
and D(CHC12-1-1) = 95 licnl/mole on the assumption of a monotonic decrease in bond 
dissociation energies from methane to  chloroform. As justification for this assumption 
they refer to estimates of D(C-Bi-) by Sehon and Szwarc (5) for the various chloro- 
bromomethanes. Sehon ;~ild Sz~varc obtained D(C1-12C1-Br) = 61.0 lical/1110le and 
D(CHClo-Br) = 5" 3 .  5 1- ~cal/mole from the pyrolysis of the bromides by the toluene- 
carrier technique. However, the activation energies and hence the bond clissociation 
energies were estimated from rate measurements a t  one temperature on the basis of a pre- 
exponential factor of 2X  LO1" and, furthermore, the rates were founcl to be dependent 
on the toluene pressure. Hence the results obtainecl must be acceptecl ~vi th reseivation. 

The present worl; reports the measurement bjr electron-impact methocls of the appear- 
ance potentials of CIH2Cl+ and CI-IC1.f from suitable clerivatives to obtain further 
information concerning the heats of formation of these ions. In view of the lack of con- 
sistent information on bond dissociation energies we have also appliecl the indirect mass 
spectrometric method (6) to  the determination of the heat of foi-mation of the chloro- 
metllyl and clicl~loromethyl radicals. 

Caliadia~i Joo l l~n l  of Cllelnist~y. Volume 40 (I!)(;?) 
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I-IARRISON AND SI-IANSON: ELECTRON IMP.~CT STUDY 1731 

The principles of the indirect method of obtaining radical heats of formation can be 
outlined briefl>-. The appearance potential for the process 

where R1 is the radical of interest, can be equated to  standard heats of formation as 
follo\vs. 

A (R+) = AHI(R+) +AHf(R,)  -AH,(RR,) +E, 

where E is any excess energy which may be associated with either the charged or un- 
charged fragments. If E can be measured or can be assumed to be zero then the heat of 
formation of the radical can be evaluatecl provided AHi(R+) and AHI(RRI)  are 1;nown 
independently. The main experimental dificulty lies in the estin~ation of the excess 
energy and consequently it is usually assumed to be zero. The large body of consistent 
results thus obtained (7) affords some justification for this assumption. I t  is apparent, 
honrever, that the presence of excess energy in any ionization process, if undetected, 
\\~ould lead to erroneo~~s conclusions. Somewhat Inore reliable results can be obtained by 
measuring the appearance potentials of ions of known heat of formation from a number 
of clerivatives ~ \ ~ h e r c  Rl is the common neutral fragment. If consistent results for AHi(RI) 
are obtained then either the excess energy is the same in all cases or it  is zero. Economy 
of h>.pothesis \\-ould suggest the latter. However, the method can only lead to  upper 
estimates for radical heats of formation in the absence of accurate excess energy measure- 
~nents.  

EXPERIMENTAL 

The ionization and appearance potentials were measured using an Associated Electrical Industries &IS-2 
Inass spectrometer, which has been described previousl). (8). Tungsten filamcr~ts were used th ro~~ghou t  this 
work since rhenium filaments were foi~nd to deteriorate rapidly in the presence of chlorinatecl compou~lds. 
The ionization efficiency curlTes for the ~~nknomn and standard were plotted in the sen~ilogarithmic manner 
(9). For molecular ions these curves were parallel and the voltage difference could be deter~nirled directly. 
For the frag~nerit ions these curves xvere frequently non-parallel and in these cases the threshold voltage 
vras evaluated by extrapolation of the voltage difference curve to zero ion current. 

1x1 the dissociative ionizations stl~diecl in this \vork the postulated neutral fragment frequently contained 
a halogen atom. Since the formation of negative halide ions is frequent in electron impact the possibility of 
ion-pair processes cannot be neglected. The mass spectra of the co~npo~~ncls  s t ~ ~ d i c d  were therefore examined 
for negati1.c ions. In marly cases srnall negative ion currents were found. T o  check that this lour abundance 
\\>as not completely clue to ins t r~~mental  factors the 0- formation in oxygen was studied. The ratio 0-/0-'' = 
O.Ol(is \\-as obtained a t  35 volts electron energy, compared to the value of 0.04 obtained by Lozicr (10) in a 
system presu111abl~- devoid of discriminatio~l effects. IIle therefore co~lclude that the mass spectrometer is 
approximatel). -I?$& efficient in collecting ~legative ions, although this is ~~ndoubtcdly  a rather rough 
estirnatc. 

The samples used were com~ncrcially a\~ailable samples of high purity. 

RESULTS i \ND DISCUSSION 

Iojzic Heats 01' Fo~jjzatiojz 
The results obtained for the appearance potential of the CH?Cl+ ion from a number 

of clerivatives are recorded in Table I ancl compared with previous results. The appearance 
potential of CH?C1+ from methyl chloride obtained in the present worl; is in good agree- 
ment with the earlier result by Irsa (11.). Both results are somewhat lower than the value 
obtained by Gutbier ( 2 ) ,  although the discrepancy is not serious. The present result for 
A (CH2C1+) from clichloro~~~ethane is in essential agreement wit11 Gutbier's result and in 
disagreement with the higher result obtained by Reed and Snedclon (1). There does not 
appear to have been any previous study of L~romocl~loroniet1~a1~e. The appearance potential 
curve for CH?Cl+ from ethyl chloride showecl a large curvature and lecl to a somewhat 
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TABLE I 

Heat of formation of CH2C1+ ion 
CHZCIS + e + CH?C1+ + S + 2e 

A (CI-12CI+), ev AHr(CEIsCIL), I;cal/mole 
AFII(CI~~CIS) ,  - 

S This work L i te ra t~~re  I~cal/molc This work L i te ra t~~re  Xveracc 

230 &3 

*Ref. 11. ?Ref. 2. $Ref. 1. §Ref. 17. /]Ref. 12. '[Ref. 18. 

lower result than that reported by Irsa. The error, however, is large due to the estra- 
polation involved. 

The last three columns of Table I record values for AHI(CH2Cl+) calculated fro111 the 
present data and the literature data using the heats of forination recorded in column iJ: 
for the neutral nlolecules and the following heats of forination (12): H = 52.1, C1 = 29, 
Br = 27, and CH3 = 32, all in kcal/mole. With the exception of the results for ethyl 
chloride and the one high value for dichloromethane the calculated ionic heats of formation 
are in reasonable agreement and lead to AHf(CH2C1+) = 2304~3 l;cal/mole. I t  would 
appear that the forillation of CHpCl+ from ethyl chloride involves considerable excess 
energy. 

The altei-native ion-pair process 

CH?CIS + e + CH2CI+ + S- + e 

would lead to much lower values for the ionic heats of formation. For methj.1 chloride 
the negative ion would be H-, which could not be detected. Ion-pair processes involving 
H- formation appear to be quite rare. For dichloroi~lethane and broi~~ocl~lorometl~ai~e 
small ion currents for C1- and Br-, respectively, were found. Using the collectioil efficiency 
of 427, discussed above, these negative ion currents were estimated to be less than lYo 
of the CH.Cl+ ion current in each case. This abundance, if arising froill an ion-pair process 
involving CH2Cl+ hs  the positive fragment, would lead to considerable tailing of the 
appearance potential curves. For the chloro and broillo derivatives this tailing was rela- 
tively small, suggesting that negative ion formation was not interfering seriously with the 
ineasurements. For methyl chloride the appearance potential curve for CHzCl+ was 
parallel to the standard lirypton curve, lending further support to the conclusion that 
H- was not iorined. The agreenlent of the ionic heats of formation calculated froill the 
three results suggests that ion-pair formation in the chloro ancl bromo conlpouilds also 
is not interfering. 

The appearance potential of the CHClzf ion was nleasured from chloroform and bi-omo- 
dichloromethane. The results are summarized in Table 11. The appeal-ance potential of 
the ion from dichlorometl~ane could not be deternlined accurately because of the low 
abundance of the ion. The appearance potential of CHClz+ from chlorofori~l obtained in 
the present worli is 0.73 ev lower than the value reported by Reed and Sneddon (1). 
Assuming the ioilization process 

CHClzX + e -) CHCI? + S + 2e 
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I-I.\RRISOK AKD SIIANKOK: ELECTRON IMP.\CT STUDY 

TABLE I1 

I-Icat of formation of CI-IClzf ion 

CHC12S + e 4 CHClzf + -Y + 2e 

A (CHCI?+), ev 
- AHr(CIICIzX), AHr(C1-ICl?'), 

S This \vorl; Literature l;cal/mole l;cal/~iiole 

Average 215 f 3 

and, further, assu~lling that no excess energy is involved, the present results lead to 
co~lsisteilt values for AHf(CHC12+), as shown in Table 11, suggesting that the  earlier 
appearance potential is in error. The alternative io~lization process leading to ion-pair 
formation would result in ionic heats of forillatio~i 80-90 lccal/mole lower than the  value 
215 kcal/mole obtained. This does not appear possible by co~llpariso~l with the well- 
established 4HI(CC13+) = 216 kcal/mole (13, 14) and the low (about 1%) abundance 
of the corresponding negative ions. 

Radical Heats of Formation 
The ionic heats of forniation reported above lead to  D(CH2Cl-H) = 79 lccal/mole and 

D(CHCI2-H) = 68 kcal/mole when co~llbined with I(CHeC1) = 9.70 ev and I(CHC12) = 

9.54 ev as reported by Reed and Sneddon (I). When combined with the  ionization potential 
of 9.3 ev reported for both radicals by Lossing et al. (3), they lead t o  D(CHeC1-H) = 89 
ltcal/mole and D(CHCl2-H) = 74 lccal/mole. These results appear quite unliliely when 
compared with D(CH3-H) = 102 lccal/~nole and D(CC13-H) = 89 kcal/mole (15) and 
suggest that  the radical ionization potentials reported by both groups may be in error. 
To obtain further iilfor~liatioil the  indirect lllass spectroilletric method was used to 
obtain estinlates for the radical heats of for~nation. 

Table I11 records the results obtained by the indirect ~llethod for the chloromethyl 

TABLE 111 

I-Ieat of formation of CHYCI radical 

RCI-I,CI + e -+ Rf + CH?CI + 2e 

il (Rf) , AHr(R+), 4FIr(RCH?CI), AIlr(CH?CI) +E, 
R ev ( f0 .1  ex.) I~cnl/mole lical/mole l;cal/mole 

*Ref. 7. 
?Ref. 7 gives a \.slue of 190 kcal/mole. I-Iowever, the simpler processes involving loss of a single atom 

give an average of 103 kcal/mole. 
SThis work. 
$Calculated from data of Friednian el 01. (J. Cllem. Phys. 27, 613 (1957)). and supported by unpublished 

xvork i n  this laboratory. 
ITlle heat of combustion reported by Smitli (Acta Chem. Scand. 7, 65 (1953)) leads t o  -36 kcal/mole 

and IS out  of line with other merrtbers of tlie series. Mortinier el al. (Trans. Faraday Soc. 48, 220 (1052)) 
give -31 l~cal/~nole, in  agreement witli calculatio~~s by group ~netllods. 

-Ref  17 , -. -. . - . . 
"'SSinke (J. Pliys. Cllem. 62, 397 (1958)) and Kirkbride (J. Appl. Cllerli. (Londoii). 6, 11 (1956)) give values 

ill excellent agreement. 
ttCalcillated from AHf of liquid and AH, of liquid given in ref. 12, after correctioll of AHv to  25' C. 
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radical. These appearance potentials do not appear to have been measured previously. 
Colun~ll 5 gives the values calculated for AH,(CH2Cl) +E, assuillillg the follo~villg ioniza- 
tion process: 

The alternative ionizatioil process involviilg CH2 + C1 as the neutral fragments is of 
considerably higher energy. For example, using AHf(CH2) = 93 kcal/mole, calculated 
from D(CH2-H) = 113 kcal/mole (lG), the appearance poteiltial for the ionization 
process 

is calculated to be 18.8 ev compared to the experimental value of 12.52 ev. On the other 
hand, the ion-pair process 

would lead to appearance potentials only slightly higher than the experimental values. 
T o  checli this possibility the ratio Cl-/R+ was n~easured for each of the compounds 
studied. Over the range 20-50 volts electron energy this ratio was about 0.01 for clichloro- 
ethane and less than 0.0008 for all other compounds listed in Table 111. The ionization 
efficiency curves for the negative ion were con~plex and coulcl not be used to obtain 
information on the mechanism of formation of the ion. I t  would appear that ion-pair 
formation by the process indicated above is occurring to only a slight estent, if  a t  all. 
The assumption of the simple ionization process leading to CHzCl as the neutral fragment 
is therefore justified. 

With esception of the result for the C3H7+ ion from n-butyl chloride the calculated 
values for AH,(CH2Cl)+E are in essential agreement. Neglecting this value, which nlust 
involve considerable excess energy, the results lead to an upper limit AH,(CHZCl) = 2 9 f  3 
kcal/mole on the assumption that  E = 0 for the other ionization processes. 

The application of the indirect nlethod to the estimation of the heat of formation of 
the dichloromethyl radical is hindered by the lack of accurate heat of formation clata. 
The study was necessarily limited to  two derivatives, 1,1,2,2,-tetrachloroethane and penta- 
chloroetllane, with the results shown in Table IV. The appearance potentials obtained, 

TABLE I\ '  
I-Ieat of formation of CI-ICI? radical 

RCHCI? + e -, R+ + CHCI? + 2e 

A (R'), AZTr(R+), AZLT~(I<CMCI?), AHr(C1-ICI,) +E,  
R ev ( 1 0 . 1  ev) I;cal/mole l;cal/~nole 1x2 I/mole 

Average 15 & 3  

"his isvork. 
?Refs. 13 and 14. 
ZICirkbride. J. App1. Chem. (London). 6 .  11 (1056). 

when combined with the thermochemical data given in the table, yield consistent results 
leading to AH,(CHC12) = 1 5 f  3 l;cal/mole on the assumption that  no escess energy is 
involved in the ionization processes. Again small anlounts of C1-, amounting to about 
1% of the R+ peak, were formed; however, the possible mechanisms of formation in the 
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polyclilori~lated derivatives are abundant. The low abundance of the negative ion would 
suggest that the ion-pair process 

RCHCI? + e -) R + CHCl + CI- + e 

is not occurrirlg to a significant extent, and that calc~~lations on the basis of the dis- 
sociation process 

RCHCI? + e -, R + CHCI? + 2e 

are justified. 

Bond Dissociation Energies and Iiadical Ionization Potentials 
The radical heats of formation reported above may be co~nbinecl with standard thern~o- 

chemical data to yield boiid dissociation energies. Table V gives the results of these 

TABLE V 
Effect oi chlorine subst i t~~t ion on bond dissociation energies 

-- 

D(R-HI, D (R-CI), D (R-Br), 
Ii  l;cal/n~ole l;cal/mole kcal /mole 

"Values for rnetllyl and trichloromethyl derivatives f rom ref, 15. 

calc~~lations and compares the results with bond dissociation energies for methyl and 
trichloromethyl derivatives (15). The following heats of formation, all in l i ~ a l / l l ~ ~ l e ,  were 
used ill the calculations: CHSCI = -20.6 (17), CH2C12 = -21 (12), CHCI3 = -24.4 
(12), CI-I?ClBr = -12 (18), CHClaBr = -14 (IS), H = 52.1 (I%),  C1 = 29 (12), and 
Br = 27 (12). 

Within esperinlental eri-or the calculated bond dissociation energies for the chloromethyl 
derivatives are identical with tlie well-established values for the methyl derivatives. The 
value D(CH2C1-H) = 1 0 2 f  3 kcal/mole is indistinguishable from the estimated value, 
98 l;cal/mole (A), within the combined liinits of error, although D(CH?CI-Br) = GSf 3 
lical/mole is considerably higher than tlie value of G1 lccal/mole reported by Selion and 
Szxvarc (5). 'l'he present value for D(CH2C1-H) is in reasoilable agreement \vith 
D(CH?Br-13) = 00 Iccal/mole a t  0' I<, obtained from photobromi~~atioi~ experiments 
(19). This agreement suggests that the present results are not greatly in error, although 
the lower limit of error is nlore likely to  apply than the upper limit. 

The bond dissociation energies obtained for dichloromethyl derivatives do not fit a 
picture involving an even gradation of bond energies in the series from methyl to trichloro- 
methyl. The present results indicate that tlie boncl dissociation energies of dichloromethyl 
derivatives are identical with the boild dissociation energies of trichlorometl~yl derivatives. 
If the value D(CC13-H) = 93 lrcal/mole (4) is used the present results for dichloro- 
methyl derivatives are lower than for trichloromethyl derivatives. I t  is interesting to note 
tliat recent measurements (4) of the activation energy of the reaction C1 f RH + IlCl f R 
indicate that the activation energy for chlorine at on^ reaction with dichloron~ethane is 
somexvl~at less than tliat for reaction with chloroform. The present valile D(CHCl2-CI) = 

68f 3 Iccal/mole is in agreeme~lt with a n  earlier result >, 72 kcal/lnole obtainecl from the 
Icinetics of tlie thermal decomposition of chloroform (20), although this result has been 
questioned (15). The result D(CHC12-Br) = 5 6 f  3 kcal/mole is also in  agreenleilt with 
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D(CHCI2-Br) = 53.5 kcal/mole (5), although this value too must be accepted with 
reservations. The present results should represent an upper limit to the bond dissociatio~l 
energies of dichlorometl~yl derivatives. The available experirneiltal results are therefore 
in reasonable agreement and indicate that the bond clissociation energies of dichloro- 
methyl derivatives are idelltical with or less than the bond dissociation energies of tri- 
cl~lorometl~yl cleriv a t '  ~ves.  

Fro111 the radical and ionic heats of formation obtained in this work I(CH2C1) and 
I(CHClp) are calculnted to be 8.72&0.26 and 8 . 6 7 f  0.26 ev respectively. The large error 
in these calculated values makes detailed comparison with I(CH3) = 0.95 ev (21) and 
I(CCI3) = 8.78 ev (13) of little value; however, i t  would appear tliat the ionization 
pote~ltials of tlie three chloromethyl radicals do not differ greatly. The calculated ioniza- 
tion potentials are considerably lower tha11 the experi~nental values reportecl by either 
Reed (1) or Lossing ( 3 ) ,  suggesting tliat the vertical ionization potential reported by these 
workers is considerably above the adiabatic ionization potential. 

Ionization Pofe?ztial.s oJ Parent ~l/lolccules 
During the course of this investigatio~i the appearance potentials of the ~llolecular 

ions were cleternlined wherever the parent ion was of sufficient intensity. The results are 
presentecl in Table V1 and compared, where possible, with previous electron-iinpact 

TABLE VI 

Ionizatio~i potentials of chloro compounds 
--- 

Electron impact 
Photoionization 

Molecule This worli Literature (reference 24) 

"Ref. 22. tRef. 7. $Ref. 11. §Ref. 23. IIRef. 2. 

results (2, 7, 22, 23) and with photoionization results (24). I11 general the agreement with 
previous electroil-impact results is within experimental error. The electron-impact results 
are consistently 0.15 to 0.20 ev higher than the photoionization results, as is frequently 
found. 

The authors are indebted to the Advisory Committee on Research, University of 
Toronto, and tlie National Research Cou~lcil of Canada for financial support. 
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Research Laboratories, Frank W.  FIorner Lzniited, ll!foi~lreal, Que. 

Received March 21, 1'362 

ABSTRACT 
I t  has been found that both 2,6- and 2,7-di-t-but)~lnaphthale11e form the same disulphonic 

acid \\.he11 treated with 2 11lolar equivalents of chlorosulphonic acid. I t  is suggested that 
this acid is 2,6-di-t-butylnaphthalene-4,8-disulpho acid. The evidence, including the 1i.rn.r. 
spectrum, on which the proposed structure is based is presented. 

In a previous paper ( I )  it was shown that sulphonation of 2,G- and 2,7-di-t-butyl- 
naphthalene (I and 11) with 1 niolar equivalent of chlorosulphonic acid gave high yields 
of the correspo~ldi~lg 4-sulphonic acids. I t  has now been found that I and I1 behave 
differently when treated with 2 molar equivalents of chlorosulphonic acid. From I a 
disulphonic acicl, 111, was obtainecl in high. yield, whereas from I1 two products were 
obtainecl--a ~leutral product, 2,7-di-t-butylnaphthalene-4-sulph01l chloride, and the 
disulphonic acid 111. Thus in one of the above reactions a rearrangement must have 
occurred. 

The structure of the disulphonic acid 111, shown as 2,G-di-t-butylnaphthalene-4,8- 
disulphonic acid, was assigned from the following considerations. The ease of formation 
of 111 from I ,  as well as the fact that the ultraviolet absorption spectrum of the dimethyl 
ester of I11 was similar to  that of ethyl 2,G-di-t-butylnaphthalene-4-sulphonate and 
different from that of ethyl 2,7-di-t-butylnaphtI1alene-4-sulpho1rate (Fig. I ) ,  indicated 
that 111 was a 2,G-di-t-butylnapl1t11alene derivative. Since the low-temperature disulpho- 
nation of naphthalene yields the l,5- (or 4,8-) disulphonic acid (2, 3) and since the 4 and 8 
positions in I are the ollly available positions free of steric hindrance, it was believed that 
the sulphonic acid group entered these positions. Finally, the n.m.r. spectrum of the 
dimethpl ester of 111 (Fig. 2) was in excellent agreement with the proposed structure. 
The spectrum showed peaks a t  510 and 534 c.p.s., due to the aro~lratic protons. These 
protons, occupying meta positions, revealed characteristic two-cycle coupling. The protons 
in the a position of the naphthalene nucleus, being less shielded, showed resonance lines 
a t  534 c.p.s., while those located between the methyl sulphonate and t-butyl groups, being 

Canadian Journal of Chemistry. Volume 40 (1962) 
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MENARD ET AL.: DISULPI-ION.4TION 

240 260 280 300 320 340 

WAVELENGTH 

FIG. 1. The ultra\,iolet absorption spectra of: ethyl 2,7-di-t-butylnaphthalene-4-sulphonate (---) in 
methanol solution; ethyl 2,G-di-t-butylnaphthalene-4-sulphonate (- - -) in inethanol solution; and dirnethyl 
3,6-di-t-butylnaphthalene-4,8-dis~1lphonate (. . .) in chloroform solution. 

more shielded, showed resonance lines a t  510 c.p.s. The spectrum would fit the iso~neric 
dimethyl 1,s-di-t-but)rlnaphthalene-3,7-disulphonate (IV) equally well but this structure 
seems very unlil;ely. Apart from the evidence of the ultraviolet spectra it would require 
the shift of both t-butyl groups in both sulphonation reactions to relatively more hindered 
positions. 

Thus the disulphonation of 2,7-di-t-butylnaphthahe is accompanied by the rearrange- 
ment of one of the t-butyl groups. This may be a new example of the well-known Jacobsen 
rearrangenlent, although no evidence in favor of any particular lnechanisln has been 
obtained. 

EXPERIMENTAL 

Melting points are uncorrected. Ultraviolet absorption spectra were measured on a Beckman Model DI< 2 
recording spectrophotometer. Microanalyses were performed by E. Thomme11, Thannerstrasse 45, Switzer- 
land, and Dr. Claude Daessli., 5757 Decelles, NIontreal, Que. 
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2,7-Di-t-bz1tyl~zaphtizale?ze (11) 
A mixture of sodium 2,7-di-t-butylnaphthalene-4-sulphona monohydrate (256 g) (I),  water (100 ml),  

and concentrated sulphuric acid (750 g) was heated in an oil bath a t  200-210' C and steam-distilled. 
Filtration of the distillate and recrystallization of the solid fro111 ethanol gave 133 g (SOYo) of the hydro- 
carbon, n1.p. 102-103° C (4). 

2 , 6 - D i - t - b z ~ t y l n a p h t / z a l e n e - ~ , 8 - d i s z ~ c  Acid ( I I I )  
To a stirred and cooled slurry of 2,G-di-t-butylnaphthalene (10 g, 0.042 mole) (4) in carbon tetrachloride 

(25 ml), chlorosulphonic acid (10.8 g ,  0.094 mole) was added dropwise so that the ten~perature was nlain- 
tained below 5". The m i x t ~ ~ r e  was then stirred a t  room temperature for 2 hours and the white precipitate 
filtered and \trashed with petroleum ether. Recrystallization from acetic acid gave 14.4 g (86%) of the crude 
disulphonic acid 111, m.p. 204" deconlp. (5). Further recrystallization from acetic acid raised the melting 
point to 364-266'. S o  sulphonyl chloride could be isolated from the combined tiltrates, the only contaminant 
being the corresponding monosulphonic acid (1). Analysis: Calc. for C1811?.i0~S~.H?0 (418.52): C, 51.65; 
H,  6.26; S ,  15.32%. Found: C, 52.03; H ,  6.12; S, 15.42%. Neut. equiv.: Calc. : 209.3. 1;ound: 209.9. 

Ditlzethyl ester (fi.o?lz dinzonzethane).-N1.p. 248-250". Analysis: Calc. for C ? O H ~ ~ O G S ~  (428.56): C, 56.05; 
H ,  6.59; S, 14.96%. 1;ound: C, 56.30; H,  6.70; S, 15.00%. Ultraviolet spectrum (CIICIJ): maxima a t  283, 
317, and 331 mp ( e  = 635, 405, and 595). N.M.R. spectrum: pealcs a t  535, 533, 511, 509, 238, and 88 c.p.s. 

DisuZphonyl ch1o~ide.-Prepared by the method of Bosshard et al. (G), m.p. 260-263". Analysis: Calc. for 
C18H2?0.,S2C14 (437.40): C ,  49.42; H ,  5.07; S, 14.66%. Found: C, 49.98; H, 5.33; S, 14.34%. 

Szllpho?zation of 2,7-Di-t-bz~tyl?raphthnle?~e 
Pure 2,7-di-t-butylnaphthalene (10 g) was treated, as described for the 2,6-isomer, with 2.2 molar 

equivalents of chlorosulphonic acid. Recrystallization of the solid gave pure 2,6-di-t-butylnaphthalene-4,8- 
disulphonic acid (8.5 g, 30%). The identity of this material with the dibasic acid described above was 
ascertained by a con~parison of nlelting points and ~lltraviolet spectra. 

Concentration of the combined filtrates and extraction of the solid residue with boiling ligroin (2X 100 ml) 
gave 7.5 g (31%) of 2,7-di-t-butyli1aphthalene-4-sulphonyl chloride, n1.p. 167-169", undepressed on ad- 
~nixture with an authentic saluple (1). 
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SYNTHESIS O F  CARBON-14 LABELED DEOXYRIBONUCLEOSIDES1 
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ABSTRACT 

The enzymatic transfer of deoxyribose from a purine or a pyrimidine deoxyriboside to a 
carbon-14 labeled purine or pyrimidine base affords an efficient means of preparing labeled 
deoxyribon~~cleosides. Deoxyadenosine-8-C1", deoxyguanosine-8-C14, deoxycytidine-2-Cl4, and 
thymidine-2-C14, with the natural 8-configuration, were prepared in good yields and isolated 
in radiochenrically pure for111 by large-scale paper chromatography. 

Carbon-14 labeled deoxyribonucleosides are not, as  yet, commercially available. Strictly 
chemical syntheses of 2'-deoxyribosides (a) by the reduction a t  C2' of ribofuranosyl- 
purines (1) and -pyrimidines (2, 3 ) ;  (b) through condellsation of acylated 2-deoxyribosyl 
halides with suitably substituted purines (4-6) and pyrimidines (7); or (c) by the direct 
condensation of 2-deoxyribose with purines and pyrimidines catalyzed by polyphosphoric 
acid ester (8) are, in general, attended by requirements for difficultly obtainable inter- 
mediates, low yields, or the forrnation of both the a- and p-anon~ers. The  p-anomer is the 
desired natural product. 

In terills of high yields of solely the desired P-anomer and probable t i n ~ e  consumption, 
enzymatic methods of synthesis appear much more of interest than the above chemical 
methods. The phosphorylase enzymes (9-13) give excellellt yields of deoxyribosides from 
deoxyribose-1-phosphate and certain purines and pyrimidines, but the enzyme fro111 a 
given tissue and species of organism is too specific and a number of enzyme preparations 
would be required to obtain the desired products. The trans-N-glycosidase first described 
by 3/IacK~itt (14), which was more specifically llamed trans-N-deoxyribosylase and further 
characterized by Roush and Betz (15), appeared to be the eilzynle of choice, since it is 
nonspecific and transfers 2-deoxyribose from any deoxyriboside to a new purine or pyrimi- 
dine base, according to the following equilibriulll: 

base, + base? deoxyriboside base? + base, deoxyriboside. 

This communication describes the enzymatic synthesis and isolatioil of 2'-deoxyadeno- 
sine-8-C1' (I) ,  2'-deoxyguanosine-8-CL' (11), 2'-deoxycytosine-2-C1' (111), and thymidine- 
a-c14 (IV). 

ESPERIMEXTAL 

Carbolz-14 Assays  
Radioche~nical yields were determined, with a Tri-Carb spectrometer,* by liquid scintillation counting of 

suitable aliquots in 15 n ~ l  of a dioxane system (naphthalene, 125 g/l.; 2,5-diphenyloxazole (PPO), 7.5 g/l.; 
and 2,2'-p-phenylenebis-(5-phenyloxazole) (POPOP), 0.375 g/l.) (16). 

Paper Clr,rorr~aiograplzy 
Reaction mixtures were separated by chromatography on 18x44-in. sheets of Whatman No. 3 paper, 

and the chromatograms were developed with Hems' (17) solvent (85% satturated ammoniuni bicarbonate) 
in a combined descending and ascending manner. The paper was attached a t  both ends to supports in a 

' W o r k  perfornzed u n d e ~  the azrspbces of Ilze U.S.  A tomic  Energy Comvzission. 
"iVfodel S I C E X ,  Packard I7zstrzr~neni Conzpany, I ~ z c . ,  LaG~alzge,  Illinois.  

Canadian Journal of Chemistry. Volume 40 (1863) 
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WILLI.-\MS: DEOSYRIBONUCLEOSIDE SYNTHESIS 1743 

Chromatocab. This procedure gave good separation of all con~ponents, including the pairs thymine-thymi- 
dine and cytosine-deoxycptidine. Upon rechromatography of aliquots of the isolated products on 1; X44-in. 
strips of \\-hatnian KO. 3 Ma1 paper, only one ultraviolet-absorbing spot \\,as observed, in each case. The  
only radioactibity \vhich was observed with a windo\vlcss gas-flow strip scanning deviceL was concentrated 
in these spots. 

R j  I alues for the colnpounds encountered in this worl; are shown in Table I .  

TABLE I 
Paper chromatography of purine and pyrimidine bases and their 

cleoxyribosides 
---- 

Compound R ,  value 1 )  Compound R j  value 

E ~ L Z Y ~ ~ ~ C S  
t~ar~s-iV-Deosyribosylase enzyme \\.as extracted fro111 sonically disrupted Lactobacillz~s I~clvelicz~s (ATCC 

12046) bacteria with 0.1 M phosphate buffer (pH 6) and was partially purified, through the f r s t  ammonium 
sulphate precipitation step, as  described by Roush and Betz (15). The protein which precipitated between 
35% and '70';; of saturation \\.as redissolved in distilled water and dialyzed against clistilled water a t  4' C 
until free of sulphate ion. The final solution contained 6 nlg of protein per ml, as  determined by the method 
of Lo\vry el (11. (18). 

An ausiliary enzylne, xanthine osidase, was prepared from fresh, whole cream accortling to  the  proced~~rc  
of Horecl~er and I-Ieppel (19). Osidase activity was determined spectrophotometrically with hyposanthine 
as substrate. The ~ ~ r i c  acid produced absorbs strongly a t  293 mp, and there is no interference from purines 
or pyrimidines or their deoxyribosides a t  this wavelength. 

The specific activity of the transferase enzyme was also cleterlnined spectrophotometrica!ly by a n~odilica- 
tion of the auxiliary enzyme procedure of I<alckar (20). In the transfer reaction between deoxyadenosine 
and hyposanthine to form deosyinosine, the rate of disappearance of hypoxanthine was measured with 
santhine oxidnse. .-It a hyposanthine concentration of 101.3 pg/ml and a molar ratio of deosyriboside to  
free pnrine base of 5 to 1 in pH 6.1 phosphate buffer a t  37" C, the initial rate of disappearance of hyposan- 
thine \\.as 13.13 pmoles pcr mg of protein per hour. These conditions were similar to those anticipated in 
subsequent synthesis experiments. 

Trnnsfer Rec~clions 
( a )  Deo.vyade7~osi7ze-S-C1,i ( I )  
A solution of adenine-8-C" (300 pc, sp. act. 8.5 ~nc/mmole) and thymidine (42.8 mg, 0.1765 mmole) 

in 25 ml of 0.1 ilf phosphate buffer (pH 6.1) was incubated with 1 tul of enzyme solution a t  3'7' C for 2 
hours. The solution \vas overlaid with 5 drops of toluene to prevent bacterial growth. A t  the end of the 
incubation period, the solntion was heated in boiling water for 5 minutes to denature the  enzyme, coolecl in 
ice, filtered, and chro~ilatographed. The buffer salts, which moved \vith the solvent front, did not interfere 
with the cornplete separation of adenine-8-C14 and ~leosyadenosine-8-C'.~. The radioactive, ~Lltraviolet- 
absorbing bands of residual adenine-8-CL4 and the deosyade1losine-8-C~,~ were cut fro111 the large sheets and 
eluted with clilute ammonium hydroxide. The radiochemical yielcl of pure product was 91.4y0; 2.7% of the  
initial adenine-8-C14 \\.as also recovered. The results are shown in Table 11. 

Both the thymine and thymidine bands on the chromatogram were radioactive. The total activity in the  
two bands \\.as 5.62 PC. This finding suggests that  the commercial adenine-8-CL4, which is obtained fro111 
biologically labeled DNA, contained a s~llall amount of C14-thymine. 

(b )  Deoxygzra~~os i~ te -S-C~~~ ( I I )  
Guanine-8-C1.' (300 pc, sp. act. 9.8 mc/mrnole) was suspended in 100 ml of deionized water and heated in 

a boiling-xvater bath to dissolve as much of the guanine as  possible. T o  the resulting suspension a t  37' C 
was added 25 ml of 0.1 6fphosphate buffer (pH 6.1), thymidine (37.1 111g, 0.153 mmole), and 1 ml of enzyme 
solution. r l  few drops of toluene \Irere added, and the mixture was magnetically stirred in a stoppered flask 
for 2-1 hours a t  37' C. After 24 hours, some g~lanine-8-CId was still undissolved; 1 1111 of enzyme solution \vas 
added, and incubation was continued an additional 24 hours with stirring. The  reaction mixture was heated 
in boiling \Irnter for 7 minutes to coagulate protein and cooled to room temperature. The tn ix t~~re  was then 
desalted, prior to chromatography, by adsorption of the organic components on a mixture of SO-mesh 

*ilIodel D-47, Clzicago-Nz~clenr Corporation, CI~icago, Illiuois. 

Adenine 0 .36 
Guanine 0.39 
Cytosine 0 .72 
Thylnine 0 .72 

Deosyadenosine 0 .51 
Deoxyguanosi~ie 0 .62  
Deosycytidine 0 .77  
Thymidine 0 .81 

NOTE: Paper, Wl ia tn~an No. 3. Solvent, 86% saturated ammonium bicarbonate. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



IVILLIAMS: DEOSYKIBONUCLEOSIDE SYNTHESIS 17-15 

DISCUSSION 

The  t~a?zs-iV-deoxyribosJ.lase enzyme offers an  efficient means of obtaining labeled 
deosyribosides, with the natural configuration, providing the labeled bases or a cleosy- 
riboside ~v i th  the label in the deoxyribose moiety are available. Since the enzyme has no 
recluireilleilt for phospl~ate,  the transfer reaction can be run in neutral aqueous mediuln 
01- one adjusted with carbon dioxide to the opti~llurn pI-I of 5.8, thus eli~lliilating the need 
for a clesalting step prior to  chromatography. 

Although g ~ ~ a n i n e  is only slightly soluble in a neutral or slightly acidic (pH 6) aqueous 
medium, high yields of deoxyguanosine are obtaiiled by stirring a suspension of guanine 
in thymicline solufio~l for a n  extended reaction period. Guanine dissolves a s  the reaction 
proceeds. 

As i~~clicatecl by the work of Roush and Retz (15), a t  equilibrium, in a reaction nlixture 
containing the enzyme, a purine, n pyrimidine, ancl their deoxyribosides, the reactioil 
rates greatly favor the formation of purine deoxyriboside. Therefore, thymidine is an 
excelle~lt CIOIIOI- of deoxyribose in the preparation of labeled deoxyadenosille ancl deoxy- 
guanosine. Co~llparison of the co~lcentrations of deoxycytidiile and thymidine in equilib- 
rium with cleosyadenosine (Table 11) and the equilibriunl data  of Roush ancl Betz (15) 
suggests tha t  a pyrimidine cleoxyriboside as  deoxyribose donor would afford higher yields 
of labeled thymidine or deoxycytidine than does deoxyadenosine. I-Iowever, separation 
of the resulting four-component mixture by paper cl~romatography or by  cellulose column 
chromatography ~vould be extremely difficult because of the narrow spread in XI values 
for most solvents. In any case, i t  appears that  several successive treatments of the 
pyrimicline bases are required in approaching quantitative co~lversio~l to  their 
cleox\:ribosicles. 

The  author is grateful t o  Dr. I. U. Uoone of this laboratory for the Lactobacill~is 
11elvetic~i.s bacteria usecl in this work and for assistance and technical advice in the 
preparation of the tn~ns-N-deoxyribosylase enzyme. 
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ISOTOPIC COMPOSITION OF RADIOLYTIC HYDROGEN EVOLVED 
FROM MIXTURES OF BENZENE AND CYCLOHEXANE WITH THEIR 

DEUTERATED ANALOGUES1 

P. J. DYNE AND W. i\/I. JENICINSON 

Researcl~ Che~nistry  Brarzclz, Ato7izic Energy of Canada Li7nited, Chalk River, Onta,.to 

Received May 16, 1962 

ABSTRACT 

We have measured the isotopic coniposition of radiolytic hydrogen evolved from mixtures 
of be~izene and cyclohexa~ie with their deuterated analogues. The data are interpreted in 
terms of first-order processes of the kinetic form (for C G D ~ ? )  C G D I ~  -, CGDlo + D: and second- 
order processes CGDI? + S n  + R, SD + C G H l j  H D  + I?. 

i\ complete kinetic analysis for the system CGDG-CGIIG has been ~ n a d e  from measurements 
a t  the two ends of tlie concentration range. This gives a satisfactory prediction of tlie isotopic 
composition of hydrogen evolved from a n  equiniolar CGHG-CGDG mixture. A first-order ) ield 
of D2 is fount1 in solutions of CGDI? in benzene which persists to 'zero' CGDI? corlcentration. 
The ~necha~iisms of the first-order process studied ill these experiments, and of tlie 'unscnvenge- 
able' or 'molecular' yields of radiolytic hydrogen, are discussed. 

Studies (1-3) of the isotopic conzposition of hydrogen formed in the radiol~.sis of light 
and heavy hydrocarbons have shown the existence of tlvo radiolytic processes: a decom- 
position in which both hydrogen atoms in the H2 ~llolecule colne from the same hj-dro- 
carbon molecule, 

RI-I -W H ?  + residue, [1 1 

and a decomposition which occurs via a reactive intermediate XH, 

1iH - XII  + residue 

, MS + residue, S n  + RII - 

where the hydrogen atoms in the 1-12 molecule come from two hydrocarbon niolecules. 
We call the first ' the first-order process' since its existence is shown, in our esperinzents, 
by a yield of D? which is first order with respect to the co~lce~l t ra t io~ l  of the deuterated 
11) drocarbon. The  second we call ' the seconcl-order process' since the j~ielcl of D: forllled 
by it has a second-order dependence on the concentration of the deutelatecl 11) clrocarbon. 

The  yield ol  the first-order process is calculated ~ v i t h  the assumption that  the amount 
of energy absorbed by the deuterated hydrocarbon is proportional to its mole fraction in 
the mixture. We have previously called the first- and seconcl-order yields the 'unimolecular' 
and 'bimolecular' yields. T h e  new terminology emphasizes the operational definition and 
avoids conlus~on in discussion. 

In reference 3 ~ v e  have described esperime~its on hydrocarbon mixtures in ~vhich the 
variation of the first-order yield with solvent clemonstrates that  the energy absorbeel by 
the deuterated l~j~drocarbon is not deternzinecl simply by its nlole fraction. T h e  major 
part  of this paper is concerned with ~nivtures of heavy anel light benzene in \vhich the 
deviations from the mixture law as clescribed in reference 3 appear to be absent. Experi- 
~ n e n t s  on other mixtures of benzene and cyclohexane, variously deuterated, are also 
described. 

'Isszied as A.E.C.L. 11'0. 1416. 

Canadian Journal of Chemistry. l'olume 40 (10G2) 
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DYNE A N D  JENKINSON: ISOTOPIC COMPOSITION 1747 

The experimental techniques have been previously described (1, 2). Cyclohesane-dl? and benzene-ds of 
>99y0 isotopic purity were obtained frorn i\/Iercl; and Co; the isotopic co~npositioll was confirmed by mass 
spectron~etric analysis. 

Cyclohesane and benzene were Fisher Spectrograde. Benzene samples (-2 rill) were irradiated for 40 
hours a t  a dose rate of -3 X lo?? ev/l. hr to give 1-2 ~n lo le s  of gas. 

KINETIC ANALYSIS 

I t  is convenient to use the lrinetic analysis given previously (1, 2). The follomiilg steps 
are proposed : 

yield G1(H) 
" 

) first-order yields 

:: :${ ) second-order yields 

XH + CFI + II? + P rate constant kl 
X D + C H + H D + P  " k? 
S I I + C D  - + H D + P  " kS 
X D  + C D  + D2 + P  " k, 

where CE refers to the 'light' hydrocarbon and CD to the 'heavy', i.e. coillpletely deuter- 
ated, hydrocarbon. 

We have shown that when CH >> CD (1, 2) and putting CD/CH = F :  

G(D2) = Gi(D) X F+ ( k )  XGz(D) X FL ( 9  

G(I-ID) = F[Gz(D) + (k3/ki) XG?(I-I)]. (ii) 

I t  call readily be show11 that  when CD >> Cn the analogous equations hold where 
F' = C,/C,,: 

G(I-12) = Gi(1-I) x Ff+(kl/k3) XG2(H) x I;' 2 (iii) 

In equation (i) the second term is coilsiderably smaller than the first and G1(D) can 
be obtained froill the slope of the line obtained by plotting G(D2) vs. F. Alternatively, 
the function G(D?)/F can be plotted against F when G1(D) is obtained as  the intercept 
of G(D?)/F when F = 0. This is the graphical nlethod given in reference 1. The values 
of the braclteted ternls in equations (ii) and (iv) are the slopes of the plot of G(1-ID) vs. 
CD/CII and Cn/CD respectively. We have defined (2) the slope of (ii) as  

g(I-ID) = Gz(D)+ (ks/ki)Gr(I-I). 

We now define 

gf(I-ID) = (%(I-1) + (kz/k4)G2(D). 

This analysis coiltains six independent quantities, G1(I-I), G,(H), Gl(D), GS(D), k3/kl, 
and kz/k4. Noting that ,  for the pure compounds CH and CD, G(I-I?) = Gl(1-I)+G?(I-I) and 
G(D2) = G1(D)+G2(D), measurements of Gl(D) and G1(I-I) using eqiiations (i) and (iii) 
and measurements of g(1-ID) and g' (HD) will determine all six quantities. 
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1748 CAXADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

MIXTURES OF CGHG AND CGDG 

In this systein a11 the constailts in our kinetic ailalysis have beell established using data 
obtained a t  both ends of the coilceiltratioil range. Within our experinlental precisioil 110 

very large interactions occur in this mixture or in other mixtures of aromatic hydrocarbons 
(3). Small positive deviations in G(tota1 hydrogen) are observed from that predicted 011 

the basis of a simple mixture law: these differ in sign from deviations reported by Gordoil 
and Burton (4), who made the first studies on this system. 

( a )  ilfixtlires where CGHG >> CGDG 
Data 011 the isotopic composition of hydrogen evolved froill benzene (CGI-Is) containing 

small amounts of C6DG are given in Table I. The yields are shown in Fig. I. X plot of 
G(D?)/F gives an intercept: 

TABLE I 

Isotopic compositio~l of hydrogen fro111 CGHG-CGDG ~ l i i x t ~ ~ r e s  
(CU >> CD) 

- 
Mole% F = CGDG/ G(1HD) G(D?) F 

CGDG CGI-IGx1O2 G(hydroge11) % I-ID G;b D? X103 X lo3 x lo3 

10' x % : 10' F 
C6 H6 

FIG. 1. Yields of IHD and D? fro111 dilute solutions of CGDG ill CGHG. 
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D Y N E  A N D  JESI<INSON: ISOTOPIC COMPOSITION 17-19 

the u~lcertai~lty being derived from the intercepts of the extrenle lines that could reason- 
ably, be drawn through the points. 

Values of G(1-ID) are also shown in Fig. 1. The slope of G(HD) vs. C G D ~ / C G H G  gives 

(b) 114?,istzwes where C ~ D G  >> CGHG 
Data on mixtures in which the heavy conlponent is greatly in excess of the light 

component are given in Table I1 and are shown in Fig. 2. Since the inajor component is 

Isotopic composition of gas from CGHG-CGDG ~llixtt~res 
(CD >> Cr1) 

i\iIolex F' = CGIH;/ G (1-1 D) G (1-1 ?) 

CGHG C G D G X ~ O -  G(hydrogen) % I-ID I ~ 1 0 3  X lo3 

1o2x %!!!? = 10' F 
C6 D6 

FIG. 2. Yields of H D  and 1-12 from dilute solutions of CGMG i11 CGDG. 

not isotopically pure this material gives gas containing 2.88y0 I-ID. The plot of G(1-ID) 
vs. mixture composition does not go through the origin: we have, however, take11 g'(1-ID) 
to be the slope of this line. The mass spectrum of 'pure' Dz  contains about lyO of the 
D+ ion, m/e = 2. The mass spectroinetric results given in Table I1 have beell corrected 
for this. In this connection we went to some trouble to avoid the accidental introduction 
of hydrogenous impurities into these samples. Rigorous exclusion ol water vapor by 
handling materials and preparing samples in a 'dry' dry box and using 'Ice1 F '  grease 
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(a perfluorinated hydrocarbon) in the vacuum lines made no noticeable difference to  the 
amounts of H2 or H D  observed nor to the experi~nental scatter. 

From these data we obtain 

( 6 )  iMixtzires wlzere C ~ H G  CGDt 
Data on a few samples in the intermediate concentration region are given in Table I11 

and plotted in Fig. 3. These data fit smoothly to the data given above for the two ends 

TABLE 111 
Isotopic compositio11 of hydrogen from CGNG-CGDG n l ix t~~res  

(Cn CD) 

MOLE % C6D6 

FIG. 3. Yields of 1-12, I-ID, D?, and total hydrogen from rn ix t~~res  of CGMG and CGDG. 

of the concentration range. I-Iowever, the values of G(11ydrogen) = G(1-1, + I-ID + Dz) 
differ significalltly from the previously published data of Gordon and Burton (4), although 
there is good agreement in the percentage isotopic composition. At 50 rn0le7~ CGDB, for 
instance, \\re fo~und G(hydrogen) = 0.03, whereas they report 0.02. The percentage 
co~~lpositio~l we found was 53.8% 1-12, 33.1% I-ID, and 13.1% Do. They report 52.1y0 Hz, 
33.1y0 HD,  and 14.8y0 D2. Our values of G(hydroge11) lie above the 'mixture line' for 
CGHG-CGDG mixtures. Their results lie below the 'mixture line' and they concluded that 
CGD6 and CGHG were in effect protecting one another. \Ye have no explanation of this 
experimental discrepancy. 

( d )  Other Parameters of the Systenz 
Combining the values of G1(I-I) and Gl(D) with the values of G(H?) and G(D2) we found 

for pure C ~ H G  and CGDG, viz. 
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D Y K E  .AND JBNI<ISSON: ISOTOPIC COMPOSITION 

and recalling that G(1-I?) = Gl(I-I)+G2(I-I), G(D2) = G1(D)+G2(D), we find 

From the values of g(1-ID) and gl(HD) we find 

ka/kl = 0.95 and k2/k4 = 2.7 

With the ecluations given above, these numbers can be used to calculate the isotopic 
composition of racliolytic hydrogen evolved from mixtures of ally composition. 

For a 50-50 mixture the calculated percentage composition is 56.5y0 Hz, 31.170 HD,  
and 12.1% D?,  nrhicll is in reasonable agreement with tlie observed compositions (see 
above). The  calculated G(11yclrogen) is 0.025, w11icl-i is midway between the experimental 
results of Gorclo~l and Burton and ourselves. 

Whilc illis agreement in isotopic composition is satisfactory, it is probably not very 
significant since tlie 1;inetic analysis can be regarcled as a curve-fitting procedure. As the 
parametel-s have been chosen to give a fit a t  the two ends of the composition range, it is 
not surl~risi~lg that  an interpolation a t  the midpoint of the composition is in good agree- 
ment ~v i th  experiment. 

IVIISTURES 01: COD,? A S D  CGI-IG 

Data on mistures of be~lzclle with small amounts of cyclohexane-d12 arc given ill 
Table IV ancl plotted in Fig. 4. The  dotted line, Go(I-12)Xelectron fraction, shows the 

Isotopic composiiior~ of hydrogcn from CGM~-CGD,~  ~ i i i x t ~ ~ r e s  
ppppp-pp-- ----A- 

RIole';; F = CGDl?/ G(1-ID) G(D?) 
C6D1? C61-16Xlu2 G(11yclrogen) yi EID ';I D? X lo3 X103 G(D?)/F G(1-I?) 

dcci.ease in G(I-I?) expected from si~nple dilution, neglecting any interactions suc l~  as tlie 
formati011 of HD. I t  call be seen that  G(D2) is a linear function of the COD1? collcc~itratio~l 
and there is a finite first-order yield of Dt .  1201- tllesc ~ilixturcs 

This first-order decomposition of COD12 ill benzene is analogous to  "g,(I-I,)", the 
uncl~~enchablc yield of HZ from c-CGH12, which persists a t  "inhnite bcnzene concentration", 
observecl b!- Burton, Cliang, Lipsky, and Recldy (5). Tliis "ul~quenchable yield" was 
obtainecl b!- calculatioll from values of G(H2) in benze~~e-cyclo11er;ane ~iiixtures of the 
yield of I-I? I ro~n cyclohexane per 100 ev absorbed in the cyclohexane fractioli. Tliis yield, 
g,(H2), extrapolated to 0.5 molec~~le/100 ev in pure benzene. While this 1-ielcl is consicler- 
ably greater than our value of Gl(D) the experiments agree on tlic existence of this 
unq~lenched clecon~position. 
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- , & ( H d  X ELECTRON FRACTION ---- - 
> 0)  

0 
0 

FIG. 4. Yiclds of I-ID, D?, and total hydrogen from dilute solutior~s of C6D1? in CGHG. 

Burton and his co-worlrers suggest tha t  this decomposition occurs via a precursor 
which cannot be quenched by benzene. I t  is not, however, necessary to malie this assump- 
tion because the simple quenching scheme can lead to n finite yield. The  sequeilce 

C --*> CS (yield G) 

Cx - products including hydrogen 

CS + B ----+ products excluding hydrogen, 

where C = cyclohexane, B = benzene, leads to: 
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DYNE i\KD JENI<INSON: ISOTOPIC COMPOSITION 1753 

where X,  is the mole fl-action of cyclol~exane. Burtoll's quantity gc(H2) ancl our quantity 
G1(D) are both of the form G(1-12)/Xc. If kG/k5 ,- 1 and X ,  is small (i.e. [B] -. 10 moles/ 
liter) then G/( l f  k~/ks[B]) ,- G/lO, which is still a finite fraction of the yield in pure cyclo- 
hexane. From a more detailed analysis of the variation of G(Hz) with composition Freeman 
(G) conclucled that ,  a t  high benzene concentratio~ls, the main interaction between benzene 
ancl the escited precursors CX was a charge or  energy-transfer step lilie [GI and tha t ,  in 
fact, kG/k5 ,- 1 (kG/ks -- k3"/k? in Freemall's terminology). This correlation only s h o l ~ s ,  
however, tha t  similar lcinetic treatments of the system lead to similar numerical values 
of the para~~leters .  

At present it is only possible to  make qualitative, comparative comments on the value 
of g(1-ID). In  solutions of c-CGD1? ill CGEIG, g(I1D) = 0.17, in solutions of CsDG in CGIIG 
g(1-ID) = 0.027, so the deuterium atoms on a cyclol~exane molecule are consiclerably 
more labile in benzene solutions than deuteriulll atoms on a benzene molecule. 

MIXTURES OF CGDG IN CGH12 

The  isotopic composition of 11yd1-ogen evolved from these mistures has been previously 
studied by Burton ancl Patricli (7) and by Chang (8). In the present worli more data  were ob- 
tained in the low concentration range. These data  are given inTable Vand  plotted in Fig. 5, 

TABLE V 
Mixtures of CGDG with CGHI? 

i\'I O ~ C  'jc F = C6DG/ 
CeDG X 102 G(hydrogcn) (% I-ID oi /o D2 G(I-ID) G(Dd 

together xvith some data  for G(1-ID) from c~D12-C~I-112 mixtures. The yield of I-ID from these 
solutions is not a linear function of CGDG concentration, clue mainly to the large recluctio~l 
in G(11~~drogen) on the addition of benzene. The  initial slope of G(I-ID), i.e. the limiting 
value of g@ID) as [CGDG] -. 0, is 2.94 as nleasured from the loivest concentration point; 
conventional estrapolation techniques of the differential slope show that  the limiting 
value may be as great as 3.5. 

The  esperimental result is therefore 

The value of g(1-ID) can o~l ly  be subjected to a qualitative discussion. The  main point 
of interest is tha t  the value g(I-ID) = 2.9 where benzene-dG is the source of the D atoms 
in cyclohesane solutiolls is close to  the value g(1-ID) = 3.7 (1, 2) where cyclohexane-d12 
is the source of D atoms. T h e  comparable reactivities of benzene ancl cyclohexalle in this 
respect is some\irl~at surprising when one recalls the very low hydrogen yield from pure 
benzene. I t  must, however, be noted tha t  in these solutions the absolute yield G(1-ID) is 
a small fraction of the total hydrogen yield and is also a small fraction of the decrease in 
hydrogen \.ield from pure cyclohesa~le. A t  the lowest co~lce~ltratioll of benzene-dG, 
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I I 

I I I I I 
I 2 3 4 5 6 

MOLE % DEUTERO COMPOUND 

FIG. 5. Yields of I-ID from dilute solutions o i  C 6 n G  in CGH12 atlcl COD,. in CGI-Ils 

G(1-ID) - 0.015, AG(hydrogei1) =: 1.4, so there is a factor of the order of 100 between 
the efficiency (rate) of the abstraction reaction and that  of the scavenging/que~~cl~ii~g 
reactioils which are resporisible for the decrease in hydrogen yield. 

A second point of interest is the variatioil of G(D2) a t  high benzene concentration: 
Burton a i d  Patricl; (7) reported that  G(D2) is a linear fuilctio~i of n i o l e ~ ~  c6DG.  Our 
results for D z  yields plotted in Fig. 6 coilfirm this. We have also plotted values of G(D,) 
in C6HG-CGDG mixtures, together with the extrapolated lilllitiilg slope nleasured a t  low 
CGDG coilcei~tratioli which we have identified with G1(D). The measurements in cyclo- 
hexane solution show a linear slope such that G1(D) equals the yield of Ds fro111 pure 
benzene-dG. This suggests that  the deuterium fro111 pure CGDG (or hydrogen froin CGI-IG) 
is produced wholly by the first-order mechanism. Ilo.vvever, this caiinot be since mixtures 
of CGI-IG and CGDG give appreciable alllounts of I-ID. 

This paradox is partially resolved if the results of reference 3 are recalled. I t  mas noted 
that  G1(D) varies with solvent; i t  could be greater or less tllan the first-order yield in the 
pure deuterated hycirocarbon and could very well be greater than the total yield of D, 
from the deuterated hydrocarbon. If i t  were greater, the curve of G(D2) vs. concentration 
would be concave to  the conceiltratioll axis, a behavior which is sho~vn in sollle of the 
data obtained by Chang (8) from C G D G - C ~ H ~ ~  lllixtures containing iodine. If the results 
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MOLE % C6D6 

FIG. 6. Yields of Ds from mixtures of C ~ D G  in CGHIP and1CtD~ in CGHG. 

of reference 3 are taken to indicate energy transfer the11 this result apparently indicates 
energy transfer froin cyclohexaile to benzene-dG. 

MIXTURES OF CGDlz AND C6H12 

This section is a brief account of sonle experirnellts on 'pure' C G D ~ ? .  This inaterial has 
a 99.5% isotopic purity and conseq~~ently contains about 5 4 %  'o~D~~1-1 .  Radiolysis of 
this material gives hydrogen containing (3.4% I-ID. This result indicates an apparently 
'infinite' isotope effect for the liberation of 1-1 atolns fro111 CGDllI-I; if excitation is 
partitioiled between components as their mole fraction, then this result implies that  
every CGD11I-I molecule dissociates to give the Xu precursor ~ i ~ i t l ~  something approaching 
10070 efficiency. The gas obtained froin the radiolysis of 'pure' CGD1lI-I contained 26y0 
I-ID ancl 2.2y0 1-12. This compo~ul~d contaiils 8% hydrogen atonls and the amounts of 1-12 
and I-ID found do not suggest any abnormal effects in the lability of t I  atoms. The amount 
of I-ID from 'pure' C G D ~ ~  is eq~iivalent to a material containing -25% CGDllI-I. 

This anomaly inakes the interpretation of the clata on mixtures of CGD12 with sillall 
amoul~ts of CBI-112 u ~ ~ c e r t a i ~ ~ .  i\iIaliing a simple subtraction of the yield of 1-1, fro111 'pnre' 
C+jDI? our experiinents show a wide experilneiltal scatter but indicate G1(I-I) - 4.0~t1 .0 .  
This value is very close to the total hydrogen yield and apparently greater than the 
initial yield of cyclohexene, viz. 3.2 (9). Colnparable experimental observations have 
been made by Burton and Chang (10). 

THE MECI-IANISM O F  TI-IE 'FIRST-ORDER' I'ROCESS 

Part of the hydrogen yield fro111 allianes is rapidly reduced by materials expected to 
have a high reactivity toivai-ds hydrogen atoms (11). As a consequence this part is often 
referred to as the 'scavengeable' hydrogen. The residue, wllicl~ is "unscavengeable", is 
often called the 'molecular' hydrogen. Our first isotopic experi~nents (1) demonstrated 
the existence of the molecular detachment process formalized in eq. [I]. We have later 
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sl~o\irl? that beilzelle and iodine reduce the first-order yield with an efficiency closely 
coinparable to the efficiency with \vl~ich the total hydrogen yield is reduced. We have 
analogous results for solutions of benzoquinone and carbon tetracllloride in CGDl2-cGHlP 
mixtures and for benzene and iodine in mixtures of ~netll~ilc~~clohesaile-& and methyl- 
cyclohexane (12). Since the 'molecular' process, observed in the isotopic esperiments, is 
reduced concurrently with the bimolecular process (which woulcl be r ed~~ced  by a hydrogen 
atoll1 scavenger) interpretations of the type given by I-Iardwicli (11) and Freeman (20) 
need modification. 

I t  is of interest to cliscuss possible mechanislns for the first-order yield. 
For alltanes, these are: 
(i) A true unimolecular decomposition mecl~anistically described by 

Crr --+ C I I ~  + H? + olefill. 

The excitecl precursor CHS inay be an ion or a neutral molecule. Williams (13) has argued 
that,  for 72-allianes, this ~inimolecular decomposition of an ion is exothermic and may 
account for part of the olefin formation. Forrestall and Hamill (14) have suggested that 
the intermediate CnX (our nomenclature) is formed following electron capture by the 
CG1-Il2+ ion. Sauer and Dorfman (15) have shown, for ethylene and n-butane, that a 
considerable amount of photolytic hydrogen is produced in a unimolecular clecolnposition 
via 11011-ionic precursors. 

(ii) X bimolecular ion-molecule reaction, e.g. 

or, more generally (13), 

C,,H?,,+?+ + C,,I-I?,,+? + Cr,,-hydrocarbon + H?. [7 I 

These reactions would not be affected by a radical scavenger and ~vould consequently 
contribute to the unscavengeable hydrogen (or 'molecular' hydrogen) in contrast to the 
scavengeable hydrogen which, by clefinition, occurs via a radical reaction. If reaction [7] 
is rewritten for a illixture of isotopic l~yclrocarbons: 

we see that there is no certainty as to the isotopic c o ~ ~ ~ p o s i t i o i ~  of the molecular hydrogen. 
Williams suggests that this reaction nlay proceed via hydride ion transfer-to give 
C,LD2,,+2H, \vl~icll then eliminates 'hydrogen', which, in this case, could be Do  or I-ID. 
The amount of Do forllled by this process woulcl be proportional to the concentration of 
the deutero compound and would contribute to the first-order yield. 

(iii) A bimolecular radical-radical reaction 

where the secolld step is a diffusion-controlled reaction between the species formed in the 
first step. We have discussed (15) the possibility of benzene acting as a radical scavenger 
in clilute benzene-cl-clollesane solutions and colllpetillg with step [8], and coilclude that 
the gas-phase values for the reactivity of 1-1 atoms wit11 beilzeile are not large enough 
for effective competition a t  low benzene concentrations. We collcluded that  the mecllanism 
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D Y N E  .AND JENItINSON: ISOTOPIC COMPOSITION 1757 

by \vhicl~ benzene reduces the 'molecular' yield must be a 'quenching' or energy-transfer 
type of mechanis~n. 

Somewhat surprisingly, the gas-phase reactivity is not large enough to exclude this 
radical-radical reactioil even in pure benzene solutions. In the equation given by Roy, 
Williams, and I-Iamill (16) the probability of a scavenger competing with a difiusion- 
coiltrolled reaction is determined by the procluct P ? X  (where, in this case, P? is the 
collision efficiency of the reaction of D atoms with benzene and X is mole fraction of 
benzene). Their clata show that  if P2 - 1 a 50Yo efficiency of scavenger is observed when 
X - lo-?. Wlieil the reaction occurs in pure scavenger (X = 1) P2 inust be -lo-? for 
effective coinpetition. Since the collision efficiency P2 for the reaction between hydrogen 
atoms and benzene in the gas phase is 1.3-i.9X10-'i (17), it is still possible for the first- 
order yield to be occurring by a sequence lilte reactioils [9] and [lo] i n  pure benzene. This 
observatioi~ reinforces our conclusion (3, 15) that ,  a t  low benzei~e concentrations, benzene 
acts by 'quenching' precursors of the ' ~~n imo lec~~ la r '  deconlposition. 

Smith (18), i l l  this laboratory, has observecl a first-order yield of D ?  in the radiolysis 
of C6D12-CGI-112 1nixtui-e~ in the vapor phase which is somewhat greater than that i l l  the 
liquid phase. The diff~~sion-controlled atom-radical reaction cannot occur in the vapor 
phase and consequei~tly, one of the first two mecl~anisms in~ist  be occurring in the vapor. 
This again argues that  they may be expected to  occur in the liquid. 

In benzene the situatioil is different. The total hydrogen yield is very sinall so while 
the first-order yield is a significailt fraction of the total yield it correspoilds, by comparison 
with cyclol~exane, to a much less efficient process. I t  is, therefore, quite possible that  the 
diffusion-controllecl radical-radical reaction is significant in benzene whereas it is relatively 
insignificant in cyclohexane. Ingalls (19) has suggested that the radical-radical reaction 
is the mechanism for the first-order yield which he ineasured in toluene. 

From the balance of this evidence it is our opinion that,  i l l  cyclohesnne, the first-order 
yield measures a true molecular detachment. The  ionic process discussed in (ii) is an 
interesting and provocative speculation. In benzene, the first-order yield could be a true 
inolec~~lnr detachineilt or a diffusion-controlled radical-radical reaction. 
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C I V P L I T T I N G S  IN SOME SUBSTITUTED BENZENES 
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ABSTRACT 
C13 sidebands in the proton spectra of some symmetrically s~tbs t i t~ l ted  benzenes have been 

~ ~ s e d  to obtain carbon-hydrogen coupling constants as  well as  proton coupling constat~ts. 
A long-range carbo11-hydrogen coupling constant has also been found. Substituents n-hich 

act as electron acceptors in an  inductive manner are found to increase the CI3H coupling 
constants b) as much as  20 c.p.s. The patterns of the sidebands are discussed and possible 
errors in first-order analyses are itldicated. 

INTRODUCTION 

The carbon-hydrogen spin-spin splittings in a wide variety of co~llpounds have been 
measured, either by Ct3 resonances or from sidebands in proton resonances. They have 
been reviewed by Lauterbur ( I ) .  I t  has been proposed that they are mainly deter~nined 
by the s character of the carbon-bonding orbital (2, 3). Long-range carbon-l~yclrogen 
coupling constants have been ~neasured by ICarabatsos et al, by means of Ct3 enrichment 
(4). A few carbon-hydrogen coupling constants for benzene rings have been reported 
from C1%easurements (1 ) .  We have measured these for a dozen subs t i t~~ted  benzenes 
by means of proton spectra. All compounds were chosen so that the inain proton resonance 
was a single line. In such cases the sidebands occurring due to splitting by CtQresent  in 
natural abundance are observable. The separations of the centers of gravit). of the side- 
bands give the carbon-hydrogen coupling constants directly. The sidebands show 
interesting fine structure and these are discussed. 

ESPERIILIENTAL 
The C13 sidebands of the proton resonance a t  GO Mc/s were measured in n a t ~ ~ r a l  a b ~ ~ n d a n c e  in the pure 

liquid or s a t ~ ~ r a t e d  solution. I'eal; separations were determined by the standard tcchniq~les using n frequency 
counter and sidebands obtained from the main proton resonance. Averages were talcen of up to 10 spectra. 
The spectra were taken with a radio-frequency power of a b o ~ ~ t  50 d b  below 0.5 watt. .A compromise had 
to be reached between saturation effects and a rate of sweep of the held s~tch that fine s t r u c t ~ ~ r e  c o ~ ~ l d  be 
observed. 

RESULTS AND DISCUSSIOK 

I n  Table I the coupling consta~lts are given for the various compounds run either as 
liquids or as saturated solutions in the solvents listed. The stal~darcl deviations are 
given. In Fig. 1 typical spectra are presented for symmetrically substituted benzenes 
as well as that of benzene itself. The different types of spectra will now be discussed 
in  turn. 

Pentasr~bstituted Benzene 
The spectrunl of molecules of 2,3,5,6-tetrachloronitrobenzene containi~~g a CI3 llucleus 

bonded to the hydrogen is of course a simple doublet, Fig. l ( a ) .  The separation of the 
peaks is 175.Oh0.4 c.p.s. in carbon tetrachloride and 176.9h0.6 c.p.s. in  acetone. The 
difference is just larger than the standard deviations but it is not certain that this is 
significant. 

The two peaks marked I in Fig. l ( a )  are due to impurities. The unmarked peal; next 
to the main proton resonance, however, is not caused by an impurity. I t  is one peak in 

*Holder of a C.I.L. Fellowship. 
tHolder of a N.R.C. Studentship. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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IlUTTON ET AL.: Cl3 SPLlTTlNGS 1759 

TABLE I 

Coupling constants in some symmetrically substituted benzenes in  c.p.s. 

Compound State JC~311* Other coupling constants" 

2,3,5,G-Tetrachloro1litrobe11~e1le In CCl., 175.0&0.4  J c l 3 c ~  = 4 . 9 & 0 . 3  
In acetone 1 7 6 . 9 1 0 . 6  or J c l ~ ~ c c ~ r  = 4 . 9 & 0 . 3  

2,4,6-'rribromophenol In acetone 172 .5&0 .8  A,,"" = 2 . 3 & 0 . 2  
2,4,6-Tricl~lorophe1101 In acetone 1 7 1 . 3 1 0 . 5  ~,,,ll" = 2 . 5 1 0 . 2  
2,4,6-Trinitrophenol In acetone 175.8&0.5  JmlrI.I = 2 . 8  &0 . 2 
2,6-Dinitro-4-chlorophe1lol In ether 174.1&0.4  JrT1I11 = 2 . S &0 . 2  
2,6-Dibromo-4-nitrophe1101 111 acetone 1 7 2 . 8 1 1 . 3  J,,T,,"" = 3 . 3 1 0 . 3  
1,4,5-Trichlorobenzene In CC13Br 172.2&0.4  J,,PI1 = 2 . 1 & 0 . 2  
1,3,5-'rribromobenzene In CC13Br 1 7 4 . 3 1 0 . 5  J,,,IT1{ = 1 . 7 & 0 . 3  
1,3,5-Trinitrobenzene In acetone 179 .5&1 .5  J,,PII = 1 . 9 1 0 . 2  
p-Dichlorobe~lzene In acetone 169.0&1.0  
p-Dirnethosybenzene In acetone 161.1&1.0  
Benzene Liquid 158.7&0.S 
2,4,6-Trimethylpyridine Liquid 1 5 8 . 5 1 0 . 7  Jc I JL<(CH~)  = 136 .4&0 .5  

*Errors given are standard deviations. 

the doublet due to long-range carbon-hydrogen c o ~ l p l i ~ ~ g  in those molecules n~here C13 
is in the position ortho or ~ n e t a  to the proton. A spectrum run in reverse reveals the other 
pealt of the doublet. Ringing of the large proton peal; obscures the second pealt of the 
doublet in each case. The coupling is 4.9h0.3 c.p.s. Since the intensity of the pealts in 
this doublet is greater than that  of the pealts in the other doublet (the exact ratio is 
very hard to  decide because of the proximity of the large ring resonance), we conclude 
that this coupling is either J C l l C H  or JCISCCH. 111 less heavily substituted benzenes the 
peaks due to  such coupling will be obscured by the more intense central hydrogen pealt. 

The only other value for a long-range coupling constant in benzenes is the one of 5 
c.p.s. between the methyl protons and, presumably, the neighboring ring carbon in 
toluene (10).  I t  is of the same order of magnitude as those found by ICarabatsos et al. in 
n~olecules containi~ig sp2 hybridized carbon (4 ) .  

Te t ras~~bs t i tu t ed  Benzenes  
All four of this type have the two protons in the meta position. A typical spectrum is 

shown in Fig. l ( b ) .  Neglecting long-range coupling constants between carbon and 
hydrogen, we have, in first order, that the separation of the doublets is JCnH and the 
doublet spacing is JmN". 

Consider now an exact approach to this three-spin system. The two ring protons and 
the C13 nucleus constitute an AA'X system (5). I t  follo\vs that the separation of the 
outerinost pealts of the doublets is JmE1H+1/2(JC13R+JC13CCH)+2D and the separation of 
the innernlost pealts is -JmEH+ 1/2(JC13H+JC13CCH)+2D. Here 2 0  = {[1/2(JCl3,  - 

Jc~accH)]'+(JmEH)3)112. Only if  both JDIH" and JC13CCI-I are much smaller than JCnH do 
we ma1;e no error in a first-order analysis. Assuming a maximum long-range coupling 
constant of about 5 c.p.s. and a JmH" of 2 c.p.s. the error in JCnH is only about 0.1 c.p.s. 
The error can reach significant proportions where JHH is not small, as in cis and trans 
disubstituted ethylenes for instance. 

Trisubst i t z~ted Benzenes  
A typical spectrum is shown in Fig. l ( c ) .  In first order we expect two triplets with 

spacings equal to  JmHH and centers separated by J C n m  If JmEIH and JclZccH cannot be 
neglected with respect to JCmH we have the AAZ'X case. Tile energy levels for this are 
written down rather easily. I t  is immediately clear that there are strong A transitions 
betwee11 antisymmetrical triplet states which are separated by JCI~H. This constant can 
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1760 CANADIAN JOURN;\L O F  CHEMISTRY. VOL. -10, 19G2 

FIG. 1. The 60 & I c /  proton resonance spectrum a t  high radio-frequency po\\.cr, sho\\~irig the Cl3 side- 
bands in saturated so lu t io~~s  of ( a )  2,3,5,6-tetracl~loronitrobenzcne in acetone, (b) 2,4,6-tribromophenol in 
acetone, (c) 1,3,5-triclllorobe11zene in tricl~lorobromomethane. Peak separatioils in the observed ant1 calcu- 
lated spectra are given in c.p.s. 

immediately be derived from the separation of the strong central lines of the triplets. In 
contrast to the tetrasubstituted benzenes the peak separations in the rnultiplets them- 
selves deviate from J,,,HH, depe~lding on the relative sizes of J,nH", JCiaCCI-I, and JCuH. 111 
our examples the error is less than the experimental one. 
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Disubstituted Benzenes  
The spectrum obtained from a paradisubstituted benzene is tj~pified by Fig. 2(a) .  I t  is 

1 
ring 
H 

FIG. 2. The 60 Mc/s proton resonance spectrum a1 high radio-frequency power, shoiving the C13 side- 
bands of (a) paradichlorobenze~te as  a saturatecl solution in acetone, (b) liquid benzene. I'eal; separations 
in the observed and calculatecl spectra are given i l l  c.p.s. The pealcs marlccd s.b. are spi1111ing sidebands. 

immediately clear that  i t  is not a first-order spectrum. T h e  best approsinlation to the 
actual situation, for which explicit values for the tra~lsitions in terms of spectral pal-am- 
eters can be obtained, is AA'A1'X, where lorlg-range carbon-hydrogen coupling constants 
are neglected. The  highest order of the sub l~~a t r ices  is three and orthogonal matrices can 
be foulld which diagonalize them. This was done. 

Taliing J,"" = Jas = J A t h , ,  = 8 c.P.s., J I T H  = J h A ,  = Jh,lS = 2 c.P.s., and J,,"" = 

J r l A ~  = 0 c.P.s., the calculatecl spectrulll which results is shown in Fig. 2(a).  This is 
exactly what one expects as  so011 as  one realizes tha t  proton X and proton H as  well a s  
protons A' and A" are relatively tightly coupled. 

The deviation from the calculated spectru~ll can result from the fact tha t  2JOH" = 
0.1JC~3H. If the JCuH values are large enough, they could aggravate the deviation from 
the case AAIA"X. We conclude tha t  we are in fact dealing with the case AAIH"H"'X, 
where X is now a carbon nucleus. These systems show no s y m m e t r j ~  and this is really 
where the difficulty lies. I-Iowever, our analysis has accounted for the spread of the 
spectrum and we can extract a value of JCLaFI which is accurate t o  about 1 c.p.s. 
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Belzzene 
The calculated spectrum in Fig. 2(b) is that resulting from the assumed case A6X, 

where X is the proton bonded to C13. This assumption is justified if (a) J C l j H  is large 
compared to any J"" and (b) JoHH is large compared to a fraction, about one quarter, of 
JoHH-JmEH. These conditions, hard to specify more closely in this complex situation, are 
roughly true here. In that case each half of the spectrum sllo~ild be a sextet with separations 
between the multiplet peaks of 1/5(2J,"H+2J,,HH+ JDHH). This is 3.9 c.p.s. on an average 
and it is seen that the calculated spectrum reproduces the shape of the observed spec t r~~in .  
The situation is somewhat similar to that of fluorobenzene (6). A good general discussio~l 
of similar systems is give11 by Abraham and Bernstein (7). Further progress in the analysis 
of C13 sidebands in the proton spectra of substituted benzenes will no doubt involve 
enrichment of the carbon isotope in these n~olecules. 

The Carbolz-Hydrogen Co~lpling Co7zstalzts 
A11 the carbon-hydrogen coupling constants lie above that of benzene itself. If the 

relatioil pc l~  = 0.20Jc~xH is correct, as suggested by Muller and Pritchard (2), then the 
percentage of s character, ~ C H ,  of the carbon atomic orbital of the CEI boild varies fro111 
about 327, for benzene to about 367, for 1,3,5-trinitrobei1me. The  carbon atonlic 
orbital deviates only slightly fro111 sp2 hybridization. If, further, the linear relatioil between 
r(C-1-1) and percentage of s character of C-H is correct, the bond length shortens by 
0.01 A in going from benzene to 1,3,5trinitrobenzene. 

Lauterbur has obtained J C i a H  coupling coilstants for a iluinber of methyl-, hydroxy-, 
and methoxjr-substituted beilzenes froin the C13 spectra (8). They are the sallle as that 
in benzene within experimental uncertaiilties. These substituents are all electron donors 
in an overall manner. hlost of the substituents in the present set of conlpounds are 
electron acceptors ill an inductive maniler, including the halogens. The electron-with- 
drawing groups cause an increase in JCLw and this is an indication of an increase in s 
character of the C-1-1 bond if Muller's ideas are correct (2). The trinitrobenzene has the 
highest CL31-I coupling constant and it is one of the strongest meta-directing groups. No 
simple additivity relation is evident for the vario~is substituents, such as the one found 
for substituted inethanes (9), and this is probably due to resonance interactions among 
the substituents. 

The CIJH coupling constant in the pyridine is the same as in benzene and since the 
carbon is meta to the nitrogen this is perhaps not surprising. 
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DETERMINATION OF FREE FORMALDEHYDE 
BY VAPOR DIFFUSION TECHNIQUE: 

A STUDY OF THE GLYCINE-FORMALDEHYDE REACTION 

JOHX L. N I o ~ n r s o x , ~  AUDREY S. LEE, AND PETER J. MOLONEY 
Connazlgl~t AIedical Researclz Laboratories, University of Toronto, Toronto, Ontario 

Received hIay 8 ,  1062 

ABSTRACT 

.A \ apor dillusion technique has becn motlified to  give absolute values of the free formal- 
tlehyde in gllcine-formaldehyde nlixtures. The equilibriun~ constant for the formation of 
the n~onomethylol addition colnpo~~lld of glycine and for~naldehyde was found to be 40, which 
coincides \\ ith that calculated from Levy's n~easuren~ents which were made with a hydrogen 
electrocle. 1-alues of the equilibrium constant for the formation of the dirnethylol colnpound 
\yere variable and much higher than a single value reported by Levy. This uncertainty may 
be clue t o  polymerization. 

The reaction of forinaldeh\.de with glycine has been studied with the hydrogen ( I )  and 
glass (2) electrocles. Levy ( I )  has proposed additioil reactioils of one and two formal- 
dehycle molecules on the amino group. Further support of Levy's assuillptio~ls would be 
given by a cletermi~lation of the amount of free or uilbound formaldehyde in the aqueous 
solution. Isolatioil procedures such as distillation or even precipitation of the formal- 
dehyde as, for example, by diinedon reagent, do not avoid the rapid reversal of the 
reactions. I t  was found here that Nash reagent (3) gives a complete reversal of the 
reaction. Phloroglucinol reagent (4) probably gives a partial reversal. 

In the present paper, a vapor diffusion tech~~ique  (3, 6) has been illodified to give an 
absolute measure of the free formalclel~~~de, and the equilibria proposed by L e w  and 
others are appliecl to the measurements. 

.Aqueous solutions of pure formaldehyde \irere obtained by fractional distillati011 from paraformalclehyde 
into water (7). The glycine \\.as analytical grade. The aqueous mixtures were adjusted t o  various pH values 
by HC1 and I\-aOI-l of 0.1 and 1.0 normalities; pI-l was measured on a Radiometer PI-I nleter. 

Formaldehyde \\;as analyzed by lneans of the Nash test (3) a t  -420 r n M  on a Coleman Universal spectro- 
phototneter. Contrary t o  what Xash reports, it was found that his reagent retains its full strength for several 
months, pro\~icled that no pipette is dipped into the original reagent bottle. I t  was noted that standard 
formaldehyde solutions of over 0.03% concentration are stable for a t  least 1 month. 

The vapor diffusion bottle, Fig. 1, was adapted from diSf'fusion flasks described by Ward Smith (5). Exactly 
0.1 in1 of a Btio\\:n fornlaldehyde concentration is added to the snlall cup by a blowout T.D. type pipette 
and 5 to  10 1111 of the glyci~le-formaldehyde nlisture is measured into the bottle. Several concentrations 
of forlnaldehyde (5-8) are placed in the  cups of a series of the vapor cliffusion bottles above a hxed volume 
of glycine-formaldeli~~de mixture. The concentrations in the cups are chosen so as  to bracket the free 
formaldehyde con cent ratio^^ in the mixture. 'The bottles are rotated on an inclined rotating machine (9 )  
in a constant-te~liperature room. All solutions, bottles, and pipettes are allowed to  come t o  thermal equilib- 
rium in the roo111 before the various additions are made. This precaution is necessary to  prevent mass 
distillation of liquitl to or from the small cups. After a b o ~ ~ t  3 to  4 hours' rotation, the con1plete contents of 
each cup are carefully mashed into separate volun~etric flasks and made up t o  a volume suitable for form- 
aldehycle anall.sis by the Nash test. Then for each cup the absolute change in formaldehyde concentration 
is plotted against the original concentration. Usually lines drawn through the increasing and decreasing 
concentration points are linear and meet a t  the  point of zero cliange (Fig. 2). The concentration of formalde- 
hyde represented by this point is a measure of the free for~naldehyde in the glycine-formaldehyde mixture. 

lPresen f  nddress: O?rlario Research Fozcndatio?~, Toronlo, Ontario. 

Can;~dia~i  Journal of Chemistry. Volume 40 (1963) 
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A 

FIG. 1. Vapor diffusion bottle: 50 ml total capacity, No. 00 rubber stopper, borosilicate glass, small cup 
volun~e of 0.4 rnl. 

ORIGINAL CONCENTRATION 

FIG. 2. Determination of free formaldehyde by vapor diffusion bottles; all concentrations and changes 
in concentratioll refer to solutions in the small cups; concentrations in parts per million. 

I t  is the point of equal "escaping tendency" or activity (8) of the formaldehyde in the cup and in the 
mixture. 

Blanli esperiments in which the co~lce~ltratioils in thc cup and bottle were the same showed no change in 
the analysis of fornlaldehyde in the cup. This shows that  during the course of :un experiment thermal equilib- 
rium is maintained between the formaldehyde solution and the glpcine-forrnaldehydc mixture. All experi- 
ments were carried out in a rooin a t  31.5A0.3' C. 

Fised amounts of 1% glycine and 0.1% formaldehyde nrerc used in most of the esperiments. The pII 
was varied from 2.8 to 9.7. In a few experiments, the ratio of glycine to  formaldehyde was varied for both 
a fixed formaldehyde and a fised glycine content a t  a pH of 8.30. This pH was chosen in a region where the 
free formaldehyde changes rapidly with PI-I change. 

RESULTS r lND DISCUSSIOS 

The free formaldehyde values in 0.1% formaldehyde and 1% glycille mixtures a t  
various pH values are given in Table I ancl plotted in Fig. 3. The only similar experime~~ts  
in the literature were those of Hobohm (4). In  general, except for the 90% free formal- 
dehyde values below pH 7, his results were higher than ours. This is to be expected since 
he determined the free formaldehyde directly on the bulk wzixture by the phloroglucinol 
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lvIORRISOS ET AL.: FREE FORM.ALDEHYDE DETERMIX.-ITION 

Free forrl~aldehycle a t  various pI-I values 

Free Free 
pH formaldehyde, % K3 1 pH for~i~aldehycle. % X3 

P " 
FIG. 3. The \.ariation of free forrnaldehycle \vith pH for solutions of 1% glycine and 0.1% formaldehyde. 

colori~netric method. Hoboh111 eviclently assu~iied tha t  pl~loroglucinol does not even 
partially reverse the reaction of glycine-formaldehyde compound formation. Our results 
suggest that  this assumption is not valid. In  fact, in the case of Nash reagent, there is a 
complete recovery of formaldehyde from glycine-formaldeliycle mixtures a t  all pH values 
tested. Apparently pliloroglucinol only partially reverses the reaction. 

The effect of varying the formaldehyde concentration for a fixed glycine concentration, 
and the converse, are given in Table 11. In  order to treat the d a t a  theoretically it is 
necessary to collsider the experimental measureiiients and theoretical calculations of 
Levy for the same s>.stem (I). 

Levy considered tha t  glycine reacted very rapidly with formaldehyde to  form mono- 
and di-methyl01 addition compounds. 

He postulated tha t  the following equilibria determine the behavior of the system: 

COOM COO- 
/ / 

CHr = CHI + H-', K I  = 

\ \ 
XI32 NH 2 
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COO- COO- 
/ / 

CH2 + CHsO = CHr 
d , I<? = ,, 

\ 
NH? 

\ 
NHZ.CH20 

b F d 

CHa + 2CI-120 = CH? K 3 = &  
\ 

NH2 
\ 

NH.?. (CE-120): 
b F e 

IC1 is the hydrogen ion dissociation constant of glycine. 

TABLE I1 

Total Total Free Apparent 
formaldehyde, % glycine, % formaldehyde, % Kli? K2 

A. Variation of free formaldehyde with formaldehyde concentration 
a t  pH 5.30 and 1% glyci~le 

0.0125 73 58.6 3,400 
0.0250 64 90 5 4,650 
0.0500 50 167 5 7,500 
0.100 30* 444 15,250 
0.150 27 585 17,000 

B. Variation of free fornlaldehyde with glycine concentration 
a t  pH 8.30 and O.lyo formaldehyde 

2.0 24 7,200 
1 .0  30" 18,250 
0.5 55 14,300 

*This value was obtained from an interpolation in Fig. 3. 

Levy used the hydrogen electrode to measure the equilibrium relations. The pH values 
of half-neutralized anlino acicl a t  various formaldehyde concentrations were measured 
and designated pG,. I11 order to  obtain a simple relationship between the constants IC1, 
Ke, and Kp, he used the approximation tha t ,  when the amino acicl co~~cen t r a t i o i~  is small 
compared with the formaldehyde concentration, the amount of combinecl fol-maldeliycle 
becomes negligible compared with the total formaldehyde. Then tlie total formaldehyde 
concentration can be substituted for F, the concentration of free formaldehyde. On the 
basis of this approxinlatio~l, Levy obtained tlie equation 

An examination of Levy's results for some amino acids other than gl>.cine indicates 
tha t  his approximation is valid. However, in tlie case of glycine he esti-apolatecl from 
results (in his Fig. 2) in which an appreciable amount of the total formaldehyde is 
conibined with the glycine. For example, a t  .$I = 100, and on the assumptioil tha t  the 
glycine is co~nbined with 2 illoles of formaldehyde, it is found that  13y0 of the formal- 
dehyde has bee11 combined. His extrapolation of the straight line for glj-cine to zero 
formaldeliyde concentration gave a value of 60 for Kz.  Our estimation of IC3 froin the 
slope of his straight line gives a value of 520. He reported in his Table I1 a value of 290 
for 0.01 glycine only. 
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IvIORRISON ET AL.: FREE FORMALDEI-IYDE DETERMINATION 1767 

By using Levy's graphical data for glycine as given in his Fig. 1, we calculated the 
results given in our Fig. 4. These results are plotted over a range of pH values and formal- 
dehyde concentrations similar to those of his other amino acids. From the graph, ICz is 

FIG. 4. A graph of calculations made frorn Levy's results (1) for glycine and formaldehyde. A 1  = K,+KsF. 

found to be 10 instead of GO. I t  is interesting to note that  tlie points begin to depart from 
linearity a t  a formaldehyde concentration below which Levy's approximation is no longer 
valid. From the slope of the graph, the value of K 3  is found to be 830. 

Most of Levy's measurements were niade in a region of relatively high fornialdehyde 
concentration; in contrast, tlie present measurelnents were niade in a region of relatively 
low formaldehyde concentration. Levy's equilibrium equations can be applied directly to 
our measurements. I11 order to obtain I<z, equation [2], apparent values of I<s were 
calculated 011 the assumption that no dimetlig~lol compound was formed (reaction [3] not 
involved). Apparent 1<2 values a t  various formaldehyde concentrations were calculated 
a t  pH 8.30 for a fised glycine concentration (Table 11, A). These were plotted against the 
total formaldelig~de concentration (Fig. 5) and the curve was extrapolated to zero 
formaldehyde concentration, a t  which the assumption (no dimethylol compouncl formed) 
can be collsidered valid. The value of ICz = 40 was obtained, which coincides with that 
obtained by tlie present calculatioils from Levy's results. In these calculatiolis of I<?, the 
value of 9.6 for pKI was used. 

was calculated in tile following manner: The ratio of b to n. is given by the ratio of 
pK1 to pH fro111 equation [I.]. The total glycine equals a+b+d+e. The bound ior~iial- 
dehycle equals d+2e. With Rz = 40, one obtains the ratio of b to d. Then one solves for 
b and e ,  thus obtaining 1<3. 

Values of Ka are included in Tables I and 11. K 3  varies from 3,400 to 27,700, in all 
cases much larger than tlie values calculated froin Levy's data. An analysis of our data  
showed that when e,  the molar concentration of dimethylol compoui~cl, was sli~all, K3 
was small, and conversely, when e was large, K 3  was large. Separate calculations on the 
assumption that I<% = GO change the values of 1<3 by less thaii 10yo. 

There are obviously anomalies in tlie reaction between glycine and fornlaldehyde. Not 
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FORMALDEHYDE CONCENTRATION 

FIG. 5. Apparent K2 values versus % total formaldehyde concentration for 1% glycine solutions. 

only are the calculatecl values of Iis variable both for the present results and for those of 
Levy, but our K:, values are much larger than those of Levy. I t  is apparent that the 
three equations postulated by Levy do not completely describe the reactions between 
glycine and forlnaldehyde. 

Also, some other experimental results are not accounted for by Levy's equations. For 
example, the fixed percentage of bound formaldehyde below pH 7.0 is not explained. 
Hobohm (4) also observed about the same magnitude of binding below pH 7.0. 

Moreover, a slow, irreversible binding occurs between formalclel~yde and glycine a t  pH 
values greater than 7.0. For example, a t  pH 8.7,94% of the original formaldehyde remains 
after 5 days a t  31.5' C, as shown by the results of the Nasll test on the bull; ~nixture; 
after G \veel;s, only G5% can be accounted for by tlie Nash test. On tlie other hand a t  
pH 5.G5, 94% remains after 2 months. 

Levy had reservations concerning the interpretation of his glycine results. He suggested 
by way of explanation that "there is evidence in this case that the formaldehyde conlpound 
is polymerized to a marked extent and the values of the constants are dependent to solue 
extent on the actual glycine concentration" (I) .  Perhaps one or more of the many possible 
conlpounds suggested in the review by French and Edsall (10) is slowly being formed. 

1. &I. LEVY. J .  Biol. Chein. 99, 767 (1832-33). 
2. M.  S. Duws and 11. LOSH~IICOPI;. J .  Biol. Che~n.  113, 359 (1936). 
3. T. Y a s ~ .  Biochem. J .  55, -116 (1953). 
4. I<. 0. HOBOHXI. Biochem. %. 316, 202 (1943-44). 
5. 11. I. \\':II<D SSI~TH. I .  Lab. Clin. Med. 38. 762 (1951) 
6. E. &I. TA'I'LOI~ and P."J. ~ ~ O L O S E Y .  J .  ~ n ; .  ~hak rn .  Assoc. Sci. Ed. 46, 299 (1957). 
7. J .  F. \ \ J~LI ;EI~ .  Formaldehyde. Reinhold I 'LI~.  Corp., New York. 1944. 
8. G. Y.  Lamis aiid &I. ~ZANDALL. Thermodyiiamics and tlie free energy of cliemical substances. AlcGraw- 

Hill Booli Co., Inc., New Yorli. 1923. 
9. D. SELIGSOS and 1-1. SI<LIGSOX. 1. Lab. Clin. i\/led. 38, 324 (1951). 

10. D. FI<EXCH and J. T. EDSALL. I;Z Advances in protein chemistry. Vol. 11. Ediled by NI. L. Anson and 
J. T. Edsall. Academic Press, l ~ l c . ,  New Yorlc. 1945. p. 277. 
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HIGH-TEMPERATURE STUDIES OF METALLURGICAL PROCESSES 
PART 11. THE THERMAL REDUCTION OF CALCINED DOLOMITE WITH SILICON 

J. 31. TOGUI~I  AND L. NI. PIDGEON 
Depar.t117c?zt of illetc~llrrrgy, Lr~riuei.sity of Toroi~to,  Toronto, Ontario 

Received hIay IS, 196'3 

ABSTRACT 

The production of magnesium by the follo\\~ing reaction has been st~~clied: 

2CaO(,) + 2hIgO(,) + Si(,) = 2iLIgc,) + CarSiO.l (,). ( a )  

The rate of reaction (a )  \\;as followed by continuous weight loss measurements of the reactants. 
Keeping the particle size of the reactar~ts ant1 size and shape of the charge constant, the 
following factors ivhicli affect the yield of n~agnesium \Ifere investigated: (1) temperature, 
from 1050-15fjO0 C ;  (2) pressure, from less than 1 p to 261 m m  of I-Ig; (3) catalysts, CaF2, 
BaF?, and MgI:?; and (-1) ferrosilico~~ gracle, from lS.iyO to I)6.Tcj/, Si. 

I t  was found that the yield illcreased by a factor 1.55 for a 50" increase in temperature over 
the temperature range investigated. !It temperatures belon~ 1300" C the yielcl falls linearly 
\\.it11 increase ill pressure, \\lhile a t  temperatures above 1:100" C the 1-ield remains relatively 
constant until the pressure esceecls the eq~~ilibrium magnesium pressure. All fluoricle additions 
were found to increase the yielcl, CaFr being the 111ost efiective. The rate of the reaction \\?as also 
found to have a clirect relationship with the silicor~ activity. 

INTRODUCTION 

The problem of extracting magnesium from its ores has resolved itself into two general 
methods: ( I )  electrolysis of fusecl magnesium chloride and (2) direct thermal reduction 
of magnesium oside. 

In the clirect thermal reduction of magnesium oxide, various reducing agents are 
available. I-Ioxxievcr, o111y three have been usccl commercially: carbon (I-A), calciu~n 
carbide (5), ant1 silicon (6-11). Of these ~h ree ,  only the therrnal recluction ol calcined 
dolomite with silico11 has survivecl. The overall reaction that occurs in this process can 
be expressed by the equation 

This reaction is endothermic, and CaO, the more basic of the two alkaline earth oxides, 
colnbines with the silica to form the dibasic silicate. Pidgeon and I<ing (12) have measured 
the eqilibl-ium pressure of magnesium over this reaction by means of the e~l t ra i~ l~ l len t  
method, obtaining a value of 10.1 mm of I-Ig a t  1100° C,  which has been confirmed 
recently by Rosenqvist and Ellingsaeter (13). This is to be compared xxritll 1.0 mnl I-Ig 
and 1200" C,  obtained by Schneider and I-Iesse (14), for the reaction pressure of hag over 
the system MgO and Si in the absence of CaO. 111 addition to the higher equilibrium 
pressure, the presence of CaO ~llalces possible the use of dololllite as a raw material. This 
nli~leral is abundant and contains one l~~olecule each of CaCOJ and h/IgCO3, frequently 
in a state of high purity. 

To  effect completion of this reaction, the ambient pressure 111ust be below the equilib- 
rium pressure and this can be acco~llplished by either a vacuum system or by sweeping 
out the magnesium by a strealm of inert gas. 

In one commercial application, this reaction talces place in vacuum (less than 0.1 lnnl 
of I-Ig) a t  a temperature of 1180" C in a horizontal tubular alloy steel retort (6, 7, 8, 15). 
Calcined dolomite is i~ltimately mixed with silicon in the forni of ferrosilicon. This niisture 
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is pressed into briquettes, which are then charged into the retort. Since magnesium is 
the only volatile component in the system, it is distilled from the reaction mixture and 
condensed as  a dense, coherent deposit in the water-cooled end of the retort. The  operation 
is essentially a vacuum distillation, and yields metal of high purity (99.97v0). The  mag- 
nesium crystals produced in this manner are melted and cast into ingots. 

While this process has resulted in the production of substantial amounts of magnesium, 
relatively little has been published on the factors controlling reaction rates, and in fact 
little is known of the reaction mechanism. There are many variables in the reaction, and 
only by arbitrarily holding constant a few can the effect of others be examined. This 
paper describes experiments in which the effect of temperature (1050-1560' C), pressure, 
and conlposition of silicon alloys was examined and under conditions in which the reaction 
niixture was of uniform composition. 

EXPERIMENTAL PROCEDURES 

The esperilnental procedure adopted for the determination of the reaction rate has been previously 
described (16). Briefly, the method consisted of deterlnining the weight loss with time of a briquetted reaction 
mixture due to the evolution of magnesium, by means of a calibrated helical steel \\lire spring suspended in 
a vacuum furnace. Since the particle size of the reactants and size and shape of the briquettes were held 
constant, the effect of factors such as temperature and pressure could be determined. These standardized 
experimental conditions permitted a direct comparison of the yields. However, because of the heterogeneous 
nature of the reaction concerned, the esperirne~ltal results may not be interpreted in terms of exact kinetic 
laws. 

The composition of the calcined dolomite used in these tests is shown in Table I. The dolornite was 
commercially calcined. 

TABLE I 
Analysis of calcined dolomite 

I.oss on ignition 1 .38% 
Insoluble 0 .48  
R?O:I 0 .10 
CaO 57 .5  
MgO 38.8 

The ferrosilicon used was 74.1y0 Si, -200 mesh, unless otherwise stated. 
The charge was made up by mixing intimately the fine calcined dololnite with ferrosilicon. Fifteen percent 

excess of silicon was added to  that required by the stoichiometry of equation [I]. All briquettes of the reaction 
mixture \\ere made in a 1-inch-diameter mold a t  a pressure of 3000 p.s.i. without a binder. The \\eight of 
each briquette was approximately 17 g. Three briquettes \\,ere ~ ~ s e d  for each experiment and these were 
arranged as prel iously described (16). 

Blanli runs using only calcined dolomite prepared in the same manner as  the reaction ~nixture showed 
negligible n e ~ g h t  loss when heatecl over the tenlperature range 1050-1356" C in the graphite retort. \Vhen 
briquetted calcined dolomite and ferrosilicon mixture were reacted in the graphite retort, weight losses of 
the retort were obserxed a t  temperatures exceeding 1300" C. At  1568" C,  the highest temperature used in 
this investigation, the weight loss of the graphite accounted for 5.85% of the total loss in \veight. Below 
1300" C, however, the weight loss of the reactants and the weight of magnesium collected was found to be 
in good agreement within f 2.0%. 

A.  Effect of Tetizperatlire 
Typical res~llts are shown in Fig. 1, where percentage yield of i\/Ig, based on the initiai weight of MgO, 

is plotted against time in minutes. 111 Fig. 2, the results are summarized by plotti~lg percentage yield after 
10 minutes against temperature. 

B. Effect of Pressure 
The main function of vacuum in this process is to  displace the equilibriuln in such a way that  the metaI 

may be distilled or sublimed from the reaction mixture. A secondary function is to  permit the formation of a 
dense solid condensate (17). 

Figure 3 sho\vs the result of the effect of pressure 011 the yield a t  various teiuperatures. ill: the lower 
temperatures, an increase of pressure has a marked effect on the the yield appearing as a linear function 
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T ime  ( in min ) 

I I .  Reaction rates for calcined cloloii~ite and FeSi (74.1% Si). 

of pressure. However, a t  the higher temperature, 1370' C, an increase in the pressure has much less effect 
on the ) ield until the equilibriuru pressure (200 mrn of Hg, calculated frorn all extrapolation of Pidgeon and 
Icing's measurement (12)) is reached, a t  which point the yield falls off rapidly. 

The beneficial effect of high temperature is quite apparent froill this curve. However, as expected, the 
ph>,sical nature of the condensate was found to  be affected by the pressure. The results obtained were 
si~llilar to those reported by Betcherman and Pidgeon (17). Under high-vacuuni conditiolis, a very dense 
condensate is obtained regardless of the temperature of the reactor, but as soon as the pressure is increased, 
numerous loosely compacted dendrites are formed. Further increase in pressure caused a lacy network of 
innumerable fragile dendrites to  appear. IIrith a combination of high telnperature (1370" C) and increased 
argon pressures, the condensate appeared to collect in a partly liquid state. 

C. Effect of Ferrosilicon Grade 
IYliile theoretical co~isiderations fa\.or the use of 100% Si as  a reducing agent, its cost is prohibitive in 

most cases alld ferrosilicon is preferred. A11 examination of the iron-silicon phase diagram shows that in 
the region GO-100% silicon no solid solubility exists and solid alloys in this range consist of a mixture of 
free silicon and ferrosilicon alloy. 
A range of allo1.s has been examined between 18.7% and OG.'iyo Si, as shown in Fig. 4, to ascertain the 

effect of ferrosilicon grade on the reaction rate a t  1228" C. The weight percentages of free silicon, as calculated 
from the phase diagram, are shown in Table 11. I n  Fig. 5, the initial rate constants are plotted against the 
mole fraction of silicon. The similarity of the plot with the activity curve of FeSi, as  determined by Rosen- 
qvist and Ellingsaeter (13), a t  1200' C, is evident. I t  appears that the initial rate constarit is a direct function 
of the activity of silicon. The decrease of the rate in the case of the 90% and 74.1% alloys after 15 minutes 
of reaction is to  be attributed to the decrease in availability of silicon. While the decrease in the 46.7% 
and 18.7% alloys can be attributed to the activity of Si and to  the  formation of a liquid phase a t  1128' C, 
which tends to  agglo~nerate and decrease the effective reaction surface. Evidence that the liquid particles 
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o CaF2 

BaF2 

MgF2 
e no catalyst 

Temperature OC ---L 

FIG. 2.  Effect of Catalysts. Percentage yield after 10 minutes vs. temperature. 

Pressure ( mm Hg ) - 
FIG. 3. Percentage yield after 20 minutes vs. pressure. 
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Time ( in min ) -- 
FIG. 4. Effect of ferrosilicon grade on the reductio~l of calcined dolomite. 

TABLE I 1  

Effect of FeSi grade 

Si (g-1 
Grade of FeSi 

Theo- %excess based on 
5% \Tit. of charge (g) retically 

, Free Total Free required Free Total 
Si Si Nsi Calcine MgO FeSi Si Si Si Si , Si 

coalesce was afforded by the existence in the residue of ferrosilicon balls of about 1.5-mm diameters. The 
initial size of the ferrosilicon was -200 niesh. 

D. Effect of Catalyst 
Hllcali and alkaline earth fluorides are l;no\vn to accelerate solid-state reactions in oxide systems. CaF2 

is comnionly used as  a catalyst in the calcined dolonlite - ferrosilicon reaction (7, 18). In this investigation, 
the effects of CaF?, BaF2, and MgFz were studied. The amount of fluoride added in all cases was 2.5% of 
the charge. The results are s~unmarized in Fig. 2, where the percentage yield after 10 minutes is plotted 
against temperature. CaF2 is the 1110st effective, while MgFz and BaFe appear to have approximately the 
same catalytic effect. 
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FIG. 5 .  Initial rate constant vs. Nsi a t  1228' C. Solid line shows the initial rate constant while the 
broken line shows the  activity of Si in FeSi as measured by Iiosenqvist and Ellingsaeter (13). 

E .  Efect  of Te,izperatz~re on Puri ty  of iMagnesium Condensate 
Magnesium was produced a t  temperatures between 1165" C and 1588" C. Magnesium crystals repre- 

sentative of the bulk of the condensate a t  any temperature were analyzed, with results shown in Table 111. 

TABLE I11 

Effect of temperature on purity 

Temp. Ca A1 N i Cu M n  Zn Pb  Sn Si Fe 

N 0 . s ~ :  ;111aI~ses by spectrographic method-courtesy of Dominion Magnesium Ltd. 

S o  effect of temperature is detectable. The metal produced from the dolomite ~ised in these experiments 
is known to be of high purity (7) and the independence of ternperatl~re suggests that  such impurities as 
appear are either absent i n  the original raw materials, completely distilled a t  all temperatures (impossible 
conclusions for Ca, AI, Si, and Fe), or are not a part of the distillation process as such (a few "high" values 
suggest salting). 

DISCUSSION 

I t  has been shown that  small samples of calcined dolomite are reduced by silicon a t  
extremely rapid rates a t  high temperatures. Between 1200 and 1500" C the increase in 
yield with teinperature is approxiinately linear and involves a factor of 1.55 per 50" C. 
The  presence of sillall amounts of certain catalysts (2.5% of the charge) was found to  
increase the rate. For example, a t  1200" C, calcium fluoride increased the percentage 
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TOGURI A N D  PIDGEON: METALLURGICAL PROCESSES 1775 

yield after 10 minutes from 21.5% to 27.0y0. This effect was even more noticeable a t  
1400" C, where the corresponding values are 62.5y0 and 87.0%. In the presence of alkaline 
earth halides the residue showed a glassy appearance under the microscope, regardless 
of the teinperature of the reaction. This suggests the formation of a liquid phase which 
inay account for the catalytic effect (19). In finely divided reactants, the formation of a 
liquid phase may decrease the effective reaction surface and thus decreases the rate of 
reaction; however, it also creates a faster diffusion media and thereby increases the 
reaction rate. The phase diagrain of the systein CaF2-Ca0.Si02 shows a low-melting 
eutectic a t  1125" C (20). I t  may be possible that, as sillall amounts of silicates appear, 
they form a eutectic with neighboring CaF2, thus explaining the glassy appearance of 
the residue. Another possible explanation for the catalytic effect is that the fluorine 
anions tend to surround the highly charged silicon cations and thereby increase the 
silicon diffusioil rate. 

These factors seen1 insufficient to account for the rapid reaction rates which are 
observed, and it is natural to suggest that other gaseous or liquid iilterinediaries are 
present . 

The vapor pressure of silicon seems too low to account for the rates measured. At 
1370" C, the vapor pressure of silicon is approxiinately 3XlOp3 111111 Hg; yet the silicon 
was allnost half reacted in 8 ininutes a t  this temperature. A plausible gaseous intermediary 
is SiO. SiO gas is stable a t  these temperatures according to a number of investigators 
(23, 24). In a previous publication (16), it was shown that SiO is distilled froill the 
reaction inixture of lMgO + Si a t  temperatures above 1300" C. In the present work, 
where CaO was present, no SiO was distilled, even a t  1.565" C. Thus, if SiO is formed a t  
all, it must be assumed that the presence of the basic CaO prevented loss of SiO from 
the system. (In the calculations shown, the therinodynainic values recoinmended by 
I<ubaschewsl;i and Evans (23) have been used.) 

If the following reaction tales place: 

Psi0 a t  1550' I< = 3.2GX 10-' m m  Hg, 

it may be followed by reaction [3]: 

AGol.jjoo = -35.2 kcal/mole CaO. 

The calculated Psio over [3] a t  1550' I< is 8.24X10p3 mm I-Ig. This is too low to produce 
appreciable distillation, and reaction [3] should talte place since PSI, for reaction [2] 
is greater than Pslo for reaction [3] (different from the case of MgO alone). Reaction 
[3] also offers a mechanism for depositing free silicon throughout the reaction system, 
acting as nuclei for further reaction. 

Schneider et nl. (21) have suggested that the primary reaction is the formation of 
calciuill silicide by reaction between CaO and Si. At the temperature concerned, this 
silicide would be in the liquid state. Similarly, Kroll (22) has suggested the formation of 
calciui11-magnesi~ii1~ silicides. X-Ray analysis of residues was carried out in this investiga- 
tion a t  various stages of the reaction. No positive identification of either calcium or 
magnesium silicide was found in the diffractograms. I t  is possible that the large number 
of lines from the calciunl orthosilicate had coilcealed those of the silicide; also, under the 
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co~ldition of rapid reaction wllicll existed the calcium silicide reacted as rapidly as  it 
was formed. Current work indicates that  calcium silicide is a lilcely interlnediate in this 
reaction. 
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THE PROTON RESONANCE SPECTRA AND STRUCTURES OF 
SUBSTITUTED AZULENES IN TRIFLUOROACETIC ACID1 

S. S. DXNYLUIC~ AND W. G. SCHNEIDER 
Division of Pure Cl~emistry, i k t i o n a l  Researrh Coz~ncil, Ottawa, Canada 

Received March 28, 1'36'3. 

The proton resonance spectra for a 11~11nber of substituted azulenes and their conjugate 
acids are reported a t  22'C. From the spectra for the conjugate acids it is confirmed that  
monoprotonation occurs in the five-membered ring in each case. 'I'he ~11lit electron deficiency 
is shown to be mainly localized it1 the seven-membered ring of the ion. 

Chemical shift changes on protonation are interpreted qualitatively in terms of changes 
in  local rr electron charge densities on the carbon atoms. 

Unusually large values are noted for the coupling constants between protons on the five- 
membered ring of the cations and are attributed in part to hyperconjugative effects. 

Aromatic hydrocarbons, both alterilant and non-alternant, dissolve readily in strong 
protonic acids with formation of their conjugate acids. Proton addition is generally 
favored a t  the carbon atom with the greatest excess electron charge density. For example, 
molecular orbital calculations (1, 2) indicate the highest a electron density in positions 
1 and 3 for the i~on-alternant hydrocarbon azulene, I. Protollatioil would therefore be 
favored as follo.ivs : 

with the for~llation of a methylenic carbon a t  position 1 and a delocalizatioll of the unit 
charge deficiency in the five- and seven-membered rings. The proton resonance spectrurn 
for the azule~lium cation in trifluoroacetic acid, reported previously (3), stro~lgly supports 
structure I1 for the conjugate acid. 

In an earlier work A'Iclean et al. (4) confirmed froin proton resonance spectra that  
proton addition occurs almost entirely ill the 9 position when 9,1O-dii11etl~yl-1,2-bei~z- 
anthracene is dissolved i n  CFaCOOI-I-I-I?O.BFd nlixtures. Protoil resonance spectra are 
therefore capable of providing useful information about the structures and charge distribu- 
tion in the conjugate acids of asonlatic hydrocarbons. In  this paper proton resonance 
spectra are reported for several substituted azulenes ill strongly acid media and the 
structures of the conjugate acids are confirmed. The possibility of il~onopositive ion- 
radical forillation in oxygeilated solutions has also been investigated and sollle preliminary 
observations 011 the effects of clissolved oxygen are also included. 

rIsszied us 1V.R. C. No. 6058. 
"\rutionnl Research Cozcncil Postdoctorate Fellozu 1058-1960. Present address: Depa~tnzent of Clzenristry, 

University of Toronto, Toronto, Ontario. 

Canadian Journal of Chemistry. Volurne 40 (l'J(j2) 
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EXPERIMENTAL 

The proton resonance spectra were measured a t  2 2 f  0.5'C with aVarian 4300 high-resolution spectrom- 
eter equipped with a superstabilizer and operating a t  60 I\/Ic/s. Signal separations from the reference, 
CM?Cl?, were measured by the side-band terhniqi~e and arc accurate to f 0 . 2  c.p.s. Closely spaced m~~l t ip l e t s  
were bracketed with side bands as  the spectrum was recorded. 

Reagent grade trifluoroacetic acid was redistilled through a fractionating column and the middle portiorl 
retained for use. Commercial, high-purity azulene, 4,6,8-trimethylazulenc, and guaiazulene were used 
without further purification. 

Solutions, approximately 7 mole% in the hydrocarbon, were prepared under a nitrogen atmosphere 
and were sealed in 5-mm spinning tubes. Spectra were recorded immediately after preparation of the 
solutions. 11 slow, irreversible reaction was noted recently by Lauterbur (5) for solutions of azulenc in 
trifluoroacetic acid. In  the  present investigation the spectra of oxygen-free acid solutions of tile cations 
did not alter appreciably over a period of several days. 

1\11 measurenients were referred to niethylene chloride as internal standarcl. Thc  methylenc chloride 
signal, measured relative to internal tetramcthylsilane, was shifted only very slightly (less than 5 c.p.s.) 
on dilution fro111 pure methylene chloride to a 10 mole% solution in trifluoroacetic acid. 

The electron spin resonance spectra were recorded with a Varian 4500 spectrometer eq~~ippecl with a 
100 1;c fielcl modulation unit. Solutions were prepared as  described previously and oxygen was bubbled 
directly into the samples prior to measurements. The  "y"  value was m e a s ~ ~ r e d  relative to cliphenyl picryl 
hydrazyl (D.P.P.H.) radical as  reference. 

RESULTS 
ilzulene and Azule?ziz~m Cation 

The proton resonance spectra for azulene and the azulenium cation are shown in 
Fig. 1. The five-membered-ring protons of azulene show a characteristic AB2 spectrunl 

I .  I .  Proton magnetic resonance spectra. A. 7 mole'); solution of azulene in CI-IzCI,. B. 7 moleC;ic 
solution of azulene in CI:sCOOH. CH?CI?, internal reference. 

and analysis gives a value of 3 . 9 f  0.2 c.p.s. for the coupling constant J1? ( JC3)  and 
0.48Gf 0.005 p.p.111. for the relative chelnical shifts. A detailed analysis of the seven- 
membered-ring proton signals was not attempted, a l t ho~~gh  it  is of interest to  note the 
displacement of proton 2 from the center of the signal for proton 4 ( B ) ,  i.e., 

Figure 1B reproduces the azulenium ion spectrum under somewhat higher resolution 
than previously reported (3). A typical ABX2 type of spectrum is observed for the five- 
membered-ring protons and a first-order analysis of the splitting for the methylene signal 
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DANYLUK A N D  SCHNEIDER: SUBSTITUTED AZULENES 1779 

a t  51.8 c.p.s. gives coupling constants of 1 . 8 f  0.2 c.p.s. and 1 . 3 f  0.2 c.p.s. for J l 1 , , 2  and 
J111.3 re~pectively.~ Analysis of the AB portion of the spectrum centered a t  - 155.7 c.p.s. 
gives a value of 0.372 p.p.111. for the relative chemical shift between protons 2 and 3 and 
5 . 5 f  0.2 c.p.s. for J23. A further splitting of the AB spectrum into triplets (relative 
intensity, 1 :2: 1) is due to spin coupling with the methylene protons. The slightly larger 
splitting, 1 . 8 f  0.2 c.p.s., is attributed to interactions with proton 2, while the snlaller 
splitting, 1 . 3 f  0.2 c.p.s., illvolves coupling with proton 3. 

The broad unresolved bands a t  low field, -208 c.p.s. to  -240 c.p.s., are assigned to 
the five 11011-equivalent protons on the seven-membered ring. 

4,6,8-Trimetlzylaz~ilene and Trillzetlzylaz~ilelzi~im Cation 
Figure 2 shows the proton resonance spectra for 4,6,8-trimetl~ylazulene and its conjugate 

acid. Analysis of the ABZ spectruill for the five-membered-ring protons in trimethyl- 
azulene gives a relative chemical shift of 0.300&0.005 p.p.111. and spill-spin coupling 
constant of 3 . 9 f  0.1 c.p.s. The resonance band a t  -110.3f 0.3 c.p.s. is assigned to the 
protons in the 5 and 7 positions while the bands a t  141.0f  0.2 c.p.s. and 136.8&0.2 c.p.s. 
are assigned to the methyl groups in the 4 and 8 positioils and the 6 position respectively. 

The spectrum for the t r i i~~ethylazuleniui~~ ion shows a band a t  66.5 c.p.s. corresponding 
to the methylene protoils in position 1 (or 3). A quadruplet, Fig. 2C, centered a t  - 145.0 
c.p.s. is due to non-equivalent protoils in the 2 and 3 positions with a relative chemical 
shift of 0.181 f 0.005 p.p.in. and coupling constant, JZ3,  of 5.7&0.2 c.p.s. Spin coupling 
with the nzethylene protons further splits the components of the quadruplet into triplets 
with J1ll, 2 = l.G&O.l c.p.s. and J111, 3 = 1 . 1 j ~ 0 . 1  c.p.s. 

The broad bands a t  - 192.5 c.p.s. and - 199.8 c.p.s. are due to the two non-equivalent 
protoils (5, 7) in the seven-membered ring while the three non-equivalent methyl groups 
account for the bands a t  130.0, 132.1, and 134.8 c.p.s. 

Guaiazzilene and G~~aiaz~ilenizinz Ion 
Proton resonance spectra for guaiazulene and its conjugate acid are shourn in Fig. 3. 

An assignnlent and ailalysis of the proton spectrum for pure guaiazulene has been 
reported previously (7). Analysis of the spectrum for a 7 m 0 1 e ~ ~  solution in methyle~le 
chloride gives the following values: 

An appreciable increase in magnitude of the relative cheillical shifts is noted for both 
sets of protons (1,2 and 6,7) in the dilute solutioll as compared with pure guaiazulene. 
Furthermore the separation between the five-mel~~bered-ring and seven-n~en~bered-ring 
protons increases with dilution. Thus the separation between the midpoints of protons 
1 and 2, and 4, increases froill 0.753 p.p.m. for pure guaiazulene to 0.847 p.p.111. in a 
7 mole% solution in inethylene chloride. 

Assignment of the reinailling bands is straightforward with the septet (129 c.p.s.) 
and doublet (227, 236 c.p.s.) due to the isopropyl group and the two bands a t  146.2 and 
150 c.p.s. arising from the two non-equivalent methyl groups. The displace~llent of proton 
2 relative to proton 4, 0.61 p.p.m., is significantl~7 greater in guaiazulene as compared 

3TIze nzetJzylene protolls on the protonated azulene have been labelled as 1,i'. 
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1780 CANADIAN JOURNAL OF CI-IEMISTRY. VOL. 40, 1962 

FIG. 2. Proton magnetic resonance spectra. A. 7 moleo/o solution of 4,6,8-trirnethylaz{1lene in CH2C12. 
B. 7 rnoleYG solution of 4,6,8-trimethylazulene in CF3COOM. C. Quartet centered a t  -118.7 c.p.s. CH2C12, 
internal reference. 

with azulene. Since the azulene and guaiazulene solutions were relatively dilute (7 moleyo) 
the larger ( 8 2 - 6 4 )  value in the latter cannot be attributed to solvent effects solely but 
may reflect small changes in electron distribution brought about by the substituent 
alliyl groups. 

Several distinct features are apparent in the spectrum of the guaiazulenium ion shown 
in Fig. 3B. The methylene protons in position 1 appear as a symmetric cluintet, Fig. 3C 
(relative intensity 1 :4:6:4: I ) ,  a t  75.5 c.p.s. 111 order to account for the latter the spins of 
the illethyle~le protons  nus st interact equivalently with the proton in the 2 position and 
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D;\NYLUK A N D  SCHNEIDER: SUBSTITUTED AZULENES 

FIG. 3. Proton magnetic resonance spectra. A. 7 mole% solution of guaiazulene in CH2C12. B. 7 T I I O I ~ ~ ~  
solution of guaiazulene in  CFrCOOH. C. Methylene protons i n  position 1 a n d  methyl group in  positio11 3 
of guaiaz~rlenium. CI-IrCI?, internal reference. 

the methyl protons attached to the 3 position, the coupling constant having a value of 
2 .0f0 .2  c.p.s. On this basis the quadruplet a t  166.0 c.p.s. is assigned to the methyl group 
a t  position 3. Although long-range spin-spin coupling has been noted previously (8, 9) ,  
the magnitude of the spin interaction extending over five bonds in the guaiazulenium 
ion is unusually large. 

An assignment of the bands a t  low field can be made fro111 a comparison of relative 
intensities. T ~ ~ L I S  the broad unresolved multiplet a t  - 133.3 c.p.s. is attributed to proton 2 
while the bands a t  -197.6 and -204.0 c.p.s. arise from protons in positions 6 and 7 and 4 
respectively. Both the methyl and isopropyl group on the seven-membered ring in the 
ion are shifted do~vnfield slightly. 
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The addition of oxygen to 7 mole% solutions of azulene and guaiazulene in trifluoro- 
acetic acid procluced in both cases significant changes in the proton resonance spectra and 
led to the appearance of an electron spin resonance band. A noticeable broadening of the 
proton resonance lines associated with the cations occurred in the oxygenated solutions. 
I11 addition the electron spin resonance spectra show a single band with a half-band 
width of 5 ~ t 0 . 5  gauss and a "g" value of 2.0031. No evidence of hyperfine splitting is 
apparent under the present conditions." The intensity of the e.s.r. band increases rapidly 
wit11 time for freshly prepared solutions until equilibrium is attained, generally within 
24 hours. An increase in the concentration of oxygen also increases the inte~isity of the 
e.s.r. signal, ~i~llile a degassing of equilibrated solutions leads to  a disappearance of the 
signal. 

DISCUSSION 

The values of the coupling constants J12 are identical for the three azulenes and in 
agreement wit11 previous results (7, 10). No change in the coupling constants is noted when 
alkyl groups are present on the five- or seven-membered rings. 

Comparison of the relative chenlical shifts for the dilute sol~itions shows that  the 
values of (61-62) for guaiazulene, 0.433 p.p.m., and trimetl~ylazulene, 0.300 p.p.m., are 
appreciably lower than for azulene, 0.486 p.p.111. This decrease is attributable primarily to  
changes in the local T electron charge densities on the carbon atoms inducecl by alkyl 
substituents. I t  has been demonstrated previously (10) that  ring currents alone do not 
account for the shifts satisfactorily in azulene. 

Both the trimethylazulene and guaiazulene show a~lo~nalous dilution shifts, the former 
being of slightly smaller magnitude than the dilution shift observed for azulene. For 
guaiazulene the anonlalous shift leads to  an increase of 0.094 p.p.111. in the separation 
between the protons in the five- and seven-~ne~nbered rings. 

The proton resonance spectra for the three ions show that nionoprotonation takes place 
in the five-membered ring with forniation of a characteristic methylene group in eacli case. 
Further proton addition does not occur under the present experi~lle~ltal conditions. 
Recent conductivity llleasurenle~its by Long and Schulze (11) on acid solutions of azulene 
confirnl monoprotonation in this system. 

Protonation of the azulenes brings about pronounced changes in the chemical shifts 
and coupling constants, as is apparent f ro~n  the proton resonance spectra. From Table I 
i t  is evident that  protons in tlie seven-membered ring are shifted as  much as  1.50 p.p.111. 
to  low field in the ions. 

Two effects might be expected to contribute to  the chemical shift changes. 
(I) Any alteration in the aromatic ring currents would result in a shift of the proton 

signals. In the azulenium ions the formation of a CI-I2 group will alter the ring currents 
in tlle five-membered ring considerably. Information about ring currents in analogous 
rings, such as  cyclopentadiene, is lacking and tlie effect on chenlical shifts is uncertain. 
If it is assu~ned, however, that  the ring current is hi~idered completely in the protonated 
ring, then relatively large changes in chemical shifts, amounting to  1.66 p.p.m., would be 
expected for protons in the 2 and 3 positions. Protons in the seven-membered ring would 
be shifted much less due to ring current change since the i~itroductio~l of all excess charge 
into a ring does not affect the ring currents appreciably. In the tropyliu~n ion, for example, 
the shift clue to  ring current changes a ~ n o ~ i n t s  to  0.41 p.p.111. per unit electron deficiency 

"1'0 e.s.r. absorption w a s  noted for tlze original oxygen-free solutioxs.  Fwtlzermore, odd i t i o?~  of oxygen t o  
s o l ~ ~ t i o ~ z s  of' a z i~ l enes  in methylene chloride a n d  to  pure trifEuoroacctic acid does no t  affect the  proto72 resonance 
spel-ti.a nor  d o  these solz~t ions  show arzy c.s.r. band.  
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D,\SYLtiK A N D  SCHSEIDER: SUBSTITUTED .-\ZULESES 

T A B L E  I 
Chemical shifts for ring protons in protonated and ilnprotonated azulcncs 

Guaiazulcnc 5-membered ( I )  
(2 

7-membered (4) 

~ C I T ~ C I ? *  6aoid t  

-2.13 (3) -2.40 
-2.62 (2) -2.77 
-3.06 (4) - 3 .  78: 
-1.93 (5) -3.69; 
-2.31 (G) - 3.60: 
-2.12 (3) -2.32 
-2.43 (2) -2.50 
-1.84 (5) -3.33 

(7) -3.22 
-1.97 
-2.41 (2) -2.22 
-3.02 (4) -3.40 
-2.20 (6) -3.29 
-1.75 (7) -3.29 

"Cliemical shift5 are given i n  p.p.rn. relative to CH?CI? as internal standard, with CM?CI? as the solvent. 
tChemical shi i ts  in trifluoroacetic acid in p.p.rn. relative to CHICI? as i ~ ~ t e r n a l  standard. 

. . ~Estimntei l .  

(12).  Since the unit electron cleficiency is distributed between the two rings in the azule- 
niu111 ion its effect on the seven-membered-ring currents is difficult to estimate. T h e  effect 
would be less than 0.41 p.p.111.~ however, and assuming that  an electron deficiency of 
0.60 electron is localized on the seven-membered ring the shift change would amount 
to  0.25 p.p.m. to 101x7 field. T h e  contributions of neighbor-ring currents to the chemical 
shifts range from 0.12 to  0.65 p.p.m., with protons in the 3 and 4 positions affected more 
than protons in thc other positions. 

(2) -4 second effect contributing to  chemical shifts results from clifferences in local rr 
electron charge clensities. In  particular, in t roduct io~~ of a positive charge into a ring 
generally produces shifts of the ring protons to  lower fields (12-14). Surprisingly large 
shifts were noted by FI-aenlcel et al. (12) when a unit electron cleficiency was present in 
aromatic rings (C71-17+). 111 tlle present case the large decrease in screening ancl the near 
equivalence of the seven-membered-ring protons in the ions i~lclicate a significant localiza- 
tion of the electron cleficiency in the seven-membered ring. This suggests a configuration 
analogous to  the tropylium ion and it is of interest to  note that  signals of the seven- 
n~c~~lbered- r ing  protons are in the same region as proton signals of the tropj~lium ion, 
-3.10 p.p.m (12) relative to methylene chloride. 

An estimate of the effect of protonation on the chemical shifts of ring hydrogens has 
becn macle recently (15) for a number of alternant aromatic carbo~lium ions on the 
assumption that  ring currents and excess charges are the o n l j ~  significant factors affecting 
the shift. In each case the unit electron deficiency was found to be clistributed fairly 
uniforml\r il l  the ion. 

A similar uniform distribution of positive charge is noted in the azulenium ion. The  rr 
electron densities, p,  for azulene and the azulenium ion have been calculated using the 
calibration equation 6 = 1 0 . 6 ~  (16) and the results arc  summa^-izecl in Table I1 ancl Fig. 4. 
Corrections due to  the neighbor-ring current have been applied to  the protons in the five- 
and seven-membered rings of azulene. T h e  charge densities for azulene agree wit11 the 
values reported earlier (16). In  the case of the azulenium ion an estimate has been made 
of charge densities in the seven-membered ring, assuming the absence of a neighbor-ring 
current in the five-membered ring. A deficiency of approximately 0.7 electron charge is 
localizecl in the seven-membered ring and is distributed un i fo rml~~ around the ring. T h e  
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'T-ABLE I1 

Chemical shift changes of azulene ring protons on protonation 

Correction 
for 

neighbor Net  
6" ring shift 

Proto11 (p.p.m.) ( P . P . ~ . )  (p .p .n~ . )  AP P 

*Chemical sl~ifts  relative to benzene wit11 C1-IzCI2 as solvent. The chemical sllifts have been recalcnlated 
i rom Table I using the value -2.06 p.p.m. as the difference in  cllernical sl~ifts  bet\veen CFIECI~ and benzene. 
The benzene reference point is used in applying the  calibration equation 6 = 10.6~. 

tProtons in 2 and 3 positions oi azulene. 
tProtons in 4 and  li positions of guniazulene. 
§Protons in 5 and 7 positions of I,li,8-trirnethylazulene. 

AZULENE AZULENIUM ION 

FIG. 4. Charge delisities in a z ~ ~ l e n e  ancl the  azule~liul l~ ion. 

charge densities in the five-membered ring cannot be determined satisfactorily because of 
the uncertaiilty in the mag~litude of the ring current and the change in hybridization a t  
the carbon atom in the 1 position. I-Iowever, a comparison of the chenlical shifts for the 
five-n~en~bered-rii~g protons in the ion, Table 11, with the cl~emical shift for the olefinic 
protons i n  cyclopentacliene, +0.84 p.p.m. relative to benzene, jndicates a significant 
decrease in screeiii~ig in the ion. 

The magnitudes of the spin-spin coupling constants between protons in the five- 
membered I-ings are of considel-able interest. ~ong-range  proton spin-spin coupling 
extending over three and four bonds for both sat~irated and unsaturatecl hydrocarbons 
have been reported previo~~sly (9, 10, 18, 19). Values for these long-range coupling 
constants are generally less than 1 c.p.s. ancl decrease as the numbe~- of intervening bonds 
incl-eases. Interactions between protons separated by five bonds have been reported 
recently (8). Fraser observed coupling constants of 1.46 c.p.s. ancl 1.17 c.p.s. between the 
protons of the methyl groups in angelic and tiglic acids respectively. I11 the present worl;, 
J11,,3 extending over four bonds has values of 1.3 and 1.1 c.p.s. for the azulenium and 
trin~ethylaz~ilenium ions. A surprisingly large coupling constant, 2.0 c.p.s., extending over 
five bonds is noted between the methylene protons in the 1 position ancl the methyl 
g r o i l ~  in the 3 position for the g~~aiazulei i i~~rn ion. Long-range spin-spin interactions have 
been interpreted tlieoretically (17) in terms of a clelocalization of electrons in the C-W 
bond and it is probable that this effect accounts a t  least qualitatively for the magnitude 
of the coupling constants observed in the five-membered ring of the ion. The magnitude 
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DAXVLUK AND SCIINEIDER: SUBSTITUTED AZULESES 1785 

of J I I , , C H 7  in gua iazu len ium suggests ,  in  adclition, t h e  liltelil~oocl of a significant con t r ibu-  

t ion  to t h e  delocalization of e l e c t r o ~ l s  d u e  to hypercon juga t ion  (1).  S imi la r  effects h a v e  

been n o t e d  previously fo r  s u b s t i t u t e d  al lenes  (18) ,  th iophenes  (19) ,  a n d  ~ n e s i t y l e n e  (20). 
T h e  electron p a r a m a g n e t i c  resonance of oxygena ted  acid so lu t ions  of t h e  azulelles c a n  

be accounted  for  by t h e  add i t iona l  fo rmat ion  of monopos i t ive  ions of t h e  h y d r o c a r b o n s  

a long  w i t h  t h e  p r o t o n a t e d  ions. T h e  fo rmat ion  of monopos i t ive  ions  has  been n o t e d  

previousl\ ,  fo r  solut ions of perylene (21, 22) ,  a n t h r a c e n e  (22, 23) ,  a n d  o t h e r  polycyclic 

a ron la t i c  c o m p o u n d s  (23) in s t rong ly  acidic a n d  oxidizing media .  A l t h o u g h  t h e  mechan ism 

is n o t  c lear  it is liliely t h a t  t h e  p a r a m a g n e t i c  monopos i t ive  i o n  Cl,IIB+ (as  d i s t inc t  f rom 

t h e  p r o t o n a t e d  species CloI-19+) is fo rmed  b y  t rans fe r  of an electron f rom t h e  azu lene  to  
t h e  oxygen molecule, a c t i n g  as a n  electron a c c e p t o r ,  to  for111 t h e  0 2 -  ion. T h e  w i d t h  of t h e  

e.s.r. absorp t ion  b a n d  a n d  t h e  laclc of hyperf ine sp l i t t ing  ind ica te  a rapicl exchange  

react ion be tween  t h e  monopos i t ive  ion a n d  t h e  free  hydrocarbon .  
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KINETIC STUDIES OF PROTEIN-DYE AND ANTIBODY-HAPTEN 
INTERACTIONS WITH THE TEMPERATURE-JUMP METHOD',? 

A. FROESE~ AND A. H. SEIION 
Departnzent of Cheft7istry, dfcGill University, ilJool~treal, Que. 

AND 

iVI. EIGEN 
ililex-Pla7zck-Institzit fur  Plzysikalisclze Clzemie, Gottingen, Gervzany 

Iieceived rZpril '74, 10(i2 

The kinetics of protein-dye arld antibody-hapten reactions \\.ere stl~dicd with the temper- 
ature-j~unp method. The systems used consisted of (i) bovine serum albumi11 (135-1) and 
the dye 1-naphthol-4-[4-(4'-azobenzene azo)phenyl arsonic acid], referred to as S-R', (ii) 
BSrZ and the dye l-1~aphthol-2-sulpho11ic acid-4-[4-(4'-azobenzene a~o)pheny l  arsonic acid], 
referred to as NS-R', and (iii) rabbit antibodies to phenyl arsonic acid [Xb] and the hapten 
hi-R'. 

Each of the systems exhibited a single relaxatio~l time. From the analysis of the concen- 
tration deperlclence of the relaxation times, it was concluded that  each systenl could be 
represented by the reactions 

kl? 
P + D S P D ,  

k?l 

where P refers to BSA or Xb, and D to AT-R' or NS-R'. The following rate constants were 
calculated for the three systems a t  25' C: 

(i) BSrZ - N-R' : kl? = 2.1X106 la-lsec-1; ky l  = 35 set-1 
(ii) BSrZ - NS-R' : k l?  = 3.6X105 111-kec-1; k,l = 2.5 set-1 

(iii) rib - N-R' : kl? = 2x10 '  llf-lsec-'; k21 = 50 set-1. 

The effects of temperature and pH on the rate constants of the systenl BS.1 - S-R' arc 
discussed. 

In nlost biological reactions, such as  in enzyme-substrate, antibody-antigeil, or 
antibody-hapten reactions, a t  least one of the reactants is a macromolecule. Xntibody- 
llapten s).stems are particularly suitable for the elucidation of thc nature of the forces 
wl~ich are responsible for the specificity of these reactions, their main advantage being 
that antibodies to a variety of chemically well-defined substances can be produced. From 
equilibrium studies it has been shown that the free energy cl~ange for manj7 antibody- 
hapten associations is of the order of -7 to - 12 lccal/n~ole (1, 2). This means that even 
a t  high dilutions the extent of association is still appreciable. 

Information about the mechanisn~s of chemical reactions can be obtained from lcinetic 
studies. However, in the case of antibody-antigen and antibody-hapten associatioils 
only very few such studies have been perforined so far. For some systems, coiltaining 
polyvalent antigens and divalent antibodies (3 -5) ,  the rates were followed by measure- 

lT1~is  s tz~dy was supported by grants from the National Institute of Allergy and Infectious Diseases, National 
Institz~tes of Health, Bethesda, ilad., the National Research Council of Canada, Ottazoa, and the Deutsche 
Forsclzu~zgsge~~iei~zschaft. 

?This  work was submitted i7z partial fillj511ment for the degree of P1z.D. (A.  F.) i n  the Departi~ze?zt of Clze7mistry, 
116cGill University; the kinetic experivzents were performed at the Mar-Planck-Inst i tz~t  fiir physikalische Clzet~ie. 

3FIolder of Studentskip from the National Research Council of Canada. 
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ments of the light scattered as a function of time. Such systems involve complex, overall 
reactions leading to the formation of aggregates of different size. Therefore, it is con- 
ceivable that the initial reaction between the specific combining sites was obscured by 
re-equilibration steps resulting in some statistical redistribution of these aggregates with 
respect to their size. In other instances, such as the kinetic studies of the inhibition of 
luciferase (6) and the neutralization of bacteriophage (7) by the corresponding antibodies, 
rates of combination bet\veen antigen and antibody n~olecules were not measured directly. 
Only Berson and Yallow (8) have actually deterinined rate constants from the direct 
measurements of the rates of association between insulin and the corresponding anti- 
bodies; 1131-labelled insulin in concentrations as low as -11 was used for this purpose 
and the values reported for the rate constants ranged fro111 10' to loG A4-'-'sec-l (S). 

Only two studies of the ltinetics of antibody-hapten reactions have been reported so 
far. Schneider and Sehon (9) attempted to study the ltinetics of the reaction between the 
reducible hapten 4-(4'-amii~opl1ei1~~1azo)pl1ei1yl arsonic acid and its homologous antibody 
\vitl~ the aid of cathode-ray polarography. They reported that the reaction had gone to 
completion ivithin the time of inixing, which was estimated to be 1-2 seconds. Xltl~ougl~ 
rate measurements could not be made directly, lower limiting values of loG -lI-lse~-~ and 
1 sec-I were calculated for the rate constants klz and ksl, respectively, for the reaction 

kla 
Ab + 1-1 * AbH. 

k?,  
[ll 

While the present investigation 1vas in progress, Sturtevant et al. (10) studied the 
association between a dinitrobenzene clerivative and its l~omologous antibodies using a 
stopped flow tecl~i~ique. These authors have shown that about two thirds of the reaction 
had gone to completion within the dead time of their instrument. Nevertheless, they 
were able to compute a rate constant of loG ilf-'sec-I for kls for the slower region of the 
reaction, and suggested a value as high as loB il/l-'sec-' for the faster portion of the 
reaction. 

In the present paper, studies of the ltinetics of antibody-hapten interactions by means 
of the temperature-jump method are reported. This technique is generally applicable to 
rapid reactions involving a change in enthalpy and which occur within the range of 1 
inicrosecond to 1 second. The reaction system is perturbed by a suddei~ jump in tempera- 
ture (of about 10' C), which is achieved within 0.1-1 microsecond by discharging a 
condensor through a conducting solution containing the system to be studied. The rate 
of readjustment of the system to the new equilibrium conditions a t  the higher temperature 
is then determined by following the change in an appropriate physical parameter, w11icl1 
represents the concentration of one of the reactants. Provided the deviations from equili- 
brium are small, for a one-step reaction the linearized rate equation can be expressed as 

where ~ c ( t )  is the change in equilibrium concentration of a given reactant, AC the con- 
centration change from the original equilibrium value a t  any time t, and 7 is the relaxation 
time (11). With the help of appropriate relations which are characteristic for a given 
reaction mechanism, 7 yields the rate constants determining the new equilibriu~n. Thus, 
for a reaction of the type represented by equation [I] the relaxation time is expressed by 
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where (Ab) and ( g )  represent equilibrium concentrations of the antibody and hapten, 
respectively. 

In view of the scarcity of specific antibodies, the applicability of this relaxatioil tech- 
nique to the present investigation was first established with a model system consisti~lg of 
bovine serum albuinin (BSA) and the two colored hapten ~nolecules 1-naphthol-4-14- 
(4'-azobenzene azo)phenyl arsonic acid] and 1-rlaphthol-2 sulpl~onic acid -4-[4-(4'azoben- 
zene azo)phenpl arsonic acid. 'I'his system was chosen as a model since the resultsof equilib- 
rium measurements for BSA-dye interactions are similar to those of antibody-hapten 
reactions (12, 13). 

d f a t e ~ i a l s  
Crystalline bovine serum albumin (RSA) was obtained from Armour Pharmaceutical Co., Iianlcakee, 

Ill. The molecular weight of BS.4 used for various calculations was talcen as  69,000 (14). 
Antibodies to the phenyl arsonate group were preparecl by imrnunizi~ig rabbits with the protein-hapten 

conjugates as described elsen~here (15). 'l'he antibody preparations ~ ~ s c d  in this study \\.ere isolated by 
precipitation of the r-globulin fraction according to  the procedure of i\iIarracli et al. (16). 

?'he haptens llsecl for the kinetic studies with both BSA and specihc antibodies \\.ere the dyes l-naphthol-4- 
[4-(-1'-azobenzene azo)phenyl arsonic acid] and 1-naphthol-2 sulphonic acid-'1-[A-(4'-azobenzene azo)phenyl 
arsonic acid], referred to hereafter as N-I<' ancl NS--Rf, respectively. These compouncls were prepared by 
coupling the cliazonium salt of 4-(4'-aminobenzene azojphenyl arsonic acid to  1-~iaphthol and 1-naphthol-2 
sulphonic acid, respectively (17). 

The buffers used were borate-IiXO3 (pH 8.0, 8.5, 9.0, r / 2  = 0.1), borate-NaC1 (pH 8.0, r/2 = 0.1), 
Tris"IiN03 (pI-I 7.5, r / 2  = O.l), and phosphate (pH 7.0, r /2  = 0.1). 

dlet11 ods 
The concentrations of the BSrl solutions \verc determined spectrophotoinetricaIlp a t  a wavelength of 

280 mp (E :?,, = 6.8). i-lntibody concentrations were determined by the quantitative precipitin method of 
Heidelberger and Iiendall (IS), and the nitrogen contents of the precipitates were obtainecl by the micro- 
Iijeldahl proceclure of McIienzie and \\'allace (I!)). 

The co~lcentratiolis of bound and free dyes \\-ere determined spcctrophotometrically (20, 31). If the molar 
extinction coefficients of the bound and free forms of the dye arc Icnown, the fraction of the free dye can 
be calculated from the e q ~ ~ a t i o n  

urhere E:,~,~, is the apparent molar extinction coefficient of the dye, and E I  and 61, are the molar extinction 
coefficients of the free and bo~111d for~ns  of the dye, respectively. The molar estinction coefficient of the free 
dye \\as calculated from the optical densities of solutions of known dye concentratiorls in appropriate 
buffers. 'I'o obtain el, the method of \Vestphal el al. (21) was used. Values for the apparent lnolar extinction 
coefficient mere cletermined for a series of solutions containing a constant amount of dye and varying amounts 
of BSr\ or of the specific antibodies. For the calculation of el,, \:slues of t:,,,,, \\-ere plotted versus the ratios 
of dye/protein concentrations of the corresponding solutions, and el, was identified with the ~nolar extinction 
coefficient of the solution for inlinite protein concentration. -411 spectrophotometric n~easurements were 
made with a Zeiss spectrophotometer. 

The number of binding sites on the BS:\ molecule was calculated with the help of the equation used 
previously by Sisonoff and Pressman (22) for antibody-hapten systems, 

where b and c are the concentrations of bound and free dye, (P) is the total molar concentration of the 
protein binding sites, and K is the equilibrium constant. For this purpose varying amounts of dyes \\.ere 
added to a constant amount of BSA and the concentrations of bound and free dye were calculated from 
optical density measurements. The number of binding sites on the antibody molecules was taken as two (1, 
23). 

' T r i s  refers to Iris-(hydrosy tlzethy1)-arlzino n~etl~aal~e. 
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Relaxation time measurements were made with the aid of the temperature-jump apparatus described 
elsewhere (11, 24), and the rate of re-equilibration a t  a higher temperature was followed spectrophoto- 
nletrically a t  a wavelength of 590 mp. 

RESULTS AND DISCUSSION 

( a )  BSA-Dye  Interactions 
The rationale for synthesizing the particular dyes N-R' and NS-R' was that these 

conipounds incorporated the antigenic determinant, the phenyl arsonate group, and had 
a structure similar to that of Orange I ,  which is a pH indicator. The pK values of these 
pH indicators as determined by spectrophotoinetric rneasurements in buffer solutions of 
various pH values were 8.7 and 7.2 for N-R' and NS-R', respectively. An increase in 
pH resulted in a shift of the absorption spectra of the dyes to longer wavelengths, which 
was considered to be due to the ionization of the naphtholic OH group. Similar shifts 
were observed when BSA or the specific antibody solutions were added to the dye solutions. 
To obtain maxiniunl shifts in wavelength due to the binding of the dyes, experinlents 
were performed in buffer solutions of pH values which were mainly below the pK values 
of the dyes. The effect of BSA on the absorption spectrum of N-R' in borate-I<NOs 
buffer (pH 8.0, r /2  = 0.1) is shown in Fig. 1, fro111 which it  is evident that the absorption 
n~axiniuni was shifted from 510 mp (which corresponded to the free dye) to 610 nip for 
the bound dye. Spectral shifts for the interaction of NS-R' with BSA in pllosphate 
buffer (pH 7.0, r / 2  = 0.1) were not nearly as pronounced (Fig. 2). 

BSA 

I I > 
500 600 700 

WAVELENGTH ( m p )  

I I > 
500 600 700 

WAVELENGTH (mp)  

FIG. 1. The effect of BSrl on the absorption spectrum of a 9.1X10-6 M solution of N-R' in borate- 
I<I\TO3 buffer (pH 8.0, r / 2  = 0.1). 

FIG. 2. The effect of BSA on the absorption spectrum of a 9.1 X10-6 11l solution of NS-R' in phosphate 
buffer (pH 7.0, r/2 = 0.1). 
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In the present stucly equilibriu~n dialysis could not be employed, since both dyes 
showed an extremely high affinity for the dialysis membranes. Therefore, only spectro- 
photon~etric methocls were used for the determinations of free and bouilcl reactants, 
as described under Methods. The molar extinction coefficieilt E, was cletermined as  
0.58 X 10911-lcm-I a t  610 mp and the value for cb was calculated (at pH 8.0, borate-I<N03 
buffer) from the plot show11 in Fig. 3 as 2.80X 10.' A[-lcrn-l. The correspo~lding extinction 

FIG. 3. Determination of €1, of N-R' bound by BSA for two different dye concentrations i n  borate- 
I<NOa buffer (pH 8.0, I'/2 = 0.1). 

coefficients for KS-R' in phosphate buffer (pH 7.0) were determined as  2.10 X 10"f-'cm-' 
and 1.04 X 104 114-'~111-~ for E, and 61, respectively. 

Binding curves for BSA with the dyes N-R' and NS-R' are shown in Figs. 4 and 5, 
respectively, and the corresponding number of binding sites per molecule of BSA for 
N-R' and NS-R' were calculated as five and one. The deviation of the curve from a 
straight line in Fig. 4 indicates that the binding sites on BSA have different affinities for 
N-R' and a heterogeneity index (a )  of O.G was calculated using the method of Kisonoff 
and Pressman (22). The average equilibrium constant KO for the association between 
K-R' molecules and BSA was colllputed as 1 X105 114-I. On the other hand the plot in 
Fig. 5 suggests that the sites of BSA iilvolved in the binding of NS-R' were homo- 
geneous. The equilibrium constant for this reaction was calculated as 5.5 X 10' .If-'. 

To  simplify the evaluation of the relaxation time measureinents, it was assumed that 
all the binding sites on the BSA molecule were identical and independent of one another. 
Relaxation time measurements were performed on different solutions of varying dye/ 
protein concentration ratios. A relaxation curve for the iilteractioil betn-een N-R' 
and BSA is shown in Fig. G. In  all cases the curves were cl~aracterized by a single relaxation 
time. From the analysis of the concentratio11 depe~ldence of the relaxation time it was 
found that the relation 
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FIG. 4. The bincling of S-R' by BS.4 in borate-ICNOa buffer (pH 8.0, F/2 = 0.1) a t  25' C. Here c 
and b represent the free and bound dye concentrations, respectively. 

1 5. Thc binding of KS-R' by BSA in phosphate bulfer (pH 8.0, F/2 = 0.1) a t  25' C. The symbols 
c a11d b represent the free and bound dye concentrations, respectively. 

described the behavior of the system (11). In consequence it is suggested that  the overall 
mechanism for the interaction of BSA with N-R' is represented by the reactions 

In Fig. 7 are given the plots of 1 / ~  versus [(P)+(D)] for 2.5, 30, and 3.5' C. The corre- 
sponding rate constants k12 and k21 a t  these temperatures are listed in Table I .  I t  was 
shown also that the values for k12 and kzl  were almost independent of the buffer ions used. 
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FIG. 6 .  Relaxation curve for the reaction between BSA and N-R' (sweep rate 5 msec/crn). 

TABLE I 

Temperature kZl X10-1 k12X10-' 
("c) (sec-l) (116-lsec-1) 

The same relationship was found to be valid for the concentration dependence of the 
reaction between NS-R' and BSA a t  25' C (Fig. 8), and the appropriate rate constants 
were calculated as  k l l  = 3.6 X lo5 114-'sec-' and k2l = 2.5 sec-'. Thus, the equilibrium 
constants obtained from the ratio k12/k21 for the systems consisting of BSA and N-R' 
and NS-R' are respectively G X lo4 M-I and 1.4 XI@ iW-I a t  25' C. These values are 
of the sallle order of magnitude as the equilibriuin constailts calculated from static experi- 
ments, i.e. 1 X lo5 11T-I and 5.5 X 10" M-I for the N-R' and NS-R' systems, respectively 
(see also above). 

In view of the different approaches used for obtaining these values, which represent 
only averages of the distribution of colllplex coilstants for the different binding sites, 
this agreement is considered satisfactory. i\/Ioreover, i t  ought to be stated that in the 
static experiments (Figs. 4 and 5) the concentration of the dyes had to be varied within 
wide limits, some of which were outside the range where the dye N-R' obeyed Beer's 
law. This effect was probably caused by micelle formation and might introduce a serious 
error in the calculation of both the equilibriunl constant and the nunlber of binding sites. 
The latter error is carried over to the Itinetic experiments in as much as the relaxation 
times are related to the total number of active sites. 

In view of the l~eterogeneous population of the binding sites with respect to their 
affinity for the dye, which results in a distribution of equilibrium values (Fig. 4),  i t  is 
reasonable to expect that there should be also a statistical distribution of the corresponding 
rate constants, klz and k?1, rather than single values. From the equilibriu~n experi~nents 
with N-R' an average value for the binding constant was determined. However, on the 
basis of the calculated heterogeneity coefficient of O.G, the actual equilibriunl constants 
for the different binding sites would vary over a wide range of values, differing by as 
much as two orders of magnitude (22). No account was talten of this complication in 
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FIG. 7. Concentration dependence of 1 / ~  for the reaction between BSA and N-R' in borate-I<NOs 
brlffer (pH 8.0, r/2) a t  25, 30, and 35' C. 

FIG. 8. Concentration dependence of 1 / ~  for the reaction between BSA and NS-R' in phosphate 
buffer (pH 7.0, r/2 = 0.1) a t  25' C ;  k12 = 3.6X105 [&I-'sec-'1, kZ1 = 2.5 [sec-11. 

plotting the concentration dependence of T from which the values of k 1 ~  and k21 were 
calculated. In consequence, a t  the lower concentrations of the dye, the contribution of 
the binding sites with the higher affinities will be more pronounced, and on increasing the 
concentration of the dye the binding sites having weaker affinities will coine into play. 
Because of all these considerations it is obvious that the temperature dependence of the 
rate constants could not be obtained with the high degree of accuracy required for the 
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detern~ination of an activation energy. Moreover, due to technical reasons, the present 
studies were restricted to a narrow tenlperature range of 10" C, so that relatively small 
errors in rate constants would have led to considerable uncertainties in activation energies, 
particularly in deternlining the activation energy of the dissociation step froin the 
tenlperature dependence of k21, which is obtained by extrapolation of I/T to zero concen- 
tration of the free reactants. Therefore, the estimated activatioil energies, E12=10 Itcal/ 
mole and E 2 1 ~ 2 0  kcal/n~ole, should be regarded as preliminary values and considered 
with some reservation. Studies over a wider temperature range are in progress and more 
definite values for these activation energies will be given later. Fro111 the difference in 
activation energies for the association and dissociation steps, it would appear that the 
reaction is exothermic to the extent of about 10 kcal/mole. 

Because of the great number of protolytic equilibria involved, it is conceivable that 
the rate of dye-albumin interactions is affected greatly by pH. Relaxation time measure- 
ments a t  the three different pH values of 8.0, 8.5, and 9.0 a t  25" C are shown in Fig. 9, 

FIG. 9. Conce~ltration depet~detlce of 1 / ~  for the reaction bet~veen BSA and N-R' in borate-KNOo 
bulfer a t  three different pH values. 

from \vhich it can be inferred that dissociation rates increase and association rates decrease 
with increasing pH. This could be explained partly by the increased repulsion between 
the negatively charged reactants, which becomes more pronounced a t  the higher pH 
values. 

(b) Antibody-Hapfen Interactions 
Reactions between the haptens NS-R' and N-R' and the antibodies to the phenyl 

arsonate group resulted in a shift of the spectra of both dyes to longer wavelength. How- 
ever, addition of normal rabbit gamma globuli~l to these dyes did not result in a detectable 
spectral shift. The change in the absorption spectrum of the NS-R' dye due to the 
addition of antibody in Tris buffer a t  pH 7.5 is show11 in Fig. 10. 
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FIG. 10. The effect of anti-R antibodies on the absorption spectrum of a 4.8X iM solution of NS-R' 
in Tris-Sac1 buffer (pH 7.5, r/2 = 0.1). 

Unfortunately, it was not possible under the present experimental condit io~~s to measure 
relaxation tiines for the reaction between NS-R' and the antibodies in Tris buffer, 
because of the large temperature coefficient of the latter. This in turn led to a large change 
in the protolptic equilibriuill of the dye, which maslted any effect due to the dye-antibody 
interaction. Phosphate buffer could not be used either, since it was found to inhibit the 
reaction. 

In spite of the fact that the N-R' was univalent, precipitation was observed a t  some 
antibod>.-to-haptell ratios. This precipitatioil was most liltely due to the aggregation of 
the hapten into micelles, an effect which was previously referred to. For this reasoil no 
binding studies were done with N-R'. Nevertheless, relaxatioil time measurements could 
be made with this spstem in borate buffer a t  pH 8.0 in a concentration range where no 
precipitatioil occurred. The value for eb for N-R' was assumed to  be 2.8X104 ll&-lci~~-l, 
by analogy with the value determined for the BSA - N-R' system. 

From the conceiltratioil depeilde~lce of l/r (Fig. 11) the rate constailts kl? and kzl 
were calculated as -2X107 144-'set-' and -50 sec-I, respectively. These values are 
higher by one order of magnitude than the lower liinits estimated by Schileider and 
Sehon for the phenyl arsonate systein (9). The value of klz exceeds also the lower liinit 
reported by Sturtevant et al. for the diilitropheilyl system (10) by one order of magnitude. 
Although rate c o ~ ~ s t a n t s  as large as lo9 iM-'sec-' could have been determined with the 
method used in the present investigation, no further second-order step representing the 
formation of specific complexes could be detected. The equilibrium constant calculated 
from the values of klz and kzl, i.e. -4X105 M-l, agrees well with the equilibriuill constants 
calculated for similar antibody-hapten reactions (9, 25). 
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FIG. 11. Concentration dependence of 1 / ~  for the reaction between anti-R antibodies and N-R' in 
borate-NaC1 buffer (pH 8.0, r/2 = 0.1) a t  25' C. 

GENERAL REMARKS 

This study has delnonstrated the applicability of the temperature-jump  neth hod to the 
investigation of the kinetics of protein-dye and antibody-hapten reactions. In view of 
the colnplicated lnechailislns underlying these systems, the error limits of the rate 
constants obtained in these first studies might still be quite large. However, additional 
support for the liinetic values derived in this stucly is provided by the good agreement 
between the equilibrium constants calculated fro111 the ratios of k l ? / k ? l  and the equilibriuln 
values computed from static experiments, both in this and other studies (1, 9, 25) .  The 
rate constant for the association between the hapten and the specific antibody at 2 5 O  C 
was found to  be larger than that  for the reaction between the hapten and BSA (by a 
factor of a t  least lo) ,  but it is still more than one order of nlagilitude below the limit to 
be expected for a diffusion-controlled reaction. The fact that BSA reacts inore slowly is 
not surprising since one might expect that repulsion between the negatively charged dye 
and albumin molecules is larger and that the extent of complernentariness between the 
combining sites in the antibody-hapten systeln is more pronounced. 
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ABSTRACT 

Azotobacter indiczinz was grown in media which contained D-g l l l~~~e- l -C" ,  D - ~ ~ L I c o s ~ - ~ - C " ,  
~ -g lucose -6 -C~ ,  D-mannose-1-C", or D-galactose-1-C1'. Each radioactive polysaccharide 
produced was hydrolyzed and the specific activity of the isolated D-glycero-D-nlc~rz~~o-lieptose 
was determined. The distribution of activity in the heptose ~nolecule was determined by 
chemical degradation procedures. 

The results suggest that the D-glycero-D-?i~a?z?zo-heptose is formed from hesose precursors 
by pathways which involve the action of transaldolase, transketolase, and alclolase 

The  role of D-altro-heptulose (sedoheptulose) 7-phosphate in cellular metabolism has 
been anlply demonstrated. I t  has been cletected as a n  early product of photos)~ntl~esis (1) 
and as an iilterrllediate in the pentose phosphate c).cle (2, 3). Aldoheptoses have been 
found in the polysaccl~arides of a number of Gram-negative bacteria (A),  al thougl~ there 
is little informatioil about the structures of such polymers. T h e  mocle of bias\-nthesis 
of these 7-carbon sugars has not been reported, but  it is logical to  expect tha t  they 111a~7 
be derived from D-altro-heptulose 7-phosphate. 

I(nig11t and his co-workers (5) have sho~vn tha t  =lzotobacter i?zdic~~?n can produce a 
heptose-containing extracellular polysaccharide. Sows (6) in this laborator)-, has charac- 
terized the 7-carbon sugar as  D-glyccro-D-nznn?zo-heptose. T h e  results of growing --I. 
indicunz in media containing a number of C1$-labelled sugar substrates \\-ere reported in 
Par t  I of this series (7). The  polysaccl~arides produced were hydrolyzecl ancl the distribu- 
tion of activity in the isolated D-glucose and L-rhamnose was cletermined ancl possible 
origins of L-rhamnose were discussed. I11 this communication the results of the heptosc 
degradations are reported and possible pathways for the biosynthesis of D-glycero-D- 
7nan?zo-heptose are presented. 

Aeotobacter i?zdicu?lz was grown in media which contained ~ - g l u c o s e - l - C ~ ~ ,  D - ~ ~ L I C O S ~ - ~ - ~ ' ~ ,  D-glLIcose- 
6-C1" ~-~lrnannose-l-C~$, or D-galactose-1-C1'. The methods for the productioi~ and hjdrolysis of the poly- 
saccharide, the isolation of the component monosaccharides, and the counting procedures nere the same 
as those described earlier (7). 

Paper chromatography was carried out by the descending method on ltihatman S o .  1 filter paper using 
the followillg solvent systems (v/v): ( a )  1-butanol, ethanol, water (3:1:1), ( b )  ethyl acetate, acetic acid, 
formic acid, water (18:3:1:4), and (c)  1-butanol, pyridine, water (10:3:3). Sugars nere located on the 
developed chromatograms by the p-anisidine hydrochloride spray (8). 

The weights of D-glycero-D-ma?ino-heptose isolated from the polysaccharide hydrolyzates were determined 
by the colori~netric phenol - sulphuric acid method c9); the estimated specific activities of the heptose are 
shown in Table I. The sanlples of radioactive D-glycero-D-?na?z?zo-heptose were diluted with inactive heptose 
prior to their degradations. 

Degradation of D-glycero-D-manno-Heptose 
The heptose was degraded according to  the reactions outlined in Fig. 1. 

Determination of C1I i n  Cl-6 and C7  
D-glycero-D-?nan?to-Heptose ("0 mg) was dissolved in pH 8 phosphate buffer (10 ml), and 0.3 31 sodium 

~netaperiodate solution ( 2 ml) was added. Barium acetate solution ~ v a s  added after 2 hours and the precipi- 
tated barium salts were removed by filtration. The filtrate was acidified with acetic acid and dimedon was 
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JONES ET AL.: HEPTOSE BIOSYNTI-IESIS 

TABLE I 

Specific activities of D-glyceio-D-?vta?tno-heptose 

Specific activity Specihc activity 
of sugar substrate of heptose 

Sugar substrate (pc/mmole C) (~c/mrnole C) 

~ - G l u c o s e - l - C ~ ~ ~  3 .00  8 .40 
~-Glucose-Z-C~.~ 3 .00  3.22 
~-GIucose-6-C~.' 3 .00  2.85 

added. The precipitated formaldehyde dimedon (C7) was collected after 20 h o ~ ~ r s  and was recrystallized 
from aqueous etha~lol prior to the determination of its specihc activity; m.p. 188" C. Mercuric acetate 
solutio11 was added to the filtrate obtained after removal of the for~naldehyde dimedon and the formic acid 
(Cl-6) was oxidized to carbon dioxide (lo),  the specific activity of which was determined. 

Determi?tation of C1.l i?z C1+7 and C2-6 
The heptose (15 mg) was reduced with ly0 sodium borohydride solution (2 ml). The excess borohydride 

was destroyed after 12 hours by  the addition of 2 N sulphuric acid and the specific activity of C l+7  (for- 
maldehyde) and of C2-6 (formic acid) were determined as clescribed above. 

Delerntination of C1.' i n  C1-7, C1-2, CS-6, a?zd C7 
D-glycero-D-?na?~?to-Heptose p-nitrophenylhydrazo~le was prepared in the usual manner in SOYo yield; 

m.p. 176-177" C. The hydrazone (40 mg) was dissolved in pH 8 phosphate buffer (10 ml) and \vas oxidized 
with excess sodium metaperiodate. Glyosal p-nitrophenylhydrazone precipitated almost immediately and, 
after recrystallization from aqueous acetone, it was obtained in 65% yield; 111.p. 199-200" C. The specific 
activity of Cl-2 was then determined. The solution remaining after the removal of the glyoxal p-nitro- 
phenylhydrazone \\;as acidified with acetic acid, and dimedon was added. After 20 hours the formaldehyde 
dimedon was removed by filtration, and, after recrystallization from aqueous ethanol, it was obtained in 
70y0 yield; 111.p. 188" C. The material was plated and the specific activity of C7 was determined. The filtrate 
was acidified with sulphuric acid and distilled. The formic acid in the distillate was oxidized with mercuric 
acetate (10) and the specific activity of C3-6 was determined. The specific activity of Cl-7 was determined 
by directly counting the heptose p-nitrophe~lylhydrazone. 

Oridatio?~ of D-glycero-D-manno-Hep. lose p-Nitro~>/tenyl/tydrazo?ze wit/t 1 llfole of Periodate 
D-glycero-D-?nunno-Heptose p-nitrophei~ylhydrazoi~e (300 mg) was dissolved in hot water (20 ml). The 

solution was cooled in ice water, and periodic acid (198 n ~ g )  in water (10 inl) was added. Glyosal p-nitro- 
phenylhydrazo~le precipitated within a few seconds and was collected by filtration after 10 minutes. The 
material had m.p. 199-200°C and \\,as obtained in 55% yield. Barium acetate solution mas added to the 
filtrate and the precipitated bari~inl salts were removed by hltration. The filtrate was evaporated to dryness 
under reduced pressure and the resiclue was examined by paper chro~natography using solvents a ,  b, and c. 
A reducing compo~ient corresponding to ribose was detected with the p-anisidine hydrochloride spray (8). 
i\/Iinor amounts of other components \\ere also detected. 

The residue (170 mg) was fractior~ated on \\,'hatman 3MM filter paper using solvent a. The area of paper 
containing ribose was eluted with water and the solution was evaporated to a pale yello\v s y r ~ ~ p  (40.5 mg, 
31%). The material was paper chromatographically homogeneous in solvents a ,  6 ,  and c. 

Deternti?tatio~z of C" in C3+7 alzd C4-6 of the Heplose 
The ribose (15 mg) isolated above was reduced with sodium borohydride and then oxidized \vith sodillin 

metaperiodate as described for D-glyceio-D-nta?t?to-heptose. Formaldehyde di rnedo~~ (C3f 7) \vas obtained 
in 65% yield after recrystallization from aqueous ethanol; 1n.p. 188" C. The formic acid (C4-6) was oxidized 
to carbon dioxide with mercuric acetate (10). 

The specific activities of the fragments obtained during the degradation of D-glycero-D-?tta?t?zo-heptose 
are recorded in Table 11. 

The percentage distribution of activity in the carbon chain of D-glycero-D-ntanno-heptose is sumnlarized 
in Table 111. 

The total activity of the heptose was determined by s~~nl in ing the individual activities of C1, C2, C3, 
C4-6, and C7. The isotope content of C l  was obtained by difference (activity of C7 subtracted from that  
of C1+7), while the activity of C2 was calculated by subtracting C1 from Cl+2. When a negative value 
resulted, the activity of C2 was assumed to be zero. The activity of C3 was determined by subtracting C G 6  
from C3-6 (in the cases when D - ~ ~ u c o s ~ - ~ - C "  or D-galactose-1-Cl" were the substrates) or by subtracting 
C7 from C3+7 (when ~ -g lucose -2 -C~~  and D-mannose-1-Clqvere substrates). In the calculations the average 
isotope content of C7 (mean of determinations by two methods) was used. 
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TABLE I1 

Specific activities of heptose fragments (c.p.m./mmole C) 

Sugar substrate 
Heptose -- 

carbon G-1-c1.1 G-2-Cl" G-G-CI" - 1 -  Gal- 1-C1" 

Abbreviations: G = D-glucose. M = D-mannose, Gal = D-galactose. 
*Determined by periodate oxidation of heptose. 
tDetermined by periodate oxidation of heptose P-nitrophenylhydrazone. 

TABLE 111 

Distrib~~tion of C" in individual carbon atoms of D-glycero-D-lnanno-heptose 

C14 as % total in the aldoheptose 
Sugar 

substrate C 1 C2 C3 C4 C5 C6 C7 

DISCUSSION 

There have been no reported degradations of C1"-labelled aldoheptoses. Preliillinary 
studies were aimed a t  cleaving the heptose to a 6-carbon sugar, which could then be 
degraded by conventional methods. Antia and Perry (11) prepared methyl P-D-gulo- 
pyranoside by oxidizing methyl P-D-glycero-D-gz~lo-heptopyranoside with 1 inole of 
sodium inetaperiodate followed by borohydride reduction of the resulting aldehyde. I t  
was hoped to convert inethyl a-D-glycero-D-manno-heptopyranoside to inethyl a-D- 
rnannopyranoside by this method; however, in practice only poor yields of inannose 
(ca. 15%) were obtained. 

D-glycero-D-manno-I-Ieptose p-nitrophenylhydrazone could be prepared in 80% yield 
and was used to deterilline the isotope content of C1+2, C3-6, and C7. Oxidation of the 
hydrazone with 1 inole of periodate under unbuffered conditions gave fair yields (ca. 
30%) of a compound characterized cl~rornatograpl~ically as ribose. The  isolated ribose 
was reduced to ribitol aild oxidation with sodium inetaperiodate gave formaldehyde 
(C3+7) and formic acid (C4-G), from which the specific activities of C34-7 and C4-6 
of the original heptose were determined. 

The D-glycero-D-manno-heptose p-nitrophenylhydrazone would be expected to adopt 
the stable zig-zag conforination if i t  existed in the open-chain form, in which case the 
C2-C3 glycol systein would be trans and unfavorable for attack by the periodate ion. 
The  present results suggest that the heptose p-nitrophenylhydrazone exists mainly in a 
furanose ring form in which cleavage of the C2-C3 glycol system by the periodate ion 
is more favored than cleavage of the exocyclic CG-C7 glycol group. 
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JONES ET AL.: I-IEPTOSE BIOSYNTEIESIS 1801 

The isotope conteilts of Cl-6, C7, C1+7, and C2-6 were determined by periodnte 
oxidation of the D-glycevo-D-manno-heptose and its reduction product D-glycevo-D-manno- 
lleptitol according to the reactions outliiled in Fig. 1. 

Perry and Pietali (12) ill an  iilvestigation of the periodate oxidation of aldoheptoses 
found that tlle productioil of an  iilterillediary malondialdeh~~de derivative about C5 
resulted in partial overoxidation, with the subsequent release of seine carboil dioxide 
from C5. I-Iowever, under the alkaline conditions used, the overoxidation is minimized 
and only a small proportion (0.08 mole) of carbon dioxide is released froill C5 and the 
degradation proceeds essentially as illustrated in Fig. 1. 

1 2 HCHO + DIMEDON DERIVATIVE .--.---.-.--' 

HO-6-H 
I 

H-C-OH 
I 

H-C-OH 
I 

H-C-OH 
I 

CH 2 OH 

H ~ + +  
5 HCOOH Co - 

2 

CH2OH 

I 
H ~ + +  

6 HCOOH r CO -...-..-- c 1-6 
HO-C -H 2 

q p  - HO 

I 
, HCHO - DIMEDON DERIVATIVE -----.-..--- C 7 

+ CH-N-NH No2 - - *. ---- - - - - -- - - - - -- - - -- 
CH-N- NH- 

I Oo2 1 CHO 

C It2 
I 

HO-:-H 

HO- t-H 
I LL 4 HCOOH - H~~~ r CO -------. c 3 - 6  

H-$- OH 2 

& HCHO DIMEDON DERIVATIVE ---------. C 7 

DIMEDON 
F H 2 0 H  p2 HCHO -- DERIVATIVE 

- - - - - -. C 3 t 7  

0. 
H-c-OH 

BH- I 
H,OH 4-- H-C-OH 

I 
H 0 H-C-OH 

I ~ g + +  
OH OH CH20H Lj H C O O H ~ C O ~ - - - - - - . C  4-6 

FIG. 1. Degradation of D-glycero-D-tlzanno-heptose-CM. 

In  this investigatioil the isotope contents of C4-6 and C7 were determi~led directly 
while those of C l ,  C2, and C3 were calculated by difference, using 2 ~llmoles of heptose. 
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I t  is generally unwise to determine activities of carbon atoins indirectly, since the errors 
are magnified. I-Iowever, the objection is not so serious as it may first appear. When 
D - g l ~ ~ ~ ~ e - l - c " ,  D - ~ ~ u c o s ~ - " ~ " ,  and ~ - i n a i l n o s e - ~ - C ~ ~  were substrates for extracellular 
polysaccharide synthesis by A. indicum, the isolated heptose samples coiltained very 
little activity in C7. The determination of C l + 7  and C3+7 is, therefore, almost as 
satisfactory as a direct deternlination of C l  and C3. 

When n-glucose-1-C1" ~-i-mannose-l-C~~, and D-galactose-1-C19were substrates about 
6517% of the activity was located in C1 of the isolated heptose. The majority of the 
remaining radioactivity was located in C3 ( 2 1 1  6yo). Most of the activity (82%) was 
found in C7 of the heptose when D-glucose-6-C" was the substrate and the reinailling 
activity mas located in Cl .  When D - ~ ~ u c o s ~ - ~ - C ' ~  served as the substrate about 50% of the 
activity was recovered in C2 of the heptose, 25% in C4-6, and 15% in C l .  This latter result 
indicates that C l  decarboxylation is occurring and suggests that some of the peiltose 
thus formed in the hexose inonophosphate shunt is utilized for heptose synthesis. 

The specific activities of the 7-carbon sugars isolated from the polysaccharide hydrol- 
yzates were quite siinilar to each other ( 1 8 % )  and also to those of the corresponding 
hexose-1-C14, -2-C1" or -6-C14 substrates, indicating that C l ,  C2, and CG of D-glucose 
make similar contributions to the heptose carboil slteleton. 

The distribution of activity in the heptose sanlples may be largely interpreted in ternls 
of the lanown reactio~ls of the pentose phosphate cycle (13), which are suinillarized in 
Fig. 2. The routes which inay be responsible for aldoheptose biosynthesis are shown in 

D-FRUCTOSE 6- @ ~ g - F R U C T O S E  1,6 -Dl - @ 
= T t 

D l  HYDROXYACETONE @ 

D-THREO-PENTULOSE 5-  - -  - 
.f 

ABBREVIATIONS: @ = PHOSPHATE, TA = TRANSALDOLASE 

TK = TRANSKETOLASE 

FIG. 2. Reactions of the pentose phosphate cycle. 

~ i ~ . " 3 .  If reactioils B and C (Fig. 3) are the sole path~vays, the specific activity of the 
heptose isolated from the n-glucose-6-C" substrate should be only 30-60% as much as 
the specific activities of the heptose samples isolated froin the other substrates. In practice 
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I I 
3 HO-C-H 2 C=O 3 CHO 

I TK I 4 H-C-OH 3.4 CHO I 
I 

- 3 - 4  HO-C-H + 4 H-C-OH 
I I 

5 H-C-OH + 2 = 5  H-C-OH 
I 

2 2 5  H-C-OH 5 H-C-OH 
I I 

6 C H 2 0 @  1 - 6  CH,O@ 1 ' 6  ~ H , o  @ 6 LH,O @ 

I 
I CH20H I FHO I HO-C-H 

I TK I 
2 C =O 2 H-C-OH - 2 H-C-OH 

I I I 
3.4 HO-C-H t 3 - 4  H-?-OH 3 - 4  H-C-OH 3 - 4  CHO 

I I I 
4.5 H-C-OH 2 - 5  H-C-OH 2-5 H-C-OH + 21-5 H-C-OH 

I 
CH20 @ 1 - 6  AH,O @ I 

1.6 1.6 CH,O@ 1.6 CH,O@ 

L. 

I CH, OH 
I 

I CH20H 2 C= 0 
I I 

2 C=O 3 HO-C-H 
I I 

3 HO-C-H 3 YHO 3 H-C-OH 
I 

4 H-C-OH 
I 

+ 4 H-C-OH TA 4 H-C-OH 4 CHO 
I I - I 

5 H-C-OH 
I 

5 H-C-OH 
I 

5 H-C-OH + 5 H-C-OH 
I 

CH,O @ 6 CH20 @ 
I 

6 6 b H 2 0 @  6 CH,O@ 

1=6 FH,O @ 
2- 5 C=O 

I 
3 - 4  HO-C-H 

3 CHO 3 H-c-OH 
I I 

1=6  y H 2 0 @  4 H-C-OH , 4 H-C-OH 
I I 

2=5 C=O + 5 H-C-OH 5 H-C-OH 
I 

3 = 4  CH20H 6 ~H,O @ 6 ~H,O @ 

ABBREVIATIONS: @ = PHOSPHATE, TK  = TRANSKETOLASE 

T A  =TRANSALDOLASE, A = ALDOLASE 

FIG. 3. Possible routes of heptose biosynthesis. 

there was little difference between these specific activities, suggesting that  there is an 
additioilal route for heptose synthesis in which CG of D-glucose n~alces illore of a contri- 
bution than C1 or C2. 

I-Iorecker ct nl. (14) and Ballou et al. (15) have shown that  aldolase can catalyze the 
condensation of dihydroxyacetone phosphate with D-erythrose 4-phosphate to  form 
D-altro-l~eptulose 1,7-diphosphate (route D, Fig. 3). If it is assuilled that  25% of the 
heptose synthesized by 11. indicum is fornled by this route, 25% by route B, a i d  5070 
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by route C, the observed specific activities and the distributions of activity in the heptose 
call be explained. 

There have been no previous investigations on the mechanism of fornlation of aldo- 
heptoses found in polysaccharides. The present study suggests that D-glycero-D-man?zo- 
heptose may be synthesized by the action of transketolase on D-threo-pentulose 5-phos- 
phate and D-ribose 5-phosphate. The pentoses may be derived from hexose and triose 
phosphates by the action of transketolase, or from hexonic acid phosphate via the 
hexose ~uonophosphate shunt. The action of transaldolase on hexose and tetrose phos- 
phates probably rnaltes a significant contribution to the 7-carbon sugar biosynthesis. 
D-altro-Heptulose 7-phosphate is probably formed by these reactions while D-altro- 
heptulose 1,7-diphosphate may also be produced by the action of aldolase 011 dihydroxy- 
acetone phosphate and D-erythrose 4-phosphate. 

The heptulose phosphates are probably converted to aldoheptose phosphates, which 
are then transformed into the appropriate nucleotides, prior to incorporation into the 
polysaccharide. Palleroni and Doudoroff have shown that D-altro-heptulose and D-glycero- 
D-man?zo-heptose are interconvertible in the presence of a lnannose isomerase from 
Pse~~domonas saccharophila (16). Ginsburg (17) has recently isolated the guanosine 
diphosphate derivative of D-glycero-D-manno-heptose from bakers' yeast. 
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TRIMETHYL ORTHOBORATE - AMINE INCLUSION COMPOUNDS' 
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ABSTRACT 

r\ new class of non-stoichiometric crystalline inclusion conlpo~lnds has been discovered, 
having the general formula 

(CH30)3B. (amine), . (solvent),, 

where 0.5 < n < 1.0 and 0 < x < 3 depending on the method of preparation and on the 
nature of the amine and sol\ ent. Such co~npounds have been prepared with ammonia and a 
variety of primary and secondary amines. Among the solvents which can be incorporated 
into the crystals are alcohols, ketones, ethers, esters, nitriles, nitroparaffins, and hydrocarbons. 
Such co~~~pouncls  are also formed by triphenyl orthoborate, with 1.7 < 12 < 2.4 and 1.2 < x 
< 1.6. 

The incorporated solvent has been shown to exert a definite vapor pressure. Furthermore, 
many of the compounds sublime a t  room temperature to form large transparent crystals 
which also contain incorporated solvent. The mechanism probably involves dissociation, 
followed by reassociation on the walls of the vessel. Preliminary X-ray diffraction ineasure- 
lnents suggest that the trimethyl orthoborate - anllllonia inclusion compounds have essentially 
the same crystal lattice as pure trimethyl orthoborate - a~nrnonia. 

INTRODUCTION 

In a discussio~l of various methods for preparing the co~npound (C1130)3B, Schechter 
(1) reported that treatment of the trimethpl orthoborate - methanol azeotrope with 
ammonia afforded crystals with incorporated methanol. The present work was undertalcell 
to determine whether this phenomenon is a general one and, if so, to make a preliminary 
study of the properties of these inclusion compounds. 

The literature on adducts of orthoboric acid esters and amines is scant. As recently as 
1950, these esters were thought (2) to be i~lsufficiently acidic (in the Lewis sense) to 
form such compouncls. 

In a series of papers on the reaction of trilnethyl orthoborate with ammonia and 
amines, Goubeau et al. (3-5) described the preparation of (CH30)3B.NI-13 and its 
reactions with excess anl~no~lia  and with excess orthoborate. They also prepared and 
characterized the 1 : l  addition co~npounds of trimethpl orthoborate with mono-, 
di-, and tri-methylanline (5). Urs and Gould (6) reported the formation of solid 
addition compounds 011 mixing trimethyl orthoborate with dimethyl-, diethyl-, di-n- 
propyl-, di-n-butyl-, di-n-arnyl-, triethyl-, and tri-12-butyl-amine. The con~pounds forlned 
with ethylenediamine, piperidine, methylamine, and t-butylamine were stable enough 
to be purified by sublimation in vac~ io ;  melting points and analytical results were given 
for these 1 :1 addition compounds. The addition reactiolls were strongly catalyzed by the 
lower aliphatic alcol~ols. No solids separated on mixing amines with triethyl, tri-n-butyl, 
and tri-n-amyl orthoborates, although considerable heat evolution was noted with the 
ethyl ester. Urs and Gould (6) found no evidence of interaction between trinlethyl 
orthoborate and pyridine or quinoline, but a stable 1: l  adduct of tris(l,l,l-trifluoroethyl) 
orthoborate and pyridine has since been characterized by Gerrard et al. (7). 

I-Iorn and Gould (8) studied the interaction of triillethyl orthoborate with 19 aliphatic 
and 5 heterocyclic an~ines, by measuring partial vapor pressures of the borate over 

Contribz~lio7t No. 65. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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equimolar borate-amine mixtures. Departures froill ideality, which were greatest for 
ethylenediarnine, piperidine, and trietlia~~olamine and least for trin~ethylainine, di-i- 
propylamine, and pyridine, afforded a measure of the degree of interaction. As found 
previously (G) ,  methanol marliedly increased the borate-amine interaction. 

Addition compounds between triaryl orthoborates and amines have been prepared and 
characterized by Colclough, Gerrard, and Lappert (9, 10). Stable 1 :I adducts were 
obtained i11 most cases, but  where steric hindrance was severe the adducts were found to 
be deficient ill amine. Ammonia formed 3: l  and 2:l adducts respectively with tris(2,4,6- 
trichlorophenyl) and triphenyl orthoborates. 

EXPERIMENTAL 

Mc~tcria Is 
Trimethyl orthoborate - methanol azeotrope was prepared by f r ac t io~~a t i~ lg  orthoboric acid and methanol 

(1:4 mole ratio) a t  a 10:l reflux ratio. Trimethyl orthoborate was separated by shaking the azeotrope with 
an11)drous lithium chloride (11) and purified by fractionation. The p ~ ~ r i t y  \vas checked by titrating a weighed 
sample wit11 0.1 N sodium hydroxide to the pher1olphthalei11 end point in the presence of mannitol. 

Triphenyl orthoborate was prepared by distilling orthoboric acid and phenol (1:5.3 nlole ratio), the water 
fornled being removed azeotropically \vith the excess phenol (I)). The  c r ~ ~ d e  product was purified by vacuun~ 
distillation, the fraction boiling a t  154-lGTo a t  0.2 mrn being used for subseq~~en t  experiments. 

The ammonia n.as Dow refrigeration grade. The gaseous amines were supplied by the hfatheson Company 
and the liquid a r n i ~ ~ e s  and solve~lts were Eastman ICodak "byhite Label" quality. 

P r e p a ~ t i o n  0.f Inclusion Con~poirnds 
(i) Trirrlethyl Orthoborate plus Gaseoz~s Alltines 
Trimethyl orthoborate (5 ml) and the solvent to be incorporated (10 ml) were mixed in a 50-1111 Erlen- 

meyer flask and saturated with the amine under slight excess pressure. Cooling the mixture in an ice bath 
helped to  initiate crystallization and mas nseful in controlling the subsequer~t temperature rise. The crystals 
were separated by filtratior~ on a sintered-glass funnel, in a dry box, washed with the same solvent if suf- 
ficientl!. \-olatile, otherwise with methanol, acetone, or n-pentane. After drying by suction, samples of the 
solid were transferred to tared weighing bottles for analysis. A small quantity was crushed on a porous 
plate and placed ill a ~lieltillg point tube \\,hich was sealed immediately after removal from the dry box. 

Cii) Trinletltyl Ortltoborate plus Liquid Allline 
Trimethyl orthoborate, solvent, and amir~e (5 1111 of each) were added in turn to a 50-ml Erlenmeyer flask 

cooled in an ice bath. The r e su l t a~~ t  crystals were liltered ill the dry box as described above. 
(ii'i) Tritirethyl Orthoborate pdi~s Liquid ilwznlonia 
i\ few inclusio~~ compounds \\.ere formed using liquid a m ~ n o ~ ~ i a ,  i r ~  an attempt to obtain an exactly 1:l 

ratio of B:N. X mixture of trimethyl orthoborate, solvent, and ammonia in the mole ratio 1:8:5 was found 
to provide a sufficient excess of ammonia and enough solvent to prevent the trimethyl orthoborate from 
freezing. One part of trimethyl orthoborate and four parts of solvent were cooled to -28" C (boiling CI??CI:) 
and a mixture of five parts of liquid a~nmonia and f o ~ ~ r  parts of solve~lt added cautiously with stirrir~g. i\ 
soda lime trap \\,as attached to the flask and the contents were allowed to \\.arm to room temperature. 
Fltration was carried out in a dry box, as ~rsual. 

Cii') Tripltenyl Ortltoborate 
Triphenyl orthoborate- am~nonia compounds were made by dissolving the ester in the solvent to be 

incorporated (using a slight excess of sol\.ent over that required to effect solution) and saturating the soliltion 
with a~nmonia. 

Analysis  0.f I?tcl~~sio?t Cotrrpor~nds 
\\.eighed samples of the inclusion compounds were dissolved in water and titrated against 0.1 N hvdro- 

chloric acid to the methyl red end point. Mannitol was added and the solution then titrated against 0.1 iV 
sodi~rnl hydroxide to the phenolphthalein end point. The first titration gives the amount of anline, the second 
gi\;es the amount of boric acid liberated on hydrolysis. 

The methanolpsis procedure of Thomas (12) was used to  determine the boron content of the tripllenyl 
orthoborate inclusio11 compour~ds. Later experiments, however, showed that direct titration gives the correct 
answer despite the presence of free phenol. 

All inclusion co~l~pounds  were ass~rmed to correspond to the formula 

(R0)sB.  (amine),, . (solvent),. 

The values of 12 and x cot~ld be calculated from the above analytical results, 
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YOUKG AND .4hrDERSON: INCLUSION COMPOUNDS 

RESULTS 

Trimethyl Ortl~oborate - -~lmnzo~zia Compoz~nds 
Analytical and other data  for inclusion compounds involving trimethyl orthoborate, 

ammonia, and a series of alcohols are given in Table I. The  solvents usecl to wash the 

TABLE I 
(CHz0)aB. (XI-IB),, . (alcohol), 

(l'repared by saturating an alcoholic solution of trimethyl orthoborate with ammonia gas) 

\Vashed Crystal 
Alcohol <y o y (7; B n T with Appearance prowth 

Methyl 8 .  $15 5.98 1.16 I .79 
8.04 5.73 1.09 2.09 

Ethyl 4.55 4.23 0.83 2. (39 
72-Propyl 6 . 92 5.15 1.04 1.47 
i-Propyl 7.57 6.33 0.92 0.85 
n-Butyl 5 .94 8.52 0.54 0.19 
i-But!-I 7 .76 6.53 0.92 0.62 
s-Bu tj.1 7.86 7.60 0.80 0.34 

71-Pentane 
Col. 1 

Col. 1 
coi: 1 
Col. 1 
Col. I 
Acetone 
- 

Acetone 
Acetone 

M'e t 
\\;e t 
\\'e t 
\\let 
Wet 
\Vet 

R'e t 
\Vet 
Dry 
\Vet 
\Vet 
L\!e t 
Dry 
iflet 

XSS 

S X S  

S X X  

SS 

SS S  

SS 

SSS 
XXX 

9 

'Prepared using liquici  amlnollia. 

crystals are listecl in c o l u ~ ~ i n  G ("col. 1" means that the crystals were washecl with the 
same alcohol). The appearance of the crystals is noted in column 7. These compounds 
were generally quite wet ancl sticky, so that  it was not possible to measure melting points. 
TIILIS the compound containing ethanol became practically liquid on storage. Many of 
the compounds sho\ved a marlied tendency to sublime a t  room temperature. After a 
few weelcs' storage in weighing bottles, large transparent crystals were deposited on the 
upper surfaces of the bottles. In some cases, such crystals were found buried i l l  the 
original powder a t  the botlom of the bottles. The tendency for crystal growth by sub- 
lilnation is indicated in column 8 (x = slight, xx = moderate, xxx = pronounced). 
The  compountls with t-am).l and n-decyl alcohols formed large, dry crystals, which were 
removed with tweezers and analyzed (see Table IX).  

In Table I1 are listed the results obtained for inclusion compounds contailling trimethyl 
orthoborate, amnlonia, and a series of saturated and ~111saturated hydrocarbons. All these 
compounds were fine, dry powders. For all the allianes except neopentane and c j ~ l o -  
hexane, x is equal to zero witllirl the experimental error. In contrast, significant values of x 
were fou~icl for all the u~lsaturatecl hpdrocarbons except isoprene. Benzene and cyclo- 
hexane gave almost identical s values. Melting points (sealed tube) for some of these 
compounds are recorded in the last column. 

R e s ~ ~ l t s  for compounds containing trimethyl orthoborate, ammonia, and a variety of 
organic solvents are given in Table 111. Some of these compounds were prepared usi~ig 
liquid ammonia and are designated "liq." in column 6. Crystals of the compouncl con- 
taining 1,1-dimetl1oxyetl1ane, which had sublimed on storage, were removed ant1 analyzed 
(Table I S ) .  The  compound containing CF?CI? (b.p. -28' C) was prepared as  follows. 
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TABLE I1 

(CHs0)aB. (.\'I-Ia)n. (hydrocarbon), 
(Prepared by saturating a hydrocarbon solution of trimethyl orthoborate with ammonia gas) 

Washed Crystal M.p. 
Hydrocarbon G/oN % B  7t I with growth ("C) 

Alkanes 
10.38 9.26 0.87 
10.51 8.79 0.92 

2-Me-butane 10.37 9.48 0.85 
Neopentane 9.46 8.31 0.87 
72-Hexane 11.17 9.35 0.92 
2-Me-pentane 11.11 9.08 0.95 
3-Me-pentane 11.09 9.25 0.93 
2,3-DiMe-butane 11.28 9.00 0.97 
2,2-DiMe-butane 11.30 8.90 0.98 
n-Heptane 10.05 8.72 0.89 
Cyclohexane 7.98 7.34 0.84 

Col. 1 
Col. 1 
Col. 1 SSS 

Col. 1 S 

Col. 1 67.5-69 
Col. 1 
Col. 1 60-63 
Col. 1 
Col. 1 68-77 
Col. 1 XSX 

Col. 1 X 

2-i\;1e-l-~entene 9.51 8.55 0.86 0.10 -- 

1-I-Ieptene 8.27 7.82 0.82 0.21 - 

3-Et-2-pentene 9.97 8.29 0.93 0.11 Col. 1 Y 

Aro~natic hydrocarbons 
Benzene 7.89 7.65 0.81 0.31 Col. I 

TABLE I11 

(CH30),B . (SH,),, . (solvent), 
(Prepared with gaseous or liquid ammonia) 

Washed Crystal h1.p. 
Solvent N % B  n x Method with growth (OC) 

C112Cl~ 5.92 G.65 0.69 0.55 Gas Col. 1 
7.53 8.20 0 7 1  0.19 Liq. - 62-64 

CFICIJ 7.94 7.79 0.79 0.18 I iq .  - 
CCI,, 5.36 5.G5 0.73 0.49 Gas Col. I x 

-- --.- 
Et?O 8.32 7.99 0.81 0.24 1,iq. - 
n-PrnO 7.15 G.46 0.8G 0.48 Gas Col. 1 xss 
l.l-(CFI30)?CrH.i 6.19 6.13 0.78 0.66 Gas Col. 1 xss 
~ I ~ C O E ~  6.07 8.91 0.53 0.12 Lio. - 
MeCOOEt 8.82 8.30 0.82 0.14 ~ a ' s  Col. 1 
MeNO? 8.13 6.87 0.91 0.62 Gas Col. 1 x 
HCONH, 7.64 8.33 0.71 0.31 Gas Acetone x 
iLIeCN 8.72 7.80 0.86 0.49 Gas - Y 

EtCN 7.55 7.48 0.78 0.50 Gas - xx 

A mixture of approximately equal volumes of trimethyl orthoborate and liquicl CF2Cl2 
(they are not completely miscible) was held a t  -28' C in a boiling-CFzClz bath ancl 
saturated with an~monia gas. Extensive precipitation was observed in both gas and 
liquid phases. The mixture was warmed to room temperature, whereupon all the uncom- 
bined CFzClz and ammonia evaporated. The weight of the residual solid was measured 
as a function of tiine; the sa~nple lost weight contiriuously over a period of 24 hours. The 
same results were obtained in a subsequent experiment in which (CI-130),B. NI-I, (1.785 g) 
was treated with excess liquid CFzClz a t  its boiling point. After warming to room tempera- 
ture and allowing the excess CFzClz to boil off, the solid was reweighed and found to 
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YOUNG .AND ANDERSON: INCLUSION COMPOUNDS 1809 

have occluded 0.172 g of CF2Cl2 (x = 0.096). This sample also lost weight slowly a t  
room temperature. 

Trimethyl Orthoborate - iVetlzylamine Compou~zds 
Results for coinpounds of trimethyl orthoborate, monoinethylamine, and alcohols are 

shown in Table IV. Under the conditions used, no crystals could be obtained in the 

TABLE IV 
(CH30)SB. (CHINH?),,. (alcohol), 

(Prepared by saturating an alcoholic solution of trimethyl orthoborate with methylarnine gas) 

Washed Crystal M.p. 
Alcohol %N % B  7 1  x with Appearance growth (OC) 

i\iIethyl 
Ethyl 
71-Propyl 
i-Propyl 
71-Butyl 
i-Butyl 
s-Butyl 
t-Butyl 
n-Amy1 
i-Am yl 
t-Amy1 
12-Hexyl 
a-Decyl 
71-Dodecyl 

8.29 6.58 0.97 0.95 - xx 
Could not be formed 
Could not be formed 
6.93 5.89 0.91 0.86 - Dry x 78-82 
Could not be formed 
Could not be formed 
7.24 6.24 0.90 0.56 - Wet xx 74 
7.22 5.95 0.94 0.66 - Wet x 73-74 
6.24 5.76 0.84 0.66 Col. 1 \Vet xx 
Unstable 
6.93 .5.78 0.93 0.62 Col. 1 Dry Y 
5.85 5.45 0.83 0.67 Col. 1 Mod. dry x 
Unstable 
Unstable 

presence of ethanol, n-propanol, n- and iso-butanol; with isoanlyl alcohol, n-decanol, 
and n-dodecanol, the crystals were not stable enough to perinit filtration. The remaining 
alcohols in Table IV formed stable compounds having substailtial values of x, conlparable 
(excepting methanol) to those found for the corresponding ammonia adducts (Table I). 
Values of n showed far less variation than those in Table I. In the case of methanol and 
n-hexanol, the crystals formed by sublimation during storage were hand-picked and 
ailalyzed (Table IX).  

The results shown in Table V, for co~llpounds involving trimethyl orthoborate, mono- 
methylamine, and hydrocarbons, are remarkably siinilar to those for the corresponding 

TABLE V 
(CHZO)~B.  (CH3NH?),, . (hydrocarbon), 

(Prepared by saturating a hydrocarbon solution of trimethyl orthoborate with methylamine gas. 
Crystals washed with the same hydrocarbon) 

Crystal M.p. 
I-Iydrocarbon yo X % B  ?I x growth ("c)  

12-Pentane 8.90 8.54 0.81 -0.03 73.5-76 
Neopentane 7.36 7.88 0.72 0.15 x 
2-Me-butane 8.07 7.41 0.84 0.39 xxx 
n-Heptane 8.51 8.56 0.77 -0.01 
Cyclohexane 8.84 8.39 0.81 0.00 73.5-74 
Benzene 7.90 6.88 0.89 0.33 71.5-72 

CI-I,CI? 7.75 8.26 0.73 0.05 
CCI, 8.06 7.65 0.81 0.08 

compo~~nds  nlade with aill~llonia (Table 11). The values of x are ali~lost identical except 
for %-methylbutane, which is occluded with inetl~ylainine but not with ammonia, and 
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for cyclohexane, for which the reverse is true. With methylamine, the values of n are 
slightly lower than with ammonia. Results for CI-12C12 and CCll are also included in 
Table V. These solvents give very low x values, in contrast to their behavior with 
ammonia (cf. Table 111). 

Trimethyl Orthoborate - Higher Amine  - iMetlzanol Compo~inds 
In Table VI are given the results for compounds involving trimethyl orthoborate and 

higher amines, methanol being the incorporated solvent in each case. The first five 

TABLE VI 
(CH30)ZB. (amine),,. (MeOH). 

(Prepared by treating a ~llethanolic solution of trimethyl orthoborate \\lit11 
gaseous or liquid amine) 

-- - 
Crystal Y1.p. 

A4ppearance growth ("C) 

Ammonia 
Monomethyl 
Di~llethyl 
Trimethyl 
Monoethyl 
Diethyl 
Triethyl 
71-Butyl 
Tri-n-butyl 
t-Butj-l 
n-An1 y 1 
71-Heptyl 
Piperidine 

8.95 5.98 1.16 1.79 Wet sss 
8.21) 6.58 0.97 0.95 iV10d. wet ss 
Unstable a t  room temperature 
Unstable a t  room temperature 
7.50 5.52 1.05 1.40 Mod. dry xss 56-60 
6.53 4.08 1.01 1.23 Wet sss -15-50 
No crystals formed 
5.99 4.66 0.99 1.71 SVe t 
Yo crystals forrnecl 
Unstable a t  room tenlperature 
6.21 4.86 0.99 1.02 \Yet ss Decomp. 
No crystals fornled 
5.93 1.76 0.96 1.29 Mod. dry ss 65-69 

anlines were added as gases. The data for ammonia and methylamine (from Tables I and 
IV) are listed for the salie of completeness. All the compouncls analyzed contained sub- 
stantial amounts of includecl nlethanol (0.05 < x < 1.79) and exhibited U:S ratios 
close to unity (0.06 < n < 1.16). The trimethyl orthoborate - diethylalnine - methanol 
compouncl showecl a pronounced tendency to sublime, producing spectacular clusters of 
large crystals on the walls of the weighing bottle in which it was stored. 4 photograph of 
the crystals is shown in Fig. 1; the blaclr strip on the outside of the weighing bottle is 
1 cm in length. These crystals were hand-piclied and analyzed (Table I S ) .  

In orcler to determine the effect of solvent concentration on the value of x, a number of 
preparations of the inethyl borate - piperidiile - methanol col~lpound were made, by 
adding 5 ml of piperidine to 5 ml of methyl borate dissolved in 1-10 ml of nzethai~ol. 
The results, given in Table VIII,  will be discussed later. 

S~iblimed Crystals 
The n and .z: values for large sublimed crystals, which were hand-piclced and analyzed, 

are compared in Table I X  with the corresponding values for the fine crystals from which 
they were grown. 

Triphenyl Ortkoborate - Ammonia Compoz~nds 
Results for compounds involving triphenyl orthoborate, ammonia, and solveilt are 

summarized in Table VII. The amounts of pentane, benzene, and methylene chloride 
incorporated are much larger than with the trimethyl orthoborate - amine compounds. 
Furthermore, n is nearer 2 than 1, in accord with the work of Colclough, Gerrard, and 
Lappert (lo), who found n = 2 for the pure conlpound triphenyl orthoborate - ammonia. 
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I 1. Sublimctl cr)  shls  of t h c  t r imethyl  or thoborate  - tlimetli) Inmine - methanol  compound.  'The 
I)lacl< s tr ip  is 1 cm long. 
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TABLE VII  

(CoHiO)3B. (NH3),, . (solve~lt), 
(Prepared by saturating a solution of triphenyl orthoborate with ammonia gas. 

Crystals washed with same solvent) 

A1.p 
Solvent %I'.' 'k B IZ 'i ("c) 

In the absence of any detailed plmysicochemical or crystallographic information on the 
pure inclusion-free borate-amine compounds, there is little hope of being able to  give a 
satisfactory interpretation of the mass of results obtained in this work. I t  may be worth- 
while, holvever, to  asse~nble tlme facts which theory ~mmust e v e ~ ~ t u a l l y  explain. 

The  most strilcing feature of the co~npounds is that  they are non-stoicl~iometric with 
respect to  the B :N ratio. Thus with trimethyl orthoborate - ammonia - lmeptanol, .iz is 
a s  low as  0.35, while with the first member of the same series, trimethyl orthoborate - 
ammonia - methanol, n = 1.16. Triphenyl orthoborate - ammonia inclusion compounds 
also exhibit wide variations in n. 

Considering now the values of x, it must be borne in mind tha t  this parameter is 
sensitive to the method of preparation and time of drying with suctio~m on the filter. 111 
a nu~mmber of instances, x and n have been determined as a function of time of dl-1-ing. In  
all cases, long drying causes a decrease in x, bu t  n remains constant. Care was therefore 
taliell to  prepare the compounds under similar conditions; indeed, duplicate preparations 
have shown .t- and n to be fairly reproducible. 

T h e  series trimetl~yl orthoborate - ammonia - alcohol (Table I )  merits detailed 
examination, because i t  is the largest group and  exhibits the \videst range ol x and 
values. The  results indicate a rough correlation between x and n, as  shown in Fig. 2. 
Excluded from this graph are tlme da ta  for ethanol, which exhibits an abnormally high 
affinity for trimethyl orthoborate - ammonia, the results for the methanol compound 
prepared using liquid a ~ n ~ n o n i a ,  and those for the resublimed compounds. I t  should be 
emphasized that  in all cases a constant volu~mme of solvent was used. If the value of x is a 
function of the lmmole fraction of the solvent in the mixture during precipitation, more 
meaningful values of x might have obtained if in all preparations a constant initial mole 
fraction of solvent had been used. 

In order to  determine the dependence of x on the mole fraction of solvent in the mixture 
a t  the s tar t  of the reaction, a series of preparations of the compound (CF130)aB. (pipe- 
ridine),L. (methanol), was made, using varying amounts of methanol. This systenl was 
selected because liquid amines form adducts more rapidly than gaseous amines and 
because moderately dry crystals with high x values could be obtained. T h e  variation 
of x lvitll the amount of methanol used followed no regular pattern in this case (Table 
VIII) .  Ilowever, the results are of unusual interest in that  they show very clearly the 
relation between x and n (see Fig. 3) and confimm tlme correlation inferred from Fig. 2. 

If the incorporated solve~lt  molecules occupy holes in the trimethyl orthoborate - 
amine crystal lattice, one would expect x to be high for small molecules and zero for 
large ones. This general behavior is found in the series trimethyl orthoborate - ammonia - 
alcohol. I n  Fig. 4, the value of x is plotted against the  number of carbon atoms in the 
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CANADIAN JOURN-AL OF CHEMISTRY. VOL. 40. 1862 

FIG. 2. Plot of n versus x for the series of compounds (CHjO)$B. (NH8),. (alcohol),. 

TABLE VIII  

(CH30)3B. (piperidine),. (MeOH), 
(Prepared by adding 5 ml of piperidine to 5 ml of trimethyl 

orthoborate dissolved in methanol) 

MeOH 
(ml) % N  % B  n 'L' 

alcohol, for primary straight-chain alcohols. Since i t  has been shown that x does not 
exhibit a systenlatic variation with the mole fraction of alcohol in the mixture (see 
above), the results in Fig. 4 may be cited as partial evidence for this iimolecular sieve" 
effect. Ir -' 

The marked tendency of the triinethyl orthoborate - amine inclusion compouilds to 
sublime is most probably due to dissociation, migration of the volatile components through 
the vapor space, and reassociation on the cooler parts of the vessel. The same behavior 
has been found with pure trimethyl orthoborate - ammonia. I t  is interesting to note 
(Table IX) that the sublimed crystals have substantially higher values of n and x than 
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YOUNG AND ANDERSON: INCLUSION COMPOUNDS 

0.96-w 

FIG. 3. Plot of n versus z. for the series of compounds (CH30)3B. (piperidine),,. (CHBOH),. 

TABLE IX 

Original crystals Large sublinled crystals 
Incorporated 

Amine solvent n x n T 

Ammonia t-Amy1 alcohol 0.77 0.29 1.03 0.80 
n-Decanol 0.72 0.16 0.03 0.24 
1,1-(CH30)?C2H4 0.78 0 .  66 0.00 0.71 

Monomethvl Methanol 0.83 0.67 0.78 0.60 
n-Hexanol 0.97 0.05 0.97 0.05 

Diethyl NIethanol 1 .01 1.23 0.08 1.02 

the original crystals, when ammonia is the ainine, whereas with inethylanline and 
diethylanline n and x are unchanged or lower than in the original crystals. 

Fronl the behavior of the CFzClz inclusion conlpound it is clear that CFsClz is incor- 
porated into the crystal lattice of trimethyl orthoborate - anlino~lia in such a way that 
it is in equilibrium with a definite partial pressure of CF2C12, as i f  it were adsorbed on 
charcoal, for example. The same undoubtedly holds true for the other incorporated 
solvents. The problem of measuring this equilibrium partial pressure is complicated, 
however, by the fact that tri~nethyl orthoborate ancl the ainine also exert appreciable 
equilibrium partial pressures. If a compound could be prepared from an involatile ortho- 
borate ester and an involatile amine, this solid could be treated as the sorbent and the 
solvent to be incorporated as the sorbate, sorption isotherms could be measured, ancl 
the thermodynalnic functions for the system calculated in the usual way. 

The nleltiilg points of the inclusion coinpounds are thought to be dissociation tempera- 
tures rather than true melting points; therefore little significance is attached to the fact 
that those for the trirnethyl orthoborate - anlmonia compounds lie close to that ('72" C) 
reported by Goubeau and Link (5) for the pure compound trimethyl orthoborate- 
ammonia. In contrast, the melting point of the ~nethylene chloride inclusion conlpound 
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NO. OF CARBON ATOMS IN ALCOHOL 

Dependence of x on 
. (alcohol),. 

the number carbon in  the alcohol, for the series of 

of triphenyl orthoborate - ammonia (84-88') is much lower than the value (125') 
reported for the pure adduct (10). 

The finding tha t  allcanes are not occluded by trimethyl orthoborate - ammonia and 
trimethyl orthoborate - methylamine forlns the basis for a proposed method (13) for 
making these compounds, free from incorporated solvent, avoiding the disadvantages 
of the vapor phase method (I ) .  I t  is interesting to  note that ,  although the alkanes are 
110t incorporated, the crystal growth of the pure amine compounds prepared from alkane 
solutions depends on the nature of the alkane. Thus  (Table 11), crystals of trimethyl 
orthoborate - ammonia prepared in 2-methylbutane or n-heptane show a pronounced 
tendency for crystal growth, whereas those prepared in other alkanes do  not. In  all 
these cases x = 0 within experimental error. The same general behavior is exhibited 
with trimethyl orthoborate - methylamine compounds prepared from alkane solutions 
(Table V). 

Preliminary X-ray diffraction measurements on some trimethyl orthoborate - a~nmonia  
inclusion compounds have indicated that  the crystal lattice is essentially the same as 
that  of pure trimethyl orthoborate - arninonia, confirming the idea tha t  the included 
solvent molecules occupy holes in the crystal lattice. 
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ABSTRACT 

A galactomannan containing D-galactose (1670) and D-mannose (84y0) has been isolated 
from the water-soluble polysaccharides of Trichophyton granulosum. Methylation studies 
showed that the structure was highly branched, the predominant structural feature being a 
chain of a-D-mannopyranose units joined together by a n  equal number of 1 -+ 2 and 1 -+ G 
linltages. About 22y0 of the D-mannose units were doubly substituted a t  positions 2,G; 2,4; 
and 2,3 to  forin branch points. The branches were terminated by D-mannopyranose and 
D-galactofuranose residues, the latter accounting for all of the D-galactose present in the 
polysaccharide. 

An earlier investigation (1) showed tha t  the skeleton of the cell wall of dermatophytes 
is made up of chitin, a water-insoluble polysaccharide. However, the cells of these orga- 
nisms also contain other polysaccharides which, when isolated, are soluble in water. These 
water-soluble polysaccharides are of considerable immunochen~ical importance because 
Bloch et al. (2) have shown them to be an essential par t  of "trichophptin". T h e  latter 
is an  antigenic material derived from cultures of dermatophytes and is used clinically in 
diagnostic skin tests. 

Water-soluble polysaccharides from a number of dennatophytes have now been 
isolated a s  part of a program to  determine if species differences occur and to  test their 
antigenic properties. T h e  present paper describes the isolation and constitution of the 
first of these to be studied, a water-soluble polysaccharide from Trichophyton gra?zl~loszim 
Sabouraud, 1909. 

A crude mixture of polysaccharides was isolated in 10% yield froin powdered cells of 
T .  granzilosz~m by the procedure given in the experimental section. The product contained 
no nitrogen and hence was free from any proteinaceous material. On hydrolysis the 
mixture yielded large amounts of mannose with smaller amounts of glucose and galactose. 
Examination of the crude polysaccharides by moving-boundary electrophoresis in borate 
buffer (3) gave the separation pattern shown in Fig. 1A. I n  both separations shown in 
Fig. 1 the non-migrating peak was shown to be a false boundary. The  peal; of greatest 
mobility in Fig. 1A was sharp and symmetrical and obviously represented the major 
polysaccharide component of the mixture. The  less mobile peak in Fig. I A  was low, broad, 

'Isszled as N.R.C. No. 6910. 
Presented at the 14lst  Meeting of the American Chemical Society, Washington, D.C. 1062. 

2Present address: Department of Dermatology, Temple University il.fedica1 Certtei, Pltiladelplzia, Pa., U.S.A. 
3iVational Researclz Coz~ncil Postdoctorate Fellow 1060-61. 
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BISHOP ET AL.: DERMATOPHYTE POLYSACCHARIDES 

FIG. 1. Moving-boundary electrophoresis of polysaccharides from T. granulosz~m: A. Crude polysac- 
charides. B. Purified galactomannan (fractions 3+4, Fig. 2). Buffer: 0.05 iM sodium tetraborate. 

and diffuse, indicative of heterogeneity, and showed that the inajor polysaccharide was 
adnlixed with probably more than one illinor component. 

The nlixture of polysaccharides was resolved by chrolnatography on diethylamino- 
ethyl (DEAE) cellulose (4) into two fractions, as shown in Fig. 2; fractions 2 and 4 
proved to be the sanle as  fractions 1 and 3 respectively. On electrophoresis fractions 
1+2 gave a broad, cliffuse peak corresponding in mobility to the nlinor conlpone~lt in 

1 -  0.01 M BORATE - 1  - 0 . 0 5  M B O R A T E - 1  

OPTICAL 
DENSITY 

(625mp) 

FRACTION NUMBER 

FIG. 2. Separation of T. granulost~m polysaccharides on DEAE cellulose. 
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Fig. 1A and on hydrolysis yielded approximately equal amounts of glucose, galactose, 
and mannose. Fractionation of fractions 1+2 in ethanol-water mixtures yielded a small 
amount of material which gave only glucose on hydrolysis, ancl other fractions were 
e~~riched with respect to mannose and galactose. The material in fractions 1 +2 was 
therefore a mixture of a glucan and a galactomannan or a glucogalactomani~an. Fractions 
3+4, Fig. 2, gave the electrophoresis pattern show11 in Fig. l B ,  aiicl the single, sharp, 
symmetrical peal; hacl the same mobility as the major component in Fig. 1X. I-Iydrolysis 
of fractions 3+4 yielded a large amount of mannose, a smaller amount of galactose, ancl 
a trace of glucose. Reprecipitation of this polysaccharide in 50% aqueous ethanol left 
the glucose-containing material in solution and yielded a pure galactomannan on which 
the balance of this worli was done. 

The galactomannan had a number-average degree of pol\-merization of 5 5 f  1. On 
hydrolysis its specific rotation cha~lged from + 7 1 f  lo to + 2 2 f  l..jO, indicative of a 
predominance of a-glycosidic linliages. Three independent estimations of the mono- 
saccharide composition gave the average values of lGYO galactose and 84% mannose. 
Isolation of crystalline derivatives confirmed the identities of the two sugars and showed 
that both were present as the D-enantiomorphs. 

The galactomannan was methylated and hydrolyzecl; theO-methyl sugars in the hydrol- 
yzate were isolated and estimated by a coinbination of gas-liquicl cl~romatography 
( -5 ,  G), liquicl-liquid chromatography on cellulose ( 7 ) ,  and paper elect]-opl~oresis (8). 
Thus, gas-liquid chromatography of the mixture of O-methyl sugars, as their methyl 
glycosides, gave the separation shown in Fig. 3. Although only one peak, the third, 

4' CARBOWAX 6000, 10% ON CELITE 545, 175°C 

FIG. 3 Gas-liq~~icl chromatogram of methyl-0-methyl glycosides from methylated galactomanna11 of 
T .  granz~loszinz. 

2 parts .5 parts 
1. Methyl 2,3,4,6-tetra-0-methyl-a-D-mannosid (1). 2. Methyl 2,3,-L-tri-O-methyI-a-n-1iia1~1iosicle (1). 

i\iIeth) l 2,3,5,6-tetra-0-methyl(ol,p)-D-galacto- Methyl 3,4,6-tri-O-meth1~l-a-~-mannoside (1). 
side (3). 'Two of the small peaks are p-anomers'.of these. 

Small peaks are anomers of the same two sugars. 

1 part 1 part 
3. l!eth\.l 3,4-di-O-rnethyl-ol-o-n-~~ia~~~~oside (1). 4. Methyl 3,6-di-O-methyl-a-~-manno~)ra11oside (1). 

Methyl 4,6-di-O-111ethyl-a-~-111a1111oside (1). 

represented a single compoui~d, this separation provided the overall quantitative ratio 
of cli- to tri- to tetra-O-methyl hexosides as 2:5:2. The tetra-O-methyl l~exoses were 
separated from the other components and from each other by liquicl-liquid cliromatog- 
1-apliy 011 celliilose, which gave 2,3,4,6-tetra-O-illethyl-~-111ai111ose (1 part) and 2,3,5,G- 
tetra-0-methyl-D-galactose (3 parts); both compounds were identifiecl bj- formation of 
crystalline derivatives. The tri-0-methyl hexoses were separated from the other compo- 
nents but not from each other by liquid-liquid chromatography on cellulose. I-Iowever, 
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paper electrophoresis of the tri-0-methyl fraction yielded 3,4,6-tri-o-rnethyl-~-mannose 
(1 part) and 2,3,4-tri-O-methyl-~-man1~ose (1 part), both of which were identified as 
crystalline derivatives. Individual components in the di-0-methyl fraction could not be 
resolved by paper chromatography or paper electrophoresis. They were separated by 
gas-liquid chromatography ur~der the conditions given in Fig. 4. A portion of the 3,4-di- 

8' CARBOWAX 20M. 2 0 %  ON GAS CHROM A, 200°C 

2 

FIG. -1. Gas-liq~licl chromatogram of methyl-di-0-methyl-a-D-mannoside from methylated galacto- 
mannan of T. granulosz~nz. 

2 parts 1 part 
1. Methyl 3,4-di-O-n1eth~l-a-~-1nannoside. 2. Methyl 3,6-di-0-111ethyl-a-~-111a1111op).ranoside. 

1 part 
3. Methyl 4,6-di-O-methyl-u-~-111a11noside. 

0-methyl-D-inannose had crystallized from the di-0-methyl fractioii and was renioved 
for identification prior to this separation. This did not disturb the quantitative data 
because tlie ratio of 3,4-di-0-methyl-D-mannose to the other components was established 
by tlie separatioii shown in Fig. 3. Identifications of the three components shown in Fig. 4 
were based on the followiiig evidence. The di-0-methyl fraction obtained froill chroma- 
tography on cellulose yielded 2,3,4,6-tetra-0-methyl-~-mannose exclusively on complete 
methylation, ~ I I L I S  liiiiitiiig the possibilities to di-0-methyl-~-mannopyrai1oses. The 
di-0-methyl fraction migrated as one component on paper electrophoresis and its mobility 
(MG 0.38) showed that all components had a free hydroxyl a t  Cz. The three components 
shown i11 Fig. 4 were collected froill the effluent gas stream and the first was identifiecl as 
crystalline methyl 3,4-di-0-methyl-a-D-mannoside. The other two compol~ents then had 
to be the glycosides of 3,6- and 4,6-cli-0-methyl Inallnose because these were the only 
possible remaining di-0-methyl iilannopyranoses with a free .hydroxyl a t  C?. Distinctioi~ 
between the two possibilities was made by periodate oxidation of tlie glycosides collected 
from the gas-liquid chromatogram. The glycoside fro111 peal; 2 was resistant to periodate 
oxidation and was therefore the 3,6-di-0-methyl isomer; the compound froin peak 3 
was readily oxidized by periodate and was therefore the glycoside of 4,G-cli-0-methyl- 
D-mannose. The separation shown in Fig. 4 gave a ratio of 3,6- to 4,6-di-0-1nethyl-~- 
mannoses of 1:l .  Figure 3 showed that the amount of 3,4-di-O-1iiethyl-~-mannose was 
equivalent to the sum of the other di-0-methyls. The ratio of 3,4- to 3,6- to 4,G-di-O- 
~nethyl-D-~~iannose was therefore 2 :1:1. 

Table I contains a summary of the methylation results which give solue idea of thc 
gross structirre of the polysaccharide. The predominant feature was a chain of D-mannose 
units joined together by an equal  lumber of 1 -+ 2 and 1 -+ G linkages. The polysac- 
charicle was highly branched with about 22% of the D-mannose units being doubly 
substituted a t  positions 2,6; 2,4; and 2,3: the branches were ter~ninated by D-manno- 
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TABLE I 
Hydrolysis products from 111ethylated galactomannan 

of T. granziloszim 
- 

Compound Molar proportion 

2,3,5,6-Tetra-0-111ethyl-D-galactose 3 
2,3,4,6-Tetra-0-methyl-D-mannose 1 
2,3,4-Tri-0-methyl-D-mannose 5 
3,4,6-Tri-0-methyl-D-mannose 5 
3,4-Di-O-rnethyl-~-n~annose 2 
3,6-Di-0-methyl-D-mannose 1 
4,6-Di-0-111ethyI-~-mannose 1 

pyranose and D-galactofuranose residues. A polysaccharide such as that  just described 
should consume 1.39 moles of periodate with production of 0.33 inole of fornlic acid per 
mole anhydrohexose unit. When the galacton~annan was oxidized by periodate the results 
indicated extensive overoxidation and the data did not perillit a valid extrapolation. The 
overoxidation was probably caused by a-hydrogen oxidatioil in the inalondialdehyde- 
type structure (9) which would be formed by oxidation of the terminal D-galactofuranoside 
residues. The units giving rise to  the nlethyl ethers in Table I could, of course, be joined 
together in many different ways. Fragmentation analysis is required to provide more 
detailed information, such as the sequence of 1 + 2 and 1 + G linkages along the mannail 
chain and the size of the branches. 

The galactonla~lnan froin T. granz~losz~m appears to be unique among the naturally 
occurring polysaccharides of this type. In the plant kingdom galactoinannans occur most 
widely in the endosperms of the Legz~minosae and have the general structure of a chain of 
1 + 4 linked p-~-~nannose  units, some of which are substituted a t  the C6 position by 
single a-D-galactopyranose residues (10). T o  the authors' knowledge, the polysaccharide 
from T. g r a n z ~ l o s ~ ~ m  is the first galactomannan to be isolated from a microorganism but 
some of its structural features can be related to those occurring in other microbial poly- 
saccharides. Thus, the mannan chain bears some resemblance to the mannan isolated from 
Candida albicans (11) in having both 1 + 2 and 1 + G but no 1 + 3 linkages. This 
absence of 1 + 3 linkages serves to distinguish both of these polysaccharides from the 
mannans isolated froin Saccharomyces cerevisiae (12-14) and Saccharomyces rol~wii  (15). 

The occurrence of all of the galactose units as terminal non-reducing furanoside residues 
was another distinguishing feature of the galactomannan froill T. granz~losz~m. D-Galactose 
appears to have been found in the furanose form in only three other polysaccharides, 
galactocaralose from Penici l l iz~m charlesii (lG), an extracellular polysaccharide fro111 
Gibberella f ~ ~ j i k z ~ r o i  (=  Fusar iz~m moniliforme) (17), and the specific substance froin type 
34 Pnel~mococcz~s (1 8). 

EXPERIMENTAL 

Paper chromatograms were run by the descending method using the following solvent systems (v/v): 
(A) pyridine:ethyl acetate:water-1:2.5:2.5 (upper phase); 
(B) butanone saturated with water; 
(C) n-butano1:ethanol:water-3:l : l ;  
(D) be~~zene:ethanol:water:concentrated ammonium hydroxide-200:47:14:1 (upper phase). 

Paper electrophoreses (8) were done on Whatman 3 M M  paper in 0.1 M sodium tetraborate a t  750 v (poten- 
tial gradient, 25 v/cm) and 25-40 ma for 2 1/2 hours. Unsubstituted sugars were detected on paper chromato- 
grams by silver nitrate - sodium hydroxide sprays (19) ; methylated sugars were detected on the papers by 
the p-anisidine hydrochloride spray reagent (7). Gas-liquid chromatography (5, 6) was done on a Pye 
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BISHOP E T  .AL.: DERM.ATOPHYTE POLUSACCHARIDES 1821 

Arg011 Chromatograph eclliippecl with an  ionization detector and on an F and A4 Model 500 Chro~na togra~h  
which had a thermal-conductix-it~r detector. All evaporations were a t  35-40' C under diminished pressure; 
melting points are correctecl; specilic rotations are equilibrium values unless otherwise specified. R, values 
represent movement relative to 2,3,4,G-tetra-0-methyl- glucose on paper chro~natogra~ns and ilJG values 
refer to movement relative to glucose on paper electrophoresis. 

Isolatio?~ of Cizlde Polysaccharides 
T~iclzopl~.yyto~~ gr.a?2z~losic7i~ mas grown in  500-ml Erlenmeyer flasks containing 250-300 1111 of a liquid 

medium consisting of the following nutrients: 4% maltose (technical grade), 1% neopeptone "Difco", 
0.05% yeast extract "Difco", 0.001% thiamine, 0.005% iinositol made up in tap  water. The incubation 
period was 3-4 weelcs a t  25' C, after which the cultures were autocalved a t  121' C for 20 minutes. The 
mycelium was collected and \vashed three tirnes in boiling water to remove adhering medium. The washed 
myceliirm \vas freeze-dried, ground in a ball mill, and extracted continuously with light petroleurn ( b . ~ .  
30-GOo C) in a Soxhlet apparatus for 8 days. The extracted mycelium (730 g) was suspended in 0.8% aqueous 
sodium carbonate (8500 ml) and the pH of the mixture was adjusted to 8.1 by addition of iV hydrochloric 
acid. Trypsin (3.0 g, "Difco") was added to the mixture, which was then protected from contamination 
by a layer of toluene (10 ml per flask). The trypsin digests (four equal lots) were lcept a t  37' C and were 
shaken vigorously once every 24 hours during an incubation period of 14 days. The insoluble residue was 
centrifuged, washed three times with distilled water, and freeze-dried. Crude polysaccharides were removed 
from the freeze-dried material (510 g) by extraction with hot, 3% aqueous sodium hydroxide (10,200 ml) 
for 15-16 hours. The extract \\,as clarified by centrihlgation, neutralized with acetic acid, and dialyzed to 
remo1.e salts and other low molecular weight impurities. The non-dialyzable polysaccharides were preci- 
pitated bl. ethanol, dissolved in water, reprecipitated, and clried by solvent exchange with ethanol, ether, 
and light petroleun~ (b.p. 30-GOo C). The polysaccharide preparation thus obtained was a light tan powder 
(10% of the dried, powdered mycelium) which contained no nitrogen, as shown by microanalysis. A sa~nple  
(5 mg) of this material was hydrolyzed by N sulphuric acid (0.5 mI) a t  9'i0 C in a sealed tube for 12 hours. 
Paper chromatography (solvent i l )  of the hydrolyzate showed the presence of a large amount of mannose 
with smaller amounts of glucose and galactose. Another sanlple (150 mg) of the polysaccharide preparation 
\\-as dissolved in 0.05 ;If sodiu~n tetraborate, equilibrated with the buffer by dialysis, and examined by 
moving-boundary electrophoresis (3). Figure 1A shows the separation obtained by this procedure. The 
first peak was a false boundary because the removal and hydrolysis of a sample yielded no sugars. The second 
peal; was broad and diliuse, indicative of heterogeneity; it had a n  average mobility (p) of 8.33X10-S 
cm?/volt sec. The peak of greater mobility (p = 11.28X10-+cm2/volt sec) was sharp a r ~ d  sym~netrical and 
obviously represented the major compor~ent of the mixture. 

Pzrr$cnlio?z of Galacto~~zannan. 
The mixture of crude polysaccharides (300 mg) was resolved on a column ( 3 2 x 3  cm) of diethylami~~o- 

ethyl (DEAE) cellulose by stepwise elution with increasing concentrations of sodium tetraborate (4). 
Fractions (18 ml each) were collected automatically every 15 minutes; alicluots (1 ml) of each fraction were 
 nixed with 2 ml of anthrone reagent (0.5y0 ar~thror~e in 95% ssulphuric acid) and the optical densities a t  
625 111p \\-ere read on a colorimeter. Figure 2 shows the result of this separation, which gave four fractions. 
Each fraction ~ v a s  passed over A~nberlite IR-120 exchalige resin to remove sodium ions and was then 
el.aporated until boric acid began to crystallize. Six volumes of methanol were then added and the precipi- 
tated polysaccharides were washed successively with methanol, ethanol, ether and were then dried. This 
procedure ),ielded fractio~ls 1 (7G.2 mg), 2 (16.3 mg), 3 (128.2 mg), and 4 (25.8 mg);  recovery, 246.5 mg, 
82%. The losses were accountable in part by the 5.5% of each fraction of eluate used for the anthrone test 
and in part  by the irreversible absorption of highly pign~ented impurities on the DEAE cellulose. The 
recovered polysaccharides were white, \vater-soluble powders and yielcled the followi~lg sugars on hydrolysis, 
as shown by paper chronlatography (solver~t A):  fractions 1 and 2-glucose, mannose, galactose; fractions 
3 and 4-mannose, galactose, trace of glucose. On mo~ri~lg-bo~rnclary electrophoresis under the conditions 
described above, fractions 1 f 2  gave a broad, diffuse peak corresponding in mobility to  the minor colnpoilent 
shomu in Fig. lr l .  Fractions 3 f  4, under the same conditions, gave a sharp sylnmetrical peal; (Fig. 1B) 
which had the same mobility as the nlajor component in Fig. 1A. The above results showed that fractions 
2 and 4 were the same as  fractions 1 and 3 respectively and probably represented the normal elution pattern 
of these polysaccharides from DEXE cellulose. 

The separation \\,as repeated a sufficient nu~nber  of tinles on a larger scale (2 g of crude polysaccharide 
on a column (7.GX5O cm) of DEAE cellulose, 230 g) to  yield 5.0 g of fractions 3f  4. Reprecipitation of 
this product fro111 aqueous solution by addition of ethanol to  a co~~centration of 50y0 yielded a pure galacto- 
mannan; the trace of glucose-containing material remained in solution. The number-average degree of 
polymerization of the galactomannan \\,as 5 5 f  1 based on estimation of reducing end group by hypoiodite 
oxidation ('20). 

Eslinzatio?~ and Identijcntion of Constitue?at Sugars 
il sample (64.0 mg) of the galactomannan in N hydrochloric acid (5  ml) showed an initial specilic rotation 

of f 71+1°. \Yhen this so lu t io~~  was heated a t  85O C the specific rotation changed to a constant value of 
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+22f 1.5'' a f ter  11 hours. The  calculated specihc rotation for a mixture containing 1:3y0 galactose and 
87% mannose is $22.7". 'Thc sugars in the hydrolyzate wcrc rcsolvecl by paper chrornato:rapl~y (solvent 
A) ancl estimated by thc phenol-sulphi~ric acid mcthod (211, which gavc 18yo galactose, s"% nlallrlosc. 
The  amounts of 0-methyl mannose and galactose dcrivativcs (Tablc I) fro111 hyclrolysis of thc mcthylatecl 
polysaccharidc sho\vcd 16.5yo galactose and 83.5y0 niotlnose. 'Thc average of these threc estimations \vas 
16y0 galactose, 84y0 inannose. 

The two sugars in a h~~drolyzatc  of 100 nig of the pol!.saccharicle \\;ere isolated by preparative papcr 
chromatography (solvent *%), and identified as D-galactose and D-mannose by preparation of the pheliylosa- 
zonc (22), m.p. and rnixccl m.p. 194-196" C, and thc p-nitroanilide (2:3), m.p. ancl rnixecl m.p. 217-218" C, 
respectively. 

AIetltylatio~t of Galacton~a~tna?r 
Galactomannan (3.0 g) \\?as methylated fi\ic. times by climcthyl sulphate ancl :30y0 sodium hydroxide 

(24). The partiall), methylatccl product (2.96 g), isolated by extraction into chlorofort~~, \\-as methylated 
thrce times by sil\.er oxide and methyl iodide (25) to ).iclcl a product (2.6 g ;  OC[-13, 41.5y0) sho\\,inz \veal; 
hydrosyl absorption it1 its infrarcd spectrum. :I portion of this material \\,as insoluble in absolute ethanol 
and \\.as removed by centrifugation. The ethanol so l~~ t ion  was then evaporated to dryness ancl ;I sillall oily 
impurity \\as ren~ovecl froin thc rcsiduc by extraction with hot light petrolcum (l7.p. 30-GO" C i .  The rcsiduc 
fro111 this cxtmction was the fully methylated galactomannan, a cream-colorerl po\\rcler; 2.28 g, [<Y]D" +-Pi 
f lo ( 6 ,  2.3% in chloroform); OCI-12, 4-1.8y0; calc. OCI-13, -15.Gyo. 

fIydrolysis Products front dIell~ylaled Galacloitlnrz~za~t 
The  ~ncthylatcd galactomat~nan (2.1 g) \vas dissolvcd in ice-cold =yo ssulphuric acicl (16 ml) ant1 the 

solutior~ \\,as left a t  roo111 ten~perature for 45 minutes. \\rater (112 ml) {vas acldetl and the solution (no117 
12% s~sulphuric acicl) was heated on a boiling-~vatcr bath for 4 hours (26). .-lcid \\,as rcmoved b!. rlmbcrlitc 
IR-45 exchange resin ancl the neutral solution was evaporated to dryness. :l portion of the residue was 
refluxed \\-it11 ?yo nmthanolic hydrogcn chloridc for 6 hours and the solution \\.as the11 neutralizcrl \\~ith 
silver carbonate. The mcthyl glycosicles in this solution \Irere examined by gas-licl~~id chromatography to 
gi\.c the separation shown in Fig. 3. Subsequet~t identilicatioi~s of the components sho\vecl that  all but  one 
of the peaks in Fig. 3 rcpreseiitccl more than oile compound. I-Io\vevei-, the arcas of the pealcs, cletermined 
by triangulation, gave the gross quantitative ratios of di- to tri- to tetra-0-methyl sugars as 2:5:2. Dctailcd 
quantitative ratios of individual conlpo~ients within each of these groups \\ere obtained as clescribed below. 

The mistnre of reducing 0-methyl sugars \vas chrotnatographcd in sol\,ent B on a column of po\vdered 
cellulose to ).ielcl the follo\ving fractions: 

Fracfiou 1 
Fraction 1, 160 mg, gavc R, \.slues (1.04, 0.99, a ~ ~ c l  1.07 in solvents B, C ,  and D rcspectivcly) identical 

with those gi\,en by an authentic sample of 2,3,5,6-tetra-O-111etl1yl-~-galactose prepared by methylation and 
hydrolysis of methyl p-D-galactofuranoside (27), m.p. 6ti-67' C, [a]l,?"ll:3.5f 1.0' (c, 2.9-Ly0 in \\.ater). 
Osiclation by bromine yielded a lactone havilig an infrared spectrum itlentical in all respects \\.it11 that  of 
authentic ~,~,~,~~-tetra-~-111et~ly~-~-ga~acto1loacto1lc. Both spectra sl~o\\.ecl c a r b o ~ ~ y l  abso rp t io~~  a t  1775 
cm-I indicati1.e of 5-r~~embered (1765-1790 cm-I), as  opposed to 6-membcrcd (1726-1760 c~n- ' ) ,  lactotie 
rings ( 2 s ) .  ' h e  lactone yielded all amide which, after three recrystallizations from acetulle, had [a]$s 
+ 7 . 7 f  1.0" (c, 4.92yo in Jvater) and a melting point of 157-158" C, unchanged on aclmixturc \vith run 
authentic sample of 2,3,5,~j-tctra-0-111etI1yl-~-gi~Iacto11i111iide (29). 

Fraction 2 
1:raction 2, 50.7 mg, contained t\vo components \vith R, values (1.04 ancl 0.98) in s o l v c ~ ~ t  B the same as 

those of 2,3,5,6-tetra-0-111ethyl-1,-galactosc ancl ?,3,4,6-tetra-O-methyl-~-111a1111ose respecti\.el>.. The two 
compouncls \\,crc separatecl by preparative paper chromatography and the amounts obtained gave a ratio 
of 4 parts 2,:3,5,Ci-tetra-O-111ethyl-~-galactosc to 1 part  2,3,4,G-tetra-O-111ethyl-~-inan11oje. 

Fraction 3 
Fraction 3, 60.3 mg, containecl one conlponcnt \vith R, \.alucs (0.98, 0.99, guid 1.00 in sol\.e~its B, C, and D 

respectively) the same as those of ~,:i,4,6-tctra-~-111et~1)~~-~-111a1111ose and hat1 [a]<" +44.7f 0.6" !(:, 3% in 
methanol). 'l'he derived a~~ilicle, recrystallized from ethcr:methanol (98:2), had [a]~? '  - 1 l f  2" ic, 0.8Syo in 
~nethanol) and a melting point of 140-147" C, ~~nchanged  on adtuist~lrc \\,it11 X-phenyl-2,:i,-i,6-tetra-O- 
methyl-D-~nanr~osyla~nine (30). 

Portions of fractions 1 ancl 3 \Yere con\.erted to their ~neth>-l  gl\.cosiclcs by methal~olic liyclroge~i chloride 
and esarni~~ecl by gas-liquicl chron~atography under conditions given in Fig. 3. The t\vo sugars \\;ere not 
separated under these conditioi~s ancl had the same retci~tion time as peal; 1 ,  Fig. 3. ?'he c i~la~~t i ta t i \ .e  ratio 
of 3 parts ?,a,5,6-tetra-O-i11cthyl-~-galactose to 1 part 2,3,4,6-tetra-0-methyl-D-mannose was obtained 
from the  relative >mounts of fractions 1, 2, anel 3. TIILIS, 2,3,5,6-tetra-0-11ietl1yl-~-galactose = fl-action 1 
(160 mg) + 4/5 fraction 2 (4/5X50.i)  = 200 mg and ~,3,~,6-tetra-0-nlct~~yl-~-111a111105e = fractioi~ 3 
(60.3 mg) + l / 5  fraction 2 (1/5X50.7) = 70.4 mg (ratio = 2.54:l). 

Frac:fio~~. 4 
Fractio~l 4, 249 rng, sho\\wI only one spot on paper chrornatograrns ill solvents B and C (R,  values 0.72 

and 0.88 respectively) but gal-c two spots, not separatecl cou~pletely, of R, 0.58 and 0.47 in sol\-ent D.  
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Paper electrophoresis ga\;c a separation of t\vo components with 11fc values of 0.0:) ant1 0.31. 1Iethylatio11 
(:31) a ~ i d  hj-tlrolysis of the  misture yicltlecl onl). 2,:3,-l,(i-tctrn-0-1iietI1~~l-~-1iia1i1ioe, as  s h o \ v ~ ~  bjr cl iron~a- 
togr:ipliy in sol\,cnt B. Rz  \;nlues in this solvent \\el-c 2,:3,5,(j-tctrn-O-riicth!~l-~-galac~ose ( 1 . 0 ) ,  2,3,-I,& 
tetra-0-nlethy~-~-111il1111ose (O.gS), ancl 2,:j,4,(j-tetra-0-1i1ethy~-~-&ctose (0.81). Rot11 componcrlts \\ere 
therefore mannopyranosc cleri\,atives and the R, \;slues indicated that  they \\,crc t r i -0-met l i~ l  mannoscs. 
Since tlie con~ponent \vith dPo 0.31 prot~ably hacl a free hydrosyl a t  C.1 the rnisturc \vas scecletl \vith crystal- 
line :3,$,(j-tri-0-metliyl-D-manrime, \\:hich induced cr-ystallizatiori of tliat comporicnt. Crystallization iron1 
ctl~cr:liex;~nc (2:l) 1-icldcd three crops of crystals \vhich \ver.c combined ancl rccrystallizetl from tile same 
sol\,ent to 3,4,(j-tri-~-mcthy1-~-1i1a1i1iosc (:32), 11i.p. ancl nliscd m.p. 102-104° C, [nln'j +:<ti& lo  (c, 
1.15y0 in mctha~iol) .  

'I'he component \vith AIG 0.00 \\as scparatctl fro111 the :i,-L,G- tri-0-~neth yl-o-mannosc re~iiaining in tlie 
mother l icj~~ors irom the above cr);st;lllizatiol~ by  preparative papcr c1ectropho1.esi.i ( \Y!~a t~~ r r~n  :3 AIM 
paper 1-4X-l(i c n ~ ) .  T l ~ c  area of t he  paper containi~lg tlie non-migrati~ig con~porlcnt \vas elutecl \\;it11 water  
and tlie eluate \\as passed over :\ri~berlite IR-120 eschange resiri and c\~aporatetl. Rorir acicl \\,as rcmoved 
irom tlie rcsitluc by repeated evaporation with ~iictharlol. The  s i r ~ ~ p y  product \\-as ositlizccl by brorai~le to  
yieltl a lactoile \I-liicli showed carbonyl absorption a t  1715 cm-1 in its infrared spectruiii, i~idicativc of n 
6-men~bcrcd lactonc ring (28). Thc  lactor~c yicltlcrl an an~it lc  \\.l~ich was rccrystallizccl f r o ~ n  ethyl  acctatc 
arrd had m.p. lX1-1.4:3" C, [a]o?j = +4.5&:1° ( r ,  1.3% in Jvater), in goocl agreeriiei~t witti the rcported 
values for 2 , : 3 , 4 - t r i - 0 - 1 n e t l i y l - ~ - i i i o 1 i i i c l c  (33). . . .  

Sniall ~ a m p l e s  of 3,4,B- ant1 2,:3,-!-tri-0-nietl1yl-~-riiar11losc \\-ere rcflusctl \\,ith 2y0 mctha~lolic liytlrogen 
chlo~.itlc for G lio~irs and thc products wcre esamined by  gas-liquitl chro:iiat?gr-ap!ly. The  tl1.o c o m p o ~ ~ c ~ i t s  

. . .  . . 
. . . . 

. . . . . . .  . . . . . .  . . 
\\;ere not separated unclcr contlit-ions given i l l  Fig. :3 a ~ l d  had the same r e t c ~ i t i o ~ ~  time as pcak 2. Srnall pexl;s 

. . . .  . . .  . . . . .  . . . . .  . . .  . . from both of these samples had the same retenrior~ time as the sn~a l l  peaks following peal; 2, Fig. 3. I t  is 
. . .  

I<no\v~i tliat D-mannose yiclcls ~~ rec lou~ ina t~ t l y  the a-mctIi!.l glycosicle on metlianolysis and thcic small peaks 
were probabl!. the 6-allomel-s. The  sinall amounts alltl the  close similarity of their retenti011 tirncs preclutlctl 
more positi1.c iclcntilic;~tion. 

'The qun~~ t i t a t i \ - c  ratio (1:L) of the  two tri-0-methyl-D-r~iarloses w;.~s establishetl h y  the arnou~lts  reco\;ered 
fronl a preparative papcr electrophoresis carried out  before crpstallizatio~l of thc 3,-1,Ci-tri-0-nietliyl isomcr. 
The  t\vo products \yere recovered as  tlescribecl above to yieltl 2,:~,-l-tri-O-111etliyl-~-1iiari11ose (14.0 mg) ar~cl 

1 3,~,(j-tri-0-mcthy~-~-mannosc (14.1 mg) (ratio = 1.05:1.0). 
1 Frnclio?~ 5 

Fractior~ 5,  20s nig, sho\vccl one spot in solvents C ant1 I> (I?, O.G9 ant1 0.21 respectively) a11cl a double 
I spot (R,O.-10 and 0.35) i n  sol\-cllt I3. 011  paper electrophoresis the  ~ n i s t u r c  migrated as all elongateel spot with 

I 
d f ~  0.38 ( e c ~ ~ t c r  of spot) .  AIetl~yIation (31) ancl hydrolysis yieldecl or~l !  ~ , : 3 , - ~ , ( ~ - t ~ t ~ - 0 - 1 1 1 ~ t ~ 1 ~ ~ - ~ - 1 1 1 a 1 1 1 1 0 ~ ~ ,  

I as slio\vn by  chro~natogr:~phy i n  solvcnt B. T h c  I?, d u e s  i~lclicatccl di-0-~nctliyl dcri\-atives, the \;slue 
sho\vcd that  thcrc \Yere free h)~tlrosyls on C., ant1 mctll)-latiori pro\,etl that  all conipo~recits \Yere derivatives 
of nlannopyranosc; this left oill!. the 3,4-, ant1 -4,Ci-di-0-nlcth>.l mal lnosc  a s  possibilities. Peal; 3, 
1:ig. 3, hat1 the szwic retelltion time as  an a ~ ~ l l i e n l i c  sample of methyl 3,4-cli-0-1netli~~l-a-~-m;1n11ositle so 
tlie I ~ I ~ S L L I ~ C  of reducing tli-0-methyl mannoses was secdecl \\;it11 r ry s t a l l i ~~e  :3,-L-tli-O-metIiyl-~-1iilose. 
, . I he sirup cr).stallizetl par-lially a ~ ~ c l  three crops of the p r o t l ~ ~ c t  \\-erc obtained by  crystallizatioi~ irorn ethyl  
acetate. 12ccrystallizaiio11 of this 111atcrial froni the same i o l \ ~ e ~ l t  yielde:l :3,4-cli-O-rnethyl-u-n1a1i1oic (15, 
3-11, m.p. a~ l t l  misetl n1.p. 71.-7:3' C, [cu]~~?' +:32&1.5C (c, 1.55y0 '011 methariol). 

?'he components i l l  the n~o the r  liquors from cryitallization of the 3;~-di-O-t11etl1yl-~-111a11110sc were 
rcri\.erted to their methyl glycositles and  c s a ~ i ~ i r ~ e t l  by gas-liquid chromatography. Under the conditions 

. . . .  giver1 for Fix. -1 a separation of three con1ponc11t.i \\;as o b t a i ~ ~ e t l  aricl the). \\-ere collected from the erfl~lc~it  . . . . . . . .  . . . . . . .  . . . . . . . .  . . . .  
. . .  . . . .  

gas stream. 'l'lic tilaterial fro111 pcak 1, Fig. -1, crystallizctl \\;hen sectlctl \vith methyl 3,4-di-0-methyl-a-D- 
. . . .  . . . . .  marl~~oside (13) ant1 lratl n1.11. a~l t l  111isecl m.p. Sii-87" C. 'l'lie material i r o ~ n  peal; 2, 1;ig. 4, \\::IS resistant to  

. . 
periodate osiclation \\-lie11 tcstetl as  follo~vs. T h e  compo~incl \vas spotted or1 glass liller paper, \vhicli \\,as then 

. . 
. . 

. . 
sprayed \\'it11 a sa t~~r ; l ted  so lu~ion  of sodii~m mctaperiotlate. 'I'l~e usidatior~ \\.as allo\vctl to  procced Tor 

. . .  1 hour and the paper \\-as then sprayecl s~~cccssi \ ,ely \\-it11 acetonic sil\-er ~ l i t rz~tc  arltl alcoholic so t l i~~rn  . . .  . . .  
hydrosicle (10), \vliich sho\vcd LIP any  oxitlatio~r proclucts as  tl;irlc bro\\,11 spots. Becausc peak 1, Fig. 4, hat1 
bccn i t le~~ti l ied as tile 3,4-tli-0-nlethyl isomer, peal< 2, Fig. 1, coulcl only be the glycosidc of :3,6- or -I,(;-di- 

, . 
0-methyl-D-ma~~nose.  I he negati\-e periotlate osidatior~ test sho\\~ctl tliat this c o m p o n e ~ ~ t  \vas the glycosidc 
of 3,ti-cli-0-r~letli!.l-u-niannose. This compound tlocs not appear to have I ~ e e ~ i  rcportetl and at tempts to  
prepare n crystallii~c clerii-ati1.c \vcrc unsuccessf~~l. No crjlstallirie osazolie coulcl be obtainecl from 2,:3,B- 
tri-0-methyl-D-~nannose and acet),l:~tion of the methyl 3,ti-di-0-illethyl-a-~-riia~~~~o~~yra~ioside yielded a 
sirupy product. Lack of suliicient material precluded at tempts to  prepal-c otlicr t l c r i \~~t ives .  

The  compouncl giving peak 3 ,  Fig. 4, \\;as readily ositlizerl by  periodate under the  test conditions described 
above, and by similar reasonirig, \\-as therc l~y  pro\.c:l Lo be the methyl glycositle of 4,Ci-di-O-mcthyl-~- 
mannose. An at tempt to prepare 2,3-0-isopropylidir~c 4,6-di-0-1uctl1yl-~-rlia1111ose (35) fro111 tile reducir~g 
sugar did not yield suificicrit malerial for characterization. 

The  glycositles of 3,G- a ~ i d  4,6-di-O-metliyl-u-1~1i11i110sc, as  collc::ted ir3.n p~alcs  2 arid 3 rcspecti\-ely (Fig. -1) 
\yere not  separable under the conditions citctl ill Fig. 3 and ]lad tlie sariic retention tinie as  pc;ll; 4, IGg. 3. 
S o  anoli~eric pairs \\.ere observecl in these di-0-methyl ni:uiriosides aud  t he  a-co~ifig~iration, proved for the 
$4-di-0-~iietliyl isomer, \vas assumcd for the otlicr t\\-o. 
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Quantitative relationships between the three di-0-methyl mannoscs were obtained from Figs. 3 and 4. 
Thus, the areas of peaks 3 and 4, Fig. 3, were in a 1 : l  ratio (1 part of 3,4-di-0-methyl-D-rnannose to 1 part 
3,6- + 4,6-di-O-methy1-~-111~1n1iose). The separation in Fig. 4 showed that 3,6- and 4,6-di-0-methyl-D- 
mannose were present in a 1:l  ratio; some of the 3,4-di-0-methyl-D-mannose had been removed by crystal- 
lization from the mixture shown in Fig. 4. The overall ratio of 3,4- to 3,G- to 4,G-di-0-methyl-D-mannose 
was therefore 2 : l : l .  

The amounts of the five fractions recovered from the cellulose colunln gave a ratio of di- to tri- to tetra- 
0-methyl sugars of 1.00:1.25:1.3, which was different from that (2:5:2) obtained by gas-liquid chroma- 
tography. The recoveries from the cellulose column were regarded as unreliable, first because the above ratio, 
in disagreement with the results of gas-liquid chromatography, did not satisfy theoretical requirements and 
second because it would gi\.e a galactose content of 29Yo (4/5 of the tetra-0-methyl was galactose), quite 
different from the average value of 15.5Yo found by two other methods. There was no ready explanation 
for these anomalous recoveries fro111 the cellulose column. Ho\ve\er, it \vas apparent that compounds with 
hydroxyl groups (di-0- and tri-0-meth) 1 isonlers) were lost, possibly by irreversible adsorption on the 
particular batch of cellulose used. There was no evidence that a single isomer was lost preferentially and 
ratios of components within a single fraction were regarded as valid. 

Periodate Oxidation 
The galactomannan (118.9 mg, 0.734 mmole) was dissolved in water (125 ml), and 0.25 ill sodium perio- 

date (25 ml) was added. A reagent blank was also prepared and the oxidation was allowed to proceed a t  
25" C in the absence of light. At intervals salnples were re~noved for estimation of formic acid by iodometric 
titration ancl of periodate by the excess arsenite procedure (36). The results, given below in moles per mole 
anhydrohesose ~ll l i t ,  were indicative of extensive overoxidation. 

'rime 
(hr) Formic Periodate 
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THE KINETICS OF TEIE ALKALINE EIYDROLYSES OF DIMETNYL 
TEREPMTEIALATE AND THE TRANS ISOMER OF DIMETEIYL 1,4-CYCLO- 

I-IEXANEDICARBQXYLATE IN DIOXANE-WATER MIXTURES' 

W. J. Sv r r zu~r ,~  AND P,\TRICI,\ 4. CUNNIFF 
Dcpnrtltreizt of C h c t ~ i i s t r ~ ~ ,  L-)~iuersity of Jcarj~land,  College Park ,  il{d., U.S.:l 

Receiveel &Iarcli 29, lOG2 

'The kinetics of the all~aline hyclrolyses of dimethyl Lerephthalate ancl trclt~s-dimeth5.l 
1,-1-cyclohesancclicarboxylate \\;as stuclied in  clioxane-water mixtures \;ar),ing i r ~  clielectric 
conscalit f ron~ GO to  11. The effect of the ~ned i~ rm on the lnechanism and ratc constants is, 
i n  gencrnl, sin~ilar to  that pre\.iously observed in  the s t ~ ~ d y  of the allcaline hyclroiyses of 
aliphatir clicstcrs. 

INTRODUCTION 

Recently (1) a study was made on the effect of the mediuiu on the rate constant ratios 
of diester hydrolysis. Three diesters in the aliphatic series differing markedly in length, 
namely, dieth~rl malonate, diethyl succinate, and dieth\-l sebacate, were used. I t  was 
observed that  as  the dielectric constant decreased (or a s  the clioxane content in dioxane- 
water meclia increasecl), the two ratc constants in  each of the two-step competitive- 
consecutive second-order reactions approached each other, i.e. the rate constant ratio 
in each dicster reaction approached unity. T h e  observatiolls can be explained on the basis 
tha t  both steps of each reaction are proceedirig by esse~ltially the same mechanism in 
low-dielectric meclia. This situation would arise if one were dealing under such circuln- 
stances with solvated ion pairs or aggregates. One woulcl expect the  same general variatio~i 
in the rate constants for the allialine hydrolyses of cyclic diesters in lolv-dielectric media 
if stl-uctural features clid not complicate the picture. 

Consequently, in order to cletermine the effect of the mecliuln on the allialine hglclrolyses 
of cyclic diesters, studies \Irere made of the allialine liyclrolysis of trans-dimethyl 1,4- 
cyclol~esanedicarbosylatc and of dimethgrl tcrephthalatc in dioxane-water mistures 
varying in dielectric constant from GO to 11. 

nifaterinls uttd ilpparatils 
Diosane, water, sodium liydrosicle solutions, and hyclrochloric acid solutions \\,ere prepared or p~~rihecl 

as before (2). 
The cIirneth>-I tcrephthalate was obtainecl from Eastman lioclak Co. Two recrystallizations from diethyl 

ether yielded n procl~~ct which inelted a t  139.6-140.4" (corr.). Literature values are 140.5-141" alicl 140". 
The sapo~lil-ication ecl~~i\-alelit indicated !)O.Of 0.1 Ojo purity. 

The trans isomer of dimethyl 1,4-cyclohesanedicarbosylate \\.as obtained from a cis-trans mixture fur- 
~iislied by the Eastman Iioclali Co.? which hacl an approsimate isomer concentration of 60% cis and 40% 
trans. The solid material \\-as liltered from the mixtl~re and recrystallized live tinics from petrole~~rn ether, 
m.p. 69.1-GO.4" (corr.). Further recrystallization clid not procluce a change in the melting point. The saponi- 
fication equivalent indicated 99 .9 f  O.lOjo purity. 

Procedure 
The procedure has bee11 clescribed (I). 

1.4bstrncted itt part front a thesis by Patricia A .  Czcnniff to Lhe Gradilate Scl~ool of the Uttiversity of 11laryla)rd 
i n  paitial f i~l j i l l t~~etzt  of tlte reqrlirenzeltts for tlte degree of ilfasler of Science. 

~Ack?~owledgt~zettt i s  hereby nrade to the Eastnzan Kodak Cornpatty f o ~  their grant of two pozlnds of tlte ~itixtzlre. 
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E.Llnlrlation oJ' IZate Coustnrlts 
Thc allcaline hyclrolyses of thc cliesters used in this research may be I-cpi-esented by the 

equ a t '  lons 

\vherc ,A, R, C, ancl D represent 11)-droxyl ion, diester, monovalent ion ol the ester, and 
divalent ion of thc ester respectively. The procedure for calculating the rate constants, 
based on the Frost and Schv,emer method (3), has beell described (1). Tables I and I1 
summarize the calculations for two of our runs. I11 somc of our calculations, the Burlchard 
(4) estension of the T (dcfinecl = Boklt) ancl time-ratio tables of Frost and Sch.l\-emer 
.rvei-c ~~secl." 

I1ata for t h e  dimethyl tcrephthalate rcaction a t  35.22"; 
D = 25.52; A0 = 11.055X mole/l.; B o  = 5.527X molc/l. 

l i ~ ~ n  A Run B 
- - ---- - -- 

Tiine 11 x l o 3  Time A X l o 3  
(mi11 j (mole/l.) a = A/ilo (min)  (mole/].) a = A/Ao 

Table I11 summarizes the data a t  25.22'. 110 (starting hydroxide concentration) varied 
froill 10.8% x to 11.073 X loF3 molc/l. in the various runs. Thus the data in Table I11 
were obtained ~iilder essentially the same stoichiometric ionic strength conditions as far 
as the reactants were concerned. Solubility lin~itations prevented the study of the dimethyl 
terephthalate reaction over the same dielectric range as was used in the trails 1,4-cyclo- 
l~exanedicarboxylate reaction. 

Table I11 also summarizes the data obtained when KC1 was added to the reaction 
I mistures. 

31n order to  obtailz the  tinze-ratio derived data fro711 the  e.vperi~nenta1 data ,  valzies of a (defiued as  .A/Ao) for  
dzrplicate ,,lclzs z8ei.e plotted agailzst t i m e  072 a large slzeet of graph paper, Frollz the reszilting s?~zootlz czwoe, the  
t imes  fo r f i i ed  pe~.ie~ztages of conzpletio?~ were deter71zined. Time-ratios were then  calcz~lated fro112 tlzese t i t~zrs  for  
the  anriozls p o ( e ~ l t n g e s  of reactiow. 
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TABLE I1 

Calculations of rate constants using data of Tallle 1 
- 

% t Percentage 
reaction (min) comparetl t ratio l/Ii 

Average 15.60 

TABLE I11 

Rate constants* for the hpdrolyses of the cyclic tliesters in cliosane-water media a t  25.22' C 
-- 

Without salt I<CI aclclecl j 
wtc;;, 

Ester D diosane k I k r k1/k2 k~ k, k~/k? 

Dimethyl 25.82 60 15.1 0.966 15.6 
tereph thalate 17.67 70 13.0 1.14 11.4 7.01 1.23 6.46 

10.70 80 11.8 1.74 6.78 
trans-Dimethvl 60.72 20 9.47 1.92 4.93 

"Duplicate runs were made in all cases. Average deviatior~ frorr~ the 111ean of the 1/K values in each pair of runs \\.as between 
0.1% arld 2.2%. 

tReadir1.g do\\$n the column, KC1 added was = 0.1253 and 0.1398 rnole/I. respectively. 

DISCUSSION 

Reference to  Fig. 1 and to  the literature (1) shows quite si~ililar behavior in tlie effect 
of the mediuil~ on the rate constaiits obtained for the alltaline hydrolyses of c?-clic cliesters 
and aliphatic diesters in dioxane-water mixtures. These may be summed up as follows: 
(1) While there is a marlted difference in the rate constants for the two steps of each 
reaction in high-dielectric media, this difference is marltedly less in lower-dielectric media. 
(2) With the exception of the diniethyl terephthalate reaction, the curves of log k z  vs. 
l/D for the reactions go through a minimum in a narrow dielectric range, i.e. between 
25 and 33. A minimum for the dimethyl terephthalate reaction could not be demonstrated 
because of solubility limitations. Our previous conclusion ( I )  "that this could be the 
point a t  which ion-pair formation becomes important and the second step of each reaction 
is changing fro111 an ion-ion reaction to one involving ion-pairs" is thus also applicable to 
these cyclic diester reactions. 

Since both of the diesters usecl in this research had, as  substituents, the same electron- 
withdrawing groups, i.e. carbomethoxy groups, tlie larger values of k l  obtained in tlle 
terephthalate reaction coliipared to the values of k ,  obtained in the cycloliexanedicar- 
boxylate reaction can be accounted for by the assumption of greater electrop1iilicity of the 
carboliyl carbon atom in the terephtlialate coliipoullcl a s  the result of structural dif- 
ferences in the two ring structures. However, on examining the results for the second step 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



SVIRBELY AND CUNNIFF:  ALKALINE HYDROLYSES 

FIG. I. Log K versus 100/D at 25.2'. 

of each reaction, one observes that  the kz values of tlie two esters are considerably closer 
to one another under sinlilar environmental conditions. If structural differences can 
account for the differeilces in the k l  values, they should also lead to  differences in the 
kz values. Such is not the case. We can explain the above observations by the following 
argument. If one examines the k 2  values of aliphatic diesters (I) along with the k2 values 
of the cyclic diesters, one observes that  in low-dielectric media, i.e. D ,- 11, the mag- 
nitudes of the kz values are in the inverse order to the distances separating the substituents 
in the original compounds. If one assumes that  an increase in electrophilicity of the car- 
bony1 carbon atom in the secoild step of the reactions depends both on tlie distance 
between the residual charge on the so-called inonovalent ion and its remaining carboxylate 
group and on tlie medium surrounding the ion rather than on any effect through the ion 
due to its structure, then one can rationalize the variation in the k 2  values. Since the 
residual charge 011 the so-called moiiovalent ion is affected by the extent of ion-pair or 
other aggregate formation, then a change in slope in  the log k2 vs. l /D curve should occur 
as the conlposition of the nlediuin is changed. This is in agreement with the observations. 

REFERENCES 
1. \\I. J. SVIRBELY and A. D. I~UTCHA. J. Phys, Chem. 65,  1333 (19G1). 
2. W. J. SVIRBELY and I-I. E. \\'EISBERG. J. Am. Chem. Soc. 81, 257 (1959). 
3. A. A. FROST and W. C. SCHWEMER. J. Am. Chem. Soc. 74, 12G8 (1952). 
4. C. A. BURKHARD. Ind. Eng. Chem. 52, 678 (1960). 
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THE HYDROGEN-ABSTRACTION REACTIONS IN THE PHOTOLYSIS OF 
PENTAFLUOROPROPANAL AND EIEPTAFLUOROBUTANAL1 

G. 0 .  PRITCIIARD, G. I-I. R ~ I L L E R ,  AND J. I<. FOOTE 
Department of Cltenlistry, U~ziversity of Californiu, Santn Barbara, Goletu, Colrf., C.S.-4. 

Rcceived April 16, 1962 

ABSTRACT 

'The mai11 products of the photolysis of the aldehydes a t  3130 A were determined and the 
rates of H-atom abs t r ac t io~~  relative to radical recornbination were measured. They are 
kl/k?i = (3 .09f  0.12)103 exp ( -4500f  200/RT) mole-icctsec-i for C?FjCHO, ancl kllk2i- = 
(1.86f 0.14)103 exp (-4000+300/RT) mole-tcc:sec-4 for CIFICHO. The deril-ed .-\rrheni~~s 
parameters are compared with those determined in the photolysis of CF3CH0,  and also with 
the non-fluorinated aldehydes. 

INTRODUCTIOS 

The photolysis of the two aldehydes C2FbCI-I0 and C3F7CH0 was undertaken with 
a view to testing their suitability as convenient sources of C2Fb.  and C3Fi. radicals for 
studying the rates of hydrogen abstraction from various hydrogen-containing compounds 
RH. I t  was first necessary to determine the rates of the self-abstraction reaction [I] in 
the systems, e.g., 

RrCHO + hv --+ Rr. + CHO- [I] 

R f .  + RfCHO + RiH + RfCO. [1 I 
Rr.  + Rr. + Rr?, PI 

where R f .  denotes C2FS. or C3F7., relative to the respective radical recombination 
reaction [2]. 

Our values of the Arrhenius parameters for reaction [I.] shelved a marked difference 
from those expected from the earlier work of Dodd and Smith (1) on the photolysis of 
trifluoroacetaldehyde (Rf .  = CF3.).  A discussion of these differences constitutes the 
scope of this paper. Reactions of R, .  with other RE1 will be presented subsequently. 

EXPERIi\lIENTAL 

A standard vacuum apparatus for this type of study was used. The light source was a British Thornson- 
Houston ME/D 250-watt high-pressure mercury arc. The beam was collinlated by a quartz lens, ancl passed 
through a Corning 98G3 blue-glass into the 10 cm long, cylindrical, quartz reaction vessel, vo l~~rne  l52.G ml, 
fully illuminating it. I t  was connected to the remainder of the system with a mercury cutoff; the dead space 
was less than 10 ml. The temperature in the s ~ ~ r r o ~ ~ n d i n g  furnace was controlled to +lo during the period 
of a run. 

The aldehydes were obtained as the hydrates from I< and I< Laboratories and Col~lmbia Organic, and 
dehydrated with Pz05 and HzS04 (2). After low-temperature fractionation, their p ~ ~ r i t j -  was established 
mass spectrometrically (3). They were stored in blackened bulbs a t  -195O, for decomposition and poly- 
merization occurred a t  room temperature. The ultraviolet absorption spectra were talcen on a Cary Model 14 
recording spectrophotonleter. They were identical in shape, with a maximum a t  3100 .%. The C ~ F I C H O  
extinction coefficient (loglo I o / I  = EcI), 22.8 1. m~le-lcm-~, is about 5OY0 higher than that for C:F:CHO, 
15.5 1. mole-'cm-1. 

After photolysis, product analysis was effected by low-teruperature fractionation on \Yard - Le Roy 
stills and Illass spectrometry. The CO and 1-12 mere collected a t  -19j0 and measured; after treatment in 
a CuO furnace a t  300°, the CO mas determined as CO?, and the Hz by difference. 'The remainder of the 
reaction products and the undecomposed aldehyde were condensed into a tube containing a solution of 
phenylhydrazine in carefully out-gassed, distilled water, ruade acid with FIC1 or H~SOI .  The tube \\,as allowed 

'Presented at  Llze X VIIIth International Congress of Pure and Applied Clzentistry, ilIontrecl1, d I L ~ I L A ~ ,  1961. 
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PRITCIIARD ET AL.. PI-ABSTR:\CTIOS RE.\CTIONS 1831 

to warm to room temperature, and left until the aldehyde had completely reacted. If pure water only is 
used, an equilibriun~ is established, and the aldehydes are volatile e n o ~ ~ g h  to interfere in the subsecluent 
analysis. In our procedure they are removed, probably as hydrates, hydrazones, and polymer. 

In the C?F:CHO experiments, C2FSI-I was collected a t  -150°, and C4Flo a t  -120". The separation of 
these two products by low-temperature distillation is tedious, and in many cases they were collected together 
and analyzed on the Inass spectrometer,  sing thc CF?HC (51) ion peak for CzFSH, and the residual CF3+ 
(69) ion peak for C4F10 Pure standards were obtained by prolonged photolysis of the aldehyde, and careful 
fractionation. The mass spectra were identical with those previously recorded (4, 5). No disparity was 
found between the two methods. 

In the C3F7CI-I0 photolyses, C3F711 was collected a t  -120°, and C,jFI.l a t  -80'. Their purity was checlced 
fro111 the mass spectra (5, 6). 

The  results are presented in Table I for C2F5CI-I0 and in Table I1 for C3F;CH0. 

TABLE I 

Data on the photolysis of C&'5C130 

Products (rnolesX 105) 
Time Temp. [C?FrCHO]o ---- % k l / k &  

R u n  (set) (=I() (molescc-lX10G) CO+II? C?FsII  C IFIO clecomp. (mole-?cc*sec-4) 

TABLE I1 

Data on the photolysis of C3F7CH0 

Products (molesX 103 
Tlme Temp. [ C ~ F I C I I O ] ~  - '/o k ]/I: 3: 

Run (sec) (OK) (moles cc-IX 106) CO I<? CsFiI-I CuF1 I clecomp. (mole-)cc~sec-3) 

I 

I 
I-Iydrogen was a minor product, and it was not determined in all esperiments. Dif- 

I ferentiation between CO and 1-12 is made only in Table 11. The  relative amounts of I-I2 
formed increased with temperature, as would be expected from the activation energy 

I required for the decomposition of the formyl radical (7). No thermal decomposition 
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occurred up to 315' C, and no fluorocarbons resulting froin F-atom abstraction reactions 
were detected. The absence of SiF4 in the products shows that fluoroalkyl radicals do not 
react with silica a t  these temperatures. 

The Arrhenius plots for kl/k$ mole-kcfsec-2 versus 103/T0 K are given in Fig. 1. 

1832 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

1 

FIG. I. Plot of log kl/k?' versus l/TX103. 0 C?FjCHO photolysis; for double circles, see text. 
C~F.ICHO photolysis; displaced upward by one log unit for clarity. 

There was some scatter in the low-temperature end of the C2FsCHO plot (double circles), 
but as the run numbers indicate, it was random. However, there is a suggestion of curva- 
ture, and Dodd and Smith (I) found a distinct curvature of this kind in the CF3CHO 
photolysis. As there is no other plausible source of R,,, other than reaction [2], they 
suggest the following possible reactions of low activation energy as competing sources of 
fluoroform, which are important a t  low teinperatures: 

CFj.  + .CHO + CF3H + CO [3 I 
and 

CF3- + CF3CHO (wall) + CF3H + products 

and the intramolecular split: 

CF3CHO + h~ + CFIH + CO, 

They discount [3], and contend that their results provide evidence for the occurrence of 
[4] and some mode [11] fission. I t  is certain that a t  higher temperatures, and a t  our inten- 
sities, the aldehyde decomposition is mainly due to the chain-propagating step, reaction 
[I], which is the only significant source of R,H, and the absence of curvature in the plots 
in Fig. 1 indicates that reactions coinparable to [3], [4], and [11] are relatively unimportant 
in this worlr. I t  may be noted, however, that due to the high value (see Discussion) 
found for the activation energy of reaction [I.] for CF3., competing sources of fluoroform 
formation of low activation energy will be more apparent. 

A least-squares treatment of the results yields for C2FsCI-I0 kl/kzf = (3.09&0.12)103X 
exp (-4500&200/RT) mole-kc%ec- exclusive of the double circles; including them, 
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PRITCI~IARD ET AL.: H-ABSTRACTION RREACTIONS 1833 

kl/k$ = (1.6410.25) lo3 exp ( -400OiGOO/RT) mole-kc~sec-4. For C3FiCHO we obtain 
1 ,  1 

kl/k$ = (1.8610.14)103 exp (-40001300/I<T) mole-2cc"sec-'. 
Values of kl/k$ were calculated from the steady-state approxiination (I?,,,/RRf2;x 

[Ald.],), where Z? is the mean rate of forination, and the average aldehyde concentration 
is the arithmetic mean of the initial ailcl final concentrations (assumed percentage decom- 
position = (RpFI+2Rp,)/(Ald.)o). Correction factors to the above approximation to 
allow for time fluctuations and cell gradients in the radical conce~ltration have been 
discussed (8, 9). Soine of the percentage decompositions in the C2F5CH0 results are well 
beyond the nor~nal linlit of a steady-state condition, suggesting that  we take cognizance 
of these factors in discussing these experiments. I t  is noticeable, however, that we have 
not observed any deviation from the Arrhenius plots for the 11igh percentage decomposi- 
tion runs; e.g., coinpare numbers 7 and 22 in Table I.  Perhaps more important is the fact 
that the appro xi ma ti or^ is put to severe limitations if  the two measured products call be 
consumed by seco~ldary reactions, or produced from alternative sources, as the decomposi- 
tion progresses. This is not tlle case in our system, for we have established that reactions 
other than [I] and [2] are ~ulimportant, and tlle products, once for~necl, are not removed 
by subsequent reaction. FTydrogen transfer, e.g., 

does not disturb the product balance, and R,, is stable and not subject to  radical attack. 
I t  is surprising that  FIenderson and Steacie (10) found no variation in the ratio 
Z?cn4/Z?c2B,~[~c.]o fro111 the photolysis of acetone above 10% decomposition, as this systeim 
must incorporate some of these limitations. 

DISCUSSION 

We may coinpare our results with the value of kl/k23 = (1.05X10'J)T1'4 exp (-8200/ 
RT)  mole-icc.;sec-i given by Dodd and Smith ( I )  from CF3CI-I0 photolysis, ancl it is 
seen that there is a large variation in the Arrhenius pal-anleters. The values of kl/k23 
differ much less markedly; a t  182O C they are 10.6 (CFSCI-10), 21.1 (C2F5CI-IO), and 
22.7 (C3F7CI-10), all in mole-acc$sec-:. Variations between fl and E can be accou~~tecl for 
by compensation between the two, but if  rate data are to be interpreted in terms of the 
Arrhenius equation, reasons must be sought for significant clifferences in these parameters. 

I t  has been demonstrated (11) that Eq does not vary for sinlple perfluoroalkyl radicals, 
so that the variation in El is real. The absolute magnitucle of E2 is uncertain; for CF3-  
it has been suggested tha t  it may be as high a t  2 kcal/n~ole, clue, in part, to the polarity 
of the radical (12). This I-esult has been questionecl (13), but recent studies by Szlvarc 
and his co-mor1:ers (14, 15) on the "cage" recombination of C F r  radicals from the 
photolysis of in isooctane solution a t  65" C indicate a value of about 1.5 kcal/ 
mole. The only direct cletennination of CFS. radical recombination has been nlade by 
Ayscough (lG),  s sing a rotating sector, giving k2 = 2.34X Sol3 i~~ole-~cc  sec-I a t  400" I<. 
From collisioi~ theory, we find a t  400" I< (aCF3. = 4.0 A) the collision number Z2  = 7.5 
X1013 m ~ l e - ~ c c  sec-I (not 1.5X 1014 mole-'cc sec-l, as given by Ayscough, as Za is one 
half of this value for combination between identical species). These values yield limits 
of E2 and the steric factor P2 of 0 kcal/mole ancl 0.31, and 0.93 lical/mole and 1, respec- 
tively. The evidence favors the latter picture, especially if  CF3.  is planar. 

The recombination rates of C2F5' ancl C3F7. radicals have not been determined directly; 
the respective collision numbers are 1.1 X SO1" and 1.3 X 10" mole-lcc sec-I a t  400" I< 
( ( T C ~ F ~ '  = 5.5 iq, aC3Fv = 6.5 A). If P2 = 1 for a11 three radicals, we may equate 
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Z2  with --lq. Using tllese values in conjunction with the experimental d l / ~ 2 :  ratios, and 
assuming the followillg collision diameters: uCF3CH0 = 5.7 A,  uC2F5CH0 = 7.2 A, 
and uC3FiCI-I0 = 8 . ~ 4 ,  yields values of P1 = 3.8X10-3 (CF3.) ,  1.2X10-4 (C2Fs.) ,  
and G.8X10-5 (C3F.i.) a t  400°1<. If P2 < 1, which may well be so for the larger radicals," 
the values of P1 will be further reduced. 

The calculated steric factors for CZF;. and C3F7., wllich are maximum values, are 
lower than those generally expected in free-radical I-I-abstraction reactions, i.e., about 

but this might be expected, due to  the smaller number of available hydrogen atoms 
in the molecule undergoing radical attack. As an example, we may co~lsider the co~llpeti~lg 
reactions 

where it \\-as found (17) that -1 5 / ~ 1 ~  = 0.013. Taking ./IG = G.3X 1011 mole-lcc sec-1 
(IS), this gives P 5  = 1.3X10-4 a t  400° Ii (uCD3 = 3.3 A, uCF31-I = 4.0 A). 

A comparison of Dodd and Smith's value (I)  with other known activation energies for 
TI-abstraction reactio~ls i~ldicates that  i t  is i~llprobably high. A survey of these values 
(19) for CI-13. (Ern) and C F 3  (El)  radicals sho\vs a reasollably consta~lt difference of 
Em-Ef = 3 lical/mole, suggesting that E7 = S.2+3 = 11.2 lical/mole (for reaction 

[7]), which compares unfavorably with the established value of Es = 7.0 l;cal/nlole (IS) 
(for reaction [S]). 

I-Io\vever, Dodd and Smith (1) do I-eport kg/k?: = ( 2 . 0 ~  lo3) T: exp (-4000/RT) for the 
reaction 

which is very co~llpatible with our results, and Em-E, = 3.5 Iical/mole for reactiolls 
[SJ and [?I]. 

The ~na in  factors \vhich deter~lli~le the activation e~lergies of simple metatheses of the 
type \ve are discussing are the stre~lgths of the bo~lds brolien and for~ned, and the repulsive 
forces betueen the attacking radical and molecule, and those between the new ~llolecule 
and radical that are produced in the reaction (20). If the respective C-1-1 boncl strengths 
do not vary in the RICI-I0 and RfI-I series of molecules, we m,Ly anticipate n constant 
activation energy for reaction [I], provided that the repulsive forces clo not vnrj wit11 
R f .  The constancy of El with R f .  suggests tll'tt the)- do not, so that  a value of El = -1 
l;cal/mole ma) be expected for reaction [I]. The result of I-eaction [9] suggests that this 
may \\-ell hold true for aldehydes in general. X sinlilar correspondence has been found for 
methane and ethane (4, 11) and c)-clohexane (21, 22) subjected to  R , .  radical attack. 

"71 sys te~l ls  contai?zing two radicals A and  13, i t  ,is f reqz~ent ly  f ound  tlral t l ~ c  ooss-co~izbi?~atio?z rat io  
k A B / k A a 6 k ~ u C  eqzials about 2, ij~dcpe71dcnt of lerrtperatt~re. As the  collision ?l7tnlbci rc~tio Z . i ~ / Z , k ~ i Z u r $  i s  
c~lso  close to  2, i t  h a s  beell sn~g~c.sted that  Illis i s  a n  i nd i ca t io l~  that  radiral coirrbi?~ation ill tlrc gas plzase occrris 
072 eireiy c o l l i s i o ~ ~  (reference 13 ) .  1,T~'e l~noe  fozind (rcfcrellce 1 1 )  for A = CFa. and  B = CaF;. tlrat k ~ ~ / k ~ ~ , i k ~ , ~ +  
= 1.77&0.1, ir7depel~dent of telnpernt7tre. T h i s  shows that  E A I ,  = ( E A A + E H u ) ,  bzlt t he  valr/cs a i e  not neces- 
scci.il:# zero, and  that  P a n  = (Pa: i .Pnu)P ,  but nga in  no t  necessarily that P n n  = Paa  = P B ~  = 1. W e  irlay 
t-itc a11 C S ~ ~ C I I I C  r-ase of P a n  = 0.1 ,  PA.\ = I ,  nnd  P n ~ r  = 0.01.  Fzrrther co~i ip lcs i t ies  can arise if dispropoi t iona-  
ti071 rcartior~s occz~i;. see A. R. Blake ,  J .  F. I r l c ~ ~ d o s o w ,  u x d  K.  0. Kzrtschke, Call. J .  C l ~ e n ~ . ,  39, 1220  (1.961). 
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For these  c o m p o u n d s  t h e  rate c o n s t a n t s  at 182' C vary as CF3. >> C2F5' > C3F7., 
which  indicates  increasing steric effects w i t h  t h e  larger radicals. 

Tro tman-Dic lcenson  a n d  his  co-worlcers (13) h a v e  establ ished t h e  Arrhen ius  p a r a m e t e r s  

of the react ions 

a n d  

CHI.  + RCHO --t CHe + RCO. [I 11 

c o m p a r e d  to t h e  re levan t  recombina t ion  reac t ion  

where  R . is I I e  . ,  Et . , n - P r  . ,  or 72-Bu .. T h e  rate c o n s t a n t s  for these  reac t ions  are remark- 
ably c o n s t a n t .  For react ion [ I l l ,  k l l / k l ? i  ranges  fro111 13 to 20 mole-?cc*sec-f (mean  17), 
w l ~ i c l ~  ind ica tes  t h a t  t h e  al1;yl g r o u p  h a s  little effect o n  the reactivity of t h e  a l d e h y d i c  

hydrogen.  

O u r  va lues  of k l / k p r  = 21.1 (CZFB.) a n d  22.7 (C3F7.) c o m p a r e  favorably wit11 t h o s e  

for klo /k121 = 16, and appear to be quite c o n s t a n t ,  as in t h e  case of t h e  allcyl radicals. 
T h e  general  p a t t e r n  of t h e  resu l t s  sugges t s  t h a t  t h e  potelltial barrier to perf luoroalkyl  

radical I - I - a b s t r a c t i o ~ ~  react ions will be lower t h a n  t h a t  for t h e  cor responding  a l k y l  rad ica l  

react ion.  T h e  reason for Dodcl a n d  S m i t h ' s  r esu l t  (1) i s  not clear. 
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THE KINETICS OF THE FORMATION OF THE MONOSULPHATO 
COMPLEX OF IRON (111) IN AQUEOUS SOLUTION 
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ABSTIIACT 

The kinetics of f o r m a t i o ~ ~  of the mo~iosulphato complex of iron (111) has bee11 examined 
spectrophotometrically using a co~itinuous-floxv technique over the range of temperatures 
15.6 to 34.5' C in an  aqueous ~ n e d i ~ r m  of ionic strength 0.5 and a rangc of conce~~trations of 
hydrogen ions 0.05 to 0.30 ill. The  experimental data inay be interpreted 011 thc assun~ption 
tha t  the significant reactions are a bimolecular association opposed by a first-order dissociation 
(Fei++ + S01-= FeSO.,'). For the forxvard reaction AH* is 18.0 kcal mole-' and AS* is 
19.4 cal mole-lcleg-1. 

INTRODUCTION 

The kinetics of the associatioil reactioils of ferric ion with thiocyanate and chloride 
have beell investigated by Connick and co-\vorl<ers (1, 2),  that of ferric ion with fluoride 
by Pouli and Smith (3). Although the equilibria i~lvolved in the reactioils involviilg ferric 
and sulphate ions have been considerably studied, there has been no account of studies 
of the kinetics. This work was carried out to provide more information about ttie nature 
of the associatio~l reactions involving ferric ions. 

EXPERIMENTAL 
Reagents and Solzrlions 

All solutions iised in the spectrophoto~netric observations relating to solutions a t  eq~rilibrium were 
prepared from triply distilled water, the second distillati011 being from allcaline permanganate. The solutions 
used for the kinetic studies were prepared mainly froill singly distilled water. Checlrs of the  absorption spectra 
of solutioi~s of acidified ferric pcrchlorate in singly and triply distilled water were made ancl shoured no 
indication of any difference. Sodium perchlorate (anhydrous), perchloric acid (70%), and ferric perchlorate 
(non-yellow) \Irere reagent grade and obtained from G. Frcclericl; Smith Chemical Company. The perchlorate 
was tested for chloride content by  nepllelometric methods and shorn11 to contain less chloride than would 
correspond to a concentration of il/I ill ally of the solutions irsed. The  stocl; solutions of ferric perchlorate 
in perchloric acid mere analyzed for acid and iron content by the method previously discussed (3). Sodium 
sulphate was Baker anhydrous reagent and \\;as dried for 2 to 3 hours a t  120' C before \veighirig. The 
o-cresol red was obtained as 0.02% solution fro111 Fisher Scientific Company. 111 a11 solutions the acidity 
was adjusted xvith perchloric acid, the ionic strength to 0.5 with sodit1111 perchlorate. 

T h c  i l / Icas~~ie~~ze?t t  of Eqzrilibriz~n~. C o ~ ~ s t a n t s  
The spectrophotometric measure~nents 011 solutions a t  equilibrium urerc carried out  \\;it11 a Beckman 

DU spectrophotoineter using Becl i~nai~  cji~artz cells of 10-mm path length which were housed in a thermo- 
stating blocl; permitting temperat~rre control to f 0.10'. 

T l ~ e  Kinet ic  A/Icusz~rcnrc~~ts 
Thc kinetic measure~nents were carried out spectrophoto~netricall~~ using a continuous-llo\v technique. 

Essentially this involves means of rapidly mixing two reactant solutions and of following the change in 
coinpos~tion along the length of a reaction tube clown which the mixcd and reacting solution tlo\vs a t  a 
velocity which is constant and sufficiently high to prevent streamlining. The  desigli of our apparatus is 
basecl on principles evaluated by IHartridge and Roughton (41, involves some features of a design by Dalziel 
(51, ancl is such as to permit its incorporation in a Beclanan DU spectrophoto~neter. The reaction tube is 
quartz about 3 i111n in inside diameter and 40 cm long. One end of this tube fits into n plexiglass mixing block 
containing the mixing chamber, which is continuous with the reaction tube and identical in diameter. The 
reactant solutions are forced from therinostated storage flaslcs by controlled gas pressure and enter the 
mixing chamber via turo pairs of 0.5-111111 jets whose axes are nearly tangential to the circumference of the 
chamber. The spectral character of the  reacting u~ ix t~ r r c  a t  various points along the reaction tube is deter- 
mined by standard photometric techniques, and these measure~nents are then interpreted to yield the COIII~O- 
sition of the solutioil for reaction times equal to the times of llow between the regions of mixing and 

1Holder of nn Ot~tnrio Researclz Cozlncil Scl~olarsltip 1960-61. 

Caoadian Journal of Clle rnistry. Volume 40 (19G2) 
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D.AVIS .AND SMITI-I: MONOSULPI-IATO COMPLEX O F  Fe (111) 1837 

observation. The reaction tube is held firmly in an  aluminuln housing which slides in a metal collar attached 
to the portion of the Beclcman nor~nally carrying the cell holder and the assembly is carefully constructed 
so that any part of the reaction tube may be slid reproducibly into the beam of radiation erllerging from tlie 
monochromator. The beam is collimated by slits 1 mm wide and 4 m m  long before and after passage through 
the reaction tube and, consequently, only the radiation passing through the central portion of the tube (an 
effective path length of just under 2 mm) reaches the photon~ultiplier unit. Floxv rates of the solution were 
controllecl to &274 and tests involving the miring of a solution of the acid form of p-nitrophenol with a 
solution of sodium hydroxide and esaii~ination of the resulting solution for optical liomoge~~city and cont- 
pleteness of transformation to the basic form indicated that  mising of the solutions was cortlplete a t  the 
region of observation \vhich is closest to  the mixing chamber. This corresponded to a reaction time of about 
5 milliseconds. S o  attempt was made to thermostat the reaction tube. X Sargent Thernlistor 'Thermometer 
was usecl to measure the temperature of tlie solution leaving tlie csit of the reaction tube and also leaving 
the mixing- chantbcr with no reaction tubc attached. A temperature gradient of 0.4" occurrecl over the 
length of the tube under conditions of maximum clifferertce in ternperatlire between the solution ancl 
environnlent, and the average of the es t re~nes  mas talcen as the reaction temperature. 

Details abozlt i l Ieasz~~e~iients  111ade with tlre FLOZJ Apparatus 
X ki~tetic r u n  involved measurements of relative intensity of the bean1 of X 305 111p transnlitted through 

the flolv tube a t  various positions along its length while the mixed, reacting solution was flowing through i t  
a t  uniform velocity. At X 305 11ip, FeSOIC has a r n a x i ~ u ~ ~ r n  in its extinction coefficient ( G ) .  Uncomple~ecl 
iron has an eiiectibc coefficient \vhicl~ is constant a t  the constant acidity of a run but is dependent on the 
acidity (due to varying proportion of FeOI-I++ to FeT++). The effective extinction coefficient is, however, 
s~tbsta~itially lcss than that  of I;eSOIC over the range of our experimental conditions. Immediately beforc 
and after the kinetic run reference intensities Lvere obtained a t  the same positions along thc flow tube, 
which now contained a solution of the salne ionic strength, acidity, and iron (111) content as  that  in the 
kinetic run but no sulphate Since sulphate is transparent these intensities correspond to mixed but unreacted 
solution. If the predominant species involved in the reaction are Fe+++, SO4-, and FeSOIC, and if tlie ratio 
[Fe+++]/[FeOI-IL+] remains constant, the difference ( A D )  in optical dcllsities or absorballces of the two 
solutions a t  the sanie position along the flow tube is 

where 
epcsoa+ is the molar extinctioi~ coefficient of FeS04+;  
€ac, is the effective molar estinctioil coefficient of thc Fe (111) (in the forms Fe+++ alld I;eOH++); 
N is the concentration of FeSO.,+ (moles liter-I); 
1 is the length of the optical path ill centimeters; 

and co~~sequently 

Concentration of 17eS04+ a t  time t  - N - ADf  
Concentration of FeSO.I+ a t  equilibrium c AD, 

and 

c-.V AD,-ADi - -  - 
c AD, ' 

where cis the concentration of FeSOr'at equilibrium; AD1 and AD, the values of AD a t  times of observation 
and equilibrium. 

For most runs reaction was near]) complete within the flow tube (i.e. nithin a time of 250 milliseco~ids) 
and the transmissio~~ (and absorbance) remained nearly constant over a range of positions near tlie exit. 
First approsiltlations of the values of the rate consta~its for the reaction were made assuming tha t  the 
values of A D ,  obtained frorn readings close to tlie exit mere those of AD,. The  ratc co~tstant so obtained 
and the values of the time corresponding to positions near the exit when inserted into the integrated rate 
expression [ i ]  given below inclicated the fractional progress to equilibrium and also a correction to  this first 
appro~imation for AD,. The corrected valuc for AD,  was ~lsed to  cstiinatc a corrected valuc for the rate 
constant. 

Thc  correlation between distance along the flow tube and time of reaction depencls on cross section and 
bolume rate of floxv. The average cross section was determined b) ineasuring the length of known \\,eights 
of mercury irl the tube and was found to be 0.0377 cm?, and there was a maximum variation in average cross 
section for various 1-cm lengths of &I%.  The rate of flow vvas determined by direct observation of tlie 

I volume of liquid collected a t  the  exit (checlced by observation of the volumes leavillg the storage Ilasks) 
over dehnite titlies. As indicated above, the two conditions \vhich must appl) before simplc i n t e ~  pretation 

I 
of the flow measurements may be made are (1) effective mixing a t  the point where the jets enter the mixing 
chartlber and (2) flow along the flow tube a t  such a rate that  it is turbulent and not sigiliiicantly streall~lincd. 
The ratc of [low in our kinetic runs was about 8.5 cc/scc, a value well in excess of the minillium value required 
to attain turbulence. To conhrlll tha t  the conditio~ts of flow and miuing \\,ere satisfactor), we have carried 
out runs using identical reacting solutions and different flow rates between 2.7 cc/sec and 0.1 cc/sec. The  
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1838 CrlSADIAN JOURNAL OF CHEMISTRY. VOL. 40. 10G2 

temperature \\.as 15" C, the  total iron (111) concentration l.OXlO-%l[, the  total sulphate concentration 
2.0X JI. 

The results are given i11 Fig. 1 as plots of ADL (called change of absorba~ice) against time and in Fig. 2 

TIME (MILLISECONDS) 

FIG. 1. Cliangc of absorbance plotted against time for four difierent kinetic runs dil'fering only in flow 
rate. Temperat~trc 15.6' C, io~iic strength 0.50, total iron (111) concentration 0.010 d l ,  total sulphate con- 
centration 0.0020 31, perchloric acid concentration 0.15 AI. Flow rate: run 1 e 9.09 cc/sec, r u n  2 0 8.69 
cc/scc, run 3 @ 5.97 cc/sec, run  -1 8 2.68 cc/sec. 

ill partially recluced form as  a plot of log (c-s) against time, where c is the concentration of FeSO.,' a t  
ecluilibrium and x its concentration a t  timc t .  This plot should bc lincar according to thc integrated ratc 
cxprcssion [TI tleveloped below. Conccntratioil c was determined using the relationship (5) given belo\\, and 
N \\-as dcter~nined l~sing the relationship s = cADL/AD,. In Fig. 1 only onc point of cvcry three meas~wetl 
for runs 1, 2, atid 3 and one of c\,ery two for run 4 arc plottcd. 111 Fig. 2 all data for run 2 for times LIP to 
100 milliseconds are included. I t  will be noted tha t  there is no significant dependence on the  flow rate of 
thc  correlatioii bctxvecn n ~ i l o ~ ~ n t  of rcactioil and time, and also that  the data appear to  extrapolate sil~oothly 
to  AD = 0 a t  t = 0. \\'e had anticipated tha t  there might be some im~ilediate change in optical density 
on ~nis ing,  during I\-hich time ion pairs (with solvent between the positive and ilegativc ions) but not com- 
plexes beti~eeii  ferric and sulphatc ions might bc formed. Experiments using higher concentrations of 
reactants and co\-cring a wider range of waveIengths might indicate such ail effect. 

T1t.e Siguijca~rr-c* of tlrc Species FeHSO.,++ and lie(SO4)?- 
The assumption implied above tha t  AD is proportional to x \\rould not be valid if the species FeHSO.,++ 

or l:e(SO.I).- \\.as in concentration coiliparable to  tha t  of FeSO.i+ or in relatively small amo~tnts  if their 
contributions to optical density were appreciable. 

\\-hiteker a ~ ~ d  Dnvidson's measurements ((5) suggest tha t  the extinctioil coefficient of the species Fe(SO.,)?- 
is not greatly different from that  of FeSO.I+ a t  the \\ravelcngth used in our kinetic studj.. 'They indicate a 
value for the scconcl association quotient [Fe(SO.l)~-]/[FeSO("-][SO.i=] of about 10 a t  ionic strength 1.0 
and temperature 27'. \\ie estimate tha t  thc m a x i m ~ ~ m  con cent ratio^^ of free sulphate ions existing under our 
experinieiital coiiditions is about 3X10-', and this i~ilplies a vaIue for [Fe(SO.,)?-]/[FeSO.,+] of 0.003 i f  the 
\ .due 10 is assumed to apply to ionic strength 0.5. 'l'lic figure 0.003 must be considered as  a very rough 
estimate, but as  under most of our esperin~ental  conditions the formation of Fe(SO.l)r- relative to FeS04f 
is I I I L I C ~  less favored than in this example, it seems justifiable to ignore its influence on free sulphate concentra- 
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DAVIS .AND SMITII :  hIOSOSULPI-I.AT0 COMPLEX OF Fe (111) 1839 

-3.1 I 1 I 

-4.5 1 I I I I 

0 25 5 0  75 100 
TI M E  (MILLISECONDS) 

FIG. 2. Plot of log ( c - x )  against timc for clata of run 2 of Fig. I. 

tion. Also, as thc molar estinction coefficient of I;C(SO.~)?- appears to bc lcss than 50% greater than that  for 
FeSO.,+ (B) ,  its contribution to optical density should be negligible.'" 

\Vhitel;cr and Davidson founcl no positive evidence for the formation of FeI-ISOdi+ but L,istcr ancl Riving- 
ton (7) and  S>.l;cs (8)  s~rggcst values for the formation constant which, \vhile applying to conditions difl'erent 
from ours, suggest that  this spccics might be formecl in significant amount under our espcrimcntal conditions. 
\Vc ha\-e, thcrcforc, attempted c.xpcrimcntal evaluation of this constant along \\.it11 thosc applying to thc 
formation of FCSO.~' and thc acid ionization of I-ISO.,- a t  ionic strength 0.5. 

The acid dissociation quotient of I-ISOr- a t  ionic strength 0.5 ancl temperatures betwccn 1.4 ancl 35" C 
was clctcrminecl spectropllotometricall~  sing n-cresol red to indicate the hydrogen ion conccnt-ration irl 
solutions containing sulphate ancl bisulphatc. Thcse solutions \vcrc prcparcd by aclcling perchloric acicl to 
s o t l i ~ ~ m  sulphatc a!ld acljusting thc ionic strcngth with soclil~m perchloratc. Values for tlic concentration 
of the hyclrogell io11 and of the total sulphatc pcrmittcd estimation of the concentration of SO,,= and I-ISO.I- 
ancl 50 of the ionization cluotient. Thc ionic strength of these solutions dcpc~lds or1 thc cstcnt to \\;hich I-I+ 
and SO.!- as?ociatc, ancl to permit approsimatc acljustmcnt to the ionic strength 0.5, \\re ha\,e calculatccl 
compositions on  the basis of approximate values for the ionization constant for I-1SO.I- clctcrminecl from 
h'Ionl;'s: \.aluc a t  ionic strcllgth zero (!J) ancl thc application of the Davics activity function. 'The rclation 
I:ct\~ecn thc absorbance of the o-crcsol rccl solution ancl hydrogel1 ion conccntmtion \\.as cletcrminecl a t  
X 520 map (\vhcre thc indicator is thc only significant al~sorber ancl its aciclic ancl basic forms havc mar1;cd 
clilTcrcnces in thcir cstinction coefficients) with standards prepared from pcrchloric acid ancl socli~~m pcr- 
chlorate. --1s the acicl conccntration \\,as in thc range 0.02 to 0.06 ild i t  \\;as legitirnatc to considcr thc concen- 
tration of h).clrogeil ions equal to tha t  of perchloric acid. The o-crcsol conccntration ill all solutions 
corrcspondecl to 3-1.0 ml of 0.0256 cresol rcd solution pcr liter. 'I'he values of acicl ionization q ~ ~ o t i e n t  

which 11.c have measlrrcd, are gi\.en in Table I. 

$L i s t e r  a ~ i d  R i r i , l~ to , l  (7)  szcggcst t lmt the  forn~nt io?t  qz~otie?it ([FC(SOI)~-]/[I;~SO~+I[SO.~-]) a t  ionic  stie?t,atl~ 
1 .2  and t e i r~pero t i~ i c  26" C n lay  be c~bout  100 .  I f  t l ~ i s  ualrce i s  correct tlren tlre ro7zcc?rtrc~tion of I;e(SOr)?- i s  1 1 , i ~ h e ~  
o t  ionic sl;e?igllr 1 .0  tlrart we  lranre estiirrated. O z ~ r  dato (discztssed belozu) obtailred frorrl esperiiiie?rts designed t o  
yirld irifoi~iiclt in~t obnllt FeSO.2 and  FeI-ISO.l++ are ,ae?lei.ally n1oi.e co?asiste?rt witlr I.Vlriteker a ~ t d  Dauidson's 
zoitlr regnrds to  ihc  fnrrriation q~lotie?it of I:eMSO.l++ c11rd tlre ~ r ~ o l a r  e.~ti?Lrtio~r cngoicie~rt of I;eSOr+, althoz~glr tlre 
difercrrce iir i ~ ? z i c  sli.e~rgtlr vzakes sti.ir.1 coritpariso?t of tlte foi.~?iatio?t co7tstants I~~ii>nssible.  
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TABLE I 

The acid ionization quotient (K,) for 
bisulphate (ionic strength = 0.5) 

Temperature K,, X lo? 
("c)  (mole liter-') 

35.0 3 . 3 6 f 0 . 0 9  
25.0  4.33% 0.05 

The forlnation quotients of FeSO.I+ (Ii,) and of FeI-IS04++ (K,,) a t  ionic strength 0.5 were measured 
using a method similar to that  described by Lister and Rivington (7). The essential data involved the 
optical densities of solutions containing substantial escess of iron (111) over sulphate and adjusted for 
ionic strength and acidity, relative to a blank which differed in that i t  did not contain sulphate. Groups of 
solutions of different acidity were esamincd, with members of each group containing the same small con- 
centrations of sulphate (1 X dI ) ,  the same relatively large concentration of perchloric acid, and varying 
concentrations of iron (111) (betveen 1X10-? and 3x10-? M). Our data for temperatures 1.4 and 15" C 
interpreted using the value of I<, given in Table I indicated the values for I<, given in Table I1 and were 

TABLE I1 

The association quotients (Ii,) for the 
monosulphato iron (111) complex 

(ionic strength = 0.5) 

Temperature I<, 
( " 0  (mole-' liter) 

consistent with K, = O f  1. The data for 35" and 35" \vcre less consistent and suggested somewhat negative 
x:al~~es for ICm. \Ye have assulned that  K,, = 0 in interpreting the data and obtain thc values of K O  for 
25.0 and 35.0" C given in the table. These values of I<, yieltl a fair linear plot of log I<, against 1 / T  and 
values of A f I o  = 5.5 cal mole-' and aso = 29 cal mole-' tleg-1. 

I t  appears thcn that the value for thc formation quotient for FcI-ISO.lfi is less than 0.01 that  for FeS04+ 
a t  ionic strength 0.5. The m a s i m ~ ~ m  value of [I-ISO.I-]/[SO.~'] under our esperimental conditions is about 
S/1. Since 

[FeI-ISO.I+-l-] - I<,,, [IHSO,-] 
[E'eSO.iC] I<, [SO.,-] 

thc conccntration of FeI-ISO.I++ is probably less than 8% of that  of FeS04+ untler the conditions most 
favoring its formation. Sylces estimates that the extinction coefficient a t  X 305 m p  for FeHSO,++ is 850 
mole-'liter cm-1 and for I;eSO.I+ is 2160. \\'llitel;er and Davidson find a valuc of 2200 for FeSO.,+ (6). Our 
data do not cover the range of compositions or \vavelengths which would permit an  estimate of thesc quail- 

tities. Howevcr, our results, implying a small dcgree of formation of FeHSOI++, along with the reasonable 
assumption that  el>,~~so,,++ is less than ~p,so(+, suggest that the influcncc of FeHSOn++ on optical density 
is small under the conditions of our experiments. 

\\'e have, therefore, interpreted our kinetic data on the assumptions that  the only species of importance 
are the absorbing spccies Fe+++, FeOIH++, and FeSOd+ and the non-absorbing spccies I-ISOd- and SO4-. 
ildditional support for this procedure is provided by thc approximate proportionality between the overall 
change in absorbance during a kinetic run and the conccntration of the species FeSO.,+ calculated for 
the final equilibrium conditions, ~1si11g the data from the equilibrium studies outlined above. 111 the kinetic 
runs the light path in the reacting solution had an  effective length just under 2 mm and the change in 
absorbance AD, due to reaction should be approximately 

where c is the concentration of FeSOr+ a t  equilibrium, and I, the effective length of the optical path, is 
approximately 0.2 cln. 

Consequently 

[21 AD,SC€F,, cffd = celiesor+l. 
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DAVIS .AND SMITH: MONOSULPHATO COhIPLES OF Fe (111) 1841 

Concentration c was calculated for the equilibriu~n conditions attained in the kinetic runs a t  25' C using the 
value of the association quotient for FeSO,+ given in Table I1 and the value for the acid ionization quotient 
for HSOd- gi\,en in Table I and ignoring all effects due to FeHSO,++. The  value for the left side of equation 
[2] was then evaluated and plotted against c. The plot was consistent with a straight line passing through 
the origin (AD = 0 for c = 0) with a slope indicating EF.SO~ = 1940 if the length of the light path be talcen 
as 2 mm or e = 2155 i f  the path be talcen as 1.8 mm. Richards and Sykes' value for this extinction coefficient 
(A 305 mjt) is 3160, \\'hiteker and Davidson's 2210. 

The Redz~~tiotz of the Kinetic ?Ileaszi~en7ents 
\Ye have found that our kinetic data may be satisfactorily interpreted on the assumption that  the following 

rate equation applies: 

corresponding to a second-order association opposed by a first-order dissociation 

Kc is the association quotient of the complex (=kl/k-1). 

If 

a = total concentration of iron (111) 

= [Fe+++] + [FeO I-If+] + [FeSO,+] ; 

b = total sulphate concentration 

= [SO4-] + [HSO,-I +[FeSOd+l; 

IC, = acid ionization quotient of HSOI-; 

KI, = hydrolysis quotient of ferric ion; 

r = concentration of FeSO.I+ a t  time t;  

c = concentration of FeSOd+ a t  equilibrium; 

then equation [3] becomes 

also 

Substituting [5] into [4] and solving yields 

c - r  klsr 
In - = - (62- nb)t + In 4.  

nb-cr c ab 

Ullder our esperimental conditions, where a is prese~lt in considerable escess over b, cx is small relative to-ab 
and equation [GI reduces to 

(ab -c2) 
[71 log = = - kLrs - 

c 2 . 3 ~  
t 

kIrs(ab-c2) 
log (AD,- AD^) = constant - 2 . 3 ~  t 
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and a plot of log (c-x) ur log (AD,-AD,) against tiwe should yielcl a straight line with slope [kli.s(ab-~?)]/ 
r2.3~1, and lanowledge of the values of a ,  b, c, i., and s pernlits evaluation of kI. The value r has been estimated 
fro111 v a l ~ ~ e s  of KI, given by Connick and co-workers ( lo) ,  s has been estinlated from the values for li, given 
in Table I ,  and c was estimated usi~lg the v a l ~ ~ e s  of Kc given in Table 11. 

R E S Z ~ ~ S  of the Ki?zetic ?IIcns~rre~i~t~zts 
The values obtained for the rate constant kl ~ lnder  all conditions which we have examined in the 1;inctic 

measurements are given in Table 111. Although the scatter in the values of kl is consiclerable, there seenls 

TABLE 111 

The forward rate constants (kl) for the association reaction of iron (111) and sulphatc 
(ionic strength = 0.5) 

Hydrogen ion Total iron (I1 I) Total s ~ ~ l p h a t e  
concentration concentratio~l X lo2 concentration X103 klX1O-" 
(moles liter-') (moles liter-') (moles liter-') (mole-' liter sec-I) 

Temperature = 15.6" C 
0 .05 1 .OO 1 .00  2 .18 

Temperature = 25" C 
0 . 1 5  1.09 

to  be no signihcant dependence on the concentrations of the reactants or the acidity, with the possible 
exception of the values for the highest temperature and lowest acidity. This is in contrast with the result 
obtained by Connicli and co-workers for the reactions of thiocyanate and chloride with ferric ion, where 
the species FeOIH++ was contributing appreciably to  the oxrerall rate and apparent rate constant a t  hydroge~l 
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DAVIS AND SMITH: iVlONOSULP1-IATO COMPLEX OF Fe (111) 18q3 

ion concentrations of 0.05, and is also in contrast with the findings of Smith and Pouli for the reaction between 
fluoride and iron (111) that there is a significant increase in apparent rate constant with hydrogen ion 
concentration over the range 0.1 to 0.4 il/f. 

We have talcen the arithnletic mean of all values a t  one temperature as the value of the bimolecular rate 
constant for the association reaction a t  tha t  temperature. The values are given in>rable:1\','andsare the 
basis of the Log kl /T against 1/T plot of Fig. 3. 

TABLE IV 

Average values of rate constant kl 
(ionic strength = 0.5) 

Tenlperature k1X10-~ 
("c) (n~ole-1 liter sec-1) 

0 
325 3.30 3.35 3.40 3.45 

(+)x lo3 

FIG. 3. Modified Arrhenius plot for the reaction Fe++ + S04- --t FeS04+. 
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Values i~nplied for the heat and entropy of activation are 

A H *  = 18.0jZ1.9 kcal mole-' 

AS" = 19.4jZG.7 cal mole-'deg-'. 

DISCUSSION 

Pearson (11) has einphasized tha t  for displacement reactions second-order kinetics 
(first order in both interacting species) may result from both an  Sx2 mechanism 

or an "intermediate" S N l  inechanisin where the partially desolvated intermediate 
M (H20),-1 reacts to  re-form M (H20), much more rapidly than to form M (H20)n-1X: 

kb is a first-order constant which involves the concentration of water. 
Assuming tha t  stationary-state conditions apply i t  may be shown tha t  

and if kc[X] << kb, 

If kc[X] >> kb then the reaction becomes zero order in X with a first-order rate constant 
equal to  k,. 

Our finding tha t  the reaction is first order in sulphate implies that  the mechanism is 
either SN2 or intermediate S N l  with kc[X] << kb over the range of concentrations of sulphate 
(X) investigated. The rate constant is therefore identifiable with k,kc/kb if the mechanism 
is intermediate SN1. 

We find a value of 6.4X103 mole-lliter sec-I for the second-order constant for the 
ferric sulphate association a t  25O C. Taube (12) has, from n.1n.r. measurements, estimated 
that  the first-order rate constant of water exchange from ferric ions is probably 1 X104 
sec-l a t  25' C, the assignment of this value being somewhat indefinite because of the 
possibility tha t  the mean life of the inagnetic spin state rather than the life of the freely 
solvated ferric ion is being measured. 

If it is assumed that  the value of k, is tha t  for water exchange and tha t  the intermediate 
S N l  nlechanisn~ operates, then 

Recalling tha t  kb involves the concentration of water, i.e. kb = kb'[HzO], then kC/kb1 
= 0.64[H20] = 35, where kc and kbf are both second-order rate constants. T h e  implica- 
tion tha t  the rate constant for the association of sulphate with Fe(HzO)j+++ is 35 times 
tha t  for the association of water with this species seems reasonable. The concentration 
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of water is 2.7X101 times the maximum concentration of sulphate in our Icinetic work. 
Consequently the rate of attack of water relative to that of sulphate on the five-coordi- 
nated intermediate \vould be (2.7 X101)/35 = 770/1, and the concentration of five- 
coordiilatecl intermediate \voulcl remain close to its equilibrium value and a second-order 
rate law is implied. I t  would appear then that Taube's and our data are consistent with 
an intermediate Ssl inechanism. They do not, however, rule out the Ss2 mechanism. 

The absence of any considerable contribution to the rate by the species FeOH++ does 
favor the assumption that the mechanism approaches Sx2. Decrease of positive charge 
associated with loss of a proton from the hydrated ferric ion should lead to enhancement 
of the rate constant if the mechanism were pure Ssl and could lead to partially comperl- 
sating effects if the mechanism were Sx2 (12). At a concentration of hydrogen ions of 
0.05 M a t  23" C, FeOH++ is contributing appreciably to the rate of the reactions with 
chloride and thiocyanate but not to  the reaction with sulphate. The facts concerning the 
first two associatioils do not alone rule out the possibility of predominately Ss2 mech- 
anisms applying but the added fact of absence of significant reaction involving FeOH++ 
and sulphate does suggest greater iilteractioil of the entering ligand in the trailsitioil 
state i~lvolviilg sulphate than with those involving chloride or thiocyanate (i.e. that the 
reaction involving sulphate has inore Ss2 character than do those involvi~~g tl~iocyanate 
and cllloride). 

The trailsitioil state should be a seven-coordi~late configuration (SO4 . . . Fe(H20)6)+ 
if the SiY2 illecllailisin applies and a six-coordinate coilfiguratioil (SOI . . . l?e(HsO)~)+ 
if  the intermediate Sxl applies. The decrease in charge accompanying the formation of 
the trailsitioil state should yielcl marl<edly positive entropies of activation for both 
~nechanisms, with the value for the SN1 mecl~anism being the larger and approaching 
the value for the overall association reaction. The observed value for AS*, i.e. 19.4, is 
less than the value AS0,  i.e. 29, and this fact is a t  least coilsisteilt with an Ss2 mechanism. 
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THE ELECTROLYSIS O F  o-BROMOCARBOXYLIC ACIDS 

T h e  first successful p r c p a r a t i o ~ ~  of w,wl-clibromidcs from the  electrolyses of a series of 
w-bromoc-arbosylic acids, Br(CIH?),,COOI-I (12 = 5 to 17 = 11), is reportecl. U ~ ~ d e r  r o ~ ~ d i t i o ~ ~ s  
of fairly lo\\- temperature and  c u r r c ~ ~ t  density, yields from 5-L to Sl';& of these clibromitles \yere 
obtained. 

T h e  electrolysis of 11-bromouncleca~~oic aricl is discussed a s  a n  e s a ~ n p l e  of ho\v a s ~ n a l l  
change in experimental conclitions can produce a collsiclerable change in the  protlucts of 
reaction. A t  50°, t h e  product was mainly 1,20-dibronloeicosane, \\rhercas a t  65' the  protlucts 
\yere mainly the  esters methyl  11-bromo~~ndecanoate  ant1 methyl 11-metl~osyundeca~ioi~tc.  

I t  has been reported (1) that  w-bromocarbosylic acids with cllain l e ~ ~ g t h s  of 10 cni-bolls 
or less do not electrolyze normally to yield w,wl-dibromicles, while those with gi-eater 
chain lengths behave as expected (the acicls used were of formula Br(C1-I?),,COOI-I, wllere 
n = I-,?, 7,  9, 10, 1.7). No products were isolated and ideiltifiecl in these non-couplillg 
reactions. Later, a successful mised coupling reaction involving S,T,-dimethyl-6-bl-onlo- 
l~exanoic acicl (I) was run ( 2 ) ,  but 110 experimental details regarding conditions, yields, 

etc. were gi\.en. Also, 11-bromoundecanoic acid, which has been electrolyzed normally on 
nlore than one occasion (1, 3) ,  has been 1;nown (4) to split out brotli i~~e ~ ~ n d e r  a high 
temperature of reaction, to  yield a neutral product not identifiecl further. 

I11 view of these uilespected and sometimes conflicting results, a thorough investiga- 
tion of the electrolyses of w-bromocarbosylic acicls seemecl necessary. This investigatioll 
has procluced the first successf~~l anodic couplings of G-broinohexanoic acid, 7-bromo- 
heptanoic acicl, 5-bron~ooctanoic acid, 9-bromononanoic acicl, 10-bromodecanoic acid, 
ancl 12-bron~odocleca~~oic acicl, giving the corresponcling w,wl-clibromides in yields of 
54-71%. These clibromicles, while known compounds, have not been made previously 
b\- the Icolbe reaction. 

The \\-ork reported is part of a study being carried out 011 electrolyses of w-bromocar- 
bosylic acids \\rliicli may or may not electrolyze normally, i.e. produce w,wl-dibromides 
in reasonable J ield. The results show that  w-bromocarboxylic acids of chain lengths from 
Ci to 12 \\rill electrol5 ze to give the expected symmetrical coupling products. The  best 
esperimental conditions seem to be a Iow temperature of reaction (at least below 50" 
ancl often below 40") and not too high a current density. Norinally such factors as  
concentration of acid, current density, temperature of reaction, etc. are not nearly so 
critical for electrolyses in absolute illethailol as they are for electrolyses in aqueous 
media (5, G ) .  I-Io~vever, for the w-bromocarboxylic acids, it appears that these factors 
may be much more critical than for various unhalogenated acids and half-esters. Certainly, 
temperature of reaction seems to  be quite critical if a good yield of the dibromide is 
desired. So, while the results in the experimental section (Table I) reflect reasonably 
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good conclitions for the procluction of w,wt-dibro~nides from the corresponding w-bl-o~no- 
carbosylic acicls, tllere arc yet insui'licicnt data to define more closely the best esperimental 
conditions. 

As an csample of ho\v the course oi an electrolj,sis may change marl;edly with a 
relativel~. s111,lll change in expel-imental conditions, consicler the electrolysis of ll-bromo- 
undecanoic acid (I I ) .  

Br(C1-1~)IoCOOH Br(CH,),oCOOCI-I:, + CI-I:,O(CFI,),oCOOCH: 
C t f  :;OH solvent 

At 30°, the major product in good !Geld is 1,20-dibromoeicosane (V). At 65", 110 

dibl-omide sccllls to be produced, but only the two esters, m e t h ~ ~ l  11-bromo~~ncleca~lonte 
(111) anel rnet11j.l 11-mctl10~~~~1ndeca11oate (IV). These esters would be expected as  
possible side products in this electrolysis a t  any temperature but the almost coinplete 
production of esters under a slightly higher temperature of reaction is rather startling. 
A control reaction, in which an identical electrolytic solutioll was heated ~lncler reflus 
(63") in the absence of an electric current, yielded a negligible conversioll of ll-bromo- 
undecanoic acid to any esters. Obviously, more details about the electrolj-sis of 11- 
bromounclec~~~oic acid and other w-bro~~ocarbox~~l ic  acids under varying experimental 
conditions are necessary before any conclusiolls can be drawn. I t  shoulcl be noted that 
the w-bromocar11os~-lic acids behave rather sluggishly in the elect-rOIJ-ses (current effi- 
cieilcies are low: reactions are oiten inconlplete even after tlu-ee times the theoretical 
t i n~e  101- the electl-olysis). 'I'llis sluggishness increases as  the chain length of the acid 
increases. So it is not ~lnrensol~able that siclc reactions, such as  ester formation, ~ i~ ig l l t  
play a greater role with the brominated acids thn i~  with their u~lsubstituted analogues, 
n.hich do not possess the heavier bromi~ie atoms, and wllich, the]-efol-e, are attracted 
laster to the electrodes. 

The bronioacicls necessary for the present \\l01-1< were either purcl~asecl commercially 
or synthesized by standard means. The preparation of 10-bromodecanoic acicl b!. a 
Barbier-~Yiel~~ncl degradation of 11-bromoundecanoic acicl is clescribed in the experimental 
section; it is a modification of the nrorl; of I'aulsl~ocl~ and A4oser ( i),  who \\rere not too 
esplicit 011 details of the final oxidatioll step, which turned out to be the critical one. Kot 
nluch is 1;nomn of the stability of bromoacids ~~ncler  strong osidizi~ig conclitions but in 
a t  least one instance (the conversion of 10-bromodecanol to 10-bromodecanoic acid in 
31y0 yield (I))  tlle yielcls seem to be lower than those for their unsubstitutecl counter- 
parts. More vigorous oxidizi~ig conditions for the production of 10-bromoclecanoic acicl 
than those described always resulted in considerably lower yields and in greater difficulties 
in p ~ ~ i f i c  a t' 1011. 

Recent speculations in print (2, 8) have suggested or implied that  it is surprising 
that  the w-bromoacids with a chain length of 6 to  10 carbon atoms do not couple nor- 
mally. The present worlc now shows that they do couple nornlally, provided the proper 
experimental conditio~ls are ~lsed. These reactions represent a convenient synthetic route 
for soiue of the rarer long-chain w,wl-dibron~oalkanes. 
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EXPERIMENTAL 

General 
All melting points were recorded 011 a Leitz hot-stage n~icroscope. The melting points are corrected. The 

boiling points are uncorrected. The analyses were performed by Spang Microanalytical Laboratory, Ann 
Arbor, Michigan, and by Schwarzkopf Microanalytical Laborator)., \\~'oodside, New Yorlc. 

6-Bromohesanoic acid, 8-bromooctanoic acid, 9-bromononanoic acid, and 12-bromododecanoic acid were 
purchased from Sapon Laboratories, Lynbrook, New York. 11-Bromoundecanoic acid was purchased from 
Eastman Organic Chen~icals, Rochester, New York. These bromoacids were all redistilled before use, and 
then recrystallized fro111 low-boiling petroleurn ether. 

7-Bronzol~eptanoic Ac id  
7-Bromoheptanonitrile (150 g, 0.79 mole), 48% hydrobromic acid (300 ml), and glacial acetic acid (300 ml) 

were heated under reflux for 16 hours. The mixture mas cooled, diluted with water (500 ml), and estracted 
with ether. The ether extract was washed with water and dried over anhydrous magnesium sulphate. The 
ether and acetic acid present lvere distilled a t  atmospheric pressure, and the residual liquid mas fractionally 
distilled under reduced pressure. 7-Bromoheptal~oic acid (126 g, 80%) of b.p. 112-116" (0.3 mm) and 
1n.p. 28-29' was obtained. Xmes el a l .  (9) report b.p. 140-142" (1.5 m ~ n )  ancl m.p. 21)". 

Methy l  11-Bronzozt~zdecanoate 
11-Bromou~tdecanoic acid (90.0 g, 0.34 mole) was dissolved in methanol (300 ml), and concentrated 

sulphuric acid (5 ml) was added. 'The solution was heated under reflux for 8 hours, coolecl, and diluted 
with water (300 ml). 'I'he ester layer was separated, mashed with 10yo sodium carbonate solution, then 
water, and dried over anhydrous soclium carbonate. Distillation under reduced pressure yielclecl methyl 
11-bromoundecanoate (76.0 g ,  8170), b.p. 170-175" (12 ~ n m ) ,  nn2j 1.4630. Geiger-Berschand3- (10) reports 
b.p. 175-176" (14 mm), nnIG 1.4665. 

2 , I -D ipheny l -1  1-brotvo-1-undecene 
hiethyl 11-bromoundecanoate (76.0 g, 0.27 mole) in  anhydrous ether (150 1111) was added dropwise over 

a period of 2 hours to an ethereal solution of phenylmagnesium bromide (0.60 mole), made from 94.2g 
of bromobenzene and 14.5 g of magnesium in 250 mi of ether. The reaction mixture was heated under 
reflux for 8 hours, and then poured into a misture of 500 1111 of 10% sulphuric acid and 300 g of ice. The 
ether layer was separated, washed mith water, and dried over anhydrous ~nagl~esiuln sulphate. After removal 
of the ether, the residue was fractionated under reduced pressure to yield 1,l-diphenyl-11-bromo-1-undecene 
(80.0 g, 76%), b.p. 210-214" (1.2 mm), nnZG 1.5596. Paulshock and iLIoser (6) report b.p. 190" (0.5 mm), 
nnZ5 I .557. 

10-Brontodeca?toic Ac id  
A solution of chromium trioside (80.0 g, 0.80 mole) in 9070 acetic acid (800 1111) was slowly added to a 

solution of 1,l-dipllenyl-11-bromo-1-~rndecene (80.0 g,  0.21 mole) in glacial acetic acid (500 nil) a t  00°, 
over a period of 3 hours. The solution was stirred for 5 hours a t  90° and allo\ved to stand a t  room tem- 
perature overnight (10 hours). Ten-percent hydrochloric acid (2000 ml) was slowly added, and the reaction 
mixture was ether-extracted five times mith 400 1111 of ether each time. T o  separate the bro~noacid from 
any benzophenone produced, the combined ether extract was washed with saturated sodium carbonate 
solution; the carbonate washings were separated, acidified with hydrochloric acid, ancl estractecl with 
ether. After drying over anhydrous magnesium sulphate and removal of the ether, the residue was frac- 
tionated to yield 10-bromodecanoic acid (34.5 g, 65%), b.p. 134-138" (0.3 mm), m.p. 37-38". Pattison el 
a l .  (1) report m.p. 37-38". 

A n o d i c  Syntheses  of w,w'-Dibronroalkanes 
The cell ~ ~ s e d  for all electrolyses was a water-jaclceted, thick-walled test tube of dimensions 5 x 2 3  cm. 11 

rubber stopper fitted with a reflus condenser held two platinum foil electrodes (2.5X5 cm) in  place; these 
were spaced about 2 mm apart. A 50-volt d-c. supply produced the electrical current. 

The W-bron~ocarbosylic acid (10-15 g)  was dissolved in absolute methanol (100 ml) along with sufficient 
sodium to neutralize 5y0 of the acid. X current of 1.0-1.5 amp was passed for about two to three times 
the theoretical time. Sometimes the end of the reaction was indicated when the electrolyte turned allcaline 
to litmus. In most cases, however, the solution remained slightly acid, either because the starting acid 
mas too sluggish to react con~pletely in the time allotted, or because traces of bromine were produced 
which seemed to keep the solution acidic even though electrolysis was complete. T o  isolate the products 
the current was stopped, sufficient glacial acetic acid was added to neutralize any sod i~~ ln  salt of unreacted 
starting material, and the bulk of the methanol was evaporated on a steam bath. The residue mas diluted 
with water (100 ml) and extracted with ether several times. The combined estracts were washed with 
10y' sodium carbonate solution to remove any unrcacted bromoacid, and then dried over anhydrous 
magnesium sulphate. Unreacted starting material was recovered by acidifying the carbonate washings, 
extracting with ether, and drying the extract over anhydrous magnesium sulphatc. After removal of the 
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cthcr, the ncutrnl ant1 acidic products wcre purified by fractional clistillatio~~ or by recrystallization. 'I'able I 
lists the dctails of the clcctrolyses of the w-bromocarbosylic acids containii?g from 6 to 1'1 carbon ato~lis.  

No?l-~-oil[)li)zfi Eler-tiolysi.~ of 11-Bi.ott~ol!?zdec.c~noic flcid 
11-Brornoundccanoic acid \vas clcctrol>.zccl to yield 1,20-dibro1nocicosa1ic ~lnder  co~~clit ior~s described 

a l~ovc,  the tletails being recorded in Table I. \\:hen the temperature of the reacting solution \vas increased 
fro111 50" to reflus (65") the course of thc rcaction changcd and tlificrcnt proclucts \vcrc obtainccl. This 
non-co~~pling electrolysis is descrii:cd llerc, along with the identification of the major protlucts. 

I 1-Bro~iiour~clecanoic acid (26.5 g, 0.10 mole) \\;as dissolved in absloute mcthr~nol ('200 n ~ l )  to \vllich 
sodilr~u (0.12 g, 0.005 ~nolc) had becn adcled. This solution \\;as elcctrolyzetl a t  1.0 amp for IS ]lours a t  
reflus temperat~lre (05'). Srilall amou~ i t s  of bromine were libcratecl conti~~lrously during the electrolysis. 
Thc current \\as stopped and glacial acctic acitl ( I  1111) \\,as added. Approsinintcly 90:; of the nlctlianol 
\vas distillecl olT on a stcarn bath,  and the r e s i d ~ ~ e  was dissol\~ccl in 100 nll of cthcr. An!. ~~nre:icted b ro~ i~o-  
acid \\.as remo\.ctl from the cther solution by washings \\;ith 10'jG soclilirii carbonatc. 0 1 1  aciclilication and 
cthcr extraction, onl>. a trace of impure starting acid \\;as recovered. Thc neutral ether cstract \vas clriecl 
over arlhytlrous magncsil~m s~rlphate. 0 1 1  rcmoual of the ether, a ycllo\v-orangc oil, \\;hie11 clicl not solidify, 
remaincd. Ilistillation under reduced pressurc yiclclctl two 1nai11 fractions, I~otll colorless lirll~icls: (i) b.1~. 
100-10'2" (0.3 m n ~ ) ,  ?LD" 1.4356, 0.54 g, ant1 (ii) b.p. 112-116" (0.3 )urn), n~~".-10:10, 20.0 g. 'l'hese fractions 
\vc~.c iclentifiecl as  follows. 

Fitrction (i).-This fraction provcd to bc methyl 1 1 - n ~ ~ t h o s ~ ~ ~ ~ n c l c r a n o a t c .  Its ph~-sical constants ancl 
infrarcd spectrum \\.ere idcrltical with thosc of authentic methyl 1.1-mcthosyr~nclcca~ioatc preparecl as  
dcscril~ecl belo\\,. Its behaxior in gas chronlatography, ~rsing a C O ~ U I I I I I  of dicthylene glycol succi~iate on 
Chromosorl,-\\', \\;as identical with tha t  of thc authentic ester. I-I>-clrolysis (lo:;, A-aO1-I) of s11~;~ll samples 
of fraction (ii ant1 the authentic ester yielded acids, both of \\:Ilich liatl 1n.p. 3-1-:35' ~rccr!~stallizecl from 
lo\\.-boilitig petrolc~im cthcr) and \\;hose misccl m e l t i ~ ~ g  point was undcprcssecl. Bo\\;man and AIason (11) 
report, for 11-mctl~osy~~nclccanoic acid, m.p. 34.5-35". 

l i i( l l- t i~i~ pi).-This fraction provcd to bc ~ne thy l  11-bromoundccanoatc. Its physical constants ant1 
infrarcd spcctrum \\.crc identical \\,it11 those of the authentic methyl 11-bromou~~decanoate preparcd 
previously. I ts  bchavior in gas chronlatography, as above, was identical with tha t  of the authentic ester. 
I-1ydrolj.sis (10% SaOI-I) of a small sample yieldccl an acid of m.p. 49-50" (recrystallizccl from lo\\-boi!ing 
petroleum ethcr), undepressetl by aclmisture with autlierltic 11-bror~~oui~clecanoic acid. :\i~al>.sis of fraction 
(ii): Calc~~la ted  for C12M?nBr02: C ,  51.61; I-I, 8.30; Br, 28.62. Found: C ,  X2.07; I-I, 8.29; Br, L'S.65. 
, . I h c  yields of thcse esters \ilcre: methyl 11-methosy~~nclccanoate, 2.45i;  mcthyl 11-b~-ot~~ou~ldecarloatc, 

71%. 

!lI(~tl~~yl 1 1 - d 1 e t l ~ o s y l ~ ~ ~ d e c a ~ ~ o n t e  
i\lethyl 11-bron~oundcca~loate (37.4 g, 0.13 mole) was aclded dl-opwisc to a solution of soclil~nl (3.0g, 

0.13 molc) in dry methaliol (100 ~ n l )  over a pcriod of 1 hour. The s o l u t i o ~ ~  \\:as lieatcd ~rntlcr retl~rs for an  
additional 4 hours. Most of the methanol \\;as evaporated on a stcam bath ancl 50 ml oi  10' ; h!.tll-ochloric 
acid was carefully acltled. The m i s t ~ ~ r e  was ether-cstractcd, ancl thc cthcr cstract \vashecl with IO';'., sodiuln 
carbonate solution a ~ i d  clried over anhydrous magnesium sulphate. Iternoval of the cther and f rnct io~~al  
tlistillation yicldetl methyl 11 -mc thosy~~~~ t l ccanoa t e  (25.0 g, 81%) of b.p. 10!)-112" (0.S mm), n~'5l.-135(j. 
Bowan ant1 Mason (11) report b.p. 104-105" (0.5 m ~ n ) ,  IID'O 1.4375. 
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THE INNIBITED AUTOXIDATION OF STYRENE 
PART I .  TIlE DEUTERIU&I ISOTOPE EFFECT FOR INIIIBITION BY 

2.6-DI-tert-BUTYL-4-METHYLPHENOL' 

Nost  previous \\:orl; 011 the inhibition of a~~tos idat io i l  by phenols has indic;itetl that  the 
reaction in\-olvcs abstraction of the phenolic h\.drogcn. I-Iowever, the apparent a11senc.e of 
any apprecial~le cleuteriuin isotol~e eBect matlc it tliffic~~lt to believe tliat abstractioli coultl 
Ix rate controlling. The present \vorl; using styrene as  the si~bstrate,  2,0-di-teri-butyI-4-1iicthyl- 
phenol as the inhibitor, and azo-his-isobut\rronit~-ilc as the initiator has shown that  this reaction 
has an ii~iespectcdly large isotope etfert, e.g. -10.0 a t  65' C. I're\~ious failures to tletect all 
isotope ell'ect are at-tributetl to the rapid exchange of deuterium \\,hich tnlxs place be t \vce~~  
deuteratetl phenols ant1 traces of moisture or other hydroxyl-contai~ii~ig compounds present 
in the s~iljstratc. Rate constants and acti\.atio~i energies for some of the ele111entar)- reactions 
in the inhibiletl aiitl uliinhibitetl o s i d a t i o ~ ~  of st-)-rene have been measurctl. I t  is suggcstetl 
tha t  3 co~ i ipo~ i i~d  \vhicIi f ~ ~ i c t i o i i s  in the same \\'a>, as a weal; phenolic inhibitor is fornietl in 
the apparently uni~~liibitcrl oxidation. 

IS'I'ROLIUCTIOS 

Although the ability of phenolic compounds to  inhibit the autoxidation of org'tnic 
substallces in the l i q ~ ~ i d  phase has been Irnolvn for many years, the exact mechanism 
by which this process occurs is still far from certain ( I ) .  Autosidation is a free radical 
chain process lvliich, for most organic substrates, can be descl-ibed by the follolving 
simplifiecl reaction schen~e:  

Initiation: protluction of I?. or RO?. 
Prop;igatio~i : 12. +' 0. --t IZOy 

RO.. + RI-I --t KOOI-I + 1:. 
110~. + RI-I -) ROOI~I-I 

Branching: HOOI-I --t RO . + .OI-I 
'Termination : ROY + ROY --t inactil-e products. 

RH represents the organic substrate and ROa.  its perosy radical. Mydropcroxides are 
produced by the majority of organic compoui~ds (reaction [3'])  but  certain pol! merizablc 
olefins yield, instead, polyperosides (reaction [3] )  (2). 

T h e  chain-breaking step by which phenolic inhibitors reduce osidatioll rates has gener- 
ally been considered to illvolve the hydrogen abstraction process 

ROL. + "iH -' ROOH + :I., [ti1 

where AH is the inhibitor and A .  is its resonailce stabilized, comparativel! ~lnreactive, 
phenoxy radical. T h e  radical A .  ~vill, in general, be destroyed by reaction ~v i th  a secoild 
peroxy radical ( I ) ,  

RO?.  + r\. --t l<OOr\. [7 1 

If reactioil [GI is truly a simple hydrogen abstraction process, replacement of the phenolic 
hydrogen by deu te r i~~in  should reduce its rate, i.e., AD should be a less efficieltt inhibitor 
than AI-I. The  magllitude of such an isotope effect would be expected to l ~ e  larger than 

' I s s f ~ c d  ns 1V.R.C. No. 6022. 
t1V.R. C .  Posldoc-to~clte Fellow 1961-62. 

Carladial1 Journal of C h e ~ n i s ~ r y .  Volume 40 (1962) 
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1853 C A S A D I A S  JOURKAL O F  CI-IEMISTRY. VOL. 40. 1962 

that  observed in reaction [3'] when RI-I is replaced by R D ,  since the transfer of a h y c l ~ o ~ e n  
atom between two identical a t o ~ n s  should, in general, proceed through a transition state 
in which the zero-point energy of the hydrogen is lost (3). Under these conditions the 
isotope effect will tend to  be a maximum (3). The abstraction of a hydrogen atoll1 from 
cumene (which is isoelectronic with a phenol) by peroxy radicals ( E  = 6.7 kcal /n~ole) 
has a n  isotope effect k H / k D  = 5.5 (4). I t  lnight thereforc be expected that  deuteration 
of a phenol \vould decrease its efficiency by a factor of inore than 5.3. I-Iowever, several 
workers have either failed to detect any isotope effect with 2 ,6-di- ter t -butyl-hethyl-  
phenol (BYIP)^ (7) ant1 similar hindered phenols (8), or else have found only compara- 
tively small isotope effects, i.e. 1.3 with 3% B M P  in butadiene - styrene rubber (9) and 
1.6-1.7 in methacrylonitrile (10). The situation with other inhibitors-both of the 
phenolic and of the aromatic amine type-is similar. Tha t  is, either no isotope effect 
has been observed (11-13) or else only a vwy small one -1.0-1.3 (9, 14-16). I t  should 
also be noted that  abstraction of the phenolic hydrogen from BlMP by diphenylpicryl- 
hydrazyl radicals ( E  = 5.3&0..5 kcal/mole) has a reported 1;inetic isotope effect of 
1.95 (7) whereas abstraction from 2,6-di-tert-butylphenol by the same radical (E = 6.0 
lrcal/mole) has a reported isotope effect of 8.1 (17). 

AIany of the above facts appear to be mutually contradictory unless it is assumed that 
the mechanism of reaction [6] (with phenols) is quite dissi~nilar to the rnechanis~n of 
reaction [3'] (with hydrocarbons). Tha t  is, the very small, or even non-existent, isotope 
effect that has been reported for reaction [GI could only be a secondary isotope effect, 
which would imply that  a straightforward hydrogen abstraction process is not rate 
determining. This is both unexpected and contrary to  the fact-based on product analysis 
(1)-that the phenolic hydrogen is actually removed by peroxy radicals. i\lIoreover, 
replacement of this hydrogen by an allq.1 group completely destroys the antioxidant 
properties of the phenol. 

We considered that  the question of the existence of an isotope effect in reaction [6] 
was worth reinvestigating since the previous worlc is open to some criticism (1) owing 
to the fact that  a phenolic hydrogen, even when sterically well protected, as in BillIP, 
can exchange extremely rapidly i f  the phenol is dissolved in an organic l i q ~ ~ i d  saturated 
with D 2 0  (1.5). I t  seems lilcely, therefore, that deuterated phenols can also exchange 
rapidly with the hydroperoxides that  are the normal products of autoxidation. If this 
is the case, there is little hope of observing any appreciable isotope effect unless the 
deuterated phenol is used a t  such a high concentration that reaction [3'] is nearly com- 
pletely suppressed. In this way, significant rate measul-e~nerlts might be made before 
appreciable exchange occurred but  it would, of course, be very difficult to  estimate how 
high the concentration should be under any given set of oxidative conditions. This 
difficulty can, however, be overcome by using as  the substrate certain polymerizable 
olefins which form polyperoxides rather than hydroperoxides, i.e., reaction [3]. Styrene 
was chosen as  the substrate in the present work since its products and also its kinetics 
for oxidation initiated by cr,crt-azo-bis-isobutyronitrile (AIBN) have previously been 
examined in solne detail (18). AlIoreover, among this type of olefin, styrene undergoes 
a minimum amount of side reactions leading to hydroxyl- or hydroperoxide-containing 
compou~ids. A further advantage that Inay be expected is that  the peroxy radicals will 
probably be co~nplexed with the aromatic n electron system of one or more adjacent 
styrene n~olecules (19) (cf. chlorine a t o ~ n s  in arolnatic media (20)). Such complexing 

* T h e  acti2lation energy for the reaction of B M P  with variozrs perosy radicals has  been reported to be 6.03~1.0 
kca l / i )~c l e  (5, 6) .  
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~ I O \ V A K I ~  A N D  INGOLD: STYRENE ACTOXIDATION 1553 

will reduce the reactivity of the peroxy radicals, xvl~ich will tend to raise the activation 
energy for hydrogen abstraction fro111 the added inhibitor, thereby increasing the mag- 
nitude of ally isotope effect. That  is, an isotope effect of this type is more liltely to be 
observable in aromatic, than in aliphatic, media. 

B N P  was cllosen as tlle inhibitor both because of the large amount of worlc already 
done with this phenol and also because the steric protection afforded to  the OI-I group 
by the two adjacent t-butyl groups tends to  suppress otherwise troublesome side reactions, 
e.g., the direct reaction of the phenol with peroxides, chain transfer processes, etc. A 
further advantage in using BMP is that these same steric factors may also directly increase 
the magnitude of the hydrogen isotope effect (21). 

The apparatus has been described previously (22). Styrene was degassccl and distilled several times 
 under vacuum before use. I t  mas stored a t  -30' C under vacuum. 0,cr'-Azo-l3is-isohtyronitrile (rlIBN) 
was used as a thermal initiator of oxidation. I t  was stored in carbon tetrachloride solution a t  -15O C. The 
required volume of solution mas adcled to the reaction vessel and the CCld rcmovecl nndcr vacuum. Following 
this, a BMP solution in CCle was adclcd and the solvent was again remox,ecl under vacuum. Thc styrene 
was then distilled into the reaction vessel. 

Deuterated BbIP (i.e., BkIP-d) was very simply prepared 111. adding n small quantity of DyO to a CCl, 
solutio~l of BMP and shalcing a t  room temperature for a few hours. The solution mas stored under D 2 0  
since it  was found that  back exchange with atmospheric moisture occurred cxtrenlely rapidly. Infrared 
analysis indicated that  i t  contained >9694 OD, and it  might be noted that  exchange was fairly rapid 
even in a dry, stoppered, infrared cell. 

The oxidation was studied under 1 -a to~  pressure of dry oxygen from 45-70" C a t  5' te~nperature intcl.vals 
5-ml samples of dry styrene. The AIBN and B M P  conce~ltrations were in the range 10-1 to 10-"11 

and 2 X 10-2 to 2 X 10-5 dl respectively. 

1-he Uninhibited Oxidat ion 
At the temperatures used in this work initiation by peroxide decomposition (reaction 

[ill) call be neglected and therefore the o~lly important initiation process is the uni- 
molecular deco~nposition of AIBN. That  is, reaction [ I ]  can be represented by 

)/Ieasurements of the rate of nitrogen evolution from AIBK dissolved ill styrene under 
oxygen-free helium a t  six temperatures from 45' to '70' C give 

in excellellt agreement with previous worlt in benzene and toluc~le (23). 
The general shape of both the uninhibited and inhibited oxygen uptake curves arc 

shown in Fig. 1. In tlle absence of Bi\lIP the rate of oxidation is constant for several 
hours. This rate was llleasured over quite a large range of AIBN concentrations a t  
each temperature and was found to be proportio~lal to [AIBNI0 The results 
obtaiiled a t  50' and 65' demonstrating this relationship are shown in Fig. 2. Assuming 
a bimolecular chain termination step (i.e., reaction [5]) the rate should be proportional 
to the square root of the illitiator concentration. That  is, the rate of the uninhibited 
oxidation ( P ) ~  is given by:  
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1854 CANADIAN Jot-KNAL OF CkIEMISTRE'. VOL. 40. 1962 

where c is the efficiency of chain initiation by AIBN ancl the last term corrects for 
nitrogen evolution from the AIBN. The  usual steady-state treatment yields the relation 

Since the first term is negligible coinpared with the second, this equation predicts that  
(p), should be proportional to  [12]11?. The  observed rate law can be most easily explained 
by assuming tha t  there is a concurrent first-order chain termination process even in 
the apparently uninhibited oxidation.* If this reaction is s i l~ipl~r  represented as 

1202- + inactive products, 181 

then, 

Let 

ksks[RHl 
= a and 

e k l k 3 2 [ ~ ~ ] 2  
4k5 k 5 

= P 

then, 

(PI0 = (a2+P[121)112-a 

ancl 

A plot of [12]/(P)o%against l/(p)o should yield a straight line whose slope and intercept 
can be used to  derive a and P. This procedure was followed a t  each temperature. Although 
the straight lines are not particularly good the oxidation rates calculated from a and @ 
by equation [IV] represent the experilnental results just about as  well a s  the  0.60-order 
rate law over a wide range of AIBN concentration (see dotted curves in Fig. 2). The 
assumption tha t  a unimolecular chain-terminating reaction occurs in the uninhibited 
oxidation of styrene is therefore not unreasonable. This assumption also receives some 
support from the experiments on the effects of light and heavy water on this oxidation 
(see below). However, the possibility tha t  the non-integral rate law is due t o  some 
other cause cannot be ruled out. 

The  following activation energies were derived from the values of a and 0 obtained 
a t  each temperatiire and given in Table I :  

'Sorrlc other esplanatlons which have been put forward i n  the past to accoz~?zt for non-i?ztegial kinetics i n  
similar systeltls sirclr as the 7rtutz~al ternii?ration of geminate chains (24) or the radical-induced decontposition 
of AIBN can be rrrled out since they woz~ld also apply  to other substrates, whereas we have found that the rate 
of oxidation of czc?ize?ze rs accz~rately Proportional to [AIBN]0.50 under sinzilar experime?ttal conditions (26). 
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l lOWARD A N D  INGOLD: STYRENE .-iUTOXIDATION 

FIG 1 Oxidation of styrene initiated by 0.01 mole/iiter of AIBN,  a t  50" C. Key: -4, no inhibitor; B, 
1.38X10-4 mole/liter of BMP;  C, 2.38X101' niole/liter of BMP. 

FIG. 2. Uninhibited oxidation of styrelle a t  50°C and 65" C. 

Understandably, ED compares very well with the activation energy derived directly 
from the measured oxidation rates a t  a given AIBN concentration. That is, from equa- 
tion [11]: 

E,, = $ E l f  E3-$E6 = 2 3 . 3 f  0.5 kcal/rnole. 

The Inhibited Oxidation 
Figure 1 shows that the addition of BMP to the styrene-AIBN system reduces the 

initial rate to a smaller, but still constant, value. Thereafter, the rate increases slowly 
until it becomes the same as for the uninhibited oxidation, a t  which point all the BMP 
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'Tr1BI.E I 

--IIR.\'-iriitiatecl osidntior~ of styrcnc 
~~ ~ ~ .- 

Ui~iiihibitccl oxiclatiot~ Iiihibited oxiclat io~~ 

must have been consumed. The intersection of the extrapolated linear regions of the 
inhibited oxidation curves (see Fig. I )  gives an induction period which correspollds to 
the time a t  which the BiVP would have been colnpletely consumed had its rate of con- 
sumptioil remained constant. That  is, this procedure malces allowance for the steady 
decrease in the concentration of BR'IP. The efficiency of chain initiation, e, can therefore 
be determined since the a~lloullt of AIBN decomposed during this induction period is 
linown from k l  a i d  since each molecule of BfilIP is ltnown to react with two peroxy 
radicals (26, 27). A11 average value of e a t  50' equal to 0.67f 0.02 was obtained in this 
way. This value of e compares favorably with values obtained in benzene (0.61), chloro- 
benzene (0.57), and ilitrobenzene (0.73) by the saine technique (28) when it is remeinbered 
that in the present case the solvent is also the reactant. Rather similar values of e have 
been obtained in aro~natic solve~lts by using iodine as the radical trap (28) and by using 
an isotopic dilution method (29). I t  is also interesting that e for the AIBN-initiated 
polymerization of styrene(O.GG-0.82) is also in this range (30). 

The kinetics applicable to the Bfi'lP-inhibited oxidation depend on the relative con- 
centrations of U3IP and AIBX. That  is, a t  low concentrations of inhibitor, 

since reaction [7] will be very fast compared with reaction [Ci] for the inhibitor BfilIP (8). 
Therefore, the rate is approximately proportional to the square root of the initiator 
concentration. Subtracting equation [VI] fro111 equation [111] we obtain 

On the other hand, ill the presence of sufficiently high collcentrations of inhibitor, re- 
actioils [5] and [8] call be neglected. Therefore, 

and the rate is proportional to the initiator concentration and iilversely proportional 
to the inhibitor concentration. 

Equation [VII] predicts that a t  a given temperature the decrease in rate produced 
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IIO\\~.\RD .\ND INGOLD: STYRESE AUTOSIDATION 1857 

by the aclclition of a small co~icentration of inhibitor will be independent of the initiator 
concentration, i.e., independent of the uninhibited rate. This is confirmed by the results 
shon-n in Fig. :2 for the rates obtained a t  four AIBN concentrations a t  65' C.  Within 
the limits of esperimental error the tangents to the curves a t  zero BMP concentrations 
are of eclual slope. The activation energy clerivecl from these slopes a t  each temperature 
is : 

EvII = EB+ EG-E5 = 9 . 4 f  1.0 kcal/mole. 

Owing to the difficulties which are always inherent in measuring tangents to experimental 
curves this activation energy is somewhat less accurate than the others obtained in 
this \\-or]<. 

FIG. 3. Effect of low concentrations of B M P  on the rate of oxiclation of styrene a t  G 5 O  C. Key: A,  5.0 
X10-' mole/liter of A I B S ;  B, 2.0X10-3 n~olc/liter of A I B N ;  C, 2.(i3XlO-"nole/liter of A I B S ;  D, 1.0 
X 10-%mole/liter of AIBN. 

Figure 4 shows that  a t  high inhibitor concentrations a straight line is obtained by 
plotting (p)[.\Hl_,mn,/[I~] against l/[AEI] as  predicted by e q ~ ~ a t i o n  [VIII]. This line passes 
~7er)~ close to the origin, but  the expanded area of the graph shows that  it actually has 
a finite intercept on the vertical axis. From equation [VIII], this intercept = (2e- l )k l  
= 1.2X10-5 sec-l and therefore e = 0.8 a t  6s0, in fairly good agreement with the 
method based on incluctio~i periods. The  slopes of these lines a t  different temperatures 
(see Fig. 5) give 

Both the low and the high concentrations of inhibitor can be treated together by 
using the sanle nlethod as was used in cleriving equation [V]. Tha t  is, neglecting reaction 
[8], the inhibited rate is given by 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1858 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1062 

1 (mo le /  liter)-' x I d 3  FMPI 
FIG. 4. Effect of high concentration of BhIP on the rate of oxidation of styrene a t  65' C. Key: 0 BhIP; 
BMP-d; n BMP-d + D ~ O .  

FIG. 5. Oxidation of styrene inhibited by  high concentrations of BhIP and BiLIP-d plotted against the 
reciprocal of the absolute temperature. Key: 0 BMP; BMP-d (92-95%, see text). 

where a = k3ks[RH]/2k6 and P = e k ~ k ~ ~ [ R H ] ~ / k ~ , .  Good straight lines yielding a and P 
are obtained by plotting [ I z ] / p A H 2  against and the activation energy derived 
from a is in good agreement with EvI I .  

The Efect  of B M P - d  and Heavy Water on the Oxidation 
Preliminary experiments showed that deuterated BMP was a much less efficient 

inhibitor than the undeuterated phenol, but that considerable precautioils had to be 
taken to obtain reproducible results. For example, the temporary admission of air to  
the system just prior to a run or the use of low concentratioils of BMP-d could result 
in rates little different from those obtained with a n  equivalent conceiltratioil of the 
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HOWARD AND INGOLD: STYRENE .\UTOSIDATION 1859 

undeuterated phenol. Even with fairly high concentrations of BMP-d (-10-3 to 1 0 4  
nlole/liter) the rate of oxygen uptake decreases marltedly with time (Fig. 6). Tha t  this 
is due to a fairly rapid loss of deuteriuin by the B M P  was proved both by infrared 
analysis during the oxidation and by adding 1.0-2.0 1111 of heavy water to  the system.* 
The effect of this heavy water is to increase the rate by about two thirds based on the 
initial rate a t  the same BRlIP-d concentration (see Fig. 4). The  rate relnaiils unchanged 
a t  this high value throughout the reaction (see Fig. 6). The  occurreilce of a rapid exchange 
of the phenolic hydrogeii during the oxidation was further confirmed by showing that,  
although H20 has a sinall accelerating effect (-lOyo) on the rate of a normal BAMP- 
inhibited reaction, D20 causes the rate to rise towards that  of the BMP-d + D20 reaction 
a short tirne after oxidation cornrnences. The  addition of 1-120 to the Bi\iIP-d-inhibited 
reaction rapidly reduces the rate to that  of the norinal B M P  + Hz0 reaction. The 
oxygen uptalte curves obtaiiled in all these experillleiits are shown in Fig. 6. I t  should 
be added that  for both light and heavy water the effects on the rate were independent 
of the amount of water added and were the same whether the water was pipetted or 
vacuum distilled into the reaction vessel. The  accelerating effects of Hz0 and D 2 0  are 
therefore not due to traces of transitioil metal containinants. 

T I M E  (sec)  

FIG. 6. Effect of H z 0  and DzO on the inhibited oxidation of styrene a t  an A I B N  concentration of 
1.32X mole/liter and a B M P  concentration of 1.OX 10-2 mole/liter. Key: A ,  BNIP; B ,  B M P  + HzO; 
C, BMP-d + H?O; D ,  B h l P  + D?O; E ,  B M P - d ;  F ,  BMP-d + D?O. 

The  initial rates of the BMP-d-inhibited oxidation in the absence of D2O are cornpared 
I with the rates of the normal BMP-inhibited reaction a t  65' C in Fig. 4. The  isotope 

effect, which is given by the relative slopes of the two lines (equation [VIIT]), should 
I 

probably be regarded as  a lower lirnit, since some exchange occurs before sufficient 

*Infrared spectra szlggest !hat snrall quantities of water are produced i n  the uninhibited oxidation. 
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18GO CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

measurements have been made to obtain an accurate rate. The infrared spectra of reaction 
samples inhibitecl by BhiIP-d a t  a number of stages from preparation to fairly extensive 
oxidation indicated that  this exchange amounted to about 5-8y0 during the initial linear 
region of the oxidation curve. The  approsimately 67% increase in the rate produced 
by D 2 0  is, therefore, probably largely due to the maintenance of fully deuterated B M P  
in the oxidizing system. A lesser par t  of the increase is probably due to the same factors 
that  cause I-I?O to have a small accelerating effect, -lo%, on the inhibited reaction. T h a t  
is, the measured isotope effect a t  65' C in the absence of DZO is 7.1. On the basis that  
5 4 %  of the deuterium has already exchanged, the true isotope effect will be about 
50% greater than this, i.e., 7.1 X1.5 = 10.6. The  measured isotope effect in the presence 
of D 2 0  is 11.7, which, after applying the 10y0 correction based on the effect of I-120, 
gives an isotope effect of 10.5, in agreement with the value calculated for fully cleuterated 
BMP. In  view of the large effect of D2O on the uninhibited oxidation (see below) it 
was considered to  be safer to estimate the isotope effect from the experimental slopes of 
the  lines obtained in the absence of DzO rather than in its presence. slopes are 
compared a t  each temperature in Fig. 5 with the slopes obtained with the undeuterated 
pl~enol,  and they give the minimum isotope effect since they would probably be about 
50% greater i f  allowance were nlade for deuterium loss. The  activation energy with BhlP-d 
is (EvIII)D = 35.8Zt0.5 kcal/mole. Therefore, (EG)D - (EG)H = 1.1 Ztl.O l;cal/mole. 

In  view of the catalytic effects of light and heavy water on the inhibited oxidation 
their effect on the uninhibited oxidation was also examined. H?O increased the rate by 
about 12-15y0 and D 2 0  by nearll, 50%. The  increases appeared to  be independent of 
tenlperature and AIBN concentration and were not due to llletal catalysts. 

DISCUSSION 

From this study of the deuterium isotope effect of the autoxidation inhibition reaction 
i t  is apparent that  styrene has certain aclvantages over many of the more usual oxidizable 
substrates. T h e  most notable advantage is the very low concentration of hydroxyl- 
containing compounds in the products. On the other hand, the non-integral kinetics 
of uninhibited oxidation is very surprising, particularly in view of earlier reports about 
this reaction (18). As was discussed in the previous section, these kinetics can be most 
readily explained by assuming tha t  a first-order termination process is competing with 
the usual bimolec~~lar termination. The exact nature of this reaction is un1;nown bu t  
the effect of I-120 and DZO on the "uninhibited" oxidation suggests tha t  a free radical 
inhibitor containing a replaceable hydrogen is responsible. Since the rate of oxidation 
is constant for the "uninhibited" oxiclation up to fairly high conversions the concen- 
tration of such an inhibitor must rapidly reach a steady state.  T h a t  is, the inhibitor 
must be formed throughout the oxidation and must react with a snlall but  constant 
percentage of the peroxy radicals produced by the decomposing AIBN. In  view of the 
reaction conditions, it seems a reasonable assumption tha t  such a compound contains 
a hydroxyl group and is thel-efore, quite probably, a phenol. If this is the case, the small 
catalytic effect of Hz0 could be due to surface adsorption of some of the phenol on the 
water droplets. This would decrease its effective concentration, since the active centers 
woulcl be oriented away from the peroxy radicals present in the organic phase. T h e  larger 
catalytic effect of D20 would be due to the decreased reactivity of the exchanged bu t  
unadsorbed cleuterated phenol. 

The  suggestion tha t  an inhibitor, which is probably a phenol, is produced in the 
AIBN-initiated oxidation of. styrene receives further support from the observation (31) 
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IIO\V.IKD JIKD ISGOLD: STYRENE .\UTOSID.-ITION 1861 

that  the AIBN-initiatecl oxiclation of benzene gives a product which inhibits the thermal 
polymerization of styrene. h/Ioreover, the fact tha t  I-120 is a catalyst in the present 
system implies tha t  some rather unusual reaction is occurring, since water generally 
has either no effect on a substrate (25) or else behaves as  an inhibitor. I t s  usual illhibiting 
effect is most probably due both to  the solvation of slllall initiating raclicals alicl to the 
surface adsorption of the larger peroxy radicals. 

Although the activation energies and rate constants of the uninhibited p ropaga t io~~  
and termination reactions cannot be separately evaluatecl from the present measure- 
ments, it is possible to determine E3-$Ej and k:l/k51fi from both po and P.  The  two 
sets of data  are in goocl agreement, as would be expected, and the average values can be 
represell ted by  

Both these quantities compare very well with the values previously reported by other 
workers for a variety of fairly reactive substrates containing activated secondary hydroge~l 
atoms, e.g., ethyl linoleate (32) and tctralin (33). I t  is interesting that- a very similar 
relationship holds for the thermal polymerization of styrene (N), i.e., 

I-Iydrocarbon structures appear to have little effect on the self-termination rate constant 
of secondary peroxy radicals, since all determinations of k5 by non-stationary-state 
methods in substrates \vhich J-ield these raclicals lie fairly close to l o 7  liter/mole sec (5, 
6, 32, 33, 35 ,  36). I t  therelore seems not ~~nreasonable  to assign this same value of k5 
to polystyryl peroxy radicals. Making the further assumption tha t  E5  = 0 within 
experimental error, we obtain 

? 7 I he corresponding values for thermal polylllerizatio~l are (34) 

k,,,, ,,,,, = -1.5X lo6  exp (-7300/RT) (liter/mole sec) 
ktermlnntlon = 5.8X lo7 exp (- 1900/RT) (liter/mole sec). 

An activation energy and all apparent first-order rate constant for the postulated 
first-orcler termination reaction in the ~~ninh ib i ted  oxidation call be clerived from a. 
T h a t  is, 

*E = 4 . 4 ~ 1 0 ~ ~  exp (-3300/RT) ( rn~le/ l i ter)"~ sec3I2 
k5 
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The activation energy of this reaction is of the right order of magnitude for the reaction 
of a polystyryl peroxy radical with a phenolic inhibitor that is rather less reactive than 
BMP (see below). 

At low concentrations of BR4P we obtain fro111 EvII and the average value of E3-3E6: 

EG- aE5 = 1.7Zk1.5 lccal/mole, 

and hence, 

-- - 21.8 exp (- 17OO/RT) (liter/mole sec)ll2 
k5112 - 

k~ = 6.9X lo4 exp (- 1700/RT) (liter/mole sec). 

At high concentrations of BMP we obtain from EvIII and equation [VIII] 

-- k r  33.8 exp (- 1700/RT) (liter/mole sec) l" 
k5'"" 

kG = 1 . 0 ~  105exp (- 1700/RT) (liter/mole sec). 

The two sets of data derived by independent experinlents are in excellent agreement, 
but it is probable that the results obtained a t  high concentrations are nlore accurate 
(Figs. 3 and 4). The absolute value of k~ is in excellent agreement with the values reported 
for this reaction with cyclohexane and some methyl-substituted cyclohexanes as  sub- 
strates (5). The activation energy is, however, less than half of the previous reported 
values but within the limits of accuracy of both methods, and considering the different 
substrates ernployed the agreement is satisfactory. Moreover, i t  is interesting to note 
that this activation energy is quite close to the value of l.OZkO.5 kcal/mole recently 
found for the transfer of a hydrogen atom between 2,4,6-tri-tert-butylphenol and its 
phenoxy radical (37). 

The present result is also in excellent agreement with the rate constant obtained for 
the reaction of 2,4,G-trimethylheptylperoxy radicals with the conlparatively poor inhibitor 
diphenylanzine (lG), i.e., 

k = 6.0 X lo4 exp ( -  3500/RT) (liter/mole sec). 

This suggests that there is no fundamental difference in the mechanism of inhibition 
between phenols and secondary aromatic amines. 

At high concentrations of BMP-d in the absence of DzO, we obtain 

Under these conditions maxiillurn rate constants will be obtained, since no correction 
has been made for the fact that  the BMP-d was no longer fully deuterated by the time 
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HOWARD AND INGOLD: STYRENE AUTOXlDATlON 1863 

these lneasurelnents were made. On malting this correction the pre-exponential factors 
will be decreased by one third to give ~ n i n i n ~ u n ~  rate constants, since the correction 
factor (1.0/1.5) lnay have been solnewhat overestimated. In the following expressions 
the first number represents the uncorrected pre-exponential and the second the corrected 
pre-exponential factor. The  true values should lie between these limits. 

-- (A''D - 24.6 (16.4) exp (- 2800/RT) (liter/mole sec) 'I2 k51/" 

(kc), = 7.8 (5.2) X lo4 exp ( - 2800/RT) (liter/mole sec) 

Therefore, 

-- (kG)H - 1.3 (2.0) exp (1100/RT). 
( ~ G ) D  

The difference in activation energy for normal and deuterated BMP can be calculated 
on the basis of a simple zero-point energy effect from the 0-H and 0-D fundamental 
stretching frequencies (38). In styrene, VO-H = 3634 cm-l and vo, = 2682 cm-l for 
BMP and hence, 

in excellent agreement with the measured value. The ratio of the pre-exponential factors 
should lie between 1.0 and d2.0 (38), giving a calculated isotope effect of 7.6 and 10.6 
respectively a t  65' C compared with an uncorrected measured value of 7.1 and a corrected 
measured value of 10.6. These values should also be compared with the rather smaller 
isotope effect, (kG)H/'(k')D = 4 . 2 f  0.5, which we have obtained very recently from the 
initial rates of the AIBN-initiated oxidation of cumene inhibited by BMP a t  65' C (25). 

The present results indicate that the rate-determining step for the inhibition of the 
autoxidation of aromatic substrates by BMP involves a straightforward abstraction of 
the phenolic hydrogen by peroxy radicals. There is therefore no need to postulate the 
formation of an intermediate con~plex as the rate-determining step with this particular 
inhibitor in an aromatic substrate. This result can probably be generalized to all strong 
phenolic inhibitors which show first-order kinetics but i t  is possible that complexing 
will be rate deternlining in non-aromatic media. 

The determination of rate constants and activation energies would be greatly improved 
by using a pl~otochemical method of initiation instead of the thermal method, since 
this would eliminate the large activation energy El from the calculations. Moreover, a 
direct determination of kj could then be made by the rotating sector technique. 

I t  might be added, in conclusion, that  comparisons of deuterated and undeuterated 
inhibitors by measurements of the induction periods produced in a given substrate are 
extremely unlikely to  detect appreciable isotope effects under either initiated or thermal 
conditions. In the first case, if the reaction is initiated by a con~pound such as AIBN i t  
is obvious that  the length of the induction period will not be affected by deuteration of 
the inhibitor. In the second case, where initiation is due to  the thermal decomposition 
of hydroperoxide products, the hydroperoxide concentration which builds up during the 
induction period will generally be quite sufficient to ensure a virtually con~plete exchange 
of the deuterium before the end of the induction period. This will lead t o  nearly equal 
induction periods for the two inhibitors. Tha t  is, if deuteration reduces inhibitor efficiency 
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by a fac to r  of 10 it mill increase t h e  cha in  l eng th  by a n  equa l  factor .  There fore ,  f r o m  t h e  

v e r y  b e g i n r ~ i n g  of t h e  reac t ion ,  at  least 10 molecules of inh ib i to r  ( a n d  p r o b a b l y  Inally 

lllore s ince t h i s  a s s u m e s  a cha in  l eng th  of on ly  o n e  for  t h e  undeutel-ated c o m p o u n d )  call 
lose cleuterium by exchange  wi th  t h e  p r o d u c t  hydroperox ide  for  e a c h  molecule t h a t  

reacts ~ v i t h  a pel-oxy 1-adical. T h a t  is, near ly  all t h e  deu te r iun l  c a n  be lost by exchange  

in tlie eal-117 p a r t  of t l ie  induc t ion  periocl so t h a t  t h e  measured  induc t ion  per iods will 

a p p e a r  to be near ly  iclentical for the  cleuterated a n d  uncleuteratecl inhibi tor .  T h i s  

clifficult~. m i g h t  b e  overcome e i the r  by e x t r e m e l y  careful  m e a s u r e m e n t s  at vei-!- low degrees  

of ox ida t ion ,  a l t h o u g h  e v e n  these  would  n o t  g ive  t h e  t r u e  i so tope  effect,  or a l t e rna t ive ly ,  

by t h e  add i t ion  of DzO, ~ ~ r o v i d e d  t h e  D 2 0  had n o  effect o n  t h e  ox ida t ion  o t h e r  t h a n  to 
m a i n t a i n  the inh ib i to r  i n  its ful ly  d e u t e r a t e d  state. 
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Recei\~ecl iblay 31, 1962 

ABSTRACT 

The nuclear magnetic resonance (n.m.r.) spectra of 42 \ ariously substituted anisoles and 
phenetoles h a \ e  been obtained. The cheinical shifts of the a1l;osy hydrogelis have been 
assembled in charts for ready use in interpreting the n.m.r. spectra of unl;no\\w compounds. 
For rneta- ant1 para-substituted anisoles, a reasonably good correlation has been shown to 
exist betueen the methyl resonance ancl the corresponding Hammett  o parameter. IVith 
anisole itself, a preferential solvent effect has been noticed which suggests a specific type 
of interaction between solutc molec~rles. 

I11 the interpretatior~ of high-resolution nuclear niagnetic resonance spectra, two 
features are of prime importance: the chemical shift and the spin-spin inultiplicity 
pattern. Spill coupling sllows the relative positions of various protons witllin a molecule, 
and the cl~eniical shift derives its usefulness frorn its ability to "see" various functional 
groups \\-hich ma). be present. Chanlberlain (1) has showr~ that the chemical shift can 
be a powel-ful tool in the identification of functional groups. Chamberlain's cheinical 
shift charts contaiil the coinplete clata on more than 400 organic compounds. By using 
these charts, the organic chemist is often able to  identify an unl~iiown resonance peak 
with a specific functioi~al group. 

In these clata, however, only two compounds containing aromatic allioxy groups are 
included. The onl17 specific study of coinpounds of this type which has appeared in the 
literature is the 117orl; of I<~in and Cassidy (2), who report the spectra of a n~imber of 
inethylated 1,4-dii~iethoxybenmes. 

In light of the fact that this functional group is very colnmon in organic conlpounds, 
especial1~- those of biological origin, we have obtainecl the i1.m.r. spectra of 42 variously 
substituted anisoles and phenetoles and condensed the data into a chemical shift chart 
pattei-lied after those of Cllamberlain (I).  

Xuclear magnetic resonance spectra were produccd with a modified Varian V-4300B spectrometer 
operating a t  a frequcncy of GO hIc. 'I'he magnetic field was stabilizecl to a high degree by proton-resonance 
control in additioll to the Varian Super Stabilizer. All spectra \\;ere run a t  room temperature (ca. 30" C)  
a t  an  r.f. a m p l i t ~ ~ d e  of 0.04 milligauss and a scan rate between 1.5 and 5.0 c.p.s./sec. All colupounds studied 
\\.ere commercial sainples and \\;ere used as  cleliverecl with no further purification. Spectra \\;ere referenced 
from internal tetramethylsilane (Ti\ilS) and chemical shifts are expressed on thc "tau" scale (3). Conccn- 
trations \\-ere maintained a t  10% or lower in carbon tetrachloride where solubility permitted. In duplicate 
~ncasurements, all average dilfcrcnce of 0.012 p.p.m. \\-as observed. 

RESULTS r \ S D  DISCUSSION 

The clata al-e presented in Tables I and 11. The range of values obtaiixed is renlarl\rably 
narrow, considering the nuinber of compo~~nds  ii~cluded and the range of ring substi- 
tuents. This is fortunate, since it enables one to pinpoint rather precisely the shift 
expected for allioxy hydrogens in almost ally cor~ceivable enviroi~inent. I t  should be 
noted that the present data were obtained with concentrations no greater than 10% 
by weight ill  ail inert solvent. The resonance positions are strongly solveilt dependent, 

'P;ese)zf c~dd,,ess: Che~iristiy Depart~rrolt, C'rzioeisity o j  Coloindo, Bolrlder, Col., LT.S./1. 
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TABLE I 
Chemical shifts of anisole and derivatives* 

Compound Rine Methoxv bIethvl 

Anisole 
o-Methylanisole 
nz-RiIethylanisole 
p-Methylanisole 
o-Aminoanisole 
o-Nitroanisole 
m-Nitroanisole 
p-Nitroanisole 
p-Chloroanisole 
o-Bromoanisole 
p-Bromoanisole 
o-Iodoanisole 
o-RiIethoxybenzoic acidt 
p-Methoxybenzoic acidt 
Methyl o-methoxy benzoate 
Methyl-p-methoxy benzoate 
o-Acetamidoanisole$ 
p-Acetamidoanisole~ 
p-Methoxybenzaldehyde 
o-Phenylanisole 
nz-Din~ethoxybenzene 
p-Din~ethoxybenzene 
p-Cyanoanisole 
p-Methosybenzyl alcohol 
2,4-Dinitroanisoles 
2,4-Dichloroanisole 
2,5-Dimethoxytoluene 
2,3-Dimethoxybenzaldehyde 
2-A1nin0-5-nitroanisole)( 
2-Iodo-5-nitroanisolelJ 
2-H ydroxy-5-form y lanisole 
2-Hvdroxj~-5-propenvlanisole 

*A11 spectra were run a t  a concentration of 10% in CCId unless otherwise noted. The  chemical shifts of the ring 
hydrogens are given as ranges where spin-coupling patterns were not readily interpretable. Resonance positions are 
expressed on the "tau" scale (3). 

t10% hexamethylphos~horamide added as  a solubilizer. ~- . 
$5%~in  CDC13. 
50.5% in CCII. Poor signal-to-noise ratio did not permit the location of the ring resonances. 
112% in CDCla. 

TABLE I1 
Chemical shifts of phenetole and derivatives* 

Ring 
Compound Ring Methylene Methyl methyl 

*,\I1 spectra were a t  a colicclitratiorl oi lo'& i r ~  CCII. The cllemical shifts of the ring Ilyclroge~~s are gt\.ell 
a; ranges ~vllere spirl.coul)lirlg 1)atterrls were rlot readily irlterpretable. Resorlalice j:ositions arc expressed on 
the "tau" scale (3). 

and the use of concentrations greater than 10% leads to highly unreliable results. For 
example, the chemical shift of the methyl hydrogens in anisole varies from 3.34 T for 
a 10% solution in CCll to 3.63 T for the neat liquid. 
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HEATHCOCK: CHEMICAL SI-IIFT OF ALKOSY GROUPS 1867 

There seems to be a definite dependence of the resonance of the methosy or ethoxy 
group on ring substitution. The data have been accunlulated into a chemical shift chart 
(Fig. l ) ,  although, with one exception, no effort has been made to show, on the chart, 

ALKYL-ARYL ETHERS 
Reference: ArO-  -CH3 ih 

-CH2-  E 
Ring hydrogens* 

1 1 1 1 1 1 1 1 1 l 1 l 1 1 l l 1 l 1 l 1 1 1 1 1 1 1 1 1 1 l 1 1 1 1 1 1 1 I I 1 I I I I I I l I I I I l I I  
- 1 .O 0.0 1 .O 2.0 3.0 4.0 5.0 6 .O 7.0 8 .O 9.0 10.0 

T (TETRAMETHYL SILANE = 10.0) 

*Ring substituents include CH3, NH2, NO2, CI, Br, I ,  0CH3, 0CH2CH3, COOH, COOCH3, CHO, CN, NHCOCH3, 
Cfi H* . " ., 

ALKYL, ALKOXY-BENZENES No -OR 1 r om-OR 
Reference: -CH3, -OR (0, m, p )  

ArO- i n .  0) -CH3 (On Ring) 1 111 a 

-CH3 (In -OR) 

-CH2 (In -OR) I 
rnrn2o op a 

Ring Hydrogens (-OR Ref. Only) 1 1 11 11 
porn 02 

-OR Reference m o r p - O R '  0-CH3 
(-OR 8 CH3 Hydrogens) I 1 1  

-CHq Reference Opm 1 

1 1 1 1 1 l I I I l l 1 1 1 1 1 1 1 1 I l l l l l l l l l l l l l l l l l l I I I I I l 1 1 1 1 1 1 1 1 1 1 1  
- 1 .O 0 .O 1 .O 2.0 3.0 4 .O 5.0 6 .O 7.0 8 .O 9 .O 10.0 

T (TETRAMETHYL SILANE = 10.0) 

FIG. 1. Chemical shift chart for alkyl ethers of subs t i t~~ ted  phenols. 

the fine distinctions caused by the ring s~bs t i t uen t s .~  The one exception is in the alltyl, 
alkoxy benzenes. Because of the number of compounds studied in this category (14) 
and the regular trends observed, a separate part of the chart has been devoted to a 
sumrnary of their chemical shifts. 

The origin of the observed dependency of chemical shift on ring substituent is of 
interest. Figure 2 is a plot of the methyl resonances of rneta- and para-substituted 
anisoles versus the corresponding Hanunett u functions. The Hammett functions are 
experimental parameters which provide a measure of the ability of a substituent to 
withdraw or donate charge through a combination of its inductive and resonance 
effects (4). 

As is evident, the correlation is fairly good, although not perfect. The fact that a 
correlation exists is evidence that,  a t  least to some extent, the dependence of the chemical 
shift of the alltoxy group on the nature of the ring substituent is due to the inductive 
and resonance effects of the substituent. 

Several groups of worlters have found analogous correlations in other systems. Taft (5) 
has found a precise correlatio~l of the Flg resonance in meta- and para-substituted 
fluorobenzenes with the corresponding reactivity parameters. Bothner-By and Gliclt (6) 
noticed a relationship between the chemical shift of the para hydroge1-1 in several mono- 

?See reference 1 for novzenclatz~re of the chemical shift  clzarts. T h e  referencing nonzenclatzrre has been changed 
fronz the parts per 1 0  ?nillion from benzene scale originally proposed by Chnnzberlain to the "tazr" scale i n  
accordaiace witlz czrrrent zrsage. 
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FIG. 2. Dependence of methoxy chemical shift 011 aromatic ring subtsituent. 

substituted benzenes with the I-Iammett functions. More recently, Spieseclce and Schneider 
(7) were able to correlate the I-Iammett functions with the chemical shift of both C13 

and 1-1' in the para position of monos~ibstituted benzenes, although the\- f'liled to find a 
similar correlation in the meta position. Apparently, our worl; is the first exanlple of a 
correlation bein-een reactivity parameters and chemical shift of nuclei not a part of, or 
directly connected to, the ring. The fact that seine of the points fall off the line of best 
fit simply indicates that these effects are not the only causes of the shifts observed. Also, 
the I-Iammett parameters are only accurate to f 13%. In the case of substit~ients ortho 
to the alltoxy group, complexities are encountered. I n  this position, proximity effects 
must no doubt be ta1ie11 into consideration. 

As is mentioned above, the methyl resonance in anisole is highly solvent dependent. 
I-Iolvever, the ring hydrogen resonance is scarcely affected by dilutioil with CC14, as is 
shourn in Fig. 3. 

A similar behavior has been noticed by I-Iatton and Richards (8) with y-picoline. These 
morliers found that the resonances ol the methyl and p-ring hydrogens shifted downfield 
upon dilution with CCll while the a-ring hydrogens were not affected. They have pro- 
posed a structure for the neat liquid in which the molecules associate as dimers, with 
the methyl group of each molecule located roughly over the face of the ring of its partner 
molecule. Such an arrangement causes the methj l hydrogens and @-hydrogens to be 
sl~ielded by the diamagnetic anisotropy of the adjacent aroinatic ring, while the 
a-hydrogens are in approximately the right position for the net effect to  be zero. Dilution 
with an inert solverrt brealts up the association, with a resulting dowilfield shift for the 
hydrogens involved. 
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I 
3.0 

0 20 40 6 0 80 100 
W E I G H T  P E R  C E N T  IN C C I 4  

FIG. 3. Chemical shifts of anisole as a function of concentration. 

An analogous arrangement seems to be i~lclicated for anisole ~nolecules. 'Iowever, in 
the case of anisole, the inclusion of an oxygen bet\veen the aromatic ring and the methyl 
places all ol the ring hydrogens in a region where the effect of the dia~l~agnetic anisotropy 
of the partner ~llolecule is negligible. 
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NUCLEAR MAGNETIC RESONANCE SPECTRA OF SIX-MEMBERED 
ALCYCLIC RING COMPOUNDS AT LOW TEMPERATURE 
IV. PARTIALLY DEUTERATED 1,2-trans-CHLOROIODOCYCLOHEXANE 

E. PREMUZIC AND L. \iV. REEVES 
Depa~t~lzcnt  of Chemistry, University of British Colztmbia, Valn?zcoz~-~cr, British Colui?zbia 

Received March 16, 1962 

ABSTRACT 

r\ 50/50 mole% mixt~rre of 1-iodo-2-chloro-l,3,3-trideutero-, and 1-chloro-2-iodo-l,3,3-tri- 
de~~tero-c).clohexar~e has been syr~thesized. A t  -03' C in a CS? solution iodochlorocycloheva~~e 
shows resolution into diaxial and  diequatorial halogen forms. Analysis of the adjacent proton 
resonance signal intensities shows t ha t  this compound exists 6 8 1 3  ~no l ey i  in the  diaxial 
halogan form. This is q ~ ~ i t e  similar to  1,2-dibromocyclohexane, which has 70 1 n o l e 7 ~  in the  
diaxial f o r~n ,  and  is in  contrast to  1,2-dichlorocyclohe.uane, which has a more stable diequatorial 
form. 

INTRODUCTION 

In six-inembered alcyclic ring compounds, axial and equatorial protons have been 
distinguished by chenlical shift ineasureinellts ( I) .  indirect spin-spin coupling 
constailts between the various protoils have energies decreasing in the order Jelal > 
Jalaz > Jelaz E Jelez (17). In this notation, el corresponds to a proton equatorial on 
carbon 1, a l  axial on carboil 1, e2 equatorial on carbon 2, and a 2  axial on carboil 2. 

Several other techniques have been used to deterlniile the configurations in the six- 
melnbered ring compounds. In particular, electroil diffraction methods (2) give the bond 
lengths ancl bond angles in sollle cases. The technique is limited to the gas phase and the 
method is not sensitive enough to give accurate populatiolls of two chair forins in equili- 
brium. Infrared measureinents have beell made on these types of compounds, and the 

separation of the skeletal carbon vibrations from tbe vibrations of the >CH bonds 
/ 

l~ave  been made (3-5). The \CII stretching region of the infrared spectrum of these 
/ 

molecules is too coinplex to interpret in terms of the configurations of the rings. Selective 
\ deuteration of the rings and observation of the CD stretching region have been carried 
/ 

out (13, 14). Axial and equatorial deuterium atoms in the rings have been distinguished 
by this means, but tlle inethod has not been accurate enough to determine an  analysis 
of a compound with an unsymmetrical inverting ring systern, chair to chair. The infrared 

method has also been used to distinguish axial and equatorial \CX groups from the 
/ 

region of the spectrum appropriate to the \CX stretching frequency (IF, 13). Analysis 
/ 

of cyclol~exyl chloride and cyclollexane thiol for axial and equatorial sulphur or halogen 
groups has been achieved by this technique. 

Six-meinbered ring compounds which are not locked by the substitution of large groups 
around the ring into one configuration undergo chair-to-chair inversion. The rate of 
chair-to-chair inversion can be studied by proton resonance measurements. At room 
temperature these inverting ring compounds have a spectruin which is the weighted 
average of the equilibrium forms (18, 6, 12). Between room temperature and -150" C 
the two distinct forins in equilibrium become distinguishable in the n.1n.r. spectrunl so 
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PREMUZIC AXD REEVES: N.M.R. SPECTRA 1871 

that it is possible to analyze the percentage of each chair forin by either measuring the 
intensities under respective proton resonance pealts a t  low temperature or by the 
techniques suggested in the paper of Gutowsky and Sailta (18). Measurements of chemical 
shifts and coupling constants of the two distinguishable chair forms a t  low temperature 
may be combined with average chemical shift and coupling constant ~neasure~nents a t  
room temperature to give an analysis of the rapidly interconverting mixture a t  room 
temperature. The proton resonance technique has already been used to study halogenated 
cyclohexane (6, 12), trans-disubstituted cyclohexanes (7), N,N-dimethylpiperazine (8), 
bicyclic systems such as decalins (9), cyclohexane (lo),  and perfluorocyclohexane (1 1). 

The difficulties of the proton resonance method as  applied to these molecules are the 
complexities of the proton resonance spectrum, which increase as the symmetry of the 
molecule is lowered by substitution. I11 most cases the energy barrier for chair-to-chair 
inversion has been estimated from the so-called "coalescence temperature", assuming a 
frequent!- factor of lo1< I t  is apparent that substitutioil of the cyclohexane ring or the 
introductioll of a hetero atom into the ring of carbons may result in the mechanism of 
chair-to-chair inversions being changed. The assumption of a frequency factor 1013 is 
then not justified, since in these different inversion mechanisms the entropy of activatioil 
will not be the same. In simple monosubstituted cyclohexanes the proton resonance 
adjacent to the substituted group is in general chemically shifted to low field froin the 
rest of the ring protons, and indirect spin-spin interaction with the a protons renders the 
proton resonance spectrum of this adjacent proton quite complex and in many cases up 
to 12 cycles in apparent half-width. At low teinperatures the resolution of the two chair 
forms into distinct i1.m.r. spectra sometimes results in overlap between the axial and 
equatorial proton peaIts. In order to overcome some of the difficulties of the n.1n.r. 
technique in the study of these molecules, this paper will describe a selective deuteratioil 
around the cyclohexane ring so as to simplify the cornplex spectrum and obtain more 
accurate populations of chair fonns. 

EXPERIMENTAL 

The \rariable-temperature n.m.r. apparatus is part of a 40 Mc/sVarian high-resolution spectrometer and 
is described in previous work (1). The verification of the structure of intermediates was greatly aided by the 
use of an  AGO Varian spectrometer. 

Preparation of C3jcloheranotze-2,6-D4 
Cyclohesanone was treated with D2O from Stuart  Oxygen Co. (99.8% deuterium). Twenty milliliters of 

cyclohexanone and a solution of 1-2 g of sodium carbonate in 10 ~ n l  D20 were refluxed overnight. The D20 
layer was then frozen and separated. The cyclohexanone layer was dried over sodium sulphate. The  exchange 
was repeated four tinles until the AGO spectra showed, from integrated intensity measurements, that only 
2% of the cz protons remained. 

Redz~ctio~z of 2,6- Tetradezcterocyclohesanone 
A typical reduction was carried out with lithiuin aluminum hydride in the following manner. A saturated 

solution of lithium a lun~ inun~  hydride in dry ether was placed into a two-neclced, round-bottomed flask. The  
flaslc was cooled with ice and the reaction mixture stirred magnetically. A reflux was set up and cyclo- 
hexanone-D4 was added dropwise from a separatory funnel. When the reduction was complete, excess of 
lithium aluminum hydride was destroyed with slow addition of moist ether. Ice-cold 1070 ssulphuric acid 
was then added gradually, until all of the precipitated aluminuin hydroxide dissolved. The ether layer was 
then separated out and dried over anhydrous sodium sulphate. The ether was removed by distillation and 
the fraction boiling a t  155-157' C collected. On a 10-g preparation, yield of cyclohexanol-D4 (2,6-tetra- 
deuterocyclohesanol) was 7.2 g. 

Dehydrntion of Cyclohexanol-D4 to i,S,S-Trideuterocycloherene 
The conventional dehydration of cyclohexanol with phosphoric acid was used. Phosphoric acid (85%) 

was added dropwise to G.33 g of cyclohexanol-Dd until a homogeneous mixture resulted (2.5 n ~ l  of phosphoric 
acid). The  reaction mixture was then subjected to distillation using a small glass-bead colun~n and t h e  
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1872 C.-INADIAK JOURN;lL OF CHEMISTRY. VOL. 10, 1962 

fraction distilling a t  82-83" C collected. A good yield of 3.4 g or 65.6% of pure deuterated cyclohesene was 
thus obtained. 

Addition of Iodine-Chloride across the Dozbblc Bond of Cyclokcxene-D3 
Cyclohesene-D3 (1.23 g) was dissolved in 3 cc of ice-cold glacial acetic acid. Iodine-chloride ('3.3 g) dis- 

solved ill 6 ml of glacial acetic acid was then added dropwise to this solutio~i. The reaction mixture was 
cooled throughout. At the end of the reaction, the product containing a slight excess of iodine-chloride was 
transferred into a separatory funnel, and then shalten well with 5 1111 of saturated sodiirr~l thiosulphate. The 
oily chloroiodocyclohexane was allowed to separate out, treated further with sodiuln bicarbonate, and dried 
over anhydrous sodium sulphate. The alnlost quantitative yield of the mixture of 1-iodo-2-chloro-1,3,3-tri- 
deuterocyclohexane and 1-chloro-2-iodo-1,3,3-trideutero cyclohesane was then subjected to n.1n.r. studies. 

RESULTS 

Figure 1 shows 60 Mc/s spectra of 1-chloro-2-iodo-cyclohexane and the 50/50 mole% 

FIG. 1. Sisty-megacycle spectra of 1,2-trans-chloroiodocyclohesane ( ~ ~ p p e r )  arld the 50/50 nlisture of 
l-iodo-2-cl~loro-1,3,3-trideuterocyclol~exa1e arid 1-chloro-2-iodo-1,3,3-tridcuterocyclohesarre. Both were 
diluted to 20 i ~ i o l e ~ ~  in CS1. 

mixture of l-iodo-2-chloro-1,3,3-trideutero cyclohexaile and l-chloro-2-iodo-1,3,3-tri- 
deuterocyclohexane. The chemical shift between the -CHI- proton and the -CHCl- 
is small and call be measured directly from the mixture of deuteratecl molecules (0.12 
p.p.m. = 7.2 c.p.s.). 

The pealts obtained for the -CHCl-CI-11- group arise as follows. The two protoils 
within this group co~llprise all AB spectrum requiring second-order theor?, in  order to 
evaluate 6sB and JIiB. The value for 6,, is 7.2 c.p.s. (The -C1-12- groups adjacent to 
the -CI-11-CI-ICI- group for111 a set of four inequivalent protons all of \vhich are a t  
least 120 c.p.s. removed to higher field.) There should be 1G lines in all, some of which 
may be coincident. Ten lines have been resolved in spectra taken under slower sweep 
conditions than those illustrated in Fig. 1. I t  has not been possible to satisfactorily 
assign these transitions to obtain coupling co~ls ta~l t  data. 
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Low-temperat~~re Studies at 40 ~l&c/s 
Figlire 2 shows two spectra, a t  -44" C and -107" C, of the mixture of cleuterated 

iodochloroc~~clohexanes. was no cletectable change in the proton resonance spectra 

FIG. 2. 1;orty-megacycle spectra a t  -44" C and  -107" C of the deuterated iodochlorocyclohesane a t  
40 mole% in CS?. 

between room tenlperat~ire ancl -80" C so the spectrunl a t  -44" C is typical of this 
temperature range. I t  can be related to the spectrum described in Fig. 1 a t  60 3Ic/s for 
the same sample. The low-field peak in spectrum I ,  Fig. 2, does not show conlplete 
resolution into the -CI-11- and -CI-ICI- components. These are labelled (a) for the 
-CI-11- proton resonance and (b) for the -CI-ICI- signal. Signals (c) ancl (d) marked 
in spectrunl I ,  Fig. 2, correspond to the distinguishable peals in the high-fielcl spectra a t  
60 i\iIc/s in Fig. 1. The lo\v-field tail of these pealts is barely distinguishable in the 40 
i\/Ic/s spectrum. The internal standard hexai~~ethylclisiloxane appears in Fig. 2 marked as 
0 c.p.s. The coillpound was clissolved in CS:! a t  a concentration of 40 m0le7~. 

The broadening of the low-field signals occurs below -80" C and they become clearly 
resolved into two peaks a t  - 100" C. A single broad peak (the "coalescence ten~perature") 
is observed a t  -93" C. The two resolved lo\v-field pealts are in fact composite so that 
a t  lowest field (a),,(b),, are inade up of equatorial proton signals geminal to chlorine in 
one half of the sample and to iodine in the rest. The corresponding axial proton resonances 
(a),,(b),, are also designated in spectrum I1  of Fig. 2. The protons ge~ninal to chlorine 
and iodine are not distinguishable a t  40 I\iIc/s and so the spectra a t  low temperature can 
be analyzed into the percentage of the cliaxial halogen chair form. Ailalysis of the spectra 
below -93" C shows that 6 8 f  3 mole% of this iodo-chloro compound exists in the cliaxial 
halogen form. This result is based on the intensities obtained from 18 low-temperature 
spectra. The deviation from the mean is a maximum value. The mean chemical shift of 

\ 'CHI and CI-ICl protons a t  room temperature is -174.8 c.p.s. (-4.37 p.p.111.) from 
/ / 
an internal hexamethyldisiloxane reference. At low temperature the mean of the two 
diaxial proton shifts adjacent to the halogens is -158.2 c.p.s. (-3.96 p.p.m.) and the 
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mean of the diequatorial protons is found a t  -185.2 c.p.s. (-4.66 p.p.m.). These values 
can be compared with earlier studies on dichloro- and dibromo-cyclohexa~~e (7). 

DISCUSSIONS 

The difference in free energy, which is approxinlately the sallle as the energy content 
difference (6, 7) between diaxial and diequatorial halogen forms, is allnost the same for 
iodochlorocyclohexa~~e (4-241 cal mole-I) as for dibrolnocyclohexane (+305 cal mole-') 
(7). The repulsions of diequatorially substituted groups and the halogen with 3,5-diaxial 
hydrogens are almost exactly the same for ioclochloro- as for dibromo-cyclohexane. The 
suln of the van der Waals radii of 1,2-trans-disubstituted groups appears to be the 
dominant effect in determining the stability of the configurations in the halogenated 
series of c~7clohexanes. 

This worlc has been generously supported by the Petroleum Research Furlcl of the 
American Chemical Society. 
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NOTES 

HIGH-FIELD KINETIC PROCESSES IN ANODIC OXIDE FILMS ON ALUMINUM 

The  electrode systenls aluminum-alumina and tantalum-tantala afford a unique 
opportunity for the investigation of higlz-field (-lo6 v/cm or higher) killetic processes. 
A theory has been proposed by Bean, Fisher, and Vermilyea (1) to explain the complex 
transient behavior of these electrode systems. The  qualitative predictions of this theory 
appear to be correct (2);  however, critical analysis of data  has indicated nlajor discrep- 
ancies (3 -5) .  This note presents solme prelilllinary results which have bearing on the 
nature of these cliscrepancies and suggests a quantitative interpretation of them. 

A full description of the model by Bean et al. call be found elsewhere (1-3, 5). Briefly, 
the ion current density, I, is assumed to depend on the electric field strength, E ,  and the 
concentration of interstitial cations, n ,  in accordallce with Verwey's equation (6): 

[I]  I = 2 qavn esp  [-(U-Eaq)/kT], 

where g is the charge on the ion, v its vibrational frequency, U the activation energy for 
ion migratioil a t  zero field, and a the correspoi~cling activation distance. Pairs of inter- 
stitial cations and cation vacancies (i.e. Frenliel defects) are assumed to  be forllled by 
the action of the field on lattice cations ( N  per unit volunle), and to  be destroyed by 
recombination, the collision cross-sectional area, ar2, being assulned constant. The  
resulting equation is 

[a] d?z/dt = Nv esp [ -  (W-EXq)/kT] - Iar2n/q, 

where T/V is the zero-field activatioil energy and X the activation distance for formation 
of a Frenlcel defect. Equation [2] colltains the assumption that the concentrations of 
interstitials and vacancies are essentially equal and are m~ich  snlaller than N. 

All measurements reported herein were perfornled by increasillg the anodic over- 
potential, TT, a t  a constailt rate, R = d V/dt, the f i l l ~ ~  thicl;ness, 6, changing negligibly 
during a run. For these special conditions, elimination of 7z from equations [I.] and [2] 
yields 

d ln I - r r 2  [ (a  exp BE)' 
dl7 qR I 

where a and B are constants occurring in the steady-state (i.e. dn/dt = 0) solution of 
equations [l]  and [2]: 

[41 I = a exp BE, 

and are given by a = qv (21Va /~ r~ )~ l~  exp [ - (W+ U)/2kT] and B = q(X +a)/2kT. For R 

Canadian Journal of Cliernistry. Volulne 40 (19G2) 
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sufficiently large, equation [3] predicts a linear relation between log I and V, the slope 
yielding the value of a. For smaller values of R ,  equation [3] can be rewritten as follo~vs: 

IS1 

where 

Accordingly, for R sufficie~ltly small, /3 (or X f  a )  and a may be determined from a plot 
of log Z versus V, Z being calculated for various trial values for r ,  the value leading to 
the best linear plot being selected. 

EXPERIMENTAL 

Electropolished samples of superpurity aluminum were anodically oxidized a t  a constant current density, 
I f ,  in a 30% solution of ammonium pentaborate in ethylene glycol (7) a t  room temperature. The instant 
the desired film thiclcness (100 -+ 500 A) was achieved, the anodic overpotential was increased a t  a linear 
rate ranging from 10 to 2500 v/sec. The current during the rapid voltage sweep was recorded with an oscillo- 
scope and camera. Details of the apparatus and procedure will be provided in a future publication. 

RESULTS AND DISCUSSION 

The  results of our preliminary studies are summarized in Fig. 1 and Table I. 

FIG. 1. Representation of transient conductivitj~ ~ueasurernents. Log i versus voltage change a: (:i) 
I t  'V 200 pa/cn12, R = 107.6 v/sec; (B) If 'V 200 pa/cm2, R = 1076 v/sec; (C) If 2.200 pa/cm2, R = 2703 
v/sec; (D) If = 20 pa/cm2, R = 1076 v/sec. Log 2 versus voltage change a: (E) Ii 'V 200 pa/cm2, R = 107.6 
v/sec. ( 2  in amp2/cm4, i in ma for an area 'V 3.4 cm2.) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 1877 

TABLE I 
Ar~odic osidation parameters for the aluminum-alumina system 

Reference 
Method of +a a (Y 

measurement (A) (.4) 

Bernard and Cool; ( 7 )  Steady-state 8.2" -10-22t 
Prcsent rcsults trans., Ir = 2 X 10-I 3 . 9 1.23 -4 Y 10-13 
Present r e s ~ ~ l t s  trans., If = 2x10-5 3 . 9  1.25 -4 -3 X 10-1 
Prescnt res~tlts trans., If = 2X10-G 4 . 0  -1.1 -4 -10-11 

NOTE: trans. = t ransient;  If in amp/cm: 
"Steady-state values for Xf -a  calculated from the literature from results obtained using aqueous electrolytes are: 7.1 to 8.1 X (3). 

7.3 .-T (8). 7.2 .-\ (01, and 5.3 r\ (10). :\I1 these results are ultimately interpreted as being 1(X+a) rather than X+a. 
tSte?dy-state values for or for  aclueous electrolytes are: 1 0 - 2 0  amp/crn? (8). 10-33 amp/cm? (9). and 10-13 arnp/cm"lO). T l ~ e s e  results 

are ult~rnately interpreted as being a%/If rather than  u. 

In accorclance with the preclictions, the logarithm of the current, i, is linear in the 
voltage change (z = V( t )  - V(t = 0)) for I< >, 1000 v/sec. In addition, the resulting value 
of a (see ecliiatioil [3]) is inclepenclent of I<, within this limit, aild also inclepenclent of the 
formation current density, Ir. Again, for runs in which R ,< 100 v/sec, log Z could be 
made linear in the voltage change, u ,  by a suitable choice for r ,  ancl X+a and a: deduced 
from the slope ancl intercept. \Vithin experimental error, r ancl X+a were also found to 
be independent of I< ancl I f .  Keither i. nor a: could be determined with any degree of 
cei-taint?.. \~'alues lor the fill11 thiclilless arid sample area eillployecl in the calculations 
were cleterminecl using the data  of Bernard arld Cook (7). Results of the calculations are 
presentecl in Table I.  

The most interesting feature of these results is the disagreemei~t, by a lactor of 2, 
between X + a  values calc~ilatecl from steady-state aild from trailsieilt clata, and the 
COI-responcling discrepancy in the a: values. The disagreement can be reconciled il it: is 
assumecl that iV, the numl~er oi sites a t  which Fi-enltel clefects may form, is not a constant 
ecl~lal to the number of lattice sites but is a iunction of the "amoi-phous" fill11 structure, 
as proposecl bl- Dignam ( 5 ) .  Quantitative agreement is obtained b!. setting N proportional 
to the I-ate ol electrical energy dissipation per unit volume in the film for steady-state 
conclitions, the rate of ch;ui~ge of N with time being consiclerecl too slow to affect 
significantl). the value oi AT during a transient mensure~nent. .~ccorclingly, setting 
iV = C'IE cv CI (since E varies by only a few percent loi- cllailge of several powers of 
10 in I )  the steady-state solution of equatioils [I] and [2] becomes 

[GI I = a' exp 2PE, 

where a' = g2v'(2Cn/ar" eesp - (W+ U ) / k T .  Interpreting Bernard and Cooli's steacly-state 
clata in terms of equatioi~ [GI,  X+n = 8.2/2 = 4.1 A, in agreelnent with the value of 
3.9 A% obtained from the present transient measurements. Also, since a2/a:' = If, we have 
I[ equal to (10-'")'/10-'5 ((3XlO-l")?/10-??, ancl (10-1.')2/10-2', which compare favorably 
with the measurecl values of 2 X lo-', 2 X 10-5 and 2 X 10-%amp/cm"-espectively. 

A11 eutensi\~e investigation of this system using techniques outlined herein is a t  present 
under wa).. 

This worl; was supl~orted by a grant from the National Research Council of Canada. 
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STEREOCHEMISTRY OF ARSENIC 

V. CRYSTAL DATA FOR TRIARYLARSINES 

Crystal structure studies of the halogenodiphenylarsines (1) have shown that,  as a 
result of steric interactions, the phenyl groups are rotated from the positions that they 
inight be expected to occupy in an "ideal" structure with maxi mu^^^ interaction between 
the arsenic lone pair and the aronlatic a-electrons. The deviations are not, however, 
symmetrical, one ring being rotated approximately 90' and the other only about 30" 
from the orientation with maxiinuill interaction. 

Similar steric effects are to  be expected in triarylarsines, except that the deviations 
are probably syiunletrical; the analyses of the crystal and molecular structures of a few 
molecules of this type have been undertaken to determine the molecular configurations. 
The unit cell dinlensions and space groups of crystals of triphenylarsine, tri-p-tolylarsine, 
and tri-P-xylylarsine were determined from single crystal rotation, oscillation, Weissenberg 
(all with Cu I<, radiation, X = 1.542 a), and precession filnls (Mo I<,, X = 0.7107 a). 
These data and other relevant informatioil are given in Table I. 

TABLE I 
Crystallographic data for triarylarsines, R3As 

R : 

Phenyl, CoHs- 

Wetzel Present p-Tolyl, C7H7- fi-Xylyl, CsH9- 

Molecular weight 
Melting point (OC) 
Crystal system 
a (A) 
b (A) 
c (A) 
.Y (deg.1 
B (deg) 
Y (deg) 
v (A3) 
z 
D, (g c ~ n - ~ )  
D,, (g 
Space group 

306.2 
58 

Triclinic 
15.23 15.20 
17.72 17.81 
11.14 11.16 
99.8 98.9 
93.6 93.0 
85.0 84.6 

2947 2968 
8 8 
1.37 1.36 

1.35 
PI or P i  

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 1879 

Crystal data for the triphenyl derivative have been reported previously by Wetzel ( 2 ) ,  
and these diilleilsions (with the cell reoriented by taking [loll as the new d axis) agree 
well with the present measurements (Table I). This compound has obviously a rather 
con~plex crystal structure, and no further work on it  is proposed. We hope, however, to 
carry out detailed ailalysis of the p-tolyl and p-xylyl derivatives. A comparison of the 
configurations of these molecules will be of sonle interest, since tri-9-xylylarsine has a 
methyl group ortho to the arsenic, while the 9-tolyl compound has no ortho substituent. 

The author thanks Dr. W. R. Cullen for the crystal salnples and helpful discussion, 
and the National Research Council for financial support. 

1. J. TROTTER. Can. J. Chem. 40, 1590 (1962). 
2. J. WETZEL. Z. Icrist. 104, 305 (1942). 

FORMATION OF KETENEIMINE LINKS IN ACRYLONITRILE 
POLYMERIZED UNDER FREE RADICAL CONDITIONS* 

Recently i t  has been shown (1) that  polyacrylonitrile prepared by X-ray irradiation of 
pure liquid acrylonitrile a t  -78O C contains keteneimiile links. On the other hand, acrylo- 
nitrile polylnerized in bulk a t  50° C using benzoyl peroxide as  initiator has been reported 
to give polyn~er not possessing keteileiinine links (2). The object of the present work was 
to determine whether the formation of lteteneiilline structures was peculiar to  X-ray- 
initiated polymer by testing whether polyacrylonitrile made using conventional free 
radical initiation a t  dry ice -ethanol temperatures could give rise to these structures. 
The results obtained gave positive evidence for keteneimiile link production. Conse- 
quently, the tests were extended to  higher temperatures, with sinlilar success. 

In the case of polynlethacrylonitrile formed under free radical conditions, Grassie and 
McNeill (3) have shown that keteneimine links form lllainly via the chain termination 
step. If this were the case for polyacrylonitrile, these structures would be more readily 
detected for short-chain polymer. Hence, the experimental conditions of this work were 
aimed a t  producing short-chain polymer. Also, because it  was thought tha t  the ketene- 
inline link forined by coupling of polyacrylonitrile free radicals in this system 

might be unstable towards water, special efforts were made to  exclude water from reaction 
mixtures. As the investigation progressed, i t  was shown that this precaution was perhaps 
unimportant. 

*Supported by grants from the Esso Research and Engineering Co. and the United States Public Health Service, 
Division of General Medical Sciences. 

tNational Defense Edzlcation Act  Predoctoral Fellow. 
$To  whom all correspondence should be addressed. 
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NOTES 1879 

Crystal data for the triphenyl derivative have been reported previously by Wetzel ( 2 ) ,  
and these diilleilsions (with the cell reoriented by taking [loll as the new d axis) agree 
well with the present measurements (Table I). This compound has obviously a rather 
con~plex crystal structure, and no further work on it  is proposed. We hope, however, to 
carry out detailed ailalysis of the p-tolyl and p-xylyl derivatives. A comparison of the 
configurations of these molecules will be of sonle interest, since tri-9-xylylarsine has a 
methyl group ortho to the arsenic, while the 9-tolyl compound has no ortho substituent. 

The author thanks Dr. W. R. Cullen for the crystal salnples and helpful discussion, 
and the National Research Council for financial support. 

1. J. TROTTER. Can. J. Chem. 40, 1590 (1962). 
2. J. WETZEL. Z. Icrist. 104, 305 (1942). 

FORMATION OF KETENEIMINE LINKS IN ACRYLONITRILE 
POLYMERIZED UNDER FREE RADICAL CONDITIONS* 

Recently i t  has been shown (1) that  polyacrylonitrile prepared by X-ray irradiation of 
pure liquid acrylonitrile a t  -78O C contains keteneimiile links. On the other hand, acrylo- 
nitrile polylnerized in bulk a t  50° C using benzoyl peroxide as  initiator has been reported 
to give polyn~er not possessing keteileiinine links (2). The object of the present work was 
to determine whether the formation of lteteneiilline structures was peculiar to  X-ray- 
initiated polymer by testing whether polyacrylonitrile made using conventional free 
radical initiation a t  dry ice -ethanol temperatures could give rise to these structures. 
The results obtained gave positive evidence for keteneimiile link production. Conse- 
quently, the tests were extended to  higher temperatures, with sinlilar success. 

In the case of polynlethacrylonitrile formed under free radical conditions, Grassie and 
McNeill (3) have shown that keteneimine links form lllainly via the chain termination 
step. If this were the case for polyacrylonitrile, these structures would be more readily 
detected for short-chain polymer. Hence, the experimental conditions of this work were 
aimed a t  producing short-chain polymer. Also, because it  was thought tha t  the ketene- 
inline link forined by coupling of polyacrylonitrile free radicals in this system 

might be unstable towards water, special efforts were made to  exclude water from reaction 
mixtures. As the investigation progressed, i t  was shown that this precaution was perhaps 
unimportant. 

*Supported by grants from the Esso Research and Engineering Co. and the United States Public Health Service, 
Division of General Medical Sciences. 

tNational Defense Edzlcation Act  Predoctoral Fellow. 
$To  whom all correspondence should be addressed. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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1880 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1062 

Initial attempts to polymerize acrylonitrile a t  dry ice -ethanol temperatures (-72f 
2" C) b17 ultraviolet irradiation of undiluted monomer were unsuccessful. The polymeri- 
zation rate was too slow and insufficient polymer was obtained. With either benzoyl or 
t-butyl peroxide initiators added, the rate was increased sufficieiltly and the polymer was 
found in every case to possess the characteristic absorption of lteteneimine structures a t  
4.93 p (1-6). 

In a like fashion, the bulk polymerization of acryloiiitrile a t  12f2O C was carried out 
using ultraviolet irradiation both alone and with each of the two peroxide initiators 
mentioned above. No lteteneimine links could be detected in the infrared absorption 
spectra of these polymers. This was attributed to their long chain length. Consequently, 
the polymerization was repeated with t-butyl peroxide as initiator under co~lditiorls 
similar to those above except that the monomer was inade 1 M by dilution, in one case, 
with n-heptane and, in another, with methanol containing ca. 6-7y0 v/v water. In both 
experiments the polymer again showed an absorption a t  4.93 p. 

Finally, to test the formation of Iteteneimine links a t  still higher temperatures, a 0.2 M 
solution of the monomer in absolute methanol with t-butyl peroxide as initiator was 
irradiated a t  50f2O C. Again, the polymer produced was found to possess the charac- 
teristic lteteneimine absorptioii a t  4.93 p. A sunimary of all polymerizations may be found 
in Table I. 

T A B L E  I 

Summary  of polyrncrization runs'" 

[Init.] Irrad. 
[Monomer], X lo?, Tcmp.,  time,$ 

R u n  A+' Solve~l t  Initiator1 M " C hr  

1 Bullc None Xone - - 72 16 
2 Bull.; Xone A 0 . 5  - 72 6 
3 Bulli Nonc I\ 3 - 72 7 
4 Bull; Yone B 9 - 72 11 
5 S Bull; None None -11 1 2  0 5 
6" Bull.; S o n e  1-\ 0 0 12 0 4 
7 Bulk S o n e  B 7 12 0 -1 
S 1 0  n-I-Iepta~le R 7 12 0 3 
9 1 0  Methanol7  B 7 12 0 3 

10 0 .2  Methanol  B 14 50 1 . 0  

*The polymers containing keteilei~nine links were tinter1 yello!x, when first forrned and the color deepened 
on standing in  air. All others appeared xxrhite. 
jh and B refer to benzoyl peroside and l-butyl peroxide, respectively. 
%The irracliation times correspond to  ca. 1-2% conversion, except for run  1, mhere no polymer was isolated. 
§Runs 5 ,  6, and 7 gave IIO infrared absorption at 4.93 p;  the others, except run 1 (see f ) ,  had ail absorption 

peak at this \\.avelengtli. 
IIThe polymer from tlie prepolynierizatior~ runs at rooin temperature (2512'  C) shoxred no absorr>tion 

peak at -1.93 p. 
?;Containing ca. G-7% v/v \\,atel-. 

'The usual tests (3) were run to confirm the presence of lteteneimine structures. For 
details of these, see Experimental. As expected, the results of the tests further confirined 
the presence of keteneimine structures in the polymers. 

Recent worlt by Tsucla (7) indicates that a free radical mechanism predominates ill the 
X-ray-induced bull< pol>.rnerization of pure licli~id acr).lonitrile a t  -78O C, while an 
anionic mechanism tends to be more important when the polynlerization is carried out 
with dilute solutions of the monomer. The present results suggest that the 1;eteneimine 
structures lormed a t  -78O C with X-ray initiation maj7 arise via a free radical mechanism, 
in harmon!- with the conclusions of Tsuda. Electrical discharges through acrylonitrile 
mollomer also produce lteteneimine structures (8). Details of this work are not complete 
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e n o u g h  to a l low m u c h  c o m m e n t  llere. K e v e r t h e l e s s ,  it seems poss ible  t h a t  some of t h e  

l i e t ene imine  s t r u c t u r e s  io rme t l  by e l ec t r i ca l  t l i scharge  may a l s o  be free ra t l ica l  t le r ived.  

This inves t iga t ion  is b e i n g  c o n t i n u e d .  

ESPEIIIhIENTAL 

The acrylonitrile nras WIonsa~nto 200 S g r a ~ l e , ' ~  purified by three fractionations from reagent gracle P20 j ,  
through a "-plate column, under a nitrogen atmosphere, the mirldle 80% fraction being collcctccl each time. 
(This  neth hod of collcction applied to all fractionations ancl bulb-to-bulb distillations ,i?z oaczlo.) The monomcr 
from the last fractionation nras collectecl over p?O:, and given t\vo simple bulb-to-bulb distillations ill zlacz~o. 
After cach distillation, thc monomer \\-as prepolymcrized to ca. 1% conversion by ~~ltraviolet  irradiation a t  
room tempcraturc, nu'".3SSc. Benzoyl peroxide, Eas tn~an  \\‘bite I,abel, \l1as twice recrystallizccl from 
chloroform by precipitation with methanol (9). t-Butyl perosidc, \Vallace and Ticrman, Inc., Lucidol Div., 
97y0 nmin., \vas give11 a simple bulb-to-bulb clistillation in  oncuo. 72-Ileptane, Eastmall \\.hitc Label, \vas 
washed \\it11 C.P. concentrated I-I?SO.l, then water, dried ovcr Drierite, fractionated, and finally clried \\-it11 
Linde WIolecular Sieves, ?ID'' 1.3267. Deionized water (:-\mberlite A4B-3) \\as used for the aqueous poly- 
merization. L~imethylformamide, East~nan \\ihite Label, \\-as given three fractionations from P20s ,  ?ID': 

1.42'70. Mcrck reagent grade chloroforn~ \\,as twice fractionated from 1'20s. AIerck reagent grade ethanol 
was used \\,ithout further p~lrification. 

All reactions \\lere rarried out in  cylindrical pyrcs tubes, 25-cm length, 2.5-cm o.cl., and I - ~ I I I I  \\-all thic.1;- 
ness, with ca. 30 nnl of reaction misture. For the irracliations a t  -72&2' C the reaction vessel \\-as im~ncrsed 
in n dry ice - etharlol ~nis ture  in an ~~ns i l \~c red  pyres cle\\-ar surrounded hy a pyres \\later jacket containing 
tap \\.ater. The ~~l t raviole t  radiation \\,as provided by turo B.T.H. iCIazcla Type ME/D 250-\\-att mercury 
vapor con~pact sources of thc rcctang~llar-box variety set side by sidc ant1 aimed a t  the reaction misture 
10&1 cm a\\Iay. They \\,ere run \\-it11 thc supplied glass \\-indows removed. I-lo\\,e\;er, there \\-as still approzi- 
mately 6 mrn of pyres in the light path. For the polymerizations a t  12 ancl 60" C,  thc reactior~ vessel \\'as 
placecl in the \\-ater jacket alone and located 3.6&0.5 cm from the lamps. Because the de\\rar \\-as omitted, 
a total of only ca. 4 m m  of pyres remained in the light path. The prepolymerizatioll runs described above 
were carried out follo\\ling a procedure similar to that used for those a t  12 and 50" C. 

Since the cfl'ect of solvents on thc anticipated Ireteneimine structures \\-as not lano\\-n, the Iirst infrared 
spectra \\ere obtainecl from polymers which had been freed of excess monomer by c\rac~~ation on a high- 
vacuum linc. Latcr it \\-as found that ivashing with methanol did not destroy lceteneimine s t r~~c tu res ,  but 
did dissolve some of the short-chain polymer. Conseq~lentl>r, all polymers \\-ere dried i7z anclro and lcft un- 
washed. 'I'he infrared spectra \\-ere obtained irl I iBr  clisl;s on a Perkin-Elmer Model 21 double-beam spectro- 
photometer \\.it11 sotl i~in~ chloricle optics. 

Thc c s i s t e~~cc  of 1;eteneimine struct~~res:  in the polymer was further in\.cstigatecl by the folio\\-ing tests. 
Heating i n  eaciro for 3 11o~rr-s a t  103&3' C caused a sig~~ificar~t reduction in thc infrared absorption a t  -1.93 
p. After 18 hours, thc peal; had completely disappeared. Treatnlent with methanol, water, or dilute aclueous 
HCI causecl no cletectable change in the 4.93-p peal;. This is not surprising since the polymer is i~~soluble in 
these reagents. EIo\\-ever, \\-hen dissolved in dimethylformamide made 0.1 111 in HCl by the addition of 
surficient 6 A/ aqueoils HCI, alld heated in DnctLo for 5 hours a t  100&2" C, infrared absorption she\\-ed no 
indication of l~cteneimine structures. The action of chlorine on a dimethylforrna~~iide solution of the polymer 
again destroyed the absorption a t  4.93 p. The results of these tests are in agreement \\ritln those obtained 
for Iceteneimir~e structures in polymetl~acrylo~~itrile (3) .  

1. C. S. I-I. CI-IES, X. COLTHUP, \\-. DICICHERT, and,I<. L. \ \ 7 ~ n n .  1. Polymer Sci. 45, 247 (1060). 
2. i\/I. T:IL.XT-EI~BES and S. BYI\TAI.ICI~. Ricerca scl. :I, 25, 11 (1955). 
3. S. G I I ~ S S I E  ancl I. C. ~L'IcNEILL. J. Polynner Sci. 33, 171 (1958). 
4. C. L. STEVENS and J. C. E'I~ESCH. J. Am.  Chen~.  Soc. 76, 4398 (1954). 
5. R. D I J I ~ S T R ~  and 1-1. J. BACICEI~. Rec. trav. chim. 73, 576 (195-J). 
6. C. L. S.re\.exs and J. C. FI~EYCH. J. Am. Chem. Soc. 75, 657 (1953). 
7. Y. T s u r ~ . ~ .  J. Polymer Sci. 54, 193 (1961). 
8. \\I. G. DEICHEI~T and M. C. TOBIN. J. polymer Sci. 54, S'd9 (1961). 
9. I<. NOZ:II<I and P. D. BARTLETT. J. Am. Chem. Soc. 68, 1686 (1946). 

*I<i~dly  prooided by Dr. L. I-I. Peebles, The Cl~e)~~stra?zd Corporation. 
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SYNTHESIS AND PHYSIOLOGICAL PROPERTIES OF 9-HYDROXY-2-DECENOIC ACID 

Waf. H. BIIOWN,' ETHEL E. FELAUER,' AND M. V. S ~ I I T H ~  

I t  has been recently reported by Brown and Felauer (1) that small amounts of 
9-hydroxy-2-decenoic acid (VI) are present in the mixture of carboxylic acids isolated 
from royal jelly by the procedure described by Brown and Freure (2). I t  was of interest to 
synthesize the acid and determine its physiological properties since it is closely related to 
9-lceto-2-decenoic acid (VII). The latter acid is linown as "queen substance" and has 
interesting effects on the behavior of worker bees (3). Several methods of synthesis for 
VII have been reported, the most recent by Kennedy et al. (4). 

Our method of synthesis of (VI) is shown in the following scheme: 

Ac Ac 
0 0 0 

Rosenm~~nd  I I/ 
CHI-L-(CH~)~-CHO CH,-C-(CH,) r-C-Cl 

I recluction 
H 

I 
H 

Malonic ICnoevenagel 
acid 1 condensation 

i\ c H 
0 0 
I HOH 1 

CH,-C-(CH,) 5-CH=CH-COOH -+ CH,-C-(CH?) a - ~ ~ = ~ ~ - ~ ~ ~ ~  
I OH- 

H 
I 

H 

VII 

The 7-hydroxyoctanoic acid (I) was prepared by the method of Lease and McElvain 
( 5 ) .  Since both 9-acetoxy-2-decenoic acid (V) and 9-hydroxy-2-decenoic acid (VI) are 
liquids which do not crystallize, a solid derivative, the p-bromophenacyl ester of VI, was 

'Department of Chemistry, Ontario Agriczlltural College. 
2Department of Apiculture, Ontario Agricultural College. 

Canadian Journal of Chemistry. Volume 40 (1902) 
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prepared. The latter was shown to be identical with the same derivative of authentic 
VI prepared by sodium borohydride reduction of 9-lceto-2-decenoic acid (VII). The 
iodoform test is given readily by VI, which is contrary to the findings of Barbier and 
Hiigel (6). 

EXPERIMENTAL 

Melting points are corrected. Infrared data were determined on a Beckman IR5  instrument and ultra- 
violet data 011 a Bausch and Lolnb Spectronic 505. 

9-Hydroxy-Z-de~e?zoic Acid ( V I )  and p-Bronzoplzenacyl Ester 
Saponification of 0.3 g of 9-acetoxy-2-decenoic acid (V) with 10% aqueous sodiuni hydroxide solution 

gave 0.2 g of cr~lde  VI,  a liquid which did not crystallize. After chro~natography on Whatman seed test 
paper using propanol-1 - arn~nonia (70:30) as  the developing solvent (R, 0.73 a t  25') the compound still 
failed to crystallize. The ~lltraviolet spectrum showed that the compound is unsaturated. The infrared 
s p e c t r ~ ~ ~ n  showed bands for unsaturation and free hydroxyl group. The iodoforrn test was positive. 

Treatment of 111 with p-bromophenacyl bromide by the usual procedure gave the ester, white needles 
from hesane (150 ml/g), m.p. 73-74". Anal. Calc. for C18H?3BrO( (383.28): C, 56.4; H ,  6.05; Br, 20.8. 
I;OLIII~: C, 56.4; H ,  6.08; Br, 21.0. 

Physiological dctiaity 
The bioassay nlethod described by Butler and Gibbons (7) was ~ ~ s e d .  The acid (VI) was supplied to 10 

cages of test bees by dissolving 10 mg of the compound in 2 ml of acetone and dipping the dead bodies of 
worker bees in this solution. Two bee bodies, so treated, were placed in each cage. The 10 control cages all 
built queen cells but results with the acid were extremely variable, i.e., in some cages queen cells were 
const r~~cted while in others they were not. Repeated tests and do~~b l ing  of the arno~lnt of acid presented 
to the bees gave no clear-cut differences. 

Presentation of the acid on filter paper to cages of young bees according to the method of Pain (8) gave 
no indication that it has any attractiveness to the bees. 

Results of the evaluation of the antitumor activity of 9-hydroxy-2-decenoic acid (VI) 
will be reported in the series "Studies on the in vitro antitumor activity of fatty acids", 
of which the fourth paper appeared recently (9). 
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C:IS.ADIr\N JOI;RS.IL OF CHEMISTRE'. VOL. 10, 10G2 

THE ELECTRON SPIN RESONANCE OF NON-ALTERNANT 
AROMATIC HYDROCARBON - IODINE COhIPLEXESL 

The  electron spin resonance (e.s.r.) spectra have been reportecl reccntl). for a number 
of molecular conlplexes of iodine with a variety of electron clonors (1-3). 1Iatsunaga (1) 
ancl I<omn~andeur ancl Singer (3) havc observecl e.s.r. in polycyclic alternant aronlatic 
l~~~clrocarbon - iocline complexes ancl I<ommancle~ir ancl co-worliers (3, -1) have sllo~vn a 
corrclation between electron spin conce~l t ra t io~l  and chargc carrier concentration in 
eIectronic conduction for these complexes. Rece~ltly I<ommancleur ( 3 )  reported h) perfine 
structure in the e.s.r. spectrum for a dilute solution of perylene in molten iocline. I n  this 
note we report the e.s.r. nleasurements for iodine colllplcxes formed with the non-altcrnant 
aromatic hydrocarbons azuIene, guaiazulene, and aceplciaclylene. 

The  complexes were prepared by refluxing equilllolar a ~ n o u n t s  of the  l~~~clrocarbon ancl 
iodine in oxygen-free benzene under an  inert atmosphere for several hours. A cleep blue- 
black precipitate was formed in each case, and after treatment ~ v i t h  excess benzene t o  
remove unreactecl material the solids were analyzed for iodine composition. T h e  analyses 
confirmed a 1:1 stoichiometry for each complex: azulene-iodine, calc. for CloHs. I? :  
G6.3%, found: 66.1%; guaiazulene-iodine, calc. for CISI-113. I.: 56.1%, foulld: 54.8%; 
accpleiaclylene-iocli~~c, calc. for CIGEI1O. I": ;35.7%, foui~cl: 55.27;. 

An X-ray examination3 of the complexes sho~ved the azulene. 12 complex to be mainly 
amorphous while the acepleiadylene. I ?  comples was crystalline. All of the complexes 
decolllposecl n~hen  heated above 120" C in sealed tubes. 

T h e  e.s.r. spectra were measured with a Varian 4500 spectrometer equipped ~ v i t h  100 
lic/s moclulatio~l. Polycrystalli~le samples ol the conlplexes werc esa~ninecl in sealccl 
quartz tubes. Thc line widths ancl g values were cleternlined by c a l i b r a t i o ~ ~  of thc spectra 
wit11 signals from dip11e1~g~lpicryl1~ycI1-azyl and a single crystal of MgO clopecl wit11 Crf3 
(6). Electron spin concentrations were measured by comparison of the integl-atecl signals 
for the co~nples  1vit11 the signal for a known standard D.P.P.1-I. sa~nple .  The  results for 
these rneas~~renlents are listed in Table I. Preliminary n~easurements of the  spin concclltra- 
tion for thc azulene. I ?  a t  lour temperatures showed no appreciable change from thc room 
tempel-ature value. 

TABLE I 
E.S.R. spectra of non-alternant hydrocarbon-iodiiie molecular complexes 

S ~ i r n b e r  of spins Linc \\.iclth 
Complcs  per gram g v a l ~ ~ c  (g-auss) 

A single relatively broad e.s.r. signal wit11 a g value close to  the free electron value was 
noted for each complex, confirming the presence of unpaired electron spins in these 

'Isszled a s  1V.R.C. N o .  7008. 
' iVational Research Coz~nci l  Posldoclorale Fellozo 1968-60. 
31,Ve ure ifzdebted t o  Dr .  A .  H a t ~ s c t ~  for m r r y i x g   OIL^ t l ~ e s e  esallzinations. 
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systeills. S o  hyperfine splitting was resolvable for the solids under the present conditions. 
The pal-amagnetic species present in these complexes are very probably aromatic radical 
ions, Xr+, formed by electron transfer froill the h~.drocarbon to iodine in a charge-transfer 
reaction: 

Evicleilce supporting the existelice of aromatic raclical ions in related systems has been 
reported I-ecently (5). A marked similarity was noted between the e.s.r. spectl-a for 
perylene in molten iodine aiid sulphuric acid, indicating the presence of monopositive ions 
in the former solution. 

Comparison of the line widths in Table I sho\vs that  the line width of the acepleiady- 
l e~ le .  I ?  comples is considerably narrower than the line wiclths for the azulene complexes, 
ant1 is close to the value observed for the isomeric pyrene-iodine complexes (3). No 
correlation bet\veen line widths ancl spin concentrations is apparent a t  room temperature 
and accordingly the line broadening is not primarily attributable to pure clipolar broaden- 
ing. I t  is likely that  an electron-exchange process between the radical ions and neutral 
molecules, similar to  that  proposed for the perylene-iodine coinplex ( 5 ) ,  is the predominant 
cause oE line broadening in  the non-alternant complexes. 

The spin concentrations for the azulene- and acepleiadylene-iodine complexes are of 
the same orcler of magnitude as  observed in alternant 11\7drocarbon-iodil1e systems. 
However, a 100-fold decrease in spill concentration is noted for the guaiazulene complex. 
The lower spin concentration i l l  this case could result from steric hindrance of the alkyl 
groups on the five- and seven-membered rings to complex formation with iocline. 

1. Y .  h~Ia,rsuz:\~a. T.  Chem. Phys. 30, 855 (1959). 
2. 1-1. hI. Buci;, J .  1-11 I ~ U P I N S I ~ I ,  nncl L. J. Oosree~io~r;. TYIol. Phys. 1, 19G (1958). 
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systeills. S o  hyperfine splitting was resolvable for the solids under the present conditions. 
The pal-amagnetic species present in these complexes are very probably aromatic radical 
ions, Xr+, formed by electron transfer froill the h~.drocarbon to iodine in a charge-transfer 
reaction: 
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Comparison of the line widths in Table I sho\vs that  the line width of the acepleiady- 
l e~ le .  I ?  comples is considerably narrower than the line wiclths for the azulene complexes, 
ant1 is close to the value observed for the isomeric pyrene-iodine complexes (3). No 
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However, a 100-fold decrease in spill concentration is noted for the guaiazulene complex. 
The lower spin concentration i l l  this case could result from steric hindrance of the alkyl 
groups on the five- and seven-membered rings to complex formation with iocline. 
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Reaction of N-acetyl-D-glucosami~~e or of a-D-glucosamine pentaacetate with 0.3 N 
sodium methoxide in methanol yielded substantial amounts of the ~11li110\\rn products. 
Hence these products were artifacts produced during the de-0-acetylation rather than 
during the acetolysis. 

The major artifact had chromatographic mobility relative to N-acetyl-D-glucosainille 
(RNrlG) of 1.85; minor con~ponents of R,,, 2.81 and 3.22 were found under solme condi- 
tions of de-0-acetylation. Barker et al. ( I )  report RxAG 1.87 for the major artifact fouild 
in their experiments. The component with RxAG 1.85 gave a positive reaction with 
silver nitrate - alkali sprays (2) and negative reactioils with p-anisidine l~ydrochloride 

FIG. 1. Paper chromatogram of (A) de-0-acetylation of a-D-glucosamine pentaacetate by sodium methox- 
ide; (B) de-0-acetylation of a-D-glucosami~~e pentaacetate by magnesium ~iiethoxide; (C) l ! -acetyl -~-  
glucosan~ine. 

(3) and ferric hydroxamate (4) spray reagents. These results showed that the compound 
was polyhydroxylated, contained no aldehyde or heiniacetal groups, and was devoid 
of 0-acetyl groups. The major artifact gave an immediate, intense, positive reaction 
when sprayed with an acidic solution of p-dimethylaminobenzaldehyde (Ehrlich reagent 
(5)) without prior spraying with alltali; under the same conditiorls N-acetyl-D-gluco- 
samine gave no reaction. This result indicated that the artifact was the chromogenic 
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NOTES 1887 

FIG. 2. Thin-layer chromatogram of de-0-acetylation of a-D-glucosamine pentaacetate by l'% magnesium 
methoxide a t  O0 C. (3) 1 minute; (4) 5 minutes; (5) 10 minutes; (6) 30 minutes; (7) GO minutes; (1 and 0) 
marker dyes; (3 and 8) a-D-glucosa~nine pentaacetate. 

inaterial which is formed during the alkaline treatment of N-acetylhexosamines in the 
Morgan-Elson test (6). Three Ehrlich-positive chromogens can be obtained fro111 N- 
acetyl-D-glucosamii~e depending on the conditions of alkaline treatment (7). The only 
one of these to be characterized, 3-acetan1id0-5-(l,2-dihydroxyethyl)furan, is forllled a t  
high temperatures (100' C) (8). The artifact in the present work was produced during 
de-0-acetylation of hexosamine acetates, which was carried out a t  room temperature 
(25" C) or lower, and therefore was probably one of the chroillogeiis which has not yet 
been characterized. The minor artifacts of R,,, 2.81 and 3.22 gave positive tests with 
both acidic p-dimethylarninobenzaldehyde and ferric hydroxainate sprays, indicating 
that they were probably 0-acetyl derivatives of the major artifact. 

Conditions were sought for de-0-acetylation which would minimize or prevent the 
formation of these artifacts. Reaction of a-D-glucosamii~e pentaacetate or of N-acetyl- 
D-glucosarnine with the following reagents in methanol gave substantial yields of the 
major artifact under a variety of conditions of concentration, temperature, and time 
(see Experimental): sodium methoxide, barium methoxide, potassium hydroxide, and 
dry ammonia. A typical result is shown in Fig. 1,A. 
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The formation of artifact was least when magnesium methoxide in methanol was 
employed as  a cle-0-acetylating agent. Investigation of conditions showed tha t  a high 
concentration of magnesium methoxide in methanol a t  low temperatures ancl for a short 
reaction time gave a smooth de-0-acetylation of a-D-glucosamine pentaacetate with 
practically no production of artifact; this is shown in Fig. 1,B. Apparently, the Ehrlich- 
positive chromogen is produced from acetylated hexosamines by only the slightest trace 
of hg~drosyl ion. I t  is very difficult to  keep the de-0-acetylation reactions absolutely 
anhydrous and any water in the system would yield hydroxyl ion with most cle-o-acetyla- 
ting agents. I-Iowever, magnesium methoxide would tend to  maintain anhydrous condi- 
tions and any hydroxyl ion formed would be removed from the reaction as  insoluble 
magnesium hydroxide. 3Iagnesium nlethoxide in methanol is therefore the preferred 
reagent for de-0-acetylation of alkali-sensitive co~npoullds. 

The de-0-acetylation of a-D-glucosamine pentaacetate bl- lY0 magnesium methoxide 
in methanol a t  0' C was followed by thin-layel- chromatograplq- (9). The  results, IYg. 2, 
showed that  the reaction was very rapid; most of the pentaacetate was converted into 
a tetraacetate in 1 minute and no pentaacetate was present after 5 minutes. The  amounts 
of 0-acetyl derivatives then decreased graclually until, a t  the end of 1 hour, only traces 
of ferric-hydroxamate-positive material were present. Figure l , B  shows the paper chroma- 
togram of this de-0-acetylation reaction after 1 hour. 

The reference spots of a-D-glucosamine pentaacetate, 2 and 8,  Fig. 2, showed small 
amounts of a material which corresponded t o  the nlajor product from the I-minute 
cle-0-acetl-lation (3, Fig. 2). These sanlples of a-D-glucosamine pentaacetate had been 
clissolved in magnesium-dried methanol for application t o  the cl~romatograpl~ic plates. 
The lability of the acetate groups together with the subsequent rearrangements of the 
glucosamine molecule enlphasizes the need for care in the purification of hydroxylic 
solvents. Basic impurities such a s  magnesium methoxide or amines can be removed 
from alcol~ols by distillation from 2,4,G-trinitrobenzoic acid (10, p. lG8). 

EXPERIMENTAL 

ilZater.ials 
iV-'Acetyl-D-glucosarni~~i~~e (2-deoxy-2-acetan1ido-~-glucose) was a commercial product obtained from the 

California Corporation for Biochemical Research. a-D-Glucosamine pentaacetate, 111.p. 133-13-1' C,  [a]n2j 
f84.3f 2' (c, 1.21y0 in chloroform), was isolated frorn an acetylation of D-glucosamine hydrochloride with 
acetic anhydride and sodium acetate (11) by repeated recrystallization fro111 ether. WIethanol was refluxed 
with 111agnesiu1m and distilled through a 2-ft colun~n (10, p. 169). Paper chron~atogran1s were run by the 
descending rnethod using a solvent systenl of butan-1-ol:ethanol:concentrated amn~onium hydroside:water 
1 0 : 1 0 : 1 : 4 9  (v/v, upper phase). Thin-layer chron~atogranls were run on silica gel G and were developed 
t\vice ill an  ascending direction with benzene:~methanol (9:1, v/v). 

De-0-acetylations 
To solutio~ls (2%) of N-acetyl-D-glucosa~~~ine a i d  of a-D-glucosainine pentaacetate were added the 

de-0-acetylating reagents under conditions of temperature and reagent concentration given below. At the 
times indicated samples were removed for exan~ination by paper chronlatography (silver nitrate - allcali 
spray reagent). All sanlples showed varying but substantial amounts of the nlajor artifact (Rxar: 1.85) and 

lieager~t Concentration (N) Temperature (OC) Time (hr) 

S o d i ~ ~ ~ n  ~nethoxide 0 .24 
0 .01 
0.0007 

Barium ~l~ethoxide 0 .25 
0 .01 

Potassi~i ~n h ydroxicle 0 .25  
A ~ ~ ~ m o n i a  3 
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the chromatogram shown i11 Fig. IA was typical. The minor artifacts of IZ.v,ic 2.81 and 3.22 were more 
pronounced in the samples taken a t  early times. No differe~lces \Irere found when the samples were acidifiecl 
with acetic acid, diluted with water, ancl deionized by A~nberlites IR-120 and IR-45 exchange resins before 
chromatography. 

hIagnesium methosidc was addecl to a 2y0 so l~~ t ion  of a-D-glucosamine pentaacetate in dry metha~lol 
under the following conditions: ( I )  1% a t  0' C; (2) 0.017; a t  0' C; (3) ITo a t  28' C; (4) 0.01% a t  2S0 C. 
;It I ,  5, and 34 hours samples were removed fro111 each of these solutions for examination by paper chromato- 
graphy. 'The major artifact (RNAC. 135)  \\,as present under conditions 2, 3, and 4 but in smaller amoLu11ts 
than in the previous de-0-acetylations. Under the first condition (1% magnesiuill methoside a t  O°C) 
there \\.as only a trace of the nlajor artifact after 1 hour (Fig. IB) ,  the amount increasing in the samples 
tal;en a t  5 and 2-1 hours. It  was apparent that the optimum contlitions for de-0-acetylation of acetylated 
I~esosamines were a high concentration of n~agnesium methoxide a t  low temperatures for a short time. 

De-0-acctylation of a-D-glucosamine pentaacetate under condition 1, given above, was followed by 
thin-layer chromatography (Fig. 2); the results showed the reaction to be complcte in 1 hour. 
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ABSTRACT 

Certain unusual features in the infrared spectra of o-nitrobenzaldehyde have been interpreted 
either in terms of an intramolecular hydrogen bond or in terms of steric interactions. AS an 
extension of these studies we have investigated the ultraviolet, infrared, and n.rn.r. spectra 
of o-nitrobenzaldehyde and of suitable reference compounds and have re-examined the avail- 
able other evidence. I t  is concluded that the observed spectral changes can beet be explained 
in terms of steric interactions rather than in terms of intramolecular hydrogen bonding. 

INTRODUCTION 

In  1955 Pinchas proposed that the increased infrared frequency of the aldehyde C-H 
stretching band in o-nitrobenzaldehyde (I) and related compounds may be explained by 
the formation of an intramolecular hydrogen bond as  shown in Ia (1, 2). West and 

Whatley (3) criticized this interpretation because the infrared N-0 stretching frequency 
is similar for the three isomeric nitrobenzaldehydes (i.e., the frequency is not appreciably 
lowered in the o-isomer), and they proposed instead that  the effect results from steric 
interactions. Tha t  is, they supposed tha t  the presence of bulky 0-substituents forces the 
aldehyde group out of the preferred configuration coplanar with the aromatic ring. 
Pinchas (4) has criticized this steric interpretation because he maintai~ls that  the argu- 
ments against the formation of an  intramolecular hydrogen bond are not convincing, 
and he, moreover, puts forward a number of arguments against the steric hypothesis. 

'Par t  V I :  Can. J. Chenl. 38, 1852 (1.960). 
ZPresent address: Chemistry Department, University of Waterloo, Waterloo, Ontario. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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Since ultraviolet and n.m.r. spectra call also provide information concerning intramolecu- 
lar hydrogen bonding, we have determined the relevant spectra. We have also redetermined 
the infrared spectra of the nitrobenzaldehydes together with the infrared spectra of a 
number of reference compounds. The purpose of the present paper is to rediscuss the 
intramolecular interactions in o-nitrobenzaldehyde in the light of this additional 
information.': 

EXPERIMENTAL 

The infrared spectra \vere determined on a Beclcrnan Model I R  7 spectrophotometer, calibrated against 
a polystyrene film, using a NaCl prisrn and a diffraction grating. The frequency accuracy in the 1700-c1n-l 
region is believed to be f 2 . 0  cm-' and the frequency reproducibility f 0 . 5  cm-I. Solutions were exanlined 
in 0.5- or 0.2-mm cells equipped with sodiuin chloride \vindo\vs. The solute concentration was ca. 10-3 
~nole/l. Infrared data are shown in Tables I, I I, and I1 I and in Fig. 1. 

The ~rltraviolet spectra were deterrnined by  standard methods in matched 1-c~n silica quartz cells  i sing 
both a Beckman DI< 2 spectrophotorneter and a Unicam S P  500 spectrophotometer calibrated against a 
didyrnium filter and so l~~ t ions  of potassil~~n chromate and potassiutn nitrate. Waveleilgth readings obtained 
on the t\vo instruments were found to be within 1 iup of each other. The  accuracy of A,,,:,, values is estimated 
to be f 1  mp, and the precision of molar absorptivities f 5% or better. Most ~nolar absorptivity values 
\\.ere reproducible to Data are given in Table 117 and Fig. 2. 

Nuclear magnetic resonance data were deterrnined by means of a 33-PIC spectro~neter eq~~ ipped  with a 
Varian magnetic flux superstabilizer. i\iIeasurements were carried out in carbon tetrachloride solutions 
using tetramethylsilane as an  internal indicator. Shift measurements were ~ ~ s u a l l y  reproducible to within 
f l  cycle/sec. 

The compo~~llcls examined were comruercial sa~uples purified by recrystallization ~ ~ n t i l  their melting 
points indicated that  the sa~nples were pure. Sample purity was also sometiines confirmed by vapor phase 
chromatography. The solvents used were co~n~nercially available spectroanalpzed solvents (Fisher). 

T H E  SPECTRA O F  0-NITROBEWZXLDEHYDE AND RELATED COMPOUNDS 

A.  Infrared Spectra 
The infrared carbonyl band of o-nitrobenzaldehyde in carboil tetrachloride is structure- 

less and does not show a doublet or shoulder such as might be expected if the molecule 
were to exist in two conformations with the NO. and C-0 groups being either cis or 
trans with respect to each other (cf. ref. 5). The infrared carbonyl bands of o-nitro- 
benzaldehyde and reference compounds are listed in Fig. 1 and Table I. Although the 
carbonyl band doublet shown in Fig. 1 and Table I for nz-nitrobenzaldehyde may be 
caused by factors other than s-cis, s-trans isomerism, the absence of fine structure in the 
carbony1 band of o-nitrobenzaldehyde indicates that o-nitrobenzaldehyde exists pre- 
doininantly in only one form; this is probably a structure like I ,  in which the C=O and 
NO2 groups are approximately trans with respect to each other, or more precisely a 
gauche for111 in which the substitiient groups are twisted out of the plane of the benzene 
ring. 

Next, the N-0 stretching frequencies, as noted by West and Whatley (3), are not 
lowered in the o-isomer conlpared with the same band in the p-isomer. The relevant data 
are listed in Table 11. West and Whatley deduce from the symmetrical stretching band 
data that no hydrogen bonding to the nitro group occurs in o-nitrobenzaldehycle. I-Io\\:- 
ever, as Pinchas (4) correctly poiilts out,  the X-0 stretching frequencies someti~nes 
reillain approximately constant, even if the nitro group is involved in a n  intramolecular 
hydrogen bond (cf. also ref. 6). Our inore complete data for the ~~itrobenzaldel~ydes and 
the nitrophenols show that a displaceinent to lower frequency is observed in the 

"Since  tlris paper w a s  sr~b?ni t tedfor  P i ~ b l i ~ n t i o i r ,  refirer irns drnzwr o z ~ r  cltte?ztioir to  t l ~ e  work of P. Coppe7zs 
( t o  be p i~bLis l~ed) ,  ?ul~o l ~ a s  s l~oza?~ ,  rrsilzg X - r a y  oys trr l lograpl~ic  ?rrethods, tlrnt ( 1 )  tlre c l l d e l ~ ~ d c  groz~p  ,is forced 
 OIL^ of tlze plalre of tlrc ring a?zd (9) the  osjlgciz atolir of the ~ l i t r o  ; ' I . O Z L ~  i~ I J ~ I ~ C I L  too d i ~ f n l l t  f rcnt  tlre obdel~yde 
hydrogen for  11~1di.oger1. Oo?~dirtg to  t ake  l;lncc. 
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FORBES: Hl 'DROGEN BONDING 

FIG. 1. The infrared C=O stretching bands of (i) o-nitrobenzaldehyde and of (ii) m-n i t roben~a ldeh~de  
in carbon tetrachloride solution. 

TABLE I 

Carbonyl stretching bands for o-llitrobenzaldehyde and 
referellce compo~~nds  (carbon tetrachloride solution) 

Apparent ~nolecular 
extinction coefficient 

Colnpound (cm-') eknX 

o-Nitrobenzaldehvde 1706 600 

*No doublet could be detected for this compound (cf. ref. 5) and the compound 
was sliown to  be pure by vapor phase chromatographq.. The  present data should 
therefore replace those prev io~~s ly  reported. 

tJones, Forbes, and IvIueller ( 3 ,  using a Perkin Elmer Model 12 double-pass 
single-beam spectrometer. 

symlnetrical N-0 stretching band for o-nitrophenol, a compound which is believed to 
cowtain an intramolecular hydrogen bond ('i), but not for o-nitrobenzaldehyde. These 
data therefore indicate the absence of an intramolecular hydrogeil bond in o-nitro- 
benzaldehyde. 
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TABLE I1 

N-0 stretching bands for 0-nitrobenzaldehyde and reference 
compounds (carbon tetrachloride solutio11) 

Nitrobenzaldehydes" Nitrophenolst 
Compour~d V , , , ~ X  ((:III-~) V,,,:,X ( c~I I -~ )  

o-Isomer { (1340) ( 1541 fs) (1530) 
1332 (s) 

I??-Isomer 1546 (w) 1537 (vs) (1526) ( 1353 (us) (1345) { 1:355 (vs) 

p-Isomer 1538 (I\,) / 1528 (s) (1500) 
1345 (vs) (1336) 1 1346 (vs) 

"Data in parentheses by West and Whatley (3). 
tValues in parentheses in KBr; data by Franck. IIiirmann, and Scheibe (6). 

Pinchas in his later paper (4) also associates frequency displacements (to higher 
frequency) with quinonoid forms of type I1 and hence this Inay provide a third cause 

for the observed frequency displacement to higher frequency. I-Iowever, a number of 
other p-substituted benzaldehydes, such as p-hydroxy- or 9-nitro-benzaldehyde (1, 8), do 
not afford this displacement (although appropriate quinonoid forms can be written) and 
this points against the hypothesis that such displacements are caused by classical 
quinonoid forms.* On the other hand, it is possible that a displacement to higher frequency 
is caused by electrostatic interactions, which can be crudely representecl by structures 
of type I11 and which are favored by a coplanar arrangement. 

One argument against a steric explanation of the spectral displacements (4) is that one 
would anticipate, when comparing o-chloro- and o-bromo-benzaldehyde, that an o-bromo 
substituent should cause a greater frequency displacement relative to the C-1-1 bands in 
benzaldehyde; in fact, o-chlorobenzaldehyde affords the greater displacement. I-Iowever, 
compounds like o-substituted benzaldehydes may exist in n nz~mber of conformations in 
which the angle between the plane of the benzene ring and the plane of the formyl group 
assumes various values because of torsional vibrations across the C--C bond 1inl;ing the 
two planar entities. Moreover, infrared data indicate that o-chloro- and o-bromo-aceto- 
phenone exist in both s-cis and s-trans forms ( 5 )  and the infrared carbonyl band of 
o-chlorobenzaldehyde affords a doublet which may indicate an equilibrium of s-cis and 
s-trans for~ns (unpublished information). I t  follows that other explanations may account 
for the relatively greater displacement to  high frequency observed in o-chlorobenzal- 
dehyde. For example, o-chlorobenzaldehyde may still be sufficiently coplanar for contri- 
butions of type 111 to be important, while for o-bromobenzaldehyde steric interactions 
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TABLE I11 
I'rincip;~l aldehyde C-H absorption bands for benzaldehydes 

(carbon tetrachloride solution) 
- 

V ~ I S Y  (~111-l) vmnx (~111-l) 

(a )  Cornpor~nds in which intramolecul,~r hydrogen bonding may occur 
(Benzaldehyde)* 2729 2820 
o-Nitrobenzaldehyde* f 2753 2888 
o-Chlorobenzaldehyde 2754 (27525) 2868 (38605) 
o-Bromobenzaldehydet 2751 (27475) 2868 (28605) 
2-Chloro-3-hydrosybenzaldehydes 2750 2860 
2-Chloro-5-hydroxybenzaldehl~deQ 2752 2866 
2,4-Dichlorobenzaldehyde$ 2765 2875 

(b)  Compo~lnds in which steric interactions may displace the formyl group 
out of the plane of the benzene ring 

(Benzaldehyde)* 2729 2820 
o-ChlorobenzaldehydeI 2754 (2752s) 2868 (2860s) 
o-Bro~nobenzalclehvdet 2751 (27-475) 2868 (28606) 

+West and V'liatley (3). 
tThese runs were carried out not using hig11-resolution techniques and tlie frequency 

accuracy is therefore believed to be only ca. ~ t 5 . 0  cm-1. 
tThe principal C-H absorption bands of the nz- and p-isomers for  most of the sub- 

stances listed in the table are close to the value given for benzaldehyde. 
$inchas (2). 
This band shows some fine structure. 
Structures of type 111 and related structures (see text) may also contribute to this 

displacement since 2.4-dihydroxybenzalde11yde also absorbs at higher frequency (2765 
cm-1 (2)). An explanation for this latter displacement in terms of a dimeric hydrogen 
bond seems unlikely since no subsiduary maximal frequencies are evident in tlle relevant 
carbonvl baiid. 

may inhibit these co~ltributions and in this way a smaller frequency displacen~ent may 
be observed for the principal C-I3 bands. Consequently a steric interpretation of the 
C-H band data cannot be I-ejected. Finally, in this discussion of the C-I3 bands near 
2750 and 2850 cln-I, it should be noted that the maximal frequency of infrared stretching 
bands is ~zormally lowered if the relevant band is involved in a hydrogen bond, whereas 
the frequencies of the above C-1-1 stretching bands are raised for the o-substituted 
benzaldehydes uncler discussion. Therefore such a displacement to higher frequency is 
inherent117 Inore readily interpretecl in terms of steric interactions rather than in terms of 
intramolecular l~ydrogen bonding, since the latter explanation requires an additional 
hypotl~esis (cf. ref. 2). 

B. Gltraniolet Spectra 
IJltraviolet spectra, on the basis of previously noted generalizatiol~s, lnay contribute 

in two ways to the problem. First, intensity decreases are generally Itnow11 to be indicative 
of steric interactions, ancl second, solvent changes, on determining ultraviolet spectra 
in different solvents, are sometimes decreased in the presence of il~tramolecular hydrogen 
boncling (see, for example, ref. 7). 

Figure 2 shows the ultraviolet spectra of o- and m-nitrobenzaldel~yde in constant- 
boiling ethanol. The spectral data in a nunlber of solvents are also listed in Table IV. 
These data show that in both solvents the main absorption bands (indicative of con- 
jugation) are considerably decreased in the o-isomer relative to the m-isomer, consistent 
with the explanation that the aldehyde and nitro groups are displaced fro111 the plane 
of the benzene ring. Further, in intramolecularly hydrogen bonded nitrobenzenes-such 
as o-nitrophenol-the ultraviolet nitrobenzene band is displaced to longer wavelength 
relative to the similar absorptiol~ band ill the m-isomer or other reference compound (7). 
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I-Iowever, the ultraviolet absorption data for the nitrobenzaldehydes show (see Table IV) 
that the o-isomer absorbs a t  shorter wavelength than the m-isomer, which then again 

200 240 280 320 

WAVELENGTH (mv) 

FIG. 2. The ultraviolet absorption spectra of o-nitrobenzaldehyde (-) and of nz-nitrobenzaldehyde 
(- -) i11 constant-boiling ethanol (9). 

TABLE IV 
Main ultraviolet absorption bands of o- and m-nitrobenzaldehyde in various solvents 

Absorption band Absorption band 
associated with associated with 
benzaldehyde nitrobenzene 
chroinophore chrornophore 

Con~pound Solvent Xmnx (mp) emax Amas ( I ~ P )  

o-Nitrobenzaldehyde Cyclohexane 
Ether 
Chloroform 
Ethanol 
Water 

m-Nitrobenzaldehyde Cyclohexane 

Ether 
Chloroform 
Ethanol 
Water 

248 
260 
253 
252 
259 

{ ::: 2; 
ca. 260 
ca. 262 
258.5 
ca. 266 

indicates steric interactions. Steric interactions between the C-H part of the aldehyde 
group and the ortho substitueilt are also suggested in con~poui~ds like o-chlorobenzal- 
dehyde (A,,, 246 mp, E = 11,000; A,,, 252 mp, E = 8,500 (lo)), o-bron~obenzaldehyde 
(A,,, 245.5 mp, E = 12,500 ( l l ) ) ,  o-tolualdehyde (A,,, 251 n ~ p ,  E = 13,000), and 2,6-di- 
methylbenzaldehyde (A,,, 251 mp, E = 12,500 (12)), by the relatively low E~,,,, values of 
these compounds compared with the E,,, values of benzaldehyde (E = 14,000 a t  241 nlp 
and E = 12,000 a t  247 nlp (11)). (The E,,, of o-chlorobenzaldehyde is less than that of 
o-bromobenzaldehyde but, as previously noted in the discussion of the infrared spectra, a 
nuillber of explanations can account for this.) Although these absorptivity decreases are 
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FORBES: HYDROGEN BONDING 1897 

not directly related to steric interactions (since, for example, colnpounds like m-chloro- 
benzaldehyde in which steric interactions are snlall also show an absorptivity decrease 
relative to benzaldehyde), the general lowering of absorptivity observed in the above- 
~nentioned o-substituted benzaldehydes, compared with the absorptivity of a number 
of reference compounds, strongly suggests the presence of solne steric interactions. The 
absence of a direct, quantitative relationship between steric interactions and either ultra- 
violet absorptivities or infrared C--I-I frequency shifts is also indicated by the examples 
of o-tolualdehyde and mesitylaldehyde. Both compounds show si~nilar ultraviolet spectra, 
indicative of steric interactions, but only mesitylaldehyde affords the C-I-I frequency 
increase which is also associated qualitatively with steric, though not necessarily with 
identical steric, interactions. 

The data in Table IV also show that o-nitrobenzaldehyde does not afford a similar 
spectrum in various solvents in the sanle way as has been observed for intram~lecularl~ 
hydrogen bonded nitrobenzenes such as nitrophenol (7). This then again tends to point 
against the existence of a strong intralnolecular hydrogen bond except that the similarity 
of the spectra of the o-isomer in cyclohexane and ether solution 1na~7 indicate some inter- 
actions between the formyl and nitro groups. Recent ultraviolet data obtained by Lutskii 
and Aleliseeva for different solvents have similarly been interpreted to show the absence 
of intramolecular hydrogen bonding in o-nitrobenzaldehyde (13). 

C. N.M.R. Spectra 
The n.1n.r. spectra of 0- and m-nitrobenzaldehydes showed that in the o-isomer the 

proton signal of the formyl group is displaced by ca. 0 . 4 f  0.1 p.p.m. to lower field with 
respect to this signal in the m-isomer. Since in intramolecularly hydrogen bonded com- 
pounds this displacement is usually much larger (14), the n.m.r. data also point against 
the existence of a strong intramolecular hydrogen bond in o-nitrobenzaldeh>7de in carbon 
tetrachloride solution. 

CONCLUDING REMLIARKS 

The spectral data discussed in the previous section favor the explanation that no intra- 
molecular hydrogen bond exists in o-nitrobenzaldehyde and that the anonlalous spectral 
effects are caused by steric interactions. I t  remains to discuss the evidence available 
from other physical data. 

The most important of these is, as mentioned in the Introduction, that recent X-ray 
crystallographic evidence has in fact established the presence of appreciable steric inter- 
actions and the absence of intramolecular hydrogen bonding in o-nitroben~aldeh~de. 
Next, it may be noted that a-phthalimido-o-tolualdehyde (IV) is able to assume con- 

formations which, as judged from molecular models, have a similar effect on the planarity 
of the benzaldehyde part of the ~nolecule as has the ,o-methyl group in o-tolualdehyde. 
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1898 CANADIAN JOURNAL OF CHEMISTRY.  VOL. 40, 1002 

Hence the similar C-H frequencies of a-phthalimido-o-tolualdehyde (IV) and o-tolu- 

aldehyde are not surprising on the basis of a steric interpretation of the spectral changes 

(cf. ref. 1). Further, the inhibited interaction of o-nitrobenzaldehyde with rhodamine B 
may be caused by the proximity of the nitro group preventing another molecule approach- 

ing the hydrogen atoll1 of the aldehyde group. I t  does not necessarily imply the presence 

of an intramolecular hydrogen bond in o-nitrobenzaldehyde, as suggested by Lundgren 

and Binliley (15, cf. also 4). 
I t  is concluded therefore tha t  none of the da ta  reported so far conclusively show the 

existence of an  intramolecular hydrogen bond in o-nitrobenzaldehyde. On the other hand, 

many of the da ta  can be explained satisfactorily in terms of a proxinlity effect between 

the for~nyl  group and the nitro group, an effect to which a secondary steric interaction 

(that is, a steric effect involving a twisting of the formyl and nitro groups away from the 

plane of the benzene ring) malies a significant contribution. The  spectral da ta  therefore 

substantiate the X-ray data  on o-nitrobenzaldehyde. 
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METHYLATION OF SUGAR DITHIOACETALS 
IV. D-XYLOSE DIETHYL DITHIOACETAL 

G. G. S. DUTTON AND Y. TANAKA' 
Department oj  Clzerrzistry, University oj  British Col~~?rzbia, V a n ~ o z ~ v e r ,  British Colzr?rzbia 

Iiereived June 21, 1962 

Partial ~nethylation of D-xylose diethyl dithioacetal in tetrahydrofuran with methyl iodide 
and silver oxide yielded 2-, 3-, and 5-0-methyl-D-xyloses in the ratio of 20:10:1. The poly-0- 
methylated components were not examined. The 2-0-methyl-D-xylose was identified as the 
crystalline sugar and the 3-0-methyl ether as  the phenylosazone and p-bromophenylosazone. 
An alternative preparation of the clithioacetal in tetrahydrofuran solution is described. 

I t  has been reported in the preceding papers of this series (1, 2) that D-glucose and 
L-arabinose dithioacetals were predominantly methylated a t  their 2-hydroxyl groups 
with methyl iodide and silver oxide in tetrahydrofuran, and from the latter dithioacetal 
a small amount of 5-0-methyl-L-arabinose was also detected. The case of D-galactose 
diethyl dithioacetal was rather different in that positions 2, 3, and 6 were of approxi- 
mately equal reactivity (3). The present paper is the fourth in a series 011 the relative 
reactivities of hydroxyl groups in sugar dithioacetals and describes the partial niethylation 
of D-xylose diethyl dithioacetal. 

D-Xylose diethyl dithioacetal was first prepared as  a sirup by Fischer (4) in 1894 and 
was not crystallized until 1931 when it  was obtained by the deacetylation of its crystalline 
tetraacetate (5). More recently the crystalline dithioacetal has been obtained directly by 
Zinner (6) using Fischer's method followed by neutralization of the reaction mixture 
with an ion-exchange resin. Repetition of Zinner's procedure failed to give us a crystalline 
product and we therefore carried out the preparation in tetrahydrofuran followed by 
neutralization with bariu~n carbonate. This method also yielded a sirup but it was later 
found that dilution of the sirup with a small amount of 2-propanol caused rapid crystal- 
lization. Similar dilution of the sirups obtained by either Fischer's or Zinner's procedures 
gave crystalline material. The results discussed in this section are those obtained with the 
crystalline dithioacetal but essentially the same results were obtained starting from the 
sirupy compound as  shown in the experimental part. 

Since D-xylose diethyl dithioacetal was soluble in methyl iodide the methylation was 
first attempted in the absence of tetrahydrofuran. The methylation reaction was exo- 
thermic and the product gave, on hydrolysis, a mixture of poly-0-methylated D-xyloses. 
When the methylation was performed a t  0' C in inethyl iodide, no appreciable methylation 
was observed. Methylation to yield a reasonable aiiiount of mono-0-methyl-D-xyloses was 
possible in a mixture of methyl iodide and tetrahydrofuran (1:l by volume) a t  room 
temperature. The methylation product thus obtained was hydrolyzed with acid and a 
strong spot of mono-0-methyl ethers as well as spots of poly-0-methylated D-xyloses 
together with free D-xylose were detected by paper chromatography. The ~nethylated 
mixture was chromatographed for 7 hours on Whatman No. 3MM filter papers using 
butanone-water azeotrope as a developing solvent, and the mono-0-methyl ethers were 
extracted from the appropriate area of the sheets. The area which corresponded to the 
di-0-methyl ethers was also extracted fro111 the same chromatograms. I t  was necessary 

LPresent address: Department oj  Chentistry, Queen's University, Kingston,  O?rtario. 
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t o  examine this part of the c h r o ~ ~ ~ a t o g r a ~ n  because in  general ~nonomethylfuranose sugars 
travel as  fast as  the corresponding dimethylpyranoses (7). The  two groups may be readily 
differentiated by the high electrophoretic inability of the former, e.g. 3-0-methyl-D-xylose, 
M ,  1.00. I t  was assumed that  any di-0-methyl sugar would be substituted a t  C2 and thus 
have a low mobility (8). 

The ~nixture of moi~o-0-rnethyl-~-xyloses gave t\vo spots, ;lfg 0.49 (strong) and 0.92 
(weak), by paper electrophoresis, which corresponded to 2- and 3-O-lllethyl-D-~yl0~e~, 
respectively. The mixture was also shown to contain 2- and 3-0-methyl-D-xyloses by 
paper cl~romatography (20 hours) in butanone-water azeotrope (I<,,I,,, 3.16 (strong) and 
3.63 (weal;) respectively). Separation of these two spots was much clearer when one 
drop of concentrated an~monia was added to  the developing solvent. Thc  mixture of 
di-0-methyl-D-syloses was esaminecl by electrophoresis and showed three components, 
11, 1.00 (weal;), 0.37 (very weak), ancl 0.00 (strong). The component of ilf, 1.00 was 
electrophoretica~ly idelltical with a synthetic sample of 3-0-1netlly1-D-~S.l0~e but was 
obtained in too small an amo~ln t  to be ~ h ~ ~ r a c t c r i z e d .  

The  sirup of mono-0-methyl-D-xyloses was clissolved in absolute ethanol and 2-0-methyl- 
D-xylose crystallizecl on dilution with petrolcum ether and seeding with an authentic 
sample. The  noth her licluor still showecl a strong spot of the same co~npound as  well a s  
one of 3-0-methyl-D-xylose. The inother liquor was therefore rechromatographed and the 
3-0-methyl-D-xylose converted into 3-0-1nethg.l-D-~yl0~e phen\.losazone. 

The phenol - sulphuric acid method (9) was used to estimate the ratio of 2- and 
3-O-1uethyl-~-xyloses and of 5-0-methyl- ancl di-0-~nethyl-D-xyloses, and the combination 
of these results with the weights of the fast- and slow-running components isolated fro111 
the paper chromatograins gave approximately 20:10:1 for the ratio of 2-, 3-, ancl 5-0- 
methyl-D-xyloses. In experiinents starting with sirupy dithioacetal the tracc of the 
5-0-methyl ether was not observed. 

In the course of this work authentic samples of 3- and 5-O-meth]~1-~-xyloses were 
needed and these co~npo~~ncls  were synthesized according to  the procedure of Levene and 
Raymond (10). I11 this paper the melting points and rotatioils for the two p-bromophenyl- 
osazoiles have been transposed (1 I). 

The  results of this ~~lethylat ion study again demonstrate the superior reactivity a t  C2 

and differ fro111 those for L-arabinose cliethyl dithioacctal in that  there is appreciable 
reactivity a t  CJ. 

i l fethod I 
D-Sylose (15.0 g) \\las suspended in dry tetrahydrofuran (100 1111) \vhich had been saturated with hydrogen 

chloride a t  0' C. The suspension was coolecl in  an  ice-water bath, and ethanethiol (10 g) \vas added portion- 
\vise with vigorous shalcir~g and occasional cooling in ice \\later. -4fter all the thiol was added (ca. 10 minutes), 
the mixture was shalien for another 20 minutes, clurillg which time all the D-sylose dissol\.ed to give a 
honlogencous solution. The reaction mixture was clil~rtecl with dry tetrahydrofuran (100 ml), neutralized 
with excess barium carbonate, and filtered. The filtrate was dried \\fit11 c a l c i ~ ~ m  chloride, tlie solvent mas 
rer~~o\;ed, and the residue was extracted \vith dry tetrahydrofuran (50 ml). Evaporation of the extract 
gave a product (20.3 g, 79%) which remaitled as a sirup for many \veel;s but \\lhich crystallized alnlost 
il111liediatcly on dilution with a small amount of 2-propanol. 'l'he crude product was recrystallized from 
2-propanol - petroleum ether. Yield 15.8 g, m.p. 63-64" C, lit. (5) 63-65" C. 

Method 11 
D-Xylose (4.5 g), ethanethiol (4.5 g),  and concentrated hydrochloric acid (4.5 g) \\,ere shal<e~l for 30 

~ n i n ~ ~ t e s  with occasional cooling in an ice-water bath. To tlie clear reaction ~iiixture \\'as added ice water 
(50 ml), then sufficie~lt Duo!ite A-4 resin to ~ieutralize the acid. (rln additional amount (50 ml) of \\ater 
\\.as needed to facilitate stirring.) The filtrate was evaporated to a sirup, which \\?as diluted with isopropyl 
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DUTTOK A N D  TANAKA: SCGXR DITNIOACETALS 1901 

alcohol (10 ml). Petroleum ether (3-4 ml) was added to the solution, and after several hours' storage of the 
solution a t  5' C a crystalline mass was obtained. The crude crystals were recrystallized from isopropyl 
alcohol - petroleuni ether. Yield 3.2 g (42y0), n1.p. 62-63" C. No depression of the nielting point was 
observed when ~iiixed with the sample prepared by the niethod I. 

il[ethylation of Sirupy D - X ~ ~ O S C  Dietlzyl Dithioacetal 
Afethylation I 
D-SyloSe diethyl dithioacetal (3.00 g,  sirup) was dissolved in a niixtirre of ~ilethyl iodide (35.0 1111) and 

dry tetrahydrofuran (35.0 nil). Silver oxide (7.0 g) and drierite (7 g) were added to the solution, and the 
mixture was shalren a t  room temperature for 3 hours. The reaction mixture was filtered in order to remove 
the inorganic substances, which were washed with tetrahydrofuran (10 ml). The filtrate ancl washing were 
evaporated and the residue was redissolved in chloroforni (10 ml). Evaporation of the filtered chloroforni 
solution yielded a light brown sirup (2.49 g). 

The sirup (2.49 g) was refluxed for 5 hours in a niixture of ethanol (20 ml), water (1.5 nil), and concen- 
trated hydrochloric acid (1.5 ml). The hydrolyzate \\.as neutralized with Duolite A-4 resin, and after treat- 
ment with charcoal, evaporation of the neutral solution gave a light yellow sirup (1.42 g). The sirup showed 
the following R, values in butanone-water azeotrope: 0.94, 0.87, 0.79, 0.62, 0.54, 0.46, 0.18, and 0.05. The 
spot of R, 0.18 was strong in intensity and the others were all weak. 

iMEtlzylation 11 
Using the sanie quantities of reactants under the same conditions, a sirup (3.12 g) of the methylated 

niercaptals was obtained. Hydrolysis of this sirup ~ ~ n d e r  the same conditions provided a sirupy mixture 
(1.97g) of the nlethylated D-xyloSes which showed two strong spots (R, 0.20 and 0.06) and a few very \\leak 
spots with higher R, values in butanone-water azeotrope. 

Isolation and Eaami?zation of ~~ono-0-?izet~ty~-~-.vy~opy~anoses 
The sirup (1.42 g) of the methylation I was chromatographed on t\\relve 15-cni-wide Whatman No. 3MM 

sheets for 7 hours, and the 1iiono-0-liiethj~l-~-xyloses, located by nieans of guide strips, were extracted with 
cold water (200 mlX3). Evaporation of the extracts gave a sirup, which was redissolved in  niethanol 
(ca. 5 ml), and a mixture (96.7 mg) of mono-0-methyl-D-sylopyranoses was obtained by evaporation of the 
filtered methanolic solution. 

In a similar manner a sirup (118.6 nig) of rnono-0-1i1ethyl-~-r;~.lopyranoses v1as isolated froni the hydrol- 
j l ~ a t e  (1.97 g) of Inethylation 11. 

'The mixtures were chromatographed for 20 hours and t\\-o spots (R,,I,,, 3.16 (strong) and 3.65 (weak)) 
were shown to be 2- and 3-0-liiethyl-D-xyloses, respectively. Separation of these spots was clearer when one 
drop of concentrated amnionia was added to the solvent. 

Electrophoretic examination (900-1000 v ,  20-90 ma, 90 minutes in 0.05 3 1  sodium borate solution) of t h e  
mixtures also showed that they consisted of 2-0-1nethyl-~-xylose (din 0.49 (strong)) and 3-0-methyl-D-xylose 
(111, 0.92 (weak)). 

Isolation and Electroplzoresis of the Fast-?izo.o'i?zg Conzpo?zents 
From the same chromatogranis used for the isolation of mono-0-methyl-D-xylopyranoses in lnethylation 

mixture I, the area which corresponded to the di-0-methyl ethers (R, 0.54 and 0.46) was extracted with 
cold water (200 nilX3). A sirup (21.1 ~ n g ]  was obtained by evaporation of the extracts, follo\\red by the 
removal of methanol-insoluble impurities. The sirup gave only one spot of ill, 0.00. 

Identi'ccltion of the Con2ponent R,,l,,T, 3.16 as 2 - 0 - 1 ~ ~ e t h y ~ - ~ - ~ ) . ~ o s e  
The mixture of mono-0-methyl-D-xylopyranoses isolated from methylation I was dissolved in warm 

absolute ethanol, and after cooling, petroleum ether was added to turbidity. Colorless crystals, 1n.p. 133" C, 
lit. (12) 132-133" C, precipitated fro111 the solution on seeding. Admixture with an  authentic sample gave 
no depression of the melting point. 

Ide?zti$cation of the Co?izpo?zent Rzl,2aao 3.65 as 3-0-ll[ethyl-D-xylose 
After 2-0-methyl-D-xylose crystallized, the mother l i q ~ ~ o r  \\.as decanted and evaporated to a sirup which 

still showed a strong spot for 2-0-methyl-D-xyloee. The sirup (52.1 mg) was conlbined with that  (118.6 mg) 
obtained from niethylation 11, ancl the conibined sirup was chromatographed for 20 hours on three 15-cm- 
wide Whatman 90 .  3MM sheets using butanone-water azeotrope to which one drop of concentrated 
amnionia was added. The areas corresponding to 3-0-methyl-D-sylose \Irere extracted with colt1 water 
(50 mlX3), and evaporation of the extracts gave a sirup (28.5 mg) which was electrophoretically homo- 
geneous. 

The sirup (28.5 nig) was dissolved in water (3 ml), and phenylhydrazine (56.2 mg) in ethanol (0.31 nil) 
slid a sn~all  amount of sodium nietabisulphite were added. The mixture \\.as heated for 5 hours in boiling 
water and yellow crystals precipitated on cooling. The crystals (21.6 mg) were recrystallized from ethanol- 
water, n1.p. 171-172" C, lit. (13) 172" C. No depression of the melting point was observed \\,hen mixed with 
synthetic 3-0-methyl-D-xyloee phenjrlosazone. 
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Metltylatio?~ Study 012 Crystalline D-Xylose Diethyl Dithioacetal 
(1 )  iMethylatio?z 

Crystalline D-xylose diethyl dithioacetal (1.00 g) was dissolved in a mixture of methyl iodide (12.0 ml) 
and tetrahydrofuran (12.0 ml). Silver oxide (2.40 g) and drierite (5 g) were added to the solution and the 
mixture was shaken for 3 hours a t  room temperature. The methylation product was treated a s  described 
above and the sirup (991 mg) thus obtained was hydrolyzed in a similar manner to yield a light yellow s i r ~ ~ p  
(582 mg) which showed the following RI values in butanone-water azeotrope: 0.91, 0.85, 0.73, 0.60, 0.51, 
0.40, 0.20, and 0.07. Only the spot of R, 0.20 was strong in its intensity; the others were weak. 

( 2 )  Isolatio?~ and Electrophoresis of 1~~0n0-0-?~2ethy~-D-xy~0~e~ and Di-0-methyl-D-ryloses 
The sirup (583 nlg) of the ~nethylated D-xyloSes was chromatographed for 7 hours on six 15-cm-wide 

Whatman No. 3MNI sheets using butanone-water azeotrope as  developing solvent, and the areas of RI 
0.20 and of 0.51 plus 0.40 were separately extracted with cold water (100 1111x3 each). A sirup (41.9 mg) 
was obtained from the extracts of the R, 0.20 component, and a sirup (16.3 mg) from the conlponents of R, 
0.51 and 0.40. 

By electrophoresis in 0.05 d l  sodium borate solution, the coinponent of R, 0.20 showed two spots ( d l ,  0.45 
(strong), 2-O-methyl-~-xylose; and 0.91 (weak), 3-0-methyl-~-xylose; 950-1100 v, 25 ma, 60 minutes), 
whereas the components of R, 0.51 and 0.40 showed three spots (11f~  1.00 (weak) (5-0-methyl-D-xylose), 
0.37 (very weak), and 0.00 (strong); 950-1100 v, 25-35 ma, 70 minutes). 

The  components of I?, 0.20 were separated by paper electrophoresis and analysis by the phenol - sulphuric 
acid method (9) gave a ratio of 2:l for 2- and 3-O-n1ethyl-~-xyloses. Similarly the components of R, 0.51 
and 0.40 gave a ratio of 1:10 for 5-0-1nethyl-~-xylose and poly-0-methyl-D-xyloses. 

Combination of these results with the weights of these two sirups gives approximately 20:lO:l for the 
ratio of 2-0-methyl-D-xylose to 3- and 5-0-methyl isomers, respectively. 

Synthesis of 3-O-l~fethyl-~-xylose 
This compound mas synthesized by the published method (10) from crude 1,2-0-isopylidene-D-xylofuranose 

(2.97 g) via the 5-0-trityl derivative. The  yield of chromatographically and electrophoretically homogeneous 
product was 758 mg. 

The  sirup (238 mg) was treated in water (5 ml) with phenylhydrazine hydrochloride (650 mg) and 
anhydrous sodium acetate (400 mg), and 3-0-methyl-D-xylose phenylosazone, 111.p. 179-181' C,  lit (13) 
172" C was obtained. 

The sirup (351 mg) was heated for 3 ho~lrs  in water (5 ml) with 9-bromophenylhydrazine hydrochloride 
(1.5 g) and anhydrous s o d i ~ ~ m  acetate (0.7 g). The  osazone was recrystallized from ethanol-water, m.p. 
168-17O0, lit. (11) 174-175". 

Synthesis of 6-0-dleti~yl-~-xylose 
Crystalline 1,2-0-isopropylidene-5-0-tosyl-D-xylose (6.25 g), m.p. 135-136" C, lit (10) 133-134" C, was 

obtained by the published procedure (10) from crude 1,2-0-isopropylidene-D-xylose (5.12 g). The  tosylated 
conlpound (2.70 g) provided crystalline 1,2-0-isopropylidene-5-0-methyl-D-xylose (1.23 g), 1n.p. 85" C, lit. 
(10) 80.5-81.5" C, by treatment with sodiu~n ~nethoxide in a sealed tube. Chron~atographically pure 
5-0-methyl-D-xylose (593 mg) was obtained by chrolnatographic purification of the hydrolyzate ol 1,2-0- 
isopropylidene-5-0-methyl-D-xylose. 

The sirup (293 mg) of 5-0-methyl-D-xylose was treated for 3 hours in boiling water with p-bromophenyl- 
hydrazine hydrochloride (1.20 g) and anhydrous sodium acetate (0.5 g), and the precipitated p-bromo- 
phenylosazone was recrystallized from ethanol-water, m.p. 152-154" C with softening about 140-144" C, 
lit. (11) 153-155" C. 
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ABSTRACT 

Neutral solutions of sodium forrnate in H?O-D?O rnistures were irradiated by 200-kv 
S rays. The atomic deuterium isotope effect (a,,) and its dependence on deuterium concen- 
tration were determined. I n  a 1x10-I ill HCOOSa, '36% DzO solution, G(hydrogen) = 1.14 
and a.4 = 4.3. I t  is concluded that  the hydrogen atom cannot be formed from a single water 
molecule. Possible mechanisms of hydrogen atom formati011 are discussed. The alternative 
possibilities for the atoms to react as H or HxO- are viewed in the light of the proposed 
mechanisms. 

ISTRODUCTIOK 

The nature of the reducing radical produced in the radiolysis of aqueous solutions is 
the subject of several recent studies. I t  has been shown that two forms of hydrogen atoins 
are involved-basic and acidic (1-3)-and that these are the solvated electron HzO- and 
the hydrogen atom H,  respectively (4). It  has further been shown that the transition fro111 
HpO- to H is brought about in acid solution by H30+. 

The relative contribution of the two species to reactions with the solute a t  neutral 
pH's is still debated. Czapslci and Allen ( 5 ) ,  while studying HzOz-02 solutions, found 
that the total yield of the reducing species, G = 2.85 (where G is the number of radicals 
formed for 100 ev absorbed), is in the form of solvated electrons. Allan and Scholes (3) 
and Rabani (G),  when studying aqueous solutions of organic solutes, found, on the other 
hand, that part of the yield of reducing species reacts in neutral solutions in the acid H 
form, with a yield of G(H) h. 0.G (to be termed "residual" yield). This part of reducing 
species was attributed to hydrogen atoms having excited water lnolecules as their pre- 
cursors (3). 

All of these studies employed the use of competitive kinetics, the difference between 
them being the choice of solutes. The use of a different nlethod to investigate the problem 
of the nature of the reducing radical and the mechanism by which it is formed in neutral 
solutions seems important. The present study elnploys the use of the deuterium isotope 
effect. 

When a rnisture of Hz0 and D2O is irradiated, the deuterium content of the reducing 
radicals is lower than that of the irradiated water (7-10). The isotope effect a* = 

(H/D),toms/(H/D),v,te, was found experimentally to depend on the deuterium concen- 
tration of the solution, both in acid (8) and in neutral (10) solutions. 

Statistical arguments show that if aA  > 2 a t  ~ 1 0 0 7 ~  D, then inore than one water 
n~olecule is involved in the reaction producing hydrogen atoms (9). 

In the present study further attention is given to the determination of a ,  in neutral 
solutions and its dependence on deuterium concentration, with special emphasis 011 the 
"residual" yield. The aim is to determine the value of aA of these atoms, a t  high deuterium 
concentrations, specifically, whether a ,  is smaller or bigger than 2. This will enable one 
to decide whether one or nlore water molecules are involved in the reaction producing 
these atoms. 

'Present address: D e p a r t n ~ e ~ ~ t  of Cltemistry, Cornell U?ziuersity, Itltaca, New York. 

Canadian Journal of Cliernistry. Volume 40 (1082) 

1903 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1904 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

c r . ~  is determined by studying the isotopic composition of the hydrogen gas evolved 
fro111 H20-D20 solutions of sodium formate. Formate was chosen as solute, because only 
the "residual" hydrogen atoins react with it  to form molecular hydrogen. I t  was found 
by Rabani (6) that,  in fact, the relative rate coilstants of the reaction of forrnate and 
ferricyanide ions with hydrogen atoms are the same in acid and neutral solutions. This is 
explained if the formate reacts, a t  all the pH values studied, with the same hydrogen 
atom species (6). 

The mechanism by which the "residual" atoms are formed will be discussed, as well as 
the alternative possibilities that these atoms react with the solute as  H or HzO-. 

EXPERIMENTAL 

Mixtures of light and heavy water containing different solutes were irradiated. The yield and isotopic 
composition of the hydrogen gas were determined. 

Irradiations were carried out with an  X-ray machine operated a t  200 kv and 15 ma. The vessels were 
cylindrical Pyrex tubes with about 200 cc free volume above the 10 cc liquid phase. Dose rates were approxi- 
mately 6500 r/min, as  measured by the Fricke dosimeter, taking G(Fe+3) = 15.5 (11). Total doses given 
varied from 1 X lo2? to 3 X  loZ2 ev/l. 

Solutions were prepared from triply distilled water. Heavy water (99.870 deuterium) was from Norsl; 
Hydro-Elektrisk. The  materials used were of "Analar" grade purity. cy.1 was determined froin experiments 
on MCOONa solutions, with or without phosphate buffer. Auxiliary experiments were carried out on ICBr, 
ICS02, and ICnFe(CN)s solutions. 

The solutions were degassed to an  ultimate air pressure of less than 111m Hg. After irradiation the 
evolved gas was pu~nped by a Toepler, through a liquid air trap, into a known volume and its pressure was 
measured by a McLeod gauge. In view of the possibility, that the gas coiltains oxygen, the hydrogen yields 
were determined ill solne auxiliary experime~lts, where the isotopic composition of the gas was not deter- 
mined, by burning the gas on a P t  filament. 

Mass spectrometric analysis of 132, HD,  and D2 was carried out  on a Consolidated 21-401 instrument.' 
The peak heights were determined in the order of m / e :  2, 3, 4, 3, 2, in order to  take into account pressure 
changes in the mass spectrometer. From the mean peal; height of each isotopic species and the total hydrogen 
yield, the individual HD,  Mp, and D? yields could be calculated. Contributioil to  mass 2 by D+ was taken 
into account, a t  high deuteriu~n concentrations, while the isotopic co~icentrations a t  low deuterium content 
were checlied by Zn-deco~nposed water mixtures. 

RESULTS 

Table I shows the results from experiments 011 HCOONa. The D 2 0  percentage is 

TABLE I 
- 

Espt.  G 
s o .  y(,D (D/EI),v:,tcr Solute (hydrogen) G(H2) G(HD) G(D4  / a,, 

I 2 1.08X 10-2 1 . 1  M H C 0 0 N a  1.4, li.SX10-3 3.1 
'3 ,I 1 .49  6.7X10-3 

:i i . l x 1 ~ ) - 3  4 .9  

1 50 1.00 ' 1 . 0 ~ 1 0 - 1  dlMCOONa 1.3s 2.5aX10-' 3.c 
5 95 18.3 1.1 x l O - ' d r  " 1.12 0.11 0.65 0.36 1.50 4.4 
(j 96.5 28.2 0 x 1 0 - '  I d  " 1.18 0.0s 0.66 0.42 1.82 4.3 

1 .OX10-l i l  HCOONa 3 , 2 0  0.5s 2,03 0,59 7 95.5 20.4 1 ,ox 10-1 -1.1 1.0, 6.7 
S 97 31.8 ,5~10-"1r N C 0 0 N a  1 .00 0.0; 0.5.1 0 . 3 ~  1.9, 3 . d  
0 100 409 1 .1  X10-' 11d " 1.1, - O.Gl 0.5; 2 . i 5  - 

10 100 -1Y!) 9 X  10-3 211 " 1 .0:, - 0.56 0.4; 2.60 - 

rounded off to  the nearest half percent, while the value (D/H),,,,, is the exact value of 
free exchangeable D atoms to exchangeable H atoms in the irradiated solution. The 

2Tke az~tlzor wishes to thank the Isotope Department of the W e i n n a n  Institlrte, Rehovoth, for performing these 
analyses. 
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hydrogen atoms of sodiuill for~llate are not taken into account, in the calculation of 
(D/H)avater, because they do not exchange (12). G(hydrogen) means the total hydrogen 
yield, light and heavy, as measured by the i\iIcLeod and is expressed in molecules fornled 
per 100 ev absorbed radiation. The yields of the different isotopic species were calculated 
as explained in the previous section. I n  some experiments the isotopic composition of the 
gas is expressed by the ratio (D/H),,, and not by the individual H?, HD, and De yields. 

For to be calculated from the isotopic coillpositioil of the gas, the composition of 
the "molecular" product formecl by the primary radiation-chemical act has to be known 
(8). The auxiliary experiments, given in Table 11, were carried out for this reason. The 

TABLE I1 

% D  Solute G(hydrogen) CYM 

hydrogen gas obtained in these experiments is the "molecular" product alone and has 
its usual meaning (7, 8), namely: axl = (H/D)gns/(H/D),vater. a* is calculated from the 
formate results a t  high deuterium concentrations, by the procedure of Baxendale and 
Hughes (8). The experiments 9 and 10 in Table I show that this procedure is applicable, 
as part of the gas-G(D2)-is the i'molec~~lar" yield, having the isotopic composition of 
the water (lOOyo D), and the other part of the gas-G(HD)-is the atomic abstraction 
yield. This procedure is, however, inapplicable a t  low deuterium concentrations, since the 
solute contains light hyclrogen atoms. The expression 

is instead uscd, in order to calculate the isotopic composition of the atoms-(D/H+D),\. 
In this expression G(H) ancl GH- are the "atomic" ancl "molecular" yields, respectively 
(light and heavy) and (D/H+D),l is the isotopic composition of the "molecular" product. 
(D/H+D),% and GH1 are known from the independcnt experiments of Table 11, while 
G(H) = G(11ydrogen) -GII,. The expel-iments in Table I1 show that au is ii~dependent 
of the solute ancl, to a certain extent, of solute concentration, provided the gas yield and 
deuterium concentration remain the same. 

In  order to calculate a,  a t  Ion- deuterium concentrations, the following values mere 
talcen: Gn, = 0.65 and = 1.75.3 a>1 aclopted a t  high concentrations was 3.9. These 
values are averages froill experiments in Table 11, where the scavenger concentrations 
and molecular yields are similar to the ones expected in the formate experiments. In 
experiments 9 and 10 of Table I ,  the G(D2) values are the "molecular" yields. A com- 
parison of these yields with the lields of Table I1 a t  -1OC% D shows that the "molecular" 
yield in  formate is intermediate between the IiBr and I i K 0 2  yields. The value of GIr? = 

0.65 was chosen a t  low deuterium concentrations, by analogy to the -100% D experi- 
ments, as it is intermediate between the IiBr ancl IiKO? values. 

3F0r e x a v ~ t l e ,  llze isotopic rol~tposilion of /Ire ntonzs zoas ralrzrlated in esperimrnt 1 froin llze following: 
1.44[6.8X10-3/(1 $6.8 X10-3)] = !(I .& -0.65)(D/H $D)~$0.66[(1.98X10-~/1.75)/(1$1.98 X 10-2/1.76)], 
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The results obtained for a, are given in the last coluinn of Table I. The values of a, 
a t  low deuteriunl concentrations are less certain than those a t  high ones, because of some 
arbitrariness in the choice of GH2. The "molecular" yields, calculated for experiments 
5, 6, and 8 from a, = 3.9 and from the experimental GD,'s (B), in these experirnents, are 
close to the experimental GD, values for 100yo D (experiments 9 and 10). This relates 
further confidence to the choice of a,l from the auxiliary experiments. Furthermore, 
even if a considerably different aal is used, a~ is only slightly affected, in experiments 
5, 6, and 8. 

DISCUSSION 

Fiquet-Fayard (9) has shown that if a single excited water n~olecule decon~poses, 
independently of all other molecules, without prior energy transfer, then a, should be 
lowered by high deuterium concentrations of the solution and a~ cannot be higher than 
2 a t  %D rv 100. At high deuterium concentrations the only isotopic water molecule 
species virtually present are HDO and D20. If the con~position of the water is one HDO 
molecule for every n lllolecules of DzO and if excitation is random, then there will also 
be one excited HDO for every n excited D20 molecules. In  the limit of an infinitely high 
isotope effect in favor of light hydrogen, HDO decomposes to give H only. But if every 
excited nlolecule decolllposes independently of all others, there will be one H atom for 
every n D atoms formed. As the original atom concentration in the water is one H atom 
for every 2 n  D atoms, it is evident that the maximum isotope effect is 2. This statistical 
argument, developed by Fiquet-Fayard (9), holds for any process by which a single water 
molecule decon~poses by itself; for instance, it holds also if 

H20- --, H + OH- [I I 

or if H20- reacts with the solute, according to 

H?O- + RH + Hz + R + OH-. PI 

If the excitation energy or the electron is shared among several water n~olecules so that 
out of several DzO and HDO nlolecules there is a bigger chance than the statistical one 
for HDO to deconlpose, although a Do0 molecule was originally excited, then a, may be 
bigger than 2 a t  -100% D (9). 

The results in Table I show that a, is higher a t  high deuterium concentrations than a t  
low ones and that it is bigger than 2. A similar behavior was noted for acid solutions 
(8, 9) and was attributed to reaction (9) 

being the one responsible for hydrogen atom production, since H30+ is formed by the inter- 
action of more than one water molecule. 

In the formate experiments, where low yields are obtained (Table I ,  except for experi- 
ments 3 and 7) one deals with the "residual" yield (3), after the majority of the electrons 
have been scavenged, without yielding hydrogen gas. I t  is apparent from a, that  this 
yield cannot be due to either [I], [2], or 

H20* --, H + OH. 14 I 

Reaction [4] has been proposed to account for this yield (3), because it could explain why, 
under certain conditions, electron scavengers do not affect this yield. If excited water 
molecules (as in [4]), and not solvated electrons, are the precursors of the hydrogen 
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atoms, electron scavengers would not be able to affect the "residual" yield (3). On the 
other hand, our isotopic results are incompatible with reaction [4]. 

If reaction [I] were fast enough, it could explain why, under some conditions, the 
"residual" yield is scavenged as H,  while under others, it is scaveilged as HzO-. But, as 
has already been said, this reaction would lead to a similar dependence of a,  on deuterium 
concentration, as reaction [4], if only one molecule is bound to the electron, in HzO-. 

The only possible explanations for the "residual" yield which are compatible with the 
observed isotope effect are those reactions in which more than one water molecule is 
involved. Reaction [3] or sharing of excitation energy (or of the electron) anlong several 
water molecules belongs to  that category. 

Reaction [3] is very lilcely to occur, since H30+ is forined in the track of the ionizing 
electron, by the sequence (9) 

and 
H30 -t H?O+ + e 

H2O+ + H?O -t HIO+ + OH. 

I t  is significant to note that the "residual" yield is suppressed by those solutes which are 
efficient electron scavengers, like H ~ O Z ,  0 2  (5), and COZ (13). These could compete with 
reaction [3]. Reaction [3] thus accounts best for all the results. 

I t  is seen that the addition of phosphate to the forinate changes the yield, as well as 
the isotopic composition of the gas. The isotope effect, when full hydrogen yields are 
obtaiiled in neutral solutions, was previously determined. I t  was shown by tracer ex- 
change reactions that HDO decomposes independently of the medium (Hz0 or DzO) (10); 
moreover, a calculation of the numerical exchange results, according to our notation, 
gives a . ~  = 1.G a t  -100% D. These studies were done a t  low concentrations of the scaven- 
ger (hydrogen n~olecules) and a t  a complete absence of efficient electron scavengers. 
Under these conditions, reaction [ l ]  followed by reaction of H with a hydrogen molecule, 
or reactioil [2], where RH is HZ, can occur. a.4 obtained by us in experiments 3 and 7 is 
not equal to that from the hydrogen experiments (lo),  either because of a different scaven- 
ger concentration-a factor which has not yet been studied-or because of the interaction 
of the H2P04- ion with the electrons, to give hydrogen atoms. 

The dependence of hydrogen yield on phosphate concentration will be given in a forth- 
coming publication (14), where the influence of buffers will be further discussed. 

A mechanisn~ for the production of the "residual" yield, compatible with the deuterium 
isotope effect, is one in which more than one water n~olecule is involved. A track reaction 
between H30+ and an electron accounts best for isotopic, as well as scavenger, results. 
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PREPARATION OF ANTIDOTES FOR ANTICHOLINESTERASE POISONING 
I. PARPANIT ANALOGUES1 

R. A. B. BANNAIZD, J. H. PARI~KARI, AND I. IV. COI~E>I.IS 
Defev~e Resear~I~ CIzenzical Laboratories, Otlawa, O?ztai ro 

hIanuscript received June 13, 1962 

ABSTRACT 

Interaction of potassium 1-phenylcyclopentanecarbosylate and 2-diethylaminoethyl chloride 
in a b s o l ~ ~ t e  ethanol proveti the most satisfactory of four nietllods esami~ied for the preparation 
of 2-diethylaminoethyl 1-phenylcyclopentanecarbosylate hydrochloride (Parpanit). This 
procedure was used to obtain 2-(ethyl-2'-tluoroethyla11~i11o)ethyl ( I ) ,  2-(ethylisopropyla~~~i~io)- 
ethyl ( I I ) ,  3-diisopropylaminoetli~~l ( I I I ) ,  2-pyrrolidinoethyl (IV), and 2-pipericlinoeth).1 (V) 
1-phenylcyclopentanecarbox~~1nte hyclrochloridcs. 2-Dicthylaminoethyl 1-(p-nitrophenyl)- 
cyc!opentanecarbos).late hydrochloride (111) was also preparcd in this way but was obtained 
Inore coliveniently by direct nitration of 2-diethyla1ninoeth).I l-pl~enylcyclopentanccarboxy- 
late. The preparation of intermediates required in thesc syntheses is described. 

P r e l i ~ n i n a r ~  results are glven on the potency of these compounds as  substitutes for atropine 
sulphate in the llsual osime and atropine sulphate treatment of mice which have bcen poisoned 
with Sarin. 

I n  connection with extension of our studies on the usefulness of substitutes for atropine 
in the treatment of Sari11 poisoning (1,2) it became necessary to  prepare certain analogues 
of 2-dietliylaminoetl1>~l 1-phenylcyclopentanecarboxylate hydrochloride, which is ltnown 
co~nmercially as Parpanit, Panparnit, Caranliphe11 hydrochloride, or Pentaphen. i\/Iany 
compounds of this type have been synthesized previously and the method nzost frequeiltly 
employed has been interaction of the acid chloride with the requisite aminoalcohol in an  
aromatic solvent (3-8) (method 1). Other procedures which have bee11 utilized less fre- 
quelltly include transesterification of ethyl 1-phenylc~~clope~~tai~ecarbosylate  with an 
an~inoalcohol and sodium in xylene (8-11) (method 2) ;  interaction of an alltali ~ne t a l  
salt of the acid and an aminoalltyl halide in a hyclrocarbon s o l v e ~ ~ t  (5,7, 12-14) (method 3) ;  
treatment of the acid chloride with an a~~~inoa lcohol  hydrochloride in a llydrocarbo~i 
solveilt ( 5 )  (method 4) ;  and heating the acid with an aminoalltyl chloride hydrochloride 
in an alcohol (5) (method 5). J/Iethod 2 was considered unsuitable for preparation of the 
co~llpounds required because it sometimes furnishes very poor yields (11). I t  was not 
clear, however, which of the other four procedures referred to  above ivoulcl be most 
satisfactory. Accordingly, the merits of methods 1, 3, 4, and 5 were briefly exa~ni~zecl with 
respect to yield and ma~lipulative c o ~ ~ v e ~ ~ i e n c e  for preparation of 2-diet l~ylarninoet l~~~l  
1-phenylcyclopenti~~~ecarboxylate hg~drochloride (3). 

Interaction of equi~nolar quantities of 1-phenylcyclopentanecarboxylic acid chloride 
and 2-dietllylami11oetl1a1~0l in anhydrous benzene under reflux for 2 hours furnished the 
ester hydrochloride in 65y0 yield. Prolonging the period of reflus did not improve the 
yield (method 1).  

When potassium I-pl1e1~ylcyclopentnnecarboxy1ate was heated under reflux in absolute 
ethanol for 18 hours with a 20 mole% excess of 2-dietl1~lami1zoetI1yl chloride, followed 
by treatment with hydroge~l cl~loricle, a n  SOYo yield of 2-dieth)~laminoetIlyl l-phenyl- 
cyclopentanecarboxylate hydrochloride was obtained. Lengthening the period of reflux 
did not improve the yield but the latter decreased to ca. GOY0 when Iieati~lg periods 
s11o1-ter than 12 hours were emplo\.ed (method 3). 

1Issr1ed as  D.R.C.L. Report No. 374 

Canadian Journal of Cliemistr)~. Volume -10 (1909) 
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I~lteractioli of equimolar quantities of 1-phe~iylcyclopentanecarboxylic acid chloride 
and 2-diethylaminoethanol hydrochloride in dry benzene a t  reflux telnperat~lre for 48 
hours gave a 51yo yield of the desired material. The yield decreasecl sharply when shorter 
reflux periods were used (method 4). 

When equimolar quantities of 1-phenylcyclopentanecarboxylic acid and 2-diethyl- 
anlinoethyl chloride hydrochloride were heated under reflux in absolute ethanol for 48 
hours only a 29y0 yield of the desired ester hydrochloride was obtained  netho hod 5). 

Fro111 the foregoing results it is evident that  method 3 is superior to the others examined 
on the basis of yield. I t  is also best from the standpoint of nianipulative convenience, 
since the other nlethods either required much longer periods of heating under reflux 
and/or furnished products of inferior quality, which necessitated nl~iltiple recrystal- 
lizations to  provide rnaterial equivalent to  that obtained by method 3. This method was 
therefore adopted for preparation of the esters shown in Table I1 and was satisfactory 
in all cases. 

1-Phenylcyclopenta~~ecarbonitrile was prepared by i~lteractio~l of phenylacetonitrile 
and tetraniethylerie dibroinide with sodamide in liquid ammonia, followi~lg the general 
method of Case (15) as modified by Tilford and co-workers (9). The nitrile was hydrolyzed 
to the acid in 93% yield by the action of 48% hydrobrornic acid, by niodification of the 
method used by \Veston (5) for preparation of 1-phenylcyclohexanecarboxylic acid. 
Interaction of the acid and thionyl chloride in dry benzene furnished the acid chloride 
in 79y0 yield. Potassium 1-phe~iylcyclopentai~ecarboxylate was obtained in 97y0 yield 
by neutralization of an alcoholic solution of the acid with 10% alcoholic potassiuin 
hydroxide. I-(p-Nitrophenyl)cyclopentanecarboxylic acid was prepared in 80y0 yield by 
nitration of 1-pl~enylcyclopentar~ecarboxylic acid. The nitro group was concluded to be 
para to the phenylcyclopenta~~ecarboxylic acid group on the basis of the infrared 
absorptioii pattern of the compound in the 1650- to  2000-cm-I region (16). The potassium 
salt of this acid was readily obtained by the nlethod erllployed for preparation of potassium 
1-pl~enylcyclopentanecarboxylate. 
2-(Ethyl-2'-fluoroet1~ylan~ino)ethanol was prepared in 78y0 yield fro111 2-ethylanlino- 

ethanol and 2-fluoroethyl bromide (17), which were caused to  react in dry benzene in the 
presence of anhydrous potassium carbonate. 2-(Ethylisopropylami~~o)ethanol was 
obtained similarly and in 41y0 yield from isopropylan~inoetl~a~lol and ethyl bromide 
and was characterized as the halogen acid salts shown in Table I .  Isopropyla~ninoethanol 
was prepared from isopropylamine and ethylene oxide following Biel's method (18) and 
characterized as the hydrochloride. 

2-Diethylaminoethallol, N-(2-hydroxyethyl)pyrrolidine, N-(2-hydroxyethyl)piperidine, 
2-(ethyl-2'-fluoroethylamino)ethanol, 2-(ethylisopropylamino)ethanol, and 2-diisopropyl- 
anlinoethanol were converted to the corresponding chloride hydroclllorides in the yields 
given in Table I by treating them with thionyl chloride in dry chloroforin (cf. Bartlett 
et al. (19)). These salts were treated with 2OyO aqueous sodium hydroxide and the free 
bases were recovered by ether extraction. The latter compounds were not analyzed but 
were kept a t  4' until required in the esterifications. 

Finally, 2-diethylarninoethyl 1-(P-~~itrophenyl)cyclopentanecarbox~late hydrochloride 
(VI), which had been obtained by esterification of potassium 1-(p-nitropheny1)cyclo- 
pentanecarboxylate with 2-diethylaminoethyl chloride, was prepared in 65% yield by 
direct  litr ration of 2-diethylaminoethyl 1-plie~~ylcyclopentanecarboxylate. The identity 
of the two samples was established by co~nparison of melting points and infrared spectra. 

'The effectiveness of Parpanit analogues I-VI (Table 11) as  substitutes for atropine 
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TABLE 1 
2-Aminoethanol derivatives 

Analysis 

Solvent for Calculated % Found % m > 
M.p. '% recrystalli- Empirical Z 

Co~npound ("c)  yield zation for~uula C H N  S C H N S 2 
F 

2-Isopropylan~inoethanol 69-70 75 Ethanol- CsHlrNOCI 43.01 10.11 10.03 25.40 43.13 9.91) 10.OI) 25.46 ' 
hydrochloride ether 

2-(Ethylisopropylarnino)ethanol 85-86 73 Ethanol- CiH18NOCI 50.14 10.82 8 .35 21.15 50.23 10.80 8 .32 21.17 
z 

hydrochloride ether F 
2-(Ethylisopropylan~ino)ethanol 71-72 7 2  Ethanol- CiH18NOBr 39.(i3 8 .55  6.60 37.67 30.!)0 8 .68  6.65 37.59 

hydrobromide ether > 
2-(Ethylisopropyla~nino)ethanol 7G-77 38 Ethanol- C7HI8N01 32.44 7 .00 5 .41 48.98 32.50 6.95 5 .56 49.28 

hydriodide ether L 
2-(Ethylisopropyln~nino)ethpl 120-121 92 Acetone- CiIH17NCI? 45.17 11.21 7 .53  38.10 15.11 9 .40  7 .63 38.01 2: 

chloride hydrochloride ether 5 
2-(Ethyl-2'-Huoroethyla~~~i~~o)- 147-147.5 66 hilethanol- CGH1dNCI?E' :37.!)l 7 .42 7 .37 37.73 7 .30 7 .30 > z 

ethyl chloride hydrochloride ether > 
2-Diisopropyla~ninoethyl chloride 130-131* 84 Acetone- C8HI9NCI2 48.00 9 .57 7.00 35.43 48.27 9 .44 6.!)6 95.44 Or 

hvdrochloride ether 0 
P 

2-~;rrolidinoeth~l chloride 169.5-170.5t 77 Ethanol- CGHloNCI:! 42.37 7.70 8 .24  41.69 42.60 7.61 7.97 41.56 
hydrochloride ether I / )  

2-Piperidinoethyl chloride 225-227 1 79 Ethanol C ; H , I S C I ~  45.66 8 .21 7.61 38.52 45.84 7.99 7.49 38.40 
hvdrochloride 

*J. B. Wright e l  a l .  (23 )  report m.p. 132'. 
tJ. B. Wright e l  al. (24) report m .p  173.5-174". 
tJ. G. M. Du111op (25) reports m.p. 231'. C
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sulphate in the usual pyridine-2-aldoxime methanesulphonate (P-2-S) ancl atropine 
treatn~ent of Sarin-poisoned mice is shown in Table 111. The method of bioassay was 

TABLE I11 

-\tropine substitute activity of Parpanit analogues 
in protection of Sarin-poisoned mice 

Atropine substitute i I Atropine substitute 
activity activity 

Compound PR-1" Compound PR-l*  

I I 

*PR-1 = (LDao Sarin in treated animals)/(LDao Sarin in  untreated controls). 

identical with that described previously (I). Con~pounds 111 and IV are the only members 
of the group which exhibit greater protective ability than atropine sulphate. The inarlted 
improvement in protective effectiveness displayed by the diisopropyl analogue 111 relative 
to  Parpanit suggests that further iinproveinent in atropine substitute activity in the 
Parpanit molecule may result by placing suitable bulky electron-donating substituents 
on the nitrogen atom. 

EXPERIMENTAL?,  

I -  Phenylcyclopentanecarbonitrile 
This compound was prepared in 64% yield (b.p. 144-148" a t  12 mm pressure; ?ZD?~ 1.5323) using the 

procedure of Tilford and co-workers (9), who report b.p. 148-153' a t  20 mm pressure. 

I -  Pkenylcyclopentanecarboxylic Ac id  
1-Phenylcyclopentanecarbonitrile (34.2 g, 0.020 mole) was heated under reflux with 487h hydrobromic 

acid (140 ml) for 3 days. The precipitated acid was collected by filtration, washed with water, and dissolved 
in ether (500 ml). The ether solution was extracted with 10yo sodium hydroxide (2X 150 ml) and the alltaline 
extract was acidified with 10% hydrochloric acid. The resultant precipitate was recrystallized from aqueous 
alcohol, yielding 35.5 g (93.4y0) of light fawn plates, m.p. 159-160". Case (15) reports m.p. 158-159". 

I-Pke?zylcyclopenta~zecarboxylic Acid  Chloride 
Thionyl chloride (11.9 g,  0.10 mole) was added dropwise to a n~echanically stirred solution of l-phenyl- 

cyclopentanecarboxylic acid (9.5 g,  0.05 mole) in anhydrous benzene (100 ml). Stirring \\,as continued for 
2 hours a t  room temperature, after which the solution was heated under reflux for 2 hours. Distillation 
i n  vac?~o furnished 8.20 g (78.5y0) of pale yellow oil, b.p. 114-115" a t  4 nlm pressure; ? ~ n ? ~  1.5418. Levshina 
and Sergievskaya (13) report b.p. 149-150" a t  20-23 nlm pressure. 

Potassiu?tz I-P1zenylcyclo~entanecai.bosylate 
A solution of 1-phenylcyclopentanecarbosylic acid (3.80 g, 0.020 mole) in absolute ethanol (100 1111) mas 

titrated with 10% ethanolic potassiunn hydroxide using phenolphthalein as external indicator. Removal of 
the solvent i n  vacuo followecl by two recrystallizations from ethanol-ether gave 4.42 g (07.070) of fine colorless 
needles which did not melt below 350". Calc. for C1?H13021<: C, 61.07; H, 5.74; I<, 17.137G. Found: C, 
61.18; H ,  5.74; K, 17.08%. 

I -(p-Nitropl~eny1)cyclopentanecarborglic Arid 
1-Phe~~~lcyclopentanecarboxylic acid (5.00 g,  0.0263 mole) was added portionwise with stirring to 

fuming nitric acid (75 ml) kept a t  -10'. Stirring was continued for a further hour a t  0°, after which the 
reaction m i x t ~ ~ r e  was poured onto crushed ice (300 g). The resultant precipitate was collected by filtration 
and recrystallized from methanol, yielding 4.93 g (80.07') of colorless to light tan platelets, m.p. 179-182O. 
Calc. for C 1 ~ H 1 ~ N O ~ :  C,  61.27; H, 5.57; N, 5.96%. Found: C, 60.94; H ,  5.52; N, 5.98%. This procedure is 
based on that used by Rubin and LYishinsky (20) for preparation of 1-(p-nitrophenyl)cyclohesanecarboxylic 
acid. 

2.411 nlelting points and  boiling points are uncorrected. 
3~1~ici.oanalyses were peijormed by  J .  G. Hel ie  of these laboratories. 
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Potnssizlnr 1-lp-iVitropheny1)cyclopenlanccarboxylate 
This compound was prepared in 96% yield from the corresponding acid, using the method described for 

potassium 1-phenylcyclopenta~iecarboxylate and was obtained as  fawn needles, m.p. 225", after recrystal- 
lization from methanol-ether. Calc. for C1?H~?NOII<: C, 50.56; H, 4.43; N, 5.12; K, 14.31%. Found: C, 
50.81; H, 1.57; N, 4.93; I<, 14.38%. 

2-(Etltyl-2'-fEuorocthylanzi?to)ctltanol 
I\ mixture of 2-ethyla~~~inoethanol (Eastman, 67.0 g ,  0.750 mole), 2-fluoroethyl bromide (120 g,  0.940 

mole) (IT), anhydrous p o t a s s i ~ ~ ~ n  carbonate (103 g, 0.750 mole), and dry benzene (475 1111) was heated under 
reflux with stirring for 40 hours. The solid which separated from the cooled sol~rtion \vas collected by filtration 
and washed with benzene. The benzene was removed by distillation and the residue fractionated in vaczro, 
yielding 79.0 g (78.0%) of 2-(ethyl-2'-fl~1oroetl1ylamino)ethanol as  a colorless liquid, b.p. 71-73" a t  8 m m  
pressure; ?aoZ5 1.4330. Eq~~iva len t  weight: Calc. for C6HlrKOF: 135. Found: 13-1. 

2-Isopropylnin~inoethanol 
2-lsopropyla~~~inoethanol, b.p. 169-17O0, ? a ~ ? j  1.4388, was prepared in 78% yield by the method of Biel 

(18), who reported b.p. 160-171". This cornpo~~ncl was characterized as  the hydrochoride, m.p. 69-50" (see 
Table I). 

2-(Etla:vlisopropyla~i~ino)c~laanol 
A mixture of 2-isopropylaminoethanol (28.8 g, 0.280 mole), anhydrous potassium carbonate (38.7 g ,  

0.280 mole), ethyl bromide (30.5 g,  0.280 ~nole),  and anhydrous benzene (50 ml) was heated under reflux 
with stirring for 5 hours. The solid was removed by filtration and discarded. The filtrate was dried over 
anhydrous magnesium sulphate, then distilled in  vaczro, yielding 15.2 g (39.4y0) of colorless oil, b.p. 95" a t  
57 mm;  EDz6 1.4380. Brill (21) reports b.p. 175O. This compound was further characterized as  the hydro- 
chloride, 111.p. 85-86O, and hydrobro~nide, m.p. 71-72", which were prepared by conventional methods (see 
Table I). The hydriodide was prepared directly as follows. A mixture of 2-isopropylaminoethanol (11.3 g, 
0.11 ~nole),  ethyl iodide (15.6 g,  0.10 mole), and 'JOY0 ethanol (50 ml) was heated under reflux for 24 hours, 
then kept a t  room temperature for 3 days. Volatiles were re~noved in  vacito; the oily residue was dissolved 
in water (100 ml) and extracted with ether ( 6 x 1 5  ml). The aqueous layer was concentrated and dried a t  
0.001 mm pressure, yielding an oil \vhich crystallized on standing. Three recrystallizations from ethanol- 
ether gave 11.88 g (39.7Y0) of 3- (e thyl isopropyla~~~ino)e tha~~ol  hydriodide as  colorless needles, 1n.p. 76-77" 
(see Table I ) .  

Dialkyln~t~b~aoctla~~l Chloride Hydroclalorides 
These compounds \irere all prepared in the same manner, by interaction of thionyl chloride with the 

dialkylaminoethanol in anhydrous chloroform. The preparation of 2-diisopropylaminoethyl chloride hydro- 
chloride is typical. 

A solution of thionyl chloride (5 ml, 8.3 g ,  0.07 mole) in dry chlorofor~n (5 ml) was added dropwise to a 
stirred solution of 2-diisopropylaminoethanol (7.26 g, 0.05 mole) in dry  chloroform (50 ml) kept a t  -lo0. 
7 .  I he rnixture was heated under reflux for 6 hours, and methanol (5 1111) was added. Removal of solvents, 
first a t  water pump pressure, then a t  0.001 111111, followed by recrystallization of the solid residue from 
acetone-ether, gave 7.25 g (72.5%) of 2-diisopropylaminoethyl chloride hydrochloride as  colorless needles, 
111.p. 130-1:3lo. The dialkylaminoethyl chloride hydrochlorides prepared are shown in Table 1. 

Dialkylniizinoet11.yI Clzlorides 
These compounds were prepared from the corresponding hydrochlorides according to the  neth hod used by 

Breslo\\; and co-worlcers lor the preparation of 2-diethylaul~inoethyl chloride (22). The preparation of 
2-(ethylisopropylamino)ethyl chloride is typical. 

A mixture of 2-(ethy1isopropylalnino)ethyl chloride hydrochloride (4.65 g, 0.025 mole), ice-cold 20% 
aqueous sodiunl hydroxide (5 IIII), crushed ice (10 g),  and ice-cold ether (25 1111) was stirred vigorously for 
5 ~ninutes. The ether layer was decanted and the aqueous layer extracted with ice-cold ether ( 2 x 1 5  rnl). 
The combined extracts were dried for 3 hours a t  4' over anhydrous ~nagnesium sulphate. The drying agent 
mas removed by filtration and the ether was re lno~ed in  oaczio, yielding 2.85 g (76.0%) of colorless oil. No 
attempt \\.as made to  characterize the product ancl it was used immediately in the esterification conducted 
according to method 3. The dia1l;ylaminoethyl chlorides are ~ ~ n s t a b l e  on storage a t  room te~nperature but  
Inay be kept a t  4" for periods up to 2 weeks without separation of solid, which is considered to be the cyclic 
dimer (cf. Breslow el nl. (22) and \\'right el a]. ('34)). The following diall;ylar~~il~oethyI chlorides were prepared 
by this method ant1 yields are given in parentheses: 2-(ethylisopropyla11~i11o)ethyl ( i6) ,  2-(ethyl-2,'-fluoro- 
cthy1amino)ethyl (87), 2-diisopropylaminoethyl (89), 2-pyrrolidinoethyl (82), 2-piperidinoethyl (83). 

Dialkylanainoetkyl 1-Pl~e?zyl- and I-(p-Nitropheny1)-cyclope?zlanecarboxylate Hydroclzlorides 
(a) iVIetlzod 1.-Freshly distilled diethylaminoethanol (Eastman, 5.85 g, 0.050 mole) dissolved in dry 

benzene (25 ml) was added dropwise with stirring to a solution of freshly prepared l-phenylcyclopentane- 
carboxylic acid chloride (10.4 g, 0.050 mole) in dry benzene (100 ml) a t  25O. The solution was heated under 
r e f l ~ ~ s  with stirring for 2 hours, during which time a precipitate separated. The lnixture was cooletl to room 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



BI\NN..IRD E T  AL.: PARP:\NIT ANALOGUES 1915 

temperature and a n h y d r o ~ ~ s  ether (400 ml) was added to co~nplete precipitatio~l. 'The precipitate was 
recrystallized three times from acetone, yielding 10.9 g (69.0y0) of 2-diethylaminoethyl l-phenylcyclo- 
pentanecarl~oxylate hydrochloride as colorless needles, m.p. 142-143". Swiss Patent 234,452 (3) reports 
m.p. 145-146" for this compound. 

(0)  illethod 8.-Potassium 1-phenylcyclope~ltanecarboxylate (2.28 g, 0.01 mole) dissolved in absolute 
ethanol (25 ml) \\,as added in one portion to  freshly prepared 2-diethylaminoethyl chloride (1.62 g,  0.012 
mole) dissolved in absolute ethanol (10 ml). 'The solutio~l immediately became turbid and a precipitate 
began to separate. The ~nis ture  was heated under reflus for 18 hours and, after cooling to 0°, the precipitated 
inorganic salt was collected and discarded. The filtrate was evaporated to dryness i n  vnczfo and the oily 
residue was extracted with anhydrous ether ( 4 x 2 5  1111). The ether solution on s a t ~ ~ r a t i o n  with dry hydrogen 
chloride gave a precipitate which was recrystallized once from acetone, yielding 2.61 g (80.070) of colorless 
rieedles, m.p. 145-147". 

( c )  ililethod 4.-A mixture of 1-phenplcyclopentanecarboxylic acid chloride (4.18 g, 0.02 mole), 2-diethyl- 
aminoethanol hydrochloride (Eastman, 3.07 g,  0.02 mole), and dry benzene (50 1111) was heated under rellux 
for 2 days. The precipitate which separated 011 cooling was collected and the filtrate was evaporated to 
dryness i n  vaczlo. The conibined residue and precipitate were recrystallized from acetone, yielding 3.32 g 
(51.0%) of colorless needles, m.p. 140-141.5°. 

( d )  Method 5.-A mixture of 1-phei~ylcyclopentanecarboxylic acid (1.90 g, 0.01 mole) and 2-diethyl- 
anlinoethyl chloricle hydrochloride (1.72 g, 0.01 mole) in absolute ethanol (50 ml) was heated under reflux 
for 2 clays. 'The dark precipitate was collected, discarded, and the filtrate was evaporated to dryness in  vaczfo. 
The residue was recrystallized three times from acetone, yielding 0.96 g (28.6%) of colorless needles, m.p. 
144-146". 

The products from the four inethods were show11 to be idelltical \vith an  authentic sample of Parpanit 
(2-diethylaminoethyl 1-phenyIcyclope~~tanecarbox>~Iate hydrochloride), kindly provided by Geigy Phar~iin- 
ceuticals, i\.Ioiitreal, by comparison of melting points and infrared spectra. 

The other esters of 1-phenplcyclopei~tanecarboxylic acid and l-(p-nitropheiiyl)cYclopei~tanecarbox~~li~ 
acid shou~n in Table I1 were prepared by method 3. 

2-Dietltylat)~il~oethyl 1-(p-NitropAe~zyl)cyclopc~tta~zecarbo.vylnte Hydrochloride ( V I )  by iVitralion of 2-Dietltyl- 
ami?zoelAyl 1-Phe~zylcyclopenlnnecarbox'ylntc 

2-Diethylan~inoethyl 1-phe~iylcyclopentanecarboxylate (5.00 g, 0.0153 mole) was added portionwise mith 
stirring during a period of 1 hour to fuming nitric acid (75 ml) kept a t  -15". The  reaction mixture was 
stirred a t  0' for ari additional hour then poured onto crushed ice (200 g). The  resultant mixture was neutral- 
ized with ice-cold 10(yO sodium hydroxide and extracted with ether (-4x50 ml). The extract was driecl over 
allhydrous magnesium sulphate, filtered to remove the desiccant, and saturated with hydrogen chloride. 
The precipitated solid was recrystallized twice from ethanol-ether, yielding 3.G3 g (65.2%) of colorless 
crystals, m.p. 182-182.5' alone ancl in admisture with all authentic samplc of 2-diethylanlinoethyl 
1-(p-nitrophenyl)cyclopcntanecarboxylate hydrochloride (VI). The infrared spectra of the two samples 
were also idelltical. 
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1X. DIARYL PHOSPHOROFLUORIDATES AND DIARYL PHOSPHOROFLUORIDOTHIOATESl~2 
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Diary1 phosphorofluoridates and diaryl phosphoroRuoridothioates were prepared and their 
properties investigated. 

INTRODUCTION 

Of the diaryl phosphorofluoridates, diphenyl phosphorofluoridate was alone prepared 
by Saunders and co-worlters (2) fro111 phosphorus oxydichlorofluoride and phenol in the 
presence of din~etliyl aniline, with GOYo J-ield: 

Gottlieb (3) claimed to have prepared this compound previously in 7% yield by the 
action of potassium fluoride on the corresponding diphenyl phosphorochloridate. The 
obtained conlpoul~d was rapidly deconlposed by water whereas diphenyl phosplioro- 
fluoridate is quite stable against water. As no fluorine analysis data  were given by 
Gottlieb, it is doubtful that he had obtained the pure co!npound. 

RESULTS AND DISCUSSION 

No aryl phosphol-ofluoridotl~ioates were reported in the literature although the pre- 
paration of diary1 phosphorochloridothioates from phospliorus thiotrichloride and 
anhydrous sodiunl phenolates is k~lown (4-6): 

In continuat io~~ of previous work on the biologically active pl~ospl~orofluoridates (7) 
it was of some interest to prepare diaryl phosphorofluoridates and diaryl phosphoro- 
fluoridothioates and investigate some of their properties. 

0,O'-Pheny1,aryl phosphorofluoridates and O,Of-pheny1,aryl pl~ospliorofluoridothioates 
were conveniently prepared from phenyl phosphorochlorido-fluoridate or -fluoridothioate 
and the corresponding phenol in the presence of pyridine or d i~nethg- la~~i l i~~c  as acid 
binding agent: 

/ /- 
CGEI-160-P-CI + HO-Ar + Pyr -+ CGH~O-P-OAr + Pyr.1-ICI. 

I I 
S 

I I 
S 

S = 0. S 

1 Co?slribvlio?s iYo. 67. 
?For Por t  V I I I ,  see refere~sce 1. 
VPiesenl  address: Esso Research n x d  E?~gi?zeeri?~g Co~?zpany,  L i n d e ? ~ ,  -Yc'eru Jersej~ 
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Phenyl phosphorochlorido-fluoridate and -fluoridothioate were obtained from phos- 
phorus oxydichloridefluoride or thiophosphoryl dichloridefluoride and phenol: 

/ 
POCI,F + CsHsOH + Pyr + CGH~O-P + Pyr.1-ICI 

II \ 
0 CI 

/ 
PSC12F + CaH501i + Pyr -+ CeH50-P + Pyr.HC1. 

I!\ 
s Cl 

Diary1 pl~ospl~orofluoridates and fluoridothioates can also be obtained in one step 
from phosphorus oxydichloridefluoride or thiophosphoryl dichloridefluoride and 2 mole 
equiv of phenols: 

The one-step procedure, however, does not allow the preparation of "mixed" diaryl 
derivatives. 

The prepared diaryl phosphorofluoridates and fluoridothioates, together with some of 
their properties and analytical data, are listed in Table I .  

Both the diaryl phosphorofluoridates and fluoridothioates are quite stable against 
aqueous hydrolysis. They show practically no myotic effect. Although they show insecti- 
cide properties, they are considerably less toxic than their aliphatic analogues. 

EXPERIMENTAL 

Phenyl phosphorochloridofluoridothioate was prepared according to Olah and Oswald (J. Org. Chern. 25, 
603 (1960)). 

Phenyl Phospkoroclzloridofluoridale 
To a solution of 170 g (1.1 mole) phosphorus oxydichloridefluoride in 250 ml of toluene a solution of 1 

mole of phenol in 300 ml toluene was added. To  the resulting mixture 80 g (1 mole) of pyridine was added, 
diluted with 200 ml of toluene. (All operations were carried out with efficient stirring and external cooling, 
allowing the mixture to warm up from -50' slowly to room temperature.) The mixture was stirred for 2 
hours a t  room temperature and another half hour a t  40' to complete the reaction. The precipitated pyridine 
hydrochloride was filtered and the product fractionated in vacuum. Yield 870jb, b.p. 66-70 a t  5 mm. 
CeHsOPOCIF: calc.: P 15.9, C1 18.25, F 9.76; found: P 15.8, C1 18.1, F 9.7%. 

0-Plzenyl,O'-Aryl Phosplzorofli~oridolhioaLes 
To a stirred solution of 0.1 mole of phenyl phosphorochloridofluoridothioate and 0.1 mole of the appropriate 

phenol in 150 ml of benzene, 7.9 g (0.1 mole) of anhydrous pyridine was added slowly, while the reaction 
mixture was cooled with ice water. After about half an hour the cooling was discontinued and the reaction 
mixture was heated for 15 minutes on a water bath and then was allowed to cool to room temperature. The 
pyridine hydrochloride crystals were removed by filtration and washed with benzene. The combined benzene 
filtrate was washed with water, 5y0 aqueous sodium carbonate solution, and again with water and dried 
over sodium sulphate. 

Fractional distillation of the benzene solution i n  vacuo yielded the corresponding 0,01-phenyl,aryl 
phosphorofluoridothioate as a high-boiling colorless liquid fraction. Physical properties and analytical data 
of the products are shown in Table I. 

0,01-Diaryl phosphorofluoridothioates can also be prepared with a similar method in ether solvent. When 
using ether as solvent, a 3-day standing of the reaction mixture a t  room temperature was required to 
complete the reaction. Instead of pyridine, tertiary amines, e.g. triethylamine, are suitable to bind the 
hydrochloric acid formed during the reaction. 
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0,01-Diplzenyl PlzosplzorofEuoridothioate 
T o  a stirred solution of 0.1 mole of thiophosphoryl dichloridefl~~oride and 0.2 mole of phenol in 150 n11 of 

toluene 16 g (0.2 mole) of anhydrous pyridine was added slowly, while the reaction mixture was cooled 
with ice water. The reaction was thereafter carried out and the prodi~ct isolated as previously described for 
the preparation of 0-phenyl,Of-aryl phosphorofl~~oridothioates. 

0-Plzeny1,O'-Aryl PhosphorofEz~oridates 
T o  a stirred solution of 0.1 mole phenyl phosphorochloridofl~~oridate and 0.1 mole of the appropriate 

phenol in 150 1111 of benzene, 12 g (0.1 mole) of dimethylaniline was added, while the reaction mixture was 
cooled with ice water. The reactions were then further carried out and the products isolated similarly a s  
described previously for the preparation of 0-phenyl,O-aryl phosphorofl~~oridothioates using pyridine 
instead of dimethylaniline as acid binding agent. 
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ABSTRACT 

The nitration of solne symmetrically tetrasubstituted azo- and azoxy-benzenes in various 
nitrating media was found to yield the 4-nitro derivatives in some cases, while more drastic 
conditions gave the 4,4'-dinitro compounds. Some nitroazobenzenes were transformed to the 
4-nitroazo and 4,4'-dinitroazoxy derivatives. 

Reduction of the mononitroazo-, dinitroazo-, and azoxy-benzenes gave the n~onoaminoazo, 
diaminoazo, and azoxy derivatives under mild conditions while strong reducing agents con- 
verted the whole molecule to 1,4-diaminobenzene. One exception was found with 2,2',5,5'- 
tetramethyl-4,4'-dinitroazobenzene, which was reduced to 2,2',5,5'-tetramethyl-4,4'-dinitro- 
hydrazobenzene. 

INTRODUCTION 

The nitration and bromination of the a- and 0-isomers of p-nitroazoxybenzei~es have 
been reported (1, 2) to take place a t  the para position with the 0-isomers only, the 
a-isomer being unaffected due to the protective action of the oxygen atom on the adjacent 
ring : 

a-isomer p-isomer 

However, recently it has been reported (3) that, using a nitrating mixture of fuining 
nitric acid in phospl~oric acid, nitration takes place in both rings. I t  was thought of 
interest to investigate the nitration and reductioil of sonle symmetrically substituted 
azo- and azoxy-benzenes. 

DISCUSSION O F  RESULTS 

Nitration 
During the nitration of azo compounds, both mononitro and dinitro derivatives were 

obtained. 2,2f-Dii~~etl~yl-5,5'-clichloro- and 2,2f-dii~~etl~yl-3,3f-dichloro-azobenzenes, when 
treated with concentrated H x 0 3  and glacial acetic acid produced nlononitro derivatives, 
while 2,2f-diil~eth~~l-5,5f-dichloro- and 2,2f,5,5f-tetran~ethyl-azobenzenes gave the dinitro 
compounds with fuming HN03. The ortho- and para-directing influence of azo groups 
was confirn~ed by the introduction of nitro groups in the para position. While in the 
above cases only nitration toolc place, 2,2f-diinethyl-3,3f-dicl~loroazobenzeie treated with 
a mixture of fuining HN03 and glacial acetic acid gave both the oxidation and ilitration 
derivative 2,2f-dii~~ethyl-3,3f-dichloro-4,4f-dinitroazoxybenzei~e. 

' T h i s  paper constitz~tes part of a thesis submitted to the Gradzlate School, Laval University, by Joginder Singh,  
i n  partial fz~lfLll~ne?zt of the reqz~irements for the degree of Doctor of Science. 

Th is  work was sz~pported i n  part by a grant from the Defence Research Board of Canada (1958). 
2Gradz~ate Strident, holder of scholarships from Canadian Industries Limited (1860) and Shell Oil Conzpany 

of Canada (1061). 
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The nitration of 2,2'-5,5'-tetrachloro-, 2,2'-dimethyl-5,j'-dicliloro-~3,~3',4,4'-tetr:iclilor0-, 
and 2,2'-dirnethox~~-5,5'-dichloro-azoxybezeies gives rise to a-isomers onl!-, in agreement 
with the work of Xngeli (4). 
Redzcct ion 

For the purpose of determi~ling the coi~stitution of substituted azo- and azosy-benzeiies, 
many reducii~g agents have been used, such as zinc in acetic acid, zinc in caustic soda 
(5), and till in ligdrochloric acid. When 2,2'-di1iietliy1-5,5'-dicliloroazoxybe1izene ~irras 
treated with zinc ant1 acetic acid, the corresponding hydrazo compound was obtained 
in good yield, but using allialine reduction with zinc dust in caustic soda, tlie yield ivas 
low. The alkali decomposes the h\.drazo derivative reatlily. 2,2'-Dimeth~.l-4,4'-di1iitro- 
5,s'-clicliloroazobe~~zcne when reacted with sodium sulphicle in metlianol gave a diaiiiino 
compound. The reduction of both nitro groups can easily be cxplainecl by considerii~g 
tlie electromeric effect of adjacent chlorine atoms and tlie electron-donatii~g nature of 
tlie azo group itself. These two effects increase electron density a t  the nitro groups and 
by doing so facilitate its reduction rather than that of the azo group (6). 

Reduction of 2,2'-diiiiethyl-3,3'-dicliloro-4,4'-dit1itroazoxybeiizene by excess 11)-dl-aziiie 
li).clrate in ethanol gave the corresponding 4,i'-diaminoazoxy compound. I11 this case, 
the nitro groups rather tlian the azoxp groups are reduced; this is because the two 
electron-donating. chlorine substituents are in positions ortlio to  the t\vo electron-sink 
nitro groups. The reduction seems to stop after the nitro groups are reducecl. When 
this compound was reduced with excess soclium sulphide i11 aqueous methanol, it gave 
the 4,4'-cliaminoazobenzene. 

Si~iiilar results were observed with the reduction of the 4,4'-dinitroazo derivatives. For 
instance, 2,2',5,5'-tetrarnethyl-4,4'-di1iitroazobeiizeie was reduced by s o d i ~ i n ~  sulpliide 
in ethanol to the 4,4'-diamino compound. The reduction of 2,2',5,5'-tetramethyl-4,4'- 
dinitroazobenzene with ammonium sulpliide in alcol~olic solution gave a yellow crystallinc 
coinpouncl which the analysis indicated to be the dinitroh\idrazo compound. The attack 
in this case on the azo group rather tlian on the more vulnerable nitro groups is very 
surprising. A possible explanation for this is that methyl groups, due to  their positive 
inductive effect, prevent the electro~iieric shift of electrons from the azo to nitro group, 
as sho~vn belo\v, t h~ i s  lteeping the electron density a t  the azo group sufficient to  be 
attacked by ammoniurn sulpliide. 

General Procedz~re 
( a )  Nitrations 
The azo- and azoxy-benzenes were nitrated in a ~l l ix t~l re  of nitric acid ( d :  1.5) or fuming nitric acid in 

glacial acetic acid a t  temperat~~res  of 60-90" C for a few hours. When the reaction was 01-er the i n i s t ~ ~ r e  
was po~lred into c r ~ ~ s h e d  ice and the product which separated out was filtered and crystallized from suitable 
solvents. The conditions of nitration, yields, and physical properties of the nitro derivatives are recorded 
in Table I together \vith their analyses. 

(b )  Redz~ctio~rs 
The reductions of substituted nitrobenzenes for the preparation of azoxy colnpounds \\.ere perforlned 

in 500-ml three-necked flasks fitted with a mercury-sealed stirrer, a condenser, and a thermometer. Mag- 
nesium t~irnings were added in small portions over a 30-minute period. The mixture was refluxed a b o ~ l t  15 
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TABLE I1  

Reduction of substituted azo- and azoxy-benzenes 
n 

Analysis s 
Product Reducing Reaction Cryst. M.p. Yield 2, 

9 
Compound derivative agent conditions solvent ("c) (%) Calc. (%) Found (%) 2 

b 

2,2'-Dimethyl-5,5'- Hydrazo Z n  in glac. 80" C CHCls 165-166 GO C1,25.3 25.5 2 
dichloroazobenzene CH3COOH (1 hr) o 

2,2'-Dimethyl-4,4'- 4,4'-Diaminoazo Na?S in 50" C Ethanol' 332 decamp.* 75* 17. 9* C Cl, 18.0* 
CH,OH (30 min) w 

dinitro-5,5'-dichloro- 2, 

azobenzene 9 
100" C Ethanol 219-220 88 C1,21.8 21.9 

r 
2,2'-Dimethyl-3,3'- 4,4'-Diamino- N?H4 in 

C2HSOH (90 min) 0 
dichloro-4,4'-dinitro- azoxy 7 
azoxybenzene o 

4,4'-Diaminoazo NazS in GOo C Methanol 230 90 Cl, 22.9 22.9 LC 
CHZOH (3 hr) 
(85%) G 

310 decamp.* 93" CI, IS. 0* 18.0* -I 
m 
j 

CH301-I, 50" C Ethanol 146 45 N, 16.9  16.8 2,2',5,5'-Tetra~netl~yl- 4,4'-Dinitro- 
4,4'-dinitroazobenzcne hydrazo (NH4)z.S (90 min) 

< 
0 

4,4'-Diaminoazo NalS in 60" C 362 decamp.* N, 15.9* 15.9* r 
methanol (4z5nk) IP o 

Ethanol 204 C, 39.4 39.4 2,2',5,5'-Tetrachloro- 4-Nitroa~o (N I1 2S in - 
4-nitroazobenzene n~ethanol (18 hr) H ,  1.37 1.38 w 

Na?S in 50" C 204t 95 
n~ethanol (1 hr) 

- 

*-l.'I'-Diacetylamino deri\.nt~ve. 
tMised m.p. 204' was not depressed. C
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THE PRODUCTS OF THE PREVOST REACTION 
ON D-GLUCAL TRIACETATE 

R. U. LEMIEUX' AND S. LEVINE' 
Deparhzmzt of Clze~~ristry, U?vioersity of Otta.iuu, Ottuwn, O ~ i t n ~ i o  

Iteceived May  7 ,  1962 

'The compound reported by Stanek ant1 Schxvarz (Collection Czechoslo~~. Chem. Comm~~lls .  
20, 42 (1955)) to be l-0-ber1zoyl-~-iot~o-kleoxy-~(-~-g~~1copyr~~1iose triacetate is act~lally an 
approximately equimolar mis t i~re  of 1-0-benzoyl-2-iodo-2-deoxy-~-~-gI~1copraose triacetate 
and the stereoisomer with the a-D-manno cor~lig~~ration.  i\lethanolpsis of these compounds 
yielded methyl 2-iodo-2-deoxy-P-~-gI~1copyranoside and ~nethyl  2-ioclo-2-deosy-a-D-manno- 
pyranoside, respectivel~,. I-lpdrogenolysis of the latter iodoglpcosides using a palladii~m 
catalyst gave near-q~~antitat ive yields of the corresponding mcthyl 2-tleoxy-D-glucopyrano- 
sitles. Several other properties of the iotlides are reported. 

In  1935, Staneli and Sch\varz ( I )  reacted D-glucal triacetate (I)  with iodine and silver 
benzoate in dry benzene to form a substance ternled I-0-benzoyl-2-iodo-2-deosy-a-D- 
glucopyranose triacetate, 111.p. 129-130°, [aID3l +21.7' in cl~lorofoi-111. On repeating the 
experiment, we obtained a ilicely crystalline product, [a], $23.9" in cl~lorofor~n, in 96% 
yield. I-Io~vever, although the product possessed thc expected iodine content, the nlelting 
point (microstage) was 123-148'. 

> 
' bnc 

4 
0Rr 

a Y ie 

1 i 

Froni a lnechanistic point of view, i t  \vould be anticipated that,  in the first stage of 
the reaction, both the 1,3-iodonium ions I1 and I11 \vould form. 'These nould subse- 
quently i~ndergo nucleopl~ilic attacli by benzoate ion to for111 1,2-trc~l1s adducts of tlle 
D-glucal triacetate (I). The positive chaig-e of the iodonium ioi~s ~ 1 ~ 0 ~ 1 1 ~ 1  be localized 
mainlj a t  the anomeric ccnter in view of the ability ol  the ring oxygen to  participntc in 
the delocalization. Certainly, lor this reason, nucleophilic attaclc b) benzoatc ion should 
occur largely a t  thc 1-position. I t  may bc noted in this regard that 1,2-anhydl-o-a-D- 
glucopyranose triacetate undergoes attacl; csclusively a t  the 1-position (2). Thercfoi-e, 
the Prevost reactio~l (3) would bc expccted to forni, fronl u-glucal triacetate ( I ) ,  a 

Canadian Joul-nal of Che~~l i s t ly .  Volun~e  -10 (l!)(i?) 
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I ,I<MIEUS .-\SD LEVINE: PREVOST REACTION PRODUCTS 1927 

mixture of the two l-0-benzoyl-2-iodo-2-deoxyhexose triacetates IV ancl V. The relative 
anlounts of these two products presumably would depe~id either on the relative stabilities 
of the transition states leading to the two iodonium ions, i f  these are formed essentially 
irrevel-sibll- in the slow stage of the reaction, or the relative stabilities of the transition 
states for the nucleophilic attack on the iodoniurn ions, if the formation of the ions is 
relatively rapid and reversible. There appears to be no clefinitive information as to 
which of these two stages is rate controlling. 

The large melting point range that we observed for the product suggested that the 
substance was a mixture of the iso~ners IV and V. This condition was clearly substantiated 
by the nuclear magnetic resonance spectrum of the product, which is reported in Fig. 1. 
The spectra of the pure compounds are also reproduced in Fig. 1 since this application 

FIG. 1. The proton magnetic resonance spectra measured a t  GO Mc/s in rhloroform, \\,it11 tctramethyl- 
silane as  an  internal standard, of the procl~~cts which are formed on rcacting D - ~ ~ L I c ~  triacetate \vith iodine 
and silver l~enzoate i11 benzene. Spectrum ;1 is of the crude reaction procluct and sho\vs tha t  the material 
is an  approximately ecl~iimolar r n i s t ~ ~ r c  of the compounds whose spectra arc rcproclucecl in B and C. Spec- 
trum B is of 1 -0 -bc1 i zoy~-~ - iodo -2 -deoxy-p -~ -g~~1cc~~ranose  triacetate (V) and spectrum C is of the a-D- 
manno stcreoiso~ller (IV). 

clearly illustrates the powel- of this relatively new pl~ysical tool in the solution of problerns 
related to purity in the field of carbohydrate chemistry. I t  was a t  once evident from the 
appearance of tn-o doublets, a t  7.16 and 6.58 p.p.m., in the general region characteristic 
of anomeric hydrogens for l-O-acy1 aldoses (4) that the substance xvas an approximately 
1 : l  mixture of two isomeric compounds. The doublet a t  6.58 p.p.m. has a spacing of 
9.G c.p.s. and must therefore arise from the isomer (V) with the P-gluco configuration, 
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1928 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 19G2 

wherein the 1-hydrogen is in axial orientatioil and 1- and 2-hydrogens define a dihedral 
angle of about 180". The doublet a t  lower field has a spacing of only about 0.G c.p.s. 
and  nus st arise from a cornpound with 1- and 2-hydrogens in gauche orientation. From 
the above-mentioned mechanistic considerations, the signal would be expected to arise 
from the compound (IV) which has the a-manno configuration. Definitive evidence for 
this assignment of structure is given below. 

A scheme for the separation of IV and V by fractional crystallization was evolved. 
Compound IV melted a t  159.5-160' with [aID + 45.3" in chlorofornl whereas compound 
V melted a t  150-151.5" with [a], f2.2" in chloroform. 

Evidence that compounds IV and V were not anomeric was provided by the following 
acetolysis and ~nethanolysis experiments. Treatment of V with 1: l  acetic acid -acetic 
anhydride containing sulphuric acid to constant rotation led to the formation of a sub- 
stance, 111.p. 109.5-lll.(iO, [a]D f125" in chloroform, which, in view of its rotation and 
the fact that the signal for the ano~neric hydrogen has a half-band width of only 3 c.p.s., 
inust be 2-iodo-2-deoxy-a-u-glucopyranose tetraacetate (VI). On the other hand, a 
similar acetolysis of co~npound IV gave a viscous oil in 91y0 yield with [aID + 41.5". The 
nuclear magnetic resonance spectrum of this oily substance showed it to be a mixture of 
presunlably anomeric compounds devoid of the benzoate group. The signals for the 
ano~neric hydrogens were a t  6.74 and 6.30 p.p.nl., whereas the position of the signal 
for the anomeric hydrogen in compound VI was a t  6.85 p.p.111. Therefore, it is highly 
improbable that con~pounds IV and V are anomeric since, if they were, they \vould be 
expected to yield common products on acetolysis. Treatment of compound V with 
methanolic hydrogen chloride produced methyl 2-iodo-2-deoxy-P-D-glucopyranoside 
(VII), 1n.p. 189-189.5" and [a]D f6.9" in methanol. The identity of this substance was 
firmly established by ammonolysis followed by acetylation to methyl 3-amino-3-deoxy- 
P-D-altropyranoside tetraacetate (5-7). On the other hand, methanolic hydrogen chloride 
converted conlpound IV to a nlethyl 2-iodo-2-deoxyglycoside, VIII,  111.p. 146-147" and 
[aID f49.2" in methanol, in 72% yield. Am~nonolysis of this compound led to deep- 
seated degradation without the fornlation of an aminoglycoside. Further evidence for 
the configurations of compounds IV and VIII is available from a consideration of the 
optical rotations shown in Table I. I t  is seen that there is very good agreement between 
the molar rotations of compounds IV and VIII and those observed for the corresponding 
derivatives of a-D-mannose. Although the molar rotations for the configi~rationally 
related derivatives of D-glucose do not agree nearly as well, the general agreement is 
sufficiently good for the present purpose of assigning configurations to the various 2-iodo- 
2-deoxysugar derivatives. That  co~npounds VII and VIII are in fact 2-iodo-2-deoxy- 
glycosides was firmly established by their hydrogenolysis in near-quantitative yield to 
the methyl 2-deoxy-0- and -a-D-glucopyranosides, respectively. 

Stanek and Schwarz (I) prepared 2-deoxy-D-glucose in low yield by reduction of the 
substance now ltnown to be a nlixture of IV and V using a zinc-copper couple in methanol. 
We observed this reaction to lead to the forillation of water-soluble substances, starting 
either from IV or V and using the zinc-copper couple described by Shank and Schechter 
(8). These contained zinc and liberated D-glucal when hydrolyzed with base. Attempts 
to hydrogenolyze V using a palladium-on-charcoal catalyst in the presence of diethylamine 
in methanol led to the consumption of 2 inoles of hydrogen per mole of V. The product 
of the reaction was not characterized. 

Both the 2-iodo-2-deoxyglycosides VII and VIII rapidly consunled sodiunl hydroxide. 
The gluco cornpound (VII) consumed the base about three times more rapidly than the 
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LHMIEUS AND LEVINE: PREVOST REACTION PRODUCTS 

TABLE I 

Optical rotations of derivatives of D-glucose and D-inannoSe 

Derivative [DID Solvent [ l l l ] ~  

 glucose 
8-D-Glucopyranose pentaacetate 
1-0-Benzoyl-2-iodo-2-deoxy-~-~-glucopyranose 

triacetate (V) 
NIethyl 8-D-glucopyra~loside 
Methyl 2-iodo-2-deoxy-8-D-glucopyranoside (VII) 
Methyl 8-dg1ucopyranoside tetraacetate 
Methyl 2-iodo-2-deoxy-~-~-gl~1copyra1~oside triacetate ( I S )  
a-D-Glucopyranose pentaacetate 
2-Iodo-2-deoxy-a-D-glucopyranose tetraacetate (VI) 

D-Mannose 
a-D-i\/Ia~lnopyra~lose pentaacetate 
1-0-Be1~zoy1-2-iodo-2-deox~~-a-~-mannopyranose 

triacetate (IV) 
Methyl a-D-mannopyranoside 
Methyl 2-iodo-2-deoxy-a-~-man1lopyranoside (VIII) 
Methyl a-D-mannopyranoside tetraacetate 
Methyl 2-iodo-2-deoxy-a-D-mannopyranoside triacetate (S) 

manno epimer (VIII), presumably because of the trans configuration of the 2,3-iodo- 
hydrin group in VII. However, 1.9 equiv of base were collsuined per mole of VII and 
2.9 equiv per ~nole of VIII.  These results undoubtedly are related to elilnination of the 
iodine to form initially 2-deoxy-3-lcetoglycosides, which under the influence of the base 
are degraded to acidic products. These reactions are under investigation. 

Sinall ainouilts of inethyl 2-iodo-2-deoxy-P-D-glucopyranoside (VII) were isolated froin 
the methanolysis of pure l-O-benzoyl-2-iodo-2-deoxy-c~-~-mannopyranose triacetate (IV). 
The formation of this compound requires dissociatioil of the benzoyloxy group, with 
participation of the iodine atom, to lead initially to a l,2-iodonium ion. This ion must 
then decoinpose to soine extent to D-glucal and positive iodine (likely either as methyl 
hypoiodite or iodine chloride), which recombine to forin a 2,3-trans-iodoniuin ion (such 
as 11) which call lead to the forination of VII. I t  is of interest to note from the point 
of view of neighboring iodine participation (9) that the inethallolysis of V afforded only 
a 20% yield of VII. Since VII provecl highly resistant to change under the conditioils 
of methanolysis, it could not be the main product of the reaction. 

EXPERIMENTAL 

Mixtzrre of 1-0-Benzoyl-2-iodo-2-deoxy-triacetate Derivatioes of 8-~-Glz~copyra?zose and a-D-n/Ia?znopyranose 
D-Glucal triacetate (lo),  37.5 g (0.133 mole), was added to 30 g (0.131 mole) of silver benzoate suspended 

in 400 ml of dry benzene. Iodine, 36 g (0.141 mole), was added to the stirred solution and the purple color 
which formed after the addition of each portion disappeared almost immediately. After all the iodine had 
been added the mixture had a faint brown coloration. The mixture was stirred for 30 minutes a t  room 
temperature, the silver iodide was collected by filtration, and the filter cake washed with benzene. The  
combined filtrates were washed with sodium thiosulphate and sodium bicarbonate and Iinally with water. 
The benzene was renloved i?t vacuo to leave 65.4 g (96%) of a crystalline residue; n1.p. 123-148", [DID t25.9 '  
(c, 2.0 in cl~loroform). A study of the soluhility properties of the con~ponents of the nlixture led to the  
follo~ving schenle for their separation by fractional crystallization. 

1-0-Be? teoy~-2- iodo-2-deoxy-~-~-g~z lcopya?~osde  T~iacetate ( V )  
The above-mentioned crystalline mixture, 50 g, was dissolved in 75 ml of acetone, and 150 ml of cycIo- 

hexane was added. There was obtained 6.13 g of crystals, [DID +7.1° (c, 2.1 in chloroform), and mother 
liquor A. After two recrystallizations froill methanol there remained 4.70 g of white crystals, [DID +2.2 
(c, 1.9 in chloroform), with a transition beginning a t  145'. When the melting point was determined a t  a 
sufficiently slow rate to allow con~pletion of the transition, the melting point was 150-151.5". Further 
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recrystallization from either nictlianol or ethanol did not change the melting point or rotation. The n.m.r. 
spectrum (Fig. 1B) sho\~-ed the presence of only one type of anomeric hydrogen. 

In the presence of onefold excess of sodium hydroxide in 50% aqueous clioxane a t  0°, compound V con- 
sumed within 60 minutes 5 equiv of base per mole with the liberation of 1 mole-equiv of iodide ion. 

Anal. Calc. for C1D1-1210~I: C, 43.86; H ,  4.07; I, 24.40. Found: C, 43.61; H,  4.3-1; I ,  24.71. 

I-0-Benzoyl-2-iodo-2-deoxy-a-~-7i~a~1~~.0p~~ru~o.e Triacetate ( I V )  
The crystalline residue obtained after evaporation of solvent from mother liquor A was dissolved in 

350 tnl of benzene, and 700 ml of 30-60" petroleum ether was added. Crystals, 9.8-1 g, were clcposited, 
[ a ] ~  +43.1° (c, 1.8 in chloroform), in mother liquor B. One recrystallization from methanol gave '7.-13 g 
of large white crystals, [ a ] ~  f45.3" (c, 2 in chloroform), m.p. 157-160" with a transition a t  about 150". 
After the transition uras complete, the melting point was 159.5-160". The melting point anel rotation were 
not changed by further recrystallization either from methanol or ethanol. The  n.rn.r. spectrum of the 
product (Fig. 1) showed the presence of only one type of anorneric hydrogen. 

In the presence of a onefold excess of sodium hydroxide in 50% aqueous clioxane a t  0' compound IV 
consumed within 40 minutes 6 equiv of base per mole with the liberation of 1 mole equiv of iodide ion. I t  
is apparent that the elimi~lation of the iodine atom led to the formation of acidic proclucts. 

Anal. Calc. for ClgH2lOoI: C, 43.86; H, 4.07; I ,  24.40. Found: C, 44.13; I-I, 3.96; I, 2-1.00. 
Evaporation of mother liquor B left a crystalline residue with a composition approximately that  of the 

original reaction product. The fractional crystallization was continued until 0.28 g of mixture remained. I t  
was not possible to  obtain a further yield from this residue. The total yields of 1-0-benzoyl-2-ioclo-2-deoxy- 
8-D-glucopyranose triacetate and 1 - 0 - b e 1 ~ z o y l - 2 - i o d o - 2 - d e o x ~ ~ - a - ~ - ~ o s e  triacetate were 1-1.3 and 
20.9 g, respectively. 

Methyl-2-iodo-b-deozy-~-~-gl~~copy~a~to.~ide ( V I I )  
A solution of 10 g (0.0192 mole) of 1-0-benzoyl-2-iodo-2-deoxy-8-D-glucopyranose triacetate in 400 ml 

of 2% methanolic hydrogen chloride was allowed to stand a t  room temperature until it had attained con- 
stant rotation (6 hours). The  solution was then neutralized with silver carbonate and, after filtration, 
hydrogen sulphide was used to  remove silver ion. After removal of the methanol, a n  aqueous solution of 
the residue was decolorized using charcoaI and then evaporated to  5.Gl g of viscous oil. Crystallization 
from ethyl acetate gave 1.19 g (20%) of a crystalline solid, n1.p. 189-189.5", [ a ] ~  +6.g0 (c, 2.1 in n~et l~anol) .  

Anal. Calc. for C7H13061: C, 27.65; H,  4.31; I, 41.74. Found: C, 27.74; H, 4.53; I, 41.32. 
All attempts to  isolate crystalline methyl 2-iodo-2-deoxp-a-D-glucopyranoside from the mother liquors 

were unsuccessful. 
Acetplation of VII in the ~ ~ s u a l  manner using acetic anhydride and pyridine provided a near-quantitative 

yield of methyl 2-iodo-2-deosy-8-D-glucopyranoside triacetate (IX),  m.p. 85-86", [a]D +6.2" (c, 1.3 in 
chloroform). 

Anal. Calc. for C13H190J: C, 36.29; H, 4.45; I ,  29.50. Foui~d:  C, 36.18; I-I, 4.GO; I ,  29.15. 
In the presence of a 50% excess of aqueous sodium hydroxide a t  room temperature, compound VII 

consumed within 20 hours 1.88 milliequiv of base per mole with the liberation of 1 mole equiv of iodide 
ion. 

Methyl 2-Iodo-2-deoxy-a-D-~iza?tnopyrano.~ide ( V I I I )  
Treatment of 1-0-benzoy~-2-iodo-2-deosy-a-~-~~~a1~1~opj~ra~1ose iriacetate (IV) under the same con- 

ditions mentioned above for the gluco isomer led to  the isolation of a compound, m.p. 145-1-16", [a]D $49.2' 
(c, 1 in methanol). 

Calc. for C7HlrOsI: C, 43.86; I-I, 4.07; I, 24.40%. Found: C, 44.13; H,  3.06; I ,  24.00%. 
Acetylation of VIII in the usual manner using acetic anhydride and pyridine gave a procluct (S), [ a ] ~  

$44.9" in chloroform, which failed to  crystallize. The nuclear magnetic spectrum left no doubt that  the 
compound was essentially pure. 

In  the presence of a 50% excess of aqueous sodium hydroxide, compound VIII consumed within 40 
hours a t  room temperature 3 equiv per mole with the liberation of 1 mole equiv of iodide ion. 

2-Iodo-2-deo.vy-a-~-gl~~~opyra~zose Tetraacetate ( V I )  
A solution of 0.269 g (0.5 mmole) l-0-benzopl-2-iodo-2-deoxy-~-~-glucopyranose triacetate in 2 ml of 

1:1 acetic anhydride-acetic acid was added to  0.256 g of 95.570 sulphuric acid in 2 ml of the acetic 
anhydride - acetic acid. After mixing, the volume was adjusted to  5 ml with the 1:1 acetic acid - acetic 
anhydride mixture to yield a solution 0.5 111 in sulphuric acid and 0.1 M in the glucose derivative. The ob- 
served optical rotation in a 2-dm tube of the solution reached a constant value of 13.5" after 15 minutes 
a t  room temperature. After standing for 25 minutes, the product was isolated in the usual manner. An 
oil, 0.20 g (87%), was obtained which crystallized after trituration with 30-GO0 petroleu~n ether. Recrystal- 
lization from benzene - petroleuln ether gave 0.12 g of material; m.p. 109.5-111.5" [a]D + 1%" (c, 1.7 in 
chloroform). 

Anal. Calc. for C14H19001: C, 36.69; H, 4.18; I, 27.70. Found: C, 36.50; H, 3.99; I ,  27.82. 
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Acetolysis of 1 - 0 - B e ~ z s o y l - 2 - i o d o - 2 - d ~ o x y - a - n - n 2 n o 1 y r a o e  Triacetate 
The acetolysis was carriecl out in exactly the same manner as for I-0-benzoyl-2-iodo-2-deosy-~-~-gluco- 

pyranose triacetate. The  specific rotation of the solution reached a rni~linlurn observed value of 1.47" (using 
a 2-clm tube) after standing the solution 0 minutes a t  roorn te~npcrature and remained a t  this value for 
about 42 minutes. The observed rotation of the solution then rose to a constant value of 4.5". The product, 
0.21 g (91y0) of a viscous oil, [elD +41.5" (c, 1.7 in chloroform), was isolated in  the usual manner. The  
nuclear nlagnetic resonance spectrum showed two signals of about equal intensity in the region charac- 
teristic of anomeric hydrogens for this type of compound. One signal was in the form of a singlet a t  6.74 
p.p.m. and the other a doublet a t  6.30 p.p.111. with a spacing of 8.5 c.p.s. Thc  intensities of these signals 
were considerably lower than expected ancl it seems lilcely, therefore, t ha t  the reaction was not restricted 
to replacement of the  benzoylosp group by acetosy group. 

iletlzyl 3-Acetn~i1ido-3-deox-y-p-n-nltro~1yra?zosid Ti-iacetatc 
Methyl 2-iodo-2-deosy-P-~-glucopyra11oside, 0.20 g (0.66 m~nole),  was dissolvecl in 2.5 ml of dry methanol 

saturated with ammonia and the solution, in a sealed tube, was heated for G hours a t  120'. The  methanol 
and ammonia were removed and thc residue mas dissol\7ecl in water. After treatment with silver carbonate 
and then with l~yclrogen sulphicle, the  aqlleous solution was decolorized with charcoal. Evaporatio~l of the  
water ilz vaczio left 0.11 g of a deliquescent white powder, which was acetylated using 1 m l  of pyridine 
and 0.7 ml of acetic anhydride for 22 hours. The product, 0.19 g of a light yellow oil, was isolated in t he  
usual manner and dissolved in a small amount of absolute ethanol. After standing a t  4" for 19 hours there 
was deposited O.1Gg (65%) of a crystalline material, m.p. 189.5-190°, [a],, -123" (c, 1.1 in chloroform), 
-149' (c, 1.2 in methanol). The reported (5-7) physical constants for methyl 3-acetamido-3-deosy-P-~- 
altropyranoside triacetate are: m.p. 18g0, [ a ] ~  -11'3" (chlorofornl). 

Anal. Calc. for C15H?309N: C, -19.86; H, 6.42. F o ~ ~ n d :  C, 50.04; H, G.51. 

~Metlzyl 2-Deox3~-p-~-fil~~copyra?zoside 
-4 solution of 0.303 g (1 tnmole) of methyl 2-iodo-2-deosy-p-D-glucopyranoside (VII) and 0.148 (2.04 

mrnoles) of diethylamine in 10 1111 of water was hydrogenated a t  room te~nperature and pressure using 
0.035 g of palladium on charcoal as catalyst. The  theoretical amount of hydrogen was talcen up in 16 
minutes. After 30 minutes, the catalyst was removed by filtration and the filtrate was treated with silver 
carbonate to  remove iodide ion and then with hydrogen sulphide to remove silver ion. After evaporation 
of the water and diethylamine ilt oaczlo an  aqueous solution of the residue was decolorized with charcoal. 
Evaporation of the water left 0.15 g (84yh) of crystalli~le ~naterial  which, after recrystallization from ethyl 
acetate, melted a t  121.5-13,2°, [ a ] ~  -4G.9" (c, 1.0 water). The physical constants reported (11) for methyl 
2-dcoxy-p-~-glucopyr:~11oside are: m.p. 122-123", [ a ] ~  -48.4" (water). 

Alfetl~yl 2-Dco.vy-p-~-gl1?cof13~ra?zosidc Ti-iacctatc 
X solution of 0.10 g of methyl 2-deosy-P-D-glucopyranoside in 0.7 ml of pyridine and 0.5 ml of acetic 

anhyclriclc \\.as allowecl to stand for 18  hours a t  4'. The product, 0.17 g of crystalline material, was isolated 
in the ~rsual manner. After recrystallization from ether - 30-GOo petroleum ether, the material melted a t  
07-09", [ a ] ~  -34.8" ((., 0.9 in chloroform). Methyl 2-deox~~-p-~-gl~1copyranosiclc triacetate is reported (5) 
to melt a t  96-!)7°, [all, -30.2" (tetrachlorocthane). 

il{etllyl 8-Dco.vy-a-n-glr~cop31~(~~zosidc 
I-Iydrogenation of 0.303 g (1 mmole) of methyl 2-iodo-2-dcoxy-a-~-111a1111opyrnnoside (VIII) and purifi- 

cation of the product in the  same manner as  describecl ahove for the 0-anomer gave 0.16 g (897;) of material 
which was recrystallizetl from ethyl acetate. The  s ~ ~ b s t a n c c  melted a t  '33.5-0-L.j0, [elD f 143" (c, 0.9 in 
methanol). Methyl 2-tleosy-a-~-glucopyral1oside is reported (11) to melt a t  92-93', [a]" f 1-15' (c, 0.8 in 
methanol). Thc  tri-0-acetyl derivative failed to crystallize. 

Reductions z~itlz Zinc-Copper Coz~plc 
1-0-Benzoy1-2-iodo-'3-deos~-~-g1~1cose triacetate (0.15 g) was dissolved in 6.5 ml of absolute methanol, 

and 0.7 g of zinc-copper couple (8) \\-as added. The mixture was stirred for 8 hours a t  room tenlperature. 
After filtration, the filtrate \\-as evaporated to dryncss i ? r  vacuo and the residue was talcen up ill chloroform. 
Evaporation of the clarified chloroform solutio11 left 0.15 g of a white, semicrystalli~le, waxy solid which 
gave a strong positive test for zinc. 'The matcrial, which was partially soluble in water and gave an  immediate 
precipitate with silver nitrate, was suspended in water and titrated with aqueous sodium hydroside. One 
equivalent of base per molec~~lar  weight of starting nlaterial was rapidly consumed. A further equivalent 
of base was consumed slightly less rapidly. A non-combustible precipitate was formed, which lilcely was 
zinc oxide. Filtration and evaporation h veczlo left a residue which was acetylated with pyridine and acetic 
anhydride. A 74'3 yield of a substance characterized as  D-glucal triacetate (mixed melting point and 
infrared spectra) was obtained. 

A similar reduction of l-~-benzoy~-2-iodo-2-deosy-a-~-mannopyranose triacetate gave a 79% yield of 
n-glucal triacetate. 
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ELECTROCHEMISTRY OF THE NICKEL OXIDE ELECTRODE 
PART IV. ELECTROCHEMICAL KINETIC STUDIES OF REVERSIBLE POTENTIALS 

AS A FUNCTION OF DEGREE OF OXIDATION 

B. E. CONWAY AND E. GILEADI 
Depa~tment  of CIzelnistry, Ufziuersity of Ottawa, Ottawa, O n t a ~ i o  

Received May 22, 1962 

ABSTRACT 
Electrochemical Icinetic studies have been carried out a t  the niclcel oxide electrode showing 

that  the reversible potential for the Nix-Ni"' systenl is independent of the state of oxidation 
of the bullc oxide in the electrode over a wide range of degrees of oxidation. The properties of the 
electrodeare shown to be determined by the state of a surface phase, which is conlpletely charged 
when the bull< oxide material in the electrode has been charged to 10% of its total charge 
capacity. Experiments on sparingly charged electrodes have proved that  charging of the 
bullr oxide does not co~nnlence signihcantly until the electrode is charged to about 1.5y0. Con- 
secutive electrochemical reactions possibly involved in the charging process are discussed. 

INTRODUCTION 

The real reversible potential of the nicltel oxide (NiH-Ni"') electrode has been the 
subject of controversy for some years and previously reported values are misleading 
since they have not been based on well-defined equilibrium conditions or a well-defined 
state of the system. Determination of the reversible potential is complicated by the 
self-discharge processes which occur a t  the electrode in the oxidized form and also by 
the f?ct that the electrode may exist in a range of chemical states corresponding to the 
extent of conversion of Ni" to  Ni3+ (and possibly Ni"+ under certain conditions) in the 
hydrated oxide. 

I n  an earlier paper ( I ) ,  the true reversible potential of partially charged nicltel oxide 
electrodes a t  a single controlled state of oxidation "NiOl,ts" was examined as  a function . 
of potassiu~n hydroxide and water activities in aqueous allcali solutions, and distinguished 
fro111 the nlixed potential assurned in previous worlt (2, also 12, 13) to be the reversible 
potential. A polarization decay method was employed (1, 3, 4) in which the reversible 
potential was approached both fro111 tlle anodic and the cathodic directions. 

In the present phase of our worlt, tlie same method has now been applied to the study 
of the potential of partially charged nicltel oxide electrodes as a function of the degree 
of charge, a t  constant electrolyte composition. This method was found to be applicable 
only over a limited range of degree of oxidation of tlie electrode ("NiOl.lo"-"Ni01,30") 
owing to problems of extrapolation to the reversible potential to  be discussed below. 
Stationary potentials, talcen a t  very long times on open circuit, were therefore also 
~neasured as a function of the degree of charge over a much wider range of degree of 
oxidation ('iNiO1.O~~"-i'NiO1.~O1l). 

The role of the surface and bulk phases in determining the measured potential was 
deduced. I t  will be shown that three well-defined regions in the charging process can 
be distinguished experimentally. 111 the first, the surface phase alone is being charged; 
in the intermediate region, the Faradaic current is used to charge both phases, until 
the surface phase is fully charged, after which oxidation of the bulk is the main Faradaic 
process. (Most of the charging process occurs a t  a potential anodic to the reversible 
oxygen electrode, so that oxygen evolutio~l 11lust occur to a certain extent as a parallel 
process in all three regions described above. I t  does not, however, become appreciable 
until ~llost of the bull; material has been charged.) 

Calladial1 Jour11a1 of Chemistry. Volume 40 (19G2) 
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EXPERIhIENTXL 
(1)  Electrodes 

Niclrel hydroxide electrodes were prepared in sintered-nickel plaques by methods described in detail 
previously (1, 3, 5). Each electrode was charged and discharged three times before use, a t  a 5-hour charging 
rate, in order to stabilize its electrochemical behavior (3, 4). 

( 2 )  Solrrtioczs 
All solutions and reagents \\rere prepared as  described previously (1, 3), and rnost experiments were 

carried out in 1 iV aqueous ICOH a t  25' C. Some cornparative runs were carried out in 7.2 N ICOH. 

(3) Reuersible Potent ia ls  
'The reversible potential of the Ni'I-Ki"1 system was obtained by extrapolating anodic and cathodic 

e.1n.f. decay lines, logarithmically in tiine, t o  the potential of their intersection, as  described in a 
previous paper (1). 

The "discharged" electrodes still contained a s~nal l  a ~ n o u l ~ t  of the higher oxide of nickel, which a t  the 
apparent end of discharging is evidently illaccessible, probably clue to  insulation by the less conducting 
Ni(OH)? (6). The electrodes were reduced completely by prolonged cathodic polarization until a total of 
3 F/equivalent had been passed. The electrodes were then transferred to  another cell containing freshly 
prepared electrolyte and reference electrodes, and left on open circuit overnight with purified oxygen bubbling 
through the cell. 

The following sequence of operations was then performed a t  a current corresponding to  a 2-hour charging 
rate, i.e. a t  1-13 ma g-1 of active material calculated as  Ni(0H)z (cf. ref. 1). 

(a)  The electrode was charged for 24 minutes to  an extent of oxidation of 207; (NiOl.lo) basccl on the 
oxidation change Ni l '  -+ X i r r '  in the oxide. The  current was then interrupted and open-circuit decay of 
potential follo\ved for about an hour. 

(b) Charging was then continued for 24 m i n ~ ~ t e s ,  followed imnlediately by discharge for the same length 
of time. The  current was then interrupted and buildup (i.e. recovery of potential on open circuit to more 
anodic values) was followed for an  hour, the degree of charge again being 20%, as in (a) .  

Anodic and cathodic open-circuit decay and recovery of potential were followed in a sinlilar manner a t  
the 407& GOY;,, and 80% charged electrodes, corresponding to  fornlal degrees of oxidation of XiOl.20, ."iiOl,ao, 
NiOl,.,o respectively. Charging and discharging curves for one of these experiments are shown in Fig. 1. 
Similar charging and discharging cycles were carried out to obtain data for electrodes in 25%, 50%, and 
75y0 degrees of oxidation (see Table I) .  

TABLE I 

Anodic decay slope Cathodic 
Degree of ICOI-I buildup 

charge C O I I C ~ .  Initial, Lower, slope E,,,t Number of 
(9; 1 (lv) bl (mv) b:! (mv) ba (mv) (mv) ex~er iments  

80 1 -GO - 
"Overcharge" 1 - 4 5 3 ~ 2 . 6  

"See comment in test with regard to these degrees of oxidation. 
t T h e  reversible potentials are gi\.en vs. that of a I-Ig/MgO reference electrode in the same solution. 

(4 )  Stat ionary  Potent ia ls  
In this series of experiments, the electrodes were charged to a given degree of oxidation, and decay of 

e.m.f. on open circuit uJas follo\ved by means of a high-impedance recorder for about a week, a t  which time 
the e.m.f. varied a t  a rate of 1 rnv/clay or less. 

(5 )  Spar i~zg l y  Charged Electrodes 
A series of experiments was conducted on electrodes charged to a very small extent (0.33% to 5(% of 

total charge capacity). 

RESULTS 

Plots of decay of e .n~.f .  after anodic and cathodic polarization vs. log (t+B) are shown 
in Fig. 2. The significance of this type of plot, of e.m.f. decay slopes, and of the para- 
nleter 0  have been discussed previously (1, 3,  4,  7, 8). 
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6 0 0  

FIG. I. A4~lodic and cathodic polarizatioll curves for the llickel oxide electrode in 1 iV ICOH, 2-hour charging 
rate. I7ertical lbrol<en lines correspond to open-circuit e.11l.f. decay or recovery. Solid lines correspond to 
changes of potential associated with changes of degree of charge between successive open-circuit measure- 
ments. 

50_% 95-0, 
o,Ap.~a "%. 'x 

25 /O -v-r-atL4-q v-v-v- \% 
b$>s 

=v -::.. .==.. ... 
-2=. 

REVERSIBLE POTENTIAL -_=+ 
/ A/// -- -> 

-5- - / 
- / - = /  -- - -/---- / 3-/ - 

1 I I I I 
10 100 1000 10,000 100,000 1.000,000 

T I M E  (sec)  

FIG. 2. Decay and recovery of e.1n.f. of the nickel oxide electrode in log [ti~lle] a t  various degrees of charge 
after anodic ancl cathodic polarization, respectively (data for 1 iV ICOH); colnpare ref. I. 
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All e.n~.f. decay lines froin anodic polarization are seen to have two distinct regions. 
For electrodes charged to Soyo ("NiOl.25") or less, an initial low slope (about - 10 mv) 
is followed by a higher slope (about -20 mv). When the electrode is charged to 75y0, a 
high initial slope (about -32 inv) is followed by the sanle slope (-20 mv) mentioned 
above, in the lower-potential region. Electroinotive force recovery lines froin cathodic 
polarizatioil have a slope of about +I1  mv, independent of degree of charge. Results 
for a typical iildividual experiinent are given in Fig. 2 and some slight increase of recovery 
slope is apparent as the charge is reduced; however, this trend does not appear to be 
very significant statistically (e.g. see Table I). 

In Table I ,  the reversible potentials for the Nil'-Nil" system, obtained by extra- 
polating cathodic and (initial) anodic e.m.f. decay lines (I),  are given for different 
degrees of charge (between 20Yo and 50yo forlllal degree of oxidation) of the electrode 
a t  25" C, together with other kinetic parameters. A11 iinportant result obtained here is 
that the reversible potential is seen to be independent of forinal degree of charge over the 
above range of charge. Similar conclusio~~s were arrived a t  frorn two comparative runs 
in 7.2 N KOH. 

For reasons to be discussed, it is not possible to obtain the true reversible potentials 
by extrapolation of cathodic and anodic e.1n.f. decay lines above degrees of oxidation 
of about 50y0. 111 order, however, to study further the potentials of the nicl<el oxide 
electrode, the iistationary" or quasi-equilibriuin potentials were examined a t  higher 
states of oxidation. 

In Table 11, the "stationary" potentials measured after 4X10511d GX105seconds 011 

TABLE I1 
Stationary potentials of the nickel oxide electrode in  1 1V ICOH, 25" C 

Degree of charge Potential reached after Potential reached after 
(%I 4 X 10"ec (mv, Hg/HgO) 6 X 105 sec (mv, Hg/HgO) 

"Overcharge" 426.5 
50 426.5 
20 420.4 
10 422.6 
7 406.0 
5 401.5 

open circuit are given for various degrees of charge of the electrode between 3y0 and 
100% (overcharged electrode). These results were obtained by reducing the electrode 
coinpletely, polarizing it anodically to the appropriate degree of charge, and then leaving 
it  on open circuit for GX lo5 seconds or longer. I t  is seen that the "stationary potential" 
nleasured after a long period of standing on open circuit is still inclependent of the degree 
of charge above 10% extent of oxidation ("NiOl as"),  and in this respect exhibits a 
behavior siinilar to that of the true reversible potentials. 

Results of experiments on sparingly charged electrodes (0.33y0 to 5y0 degree of 
oxidation) are shown in Fig. 3, where the e.1n.f.-time relation is plotted for clecay on 
open circuit after anodic charging for various degrees of charge. I t  is seen that the decay 
process changes qualitatively once quite low degrees of charge are reached. These results 
can, for the purpose of interpretation, be best represented graphically as plots of the 
degree of charge, Q, held by the electrode vs. the tiine required for the electrode potential 
to decay to a given value (Fig. 4) or in terms of the charge held vs. the potential reached 
after a given time (Fig. 5 ) .  These plots are equivalent to taking cuts a t  a given value 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



CONWAY A N D  GILEADI: BLECTROCI-IEMISTRY 1037 
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FIG. 3. Plots of e.m.f. decay a t  sparingly charged electrodes, for various degrees of charge. 

Time (sec 1 
FIG. 4. The length of time necessary for the electrode to reach n certain potential on open circuit vs. 

the degree of charge of the electrode. (Lines show inflection a t  cornmon degree of charge Q = l.G*0.1%.) 

of the abscissa or ordinate in Fig. 3. 
I t  is seen from both these derived plots that  two linear regio~ls are observed for each 

of the two families of lines, which intersect a t  a degree of charge of ca. l . 5 f  0.17,. This 
observation leads to  the important conclusion that  electrodes charged to 1.57, or less 
are in a funclamentally different state than electrodes charged to a greater extent of 
oxidation. This point is further demonstrated by examining the decay slopes listed in 
Table I11 below. I t  was shown previously (I)  tha t  the initial low slope (ca. - 10 mv) is 
characteristic of the oxidation of the bulli nicliel oxide. I11 the present worlc, this slope 
was only observed for electrodes charged to 2% or more. Below the latter extent of 
charge, no oxidatio~l of the bullc illaterial appears t o  occur, and the potential on open 
circuit drops much more rapidly. 
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FIG. 5. The potential reached aftcr a given length of time on open circuit vs. the degree of charge. (Lines 
show inflection a t  common degree of charge Q = 1 . 3 5 f  0.1%.) 

TABLE 111 
E.rn.f. and e.m.f.-decay behavior a t  sparingly charged electrodes 

Time of last 
Decay slopes E.111.f. V measurement 

Degree of (as in Table I )  (mv) a t  (LO5 sec) after A V / A ~  
charge tirne of last in ter r~~pt ion for the last ((7;) bl (my) bz (mv) measurement of polarization day (mv/day) 

DISCUSSION 

The reversible potential for the Nil'-NilI1 system in the electrocliemically for~iied 
11icl:el oxide has been shown to be independent of tlie degree of charge of the electrode. 
Between 20y0 and degree of charge, it was ineasured by extrapolating anodic and 
cathodic e.1n.f. decay lines, plotted logarithmically ill tirne, as described earlier (1). 
Values of the reversible potential could only be obtained over a limited range of degrees 
of oxidation (20-50y0 of total charge) since at a higher degree of charge the initial low 
anodic slope, characteristic of tlie oxidatioil of the bull: inaterial (I), was not observed 
(see Fig. 2), and a t  a very low degree of charge, cathodic e.m.f. recovery lines were 
irregular and difficult to reproduce. 

I t  is of interest to discuss why the reversible potential cannot be obtained by extra- 
polatioil of anodic and cathodic polarization decay lines above a degree of charge of 
about 50%. I n  Fig. 2 it is evident that the e.m.f. decay line, e . 5  for 73y0 degree of charge, 
sho\vs two linear regions in "concave" relationship to one another as also fouiid for tlie 
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CONWAY AND GILEADI: ELECTROCIIEMISTRY 1939 

"overcharged" electrode (3), whereas (I) a t  lower degrees of charge, a "convex" relation 
is observed between two linear regions. We have previously sholvn (1,3) how such relations 
arise, respectively, fro111 two processes in an overall mechanism which are consecutive, 
so that one or the other becomes rate determining, depending on the potential range; 
or the two processes are parallel and the faster determines the kinetics. Above 507, 
degree of charge (for example, with the 75Y0 charged electrode), i t  is clear that the 
fornler type of process is operative, as i t  is in oxygen evolutio~l a t  overcharged niclrel 
oxide electrodes (3) ; moreover, the Tafel slopes are sinlilar to those obtained for the oxygen 
evolutio~l process a t  the overcharged electrode. We cannot hence identify the initial 
process as involving the NilI-Ni1I1 oxidation reaction as we have done for the 50% 
charged electrode (I) and so cannot obtain the true reversible poteiltial by the extra- 
polation procedure under these conditions. We can have, in effect, two pathways for 
the anodic reaction which could be written, for example, as 

M + OH- --t &IOH + e (1) 

WIOtI + OH- --t WIO + Ha0 + e 

(.A) oside oxidation in (B) O? evolutio~l by further steps (cf. refs. 1, 3, 15) 
bull; of nlaterial 

or 
MO + OH- --t hI1-I02 + e (V) 

At the higher degrees of charge (> .v50%),  the pathway is evidently one involving 
co?zsec~~tiae rate-determining steps and is therefore probably associated with the scheme 
(I) ,  (11) with pathway (B) to oxygen evolution with, for example, (11) or (VI) (cf. ref. 
16) rate determining. 

At lour degrees of charge, 50% or less, the course of the e.1n.f. decay corresponds to  
alternative reactions, one or the other of which beco:nes predominant as the potential 
changes, as we have discussed previously (I) .  The pathway is thus probably (I) ,  (11), 
and (A) a t  short times after decay (higher anodic potentials) and (I) ,  (11), and (B) to 
oxygen evolution a t  longer times when the pathway which is faster a t  lower anodic 

' 

potentials dominates the kinetics of the decay process. 
The above discussion is intended only as a qualitative, plausible explallatio~l of the 

effects associated with the e.m.f. decay behavior, as a function of charge and we have 
discussed in detail elsewhere (1, 3, 16) the evidence for assignment of some of the mecha- 
nisms involved in the oxygen evolutio~l process in the scheme shown above. 

In order to supplenlent the above data on true reversible potentials, steady or quasi- 
equilibrium potentials were measured over a wider range of degrees of oxidation (5- 
100%). The significance of these potentials as lcinetically deternlined lllixed potentials 
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has been discussed previously (1). They cannot be related directly to the reversible 
potential of the system a t  different degrees of charge, since the exchange current for 
the nicltel I1 -+ I11 oxidation process inay strictly depend on the degree of charge. 
Nevertheless, the constancy of these potentials over a large range of formal degree of 
oxidation of the electrode ("Ni01.05" to "Ni01.50"), combined with the fact that the 
true reversible potential has been shown above to be independent of degree of charge 
in the range where it is directly accessible, maltes it most probable that the reversible 
potential is, in fact, constant over the whole range of degrees of oxidatioil where the 
steady potential is found to be constant. This is contrary to conclusions reported by 
Lultovtsev and Teineriil (9) (using electrodes with a graphite matrix), who clainled that 
the apparent reversible potential of this system follows a Nernst-type equation with 
a slope of 0.050 v. The observed variation of actual potential during charging and 
discharging, on which the latter conclusion was based, may be due to a concentration 
polarization in the solid phase (6, 9),  or a change in effective current density due to a 
change in available surface area, and not due to a variation of the true reversible 
potential of the system, as clainled by Lultovtsev and Temerin. 

Our present filldings are not in conflict with the equation 

discussed by Lultovtsev and Teillerin and exanlined and evaluated by Coilway and 
Bourgault (%), since that equation refers to the variation of electrode potential with 
degree of oxidation of the s,urface phase in the overcharge region, and in fact the potential 
of the electrode was shown (1) to involve a tern1 corresponding to uptake of adsorbed 
KOH. 

For electrodes charged to less than lo%, the open-circuit steady potential was found 
to depend on the degree of charge to a large extent. Electrodes charged to 1% or less 
behaved quite differently fro111 those charged to a greater extent. The results suggest 
that up to a degree of charge Q = 1.5&0.1% ( i t . ,  the average value of Q a t  the poiilts 
of intersection of the lines in Figs. 4 and 5) only a surface phase is being charged. Above 
that,  and up to a degree of oxidation of about lo%, both surface and bulk phases are 
being charged. When the electrode has been charged to 1070 of its total charge capacity, 
it appears that the surface phase is completely charged, and any further charging can 
then only affect the bulk material. 

The variation of the observed true reversible, and stationary or quasi-equilibrium 
potentials as a function of charge in 1 iV1 I<OH is shown in Fig. 6. The electrochenlical 
behavior of the electrode is evideiltly determined by the surface phase, since the rever- 
sible (or steady) potential is independent of the degree of charge so long as the surface 
phase is apparently con~pletely charged, i.e., above 10y0 forinal degree of oxidation. The 
theoretical Nernst plot for a one-electron transfer process (in terms of formal degrees 
of charge) which would be observed for ideal solid-solution behavior, with the bulk 
material potential determining, is shown in Fig. 6 for colnparison. 

The independence of reversible (or steady) potential delnonstrated, above a degree 
of oxidation of lo%, could formally arise for either of the following reasons: (a) If the 
electrode were a two-phase mixture of lower and higher oxide, the potential would be 
independent of apparent degree of oxidation so long as both oxicles were present. (b) If 
the potential were determined by a surface phase of constant composition, superinlposed 
on a bulk phase of varying degree of oxidation but not potential deterinining, the observed 
potential would be independent of conlposition of the bulk. 
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DEGREE OF OXIDATION Q 
460 0.02 0.05 0.10 0.20 0.50 0.80 

I I I I I 

440- /' 

/ 

4 2 0 -  

400 

c; 360- / 

'-, 320- 
I X R E V E R S I B L E  POTENTIALS 

0 OPEN-CIRCUIT POTENTIALS 
0 

FIG. 6. True reversible potentials and quasi-equilibri~~tn "stationary" potentials of the nickel oxide as  
a fullction of degree of oxidation. One-electro11 theoretical Nernst slope is shown for comparison. 

The latter situation, (b) ,  is consistent with our previous 1;illetic conclusions ( I )  on the 
mechanism of charging of the bull; material via a surface phase, and our observation 
of a large adsorption pseudocapacitance associated with the (overcharged) nickel oxide 
electrode. The former possibility, ( a ) ,  is rendered uillikely by the X-ray diffraction pattern 
of nickel oxide a t  various degrees of charge (10, 11) where it was shown that there was 
a continuous variation of the pattern consistent with a complete range of solid solutions 
of Ni I1 and I11 oxide states. The observed variation of potential between 2% and 10% 
degree of oxidatio~l confirms the view that a two-phase mixture cannot be present and 
potential determining, since such a inixture should give a constant potential except a t  
a state of complete oxidation or complete reduction. We must hence conclude that the 
surface phase is potential deterinining, and that above a degree of oxidation of 10% of 
the whole material in the oxide electrode, a more or less constant potential is reached. 

We may conclude by summarizing the reasons why previous assignments of reversible 
potentials (2, 12, 13) are of limited validity: 

( a )  In most cases, kinetically determined mixed potentials were involved which differ 
from the true reversible values by 0-30 mv depending 011 concentration of I<OH. 

(b) The species (14), e.g. "NiO?", to which the potentials were assu~ned to refer have 
not been identified or characterized and their existence is doubtful (such species inay 
correspond only to the surface phase a t  the overcharged electrode). 

(c) The phase to which the potentials refer is evidently not the bull< phase oxide but  
the electrocheinically active surface phase. 

(d) Potentials attained during charging or discharging of the electrode differ sub- 
stantially and neither can be identified with a thermodynamically significant reversible 
potential. 

We are indebted to the Defence Research Board, Department of National Defence, 
for support of this worlc on Grant No. 5480-12. One of us, E. G., is indebted to the 
National Research Couilcil for the award of a scl~olarship for the year 1962-63. 
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A PROPOSED STRUCTURE FOR ANNEALED ANODIC OXIDE 
FILMS OF TANTALUM:': 

L. D. CALVERT AND P. H. G. DRAPER? 
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ABSTRACT 

Anodic oxide filnls (-1500 A thick) formed on tantalum in saturated H3B03, saturated 
Na?S04, 86% E13P04, 1% I112S0,,, and 100% HrS04 have been examined by a simple but 
sensitive glancing angle X-ray technique. They are amorphous as formed but can be crystal- 
lized on annealing a t  various temperatures between 500 and 1000" C. The times and tempera- 
tures required for crystallization depend on the electrolyte used. The crystallization process 
is competitive with the dissolution of oxygen in the  substrate metal. The observed powder 
diffraction patterns show considerable variation fro111 sample to sample. Similar variations 
have been reported in the literature for different samples of TaZOe. A structural lllodel is pro- 
posed for o-Ta2Oa based on the isostructural relationship with UzOe, whose structure is 
related to that  of a-U03. This proposed structure consists of linear chains of Ta-O-Ta-0- 
parallel to the c axis with varying disorder in the ab plane. This disorder accounts for the 
observed variations in the patterns. The proposed structure is a defect one and the ordering 
of these defects inay account for solnc of the reports of irreversible transformations observed 
on heating Ta?Oj. 

INTRODUCTIOS 

'The present paper describes the results of an X-ray investigation of the structure of 
annealed anodic oxide films formed on tantalum sheet. A recent study of the 1;inetics of 
the growth of anodic films on tantaluln and niobium by Draper (I) has shown that gross 
changes in electrolyte composition, for example from 0.1 N to 100yo H?SO?, greatly 
affect the rate of growth and the voltage a t  urhich breal;down finally takes place. Radio- 
tracer esperiments showed that electrolyte ions were talcen up into the films cluring growth 
and that these are associated with the anomalous electrical properties. Sinlilar occlusioll 
of foreign inaterial had been observed previously with porous fi1111s formed, for example, 
on alu~~linurn (2), but not with tantalum or niobium. Draper also obtained reflection and 
transn~issio~l electron diflraction patterns from films formed on tantalum single crystal 
planes of low index, and conlirmecl the findings of Ver~nilyea (3) that anodic fil~ns are 
amorphous. On heating, the films were found to crystallize to ort l~orl~on~bic P-Ta2Oj or 
P-Iib205. For films stripped from tantalum crystallization occurred after I 5  ~ni~iu tes  a t  
'715" C whereas films left on the ~neta l  crystallized after 15 minutes a t  550" C. The trans- 
mission electron diffraction was carried out on thin Lillns (-350 ,&) stripped froin the 
metal and on thinned foils (I). The reflection electron diffraction technique is open to the 
objection that only the surface is examined. Draper (I)  and Vermilyea (4) have statecl 
that the nature of the film a t  the metal/oxide interface is not necessarily the scune as 
that a t  the surface di~ring the anodization process. Furthermore, data taken fro111 stripped 
filllls may not be representative for fillns on the metal. To  overcome these difficulties an 
X-ray method was chosen for the present study and both stripped and attached films 
were examined. The sinlple glancing angle technique used yields good photographs fro111 
films as thin as 1000-1500 (5, 6) and reaches the metal below the oxide film. 

The only other recent X-ray lirorlc on anodic fil~ns on tantalum is that of Vermilyea (3), 
\irho forlned 5000 A thicl; anodic films in 0.1% Na2S04 and then stripped them fro111 the 

"N.R.C.  No.  6932. 
tNa t iona l  Research Laboratories. Present address: c / o  Draper  Bras., Dartford, ICetct, England.  

Canadian Journal of Chem~stry. Volume 10 (1968) 
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metal mechanically. Before heat treatment only alnorphous X-ray halos were observed. 
Although no crystallization occurred after heating for 4 hours in vacuo a t  500" C the three 
strongest lines of fi-Ta205 appeared after 1 hour a t  800" C. Subsequently Vermilyea (7) 
exanlined stacks of stripped films with a total thickness of about 2 p. Increasing sharpness 
of the X-ray diffraction pattern was correlated with a decrease in the rate of solution 
in 4870 hydrofluoric acid. Burgers et al. (8) in 1932, using qualitative X-ray techniques, 
reported that a thick oxide film on tantalum was crystalline Ta205. 

I t  is convenient a t  this point to suinnlarize soine of the existing data  in the literature 
concerning Taz05 and Nb205. Most workers agree that there are two forms, the fi form 
stable below about 1300" C and the a! for111 stable above that temperature. Others report 
several forills within this tenlperature range. There is general disagreement on the exact 
transition temperatures. King et al. (9) and Durbin et al. (10) while working a t  the 
Battelle R'Ieinorial Institute made a careful investigation using pure materials. They 
found two forills of TazO5, the fi form below about 1300" C and the a! form stable above 
about 1400" C. They proposed an orthorhombic unit cell with a = 6.18, b = 3.66, and 
c = 3.88 A for the fi form. They also pointed out that this was probably only a subcell 
because a few lines in the powder pattern could not be indexed on this basis. Lagergren 
and MagnCli (11) also found two forms, with the high-temperature form having an 
appreciable oxygen pressure. Schonberg (12) found only one form. Holser (13) reported 
diffraction patterns which could not be indexed on the simple orthorhombic cell proposed 
by Icing (9). Holser suggested that  these extra lines may indicate a very large unit cell 
similar to that of UO2.5. Zaslavsltii (14), Simanov (15), and Harvey (16) have all reported 
forms of fi-Taz05 requiring a multiple b axis for satisfactory indexing. 

Brauer (17) found three for~nsof Nb205. Icrainers and Smith (18) found that the presence 
of small amounts of various inlpurities in Ta?O5, both metallic and non-metallic, had a 
profound effect on the structures observed. Shafer and Roy (19) found three metastable 
and two stable forms of Nb205. Their results agree only in part with those of Brauer. 
Holtzberg et al. (20) also found two or possibly three nletastable forms of Nb205. Frevel 
and Rinn (21) observed different patterns from different sanlples of Nbz05 and Ta205 
containing varying anlounts of impurity. These three groups of observers report varying 
line widths in their X-ray patterns. Mohler and Hirst (22) have also reported a for111 of 
TazOj with a nlodified electron diffraction pattern, but  did not report the actual pattern. 
Lapitsltii et al. (23) reported two forins of fi-Tap05, one stable fro111 400" C to GOO0 C and 
the other stable above 600" C; both forms were orthorhombic. Wasilews1;i (24) examined 
the solubility of oxygen in tantalum and found a maximum solubility of 0.88 wtyo a t  
1050" C. He also found two fornls of Ta205. 

EXPERIMENTAL 
The tantalum used was in the form of rolled sheet (0.025 cm thick) obtained froin A.E.R.E. Ilarwell, 

England, with a nominal analysis of 99.99% Ta,  the remainder Nb except for 80 to 100 p.p.m. of N2, 02, 
and C. Sheet niobium was obtained from the same source with an  analysis of Fe  420, Si 340, C 80, H1 3, 
0 2  110, N ?  110 p.p.111. and the remainder Nb. The specime~ls were cut in the form of plates 2X0.5 c111 with 
a thin, heavily oxidized tag a t  one corner to serve as a current lead. Each was first degreased, then chemically 
polished in a fresh solution of 40% HF,  70% HN03 ,  98% H2SO4 in the ratio 2:2:5 (3). X-ray examination 
of the surfaces prepared in this way showed a coarse-grained b.c.c. illeta1 pattern (a0 = 3.3030 A) with the 
expected rolling texture. Initially, specimens were formed to a voltage just below breakdown in order to 
obtain the maximum amount of material. However, the X-ray technique used proved to be so sensitive 
that  the greatest thiclcness was not needed and the more desirable procedure was adopted of forming all 
specimens to about 100 v a t  1 ma/cm2. For a dilute aqueous solutioil 1 volt = 15 A of anodic oxide on 
tantalum and hence these films were roughly 1500 A thick. This thickness was also estilnated from the 
interference color. The electrolytes used were 1% and 100Djo H2SO4, 86Djo H3PO4, and saturated solutions 
of Na?SOI and H3B03. 
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CALVERT AND DRAPER: TANTALUM FILMS 1945 

The films were examined in an  11.46 cln dia~neter powder carnera using vanadiurm foil filtered Cr radiation, 
0.25 rnm aperture collilnators, and an oscillation angle of 10" on either side of the mean glancing angle of 
25". Exposures for the films exanlined in s i t z~  ranged from 80 to 120 ma hr whilst stripped filnls required 
650 ma hr. A modified single-crystal Ullicanl 3 crn diameter cylindrical camera was also used in checking 
for possible orientation of the oxide filrn. After examination in the "as-formed" state, specimens were 
annealed a t  550, 700, and 1000" C,  a few in open silica t ~ ~ b e s  and the rest in well degassed silica t~ tbes  sealed 
ofi a t  about 10-hmrn of air. The temperatures were selected to cover the range thought to  be of potential 
significance. Attempts to extend the annealing range above 1000" C always resulted in the loss of the oside 
fi11n. No attempt was made to examine the known influence of electric fields on crystallizatio~l (35, 7). 

Some 40 specimens were examined in all. The films as forined yielded X-ray patterns 
showing only the metal substrate plus considerable bacltground scatter. Al~nealing first 
reduced this scatter and then produced a crystalline diffraction pattern. The time and 
temperature required to produce crystallization varied inarltedly with the forming 
electrolyte. For exainple a fil111 formed in saturated boric acid required 15 nlinutes a t  
550" C whereas one anodized in 8670 'o3P04 had not crystallized after heating for 100 
hours a t  550" C. These observations yield upper liinits for the crystallization tenlperatures 
of films forined in the various electrolytes as follows: 550" C (25 hours) for lyO H?SO.I, 
700" C (4 minutes) for 100% H2S04, 700" C (8 minutes) for 86% H3P04, 750" C (15 
minutes) for saturated NaeSO?, and 550" C (15 minutes) for saturated H3B03. Table I 
gives representative observed patterns and also includes the Battelle i\/Iemorial Institute 
pattern (9) of Taz05 obtained froin the Fansteel Metallurgical Corporation and fired a t  
1200" C. The observed d values are omitted for brevity, since they are equal to those in 
the standard pattern within the accuracy of the glancing angle technique used. Intensities 
were measured by visual cornparison with a logarithmic interval scale; a dash signifies 
that the line in question was not observed; the breadth of the lines is indicated by letters 
s = sharp, b = broad, vb = very broad. The metal substrate pattern is omitted al t l~ougl~ 
present in all cases except the thiclt film formed by heating in air. The aililealed oside 
pattern never showed any preferred orientation. The air-formed film is very similar to 
the material exarnined by King et al. (9) but with the significant absence of the extra 
lines which they could not index on the basis oi their unit cell. The patterns vary con- 
siderably, both in intensity and width of the observed lines. Despite this apparent 
variability it is possible to index all the patterns on the simple unit cell put forward by 
King ct al. (9) in the setting a = 6.18, b = 3.66, c = 3.88 '9, provided one assunles varying 
degrees of disorder for the a or b axes or both. Thus the orders of 001 are sharp and the 
reflections Izkl, hkO, hOO, and OkO are broadened to varying degrees, sonletiines not 
being observed a t  all. The three lines (002) d = 1.95, (020) d = 1.83, and (310) d = 1.80 
A were observed to be particularly sensitive to the degree of ordering present. The pattern 
for the air-formed film is also similar to that reported by Frevel and Rinn (21). 

I t  was also found that crystallization is a process conlpetitive with the dissolution of 
oxygen in the substrate. The value of 3.3030 A for the lattice parameter of the polished 
surface agrees well with the values of 3.3026 A (24, 26) and 3.3029 A (27) for oxygen-free 
metal. For certain iilterinediate times and tenlperatures of annealing much higher values 
for the metal lattice parameter were observed, e.g. after heating for 8 minutes a t  700" C 
a speci~nen covered by a fill11 forined in 86y0 H3PO.i gave a metal pattern with a = 3.3140 
A, equivalent to 0.75 wt% 02. These values were associated with inarlted line broadening 
for the metal pattern, indicating the existence of a range of oxygen concentr a t '  ion near 
the surface. Prolonged heating in vaczio resulted, in many cases, in complete dissolutio~l 
of all the available oxygen into the metal, as shown by the disappearance of the oxide 
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'TABLE I 

12eprese11tative da ta  for annealed 7 ' 3 2 0 5  films 

T a 2 0 5  pattern'; 1% 100% 8(i:,, 
-- ! i ,  MaBOa,t  I-13BOa, I-12S0.1, I-IySO I, 1-131'0 I ,  S n 6 O  I ,  

I"l>5 d ,  .% (Irkl)  700" C 700" C 700" C 700" C 700" C 700" C 750" C 

plus 

'From rei. 9. 
tStrippetl film. 

diffractioli pattei-11 ancl the sharpening of the metal lines as the s~rriace conce~itratiorl fell 
to a constant value sonie~~;liat greater than that of the pure metal. I-Iowcver, a t  other 
times the oxicle patter11 remaillecl, apparently because a cliffusion barrier ~vas  set up 
between the oricle and metal before appreciable cliffusion coulcl take place. \Irhcn a~lnealecl 
a t  1000" C the oxide films coalesced into small particles ancl brolte away co!~ipletely Iron1 
the metal. The loss of ospgen to the environment during annealing, while 11ot r~lled out, 
is apparently not a major process. 

To  examine the possible effect of the metal, some filnls fornled in boric and lyO S L I I ~ I I L I T ~ C  
acicls were stripped from the substl-ate by cathodic polarization in ly0 I-I2SO.1, floated off 
onto water, and translei-red to platinum grids for annealing in air and ,in vaczlo. I t  was 
not found possible to strip films formed in 100% H?S04. 111 all but one case these yielded 
T a 2 0 5  patterns similar to those listecl in Table I ,  with the triplet (002),(020),(310) being 
present. This exception was a film formed i l l  saturated boric acid and annealed in vacr~o 
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for 10 hours a t  i O O O  C after strippillg. This specinlen yieldecl a n  hesagonal pattern \vith 
a = 5.150 and c = 13.76 :% which matches closely that reported for I,iNb03 (28). The 
conditions for its formation, possibly a small loss of oxygen, were not investigated further. 
I11 another esperi~nent a film formed by heating a sheet of tantalum in air for 10 nliliutes 
gave an hesago~ial pattern with a = 3.18 and c = 4.70 A. *Is this cell is closely related 
to that reported bl. Scho~tberg (29) for a Ta-N-0 phase it is possible tha t  a nitrogen- 
containing contpo~~lld had been formed in this case. 

Some preliminary esperime~its with anodically formed Nb20j  films on niobium sheet 
iitdicated a clisordered structure after annealing. The results were not extensive enough 
to establish the disorclering sche~ne, which was not tlie same as that  found lor TasOj. 
The times and te~nperatilres lor crystallization are not the same as  those required for 
similar Ta.05 films. 

DISCUSSION 

A structure lor ortl~orl~onlbic 'l'a!Oj wliich accounts for the above I-esults call be 
clerived bl, noting that  l 'a205, h-b20j,  P,I?O~, 'xnd L205 (Table 11) are i somorp l~o~~s  and 

Tr\BLE I1 
Selected data for compounds related to Ta,Oj 

Compound a ,  A F ,  a r ,  A Den~c IJol., -43 Ref. 

isostructural (30, 31, 13) .  Further, or-UOj, UaOy, and U.05 arc special compositions 
existing \vithin a range of continuous variation (32, 33). The structure derived for a-UOa 
bl- Zacliarinsen (31) is show11 in Fig. I .  I t  consists of a somewhat distorted primitive cubic 
lattice of oxygen ions \vith uranium ions placed in the center oi one out of every three 

I;IG. I. Zachariasen's (31) structure for N-UO~.  Tlie heavy lines slio\v a si~lgle unit cell. Siegel's (34) cell 
for 1-1.T. Laos is outlined in dashed lines. 'The cell proposed by G r ~ n \ ~ o l d  (35) for U30s is outli~led ill dotted 
lines. 'The octaheclm of osygens arou~ld the U sites are shown on tlie right of the diagranl. 'The primitive 
c~!l)e of oxygens is also indicated in the center. 
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such cubes, giving the colnpositioll U303_2U = U03. The structure is referred to an 
hexagonal cell with a = 3.971, c = 4.168 A where c is parallel to the body diagonal of 
the primitive cubic lattice of the oxygen ions. Using the space group P3ml (D3,13) there 
is one U in l (a )  a t  000, one OI  in l(b) a t  0,0,1/2, and two 011 in 2(d) a t  1/3,2/3,0.17 
and 2/3,1/3,0.83. Grqhvold (34) has proposed a structure for Us08 that is essentially the 
same as that for cr-UO3 but the oxygen atoins are not located. The cell used (Fig. 1) is 
closely related to the orthol~exagonal setting of a-UO3. The densities observed for Us08 
(Table 11) and U205 are compatible only with subtractive U 0 3  structures. Siege1 (33) 
has deduced a slight variation of the cr-UO3 structure for a high-temperature form of 
Us08 which can be referred to hexagonal axes related to  both the U03  axes ancl the low- 
temperature U308 axes (Fig. 1). He notes that the lattice is oxygen deficient to a variable 
extent depending on the heat treatment. More recently Andresen (36) has determined 
the U308 structure by neutron diffraction and found the same closely linked U-0-U-0 
chains. The U205 structure is closely related to the U03  and U308 structure (32, 36) and 
presumably contains the same lnetal lattice with the vacancies necessary to give the 2:s 
formula. This structure will presumably have the same closely linlted chains of U-0-U-0 
atoms (U-OI = 2.08 A) parallel to c with more loosely linked octahedra of six 011 atoms 
around each U (U-011 .= 2.39 A). Since the 0, atoms are so closely bound to  the U it 
seems reasonable to suppose that the 011 atolns will be the ones removed to  provide 
the necessary vacancies in the U.05 structure, as was shown to  be the case for U308 (36). 
Assuming the same structure for 0-Ta205, as suggested by Elson (30), the observations 
of clisorclered Ta205 diffraction patterns given above can be tentatively described in terms 
of a simple structural model. 

In this model, the structure of TasOs consists of linear chains of closely bonded 
Ta-0-Ta-0 ions parallel to c with varying degrees of disorder in the ab plane per- 
pendicular to c, i.e, a chain structure with the chains parallel but rotated randomly with 
respect to  each other. This disorder arises from the possibility of choosing any one of six 
equivalent 011 atoms in each octahedron for the vacancies required by the 2 : 5  formula. 
This structure is a notably open one and has both cation ancl anion vacancies. The c axis, 
which has been assumed to be parallel to the chains of -Ta-0-Ta-0 atoms, has a 
value close to that calculated on the basis of Zachariasen's ecluatioll for interionic distances 
(35); D = R,+R,+AN-K. Here D is the interionic distance, R, and R, the cation and 
anion radii, AN a correction for coordination number, and K a constant equal to  zero for 
an ionic compound. Talting 0.81 A for Ta5+ and 1.46 A for 0?- with AN = -0.31 A for 
2-fold coordination, then D = 0.81+1.46-0.31 = 1.96 -4 whilst c observed = 3.88 A 
(9) = (1.96X2) A. 

From this structure three main types of diffraction pattern may be expected. Firstly, 
one with defects statistically disordered so that the mean unit cell is the orthorhombic 
pseudocell with a = 6.18, b = 3.66, and c = 3.88 A. Secondly, another with the c axis 
well ordered but the defects so disordered in the plane perpendicular to c that  the a or b 
axes or both are no longer well defined. Finally, in the exceptional cases where the ordering 
of the defects has been propagated over considerable distances single crystals result with 
axes which are multiple lengths of the basic mean orthorhombic cell (see Table 11). 
Implicit in this model of the P-Ta205 structure is the possibility that the observed dif- 
fraction pattern for any Ta205 salnple will be a function of its thermal history and that 
the presence of cationic or anionic impurities may rnarliedly alter both the kinetics and 
the ltind of ordering a t  ally given temperature. 

Examples of the diffraction pattern corresponding to a well-ordered structure with the 
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defects statistically distributed are those observed for the air-formed film or the stripped 
borate film (Table I) .  Both contain no lines which cannot be indexed on the orthorholnbic 
Battelle Memorial Institute cell (9). I t  is interesting to note that the pattern of Frevel 
and Rinn (21), which is very similar to these two patterns, also contains the saine sharp 
and broad lines. 

The other type of diffraction pattern in which the a and b axes are defined in varying 
degrees can be represented by the remaining patterns in Table I. The Inany variations 
possible within this scheme encompass most of the published patterns for P-Ta205 and 
some of those for the iso~norphous /3-Nb205. Peterson et al. (37), in particular, give a table 
(their Table I ,  p. 1041) which shows all the features to be expected from a series of samples 
having varying degrees of order. NIany of the reports of irreversible changes occurring on 
heating Ta205 and NbzO5 can be interpreted as  successive stages of ordering processes 
(17, 19, 20), since the difference observed between the various forms consists in the 
detection of additional lines upon continued annealing and the patterns contain both 
sharp and broad lines. 

Finally in those cases where single crystals or very well crystallized powders have been 
studied (11, 13-16, 23) a very large unit cell related to the basic orthorholnbic unit cell 
has been found or it has been necessary to  use such a cell to  index the observed powder 
pattern. The monoclinic cell reported for the stable /3 form has a /3 angle close to 120" 
and is geo~netrically related to the hexagonal subcell of the orthorhornbic p-Ta205 cell. 
Plainly quite extensive variations of the basic orthorhombic cell are probable, as nlay be 
seen fro111 the values given in Table 11, and these are liliely to be sensitively dependent 
on the presence of foreign material, e.g. water (14, 23) or traces of alkali (9, 10, 21) or 
cornrnon nletallic contanlinants (18). 

I t  seems probable that the annealing of fillns in contact with a tantalurn surface was 
responsible for the relative uniformity and simplicity of the X-ray-diffraction results in 
the present study. The purity of the tantalum and the thinness of the filins may also 
have been deter~nining factors. 

CONCLUSIONS 

(1) Anodically for~ned films of Ta205 are amorphous when formed a t  voltages below 
breakdown in the electrolytes used. 

(2) Upon heating they crystallize to  a disordered form of /3-Ta206 with the c axis 
ordered while the a and b axes are disordered in varying degrees. 

(3) A structural model cornposed of linear chains of Ta-0-Ta-0 parallel to  the 
c axis but randonlly rotated around the c direction is consistent with the observed data. 
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ORGANOPHOSPHORUS COMPOUNDS 
X. PHOSPHORISOCYANATIDIC DIFLUORIDE AND CHLORIDE FLUORIDE. 

PREPARATION OF ALKYL CARBAMATOPHOSPHORODIFLUORIDATES 
AND UREIDOPHOSPHORODIFLUORIDi\TES1~? 

STEPI-IEN J. I ~ U H N  AND GEORGE A. OLAI-I 
Exploratory Research Laboratory, Do10 C I L C I I I L ' C ~ ~  of Cunmdu, L.ilnifed, Surn in ,  Ontario 

12eceived April 18, 1962 

ABSTRACT 

Pl~osphorisocyani~tidic difl~~oride and phosphorisocyanatidic chloride fluoriclc were prepared. 
Addition reactions with alcohols (phenol) and amines were investigated, leading to carbamato- 
phosphorodifl~~oridates and ~~reidophosphorodiR~~oriclates. 

Phosphorus oxyllalides are used as starting illaterials for the preparation of many 
organopl1osphorus compounds. The reactive halogens call be easily replaced by allcoxy, 
amiclo, ~uercapto groups, etc. The replacement of one of the l~alogens with an isocyanate 
group in the pl~osplloryl halicles increases the versatility of these compou~~ds  and eilables 
the preparatioil of illany new groups of organophosphorus conlpouilds. 

Pl~osphorisocyanatidic clichloride was prepared by Kirsailov ( 2 )  by the interaction of 
ethylcarbarnate and pl~ospl~orus pentacl~loride: 

0 0 
/ // 

CM2-CM?-0-C-NI-I? + PClj  + C1-P-SCO + CrHZCI + SIICI. 
I 

C I 

Phospl~orisoc~a~~atidic  dichloride partially deco~nposes \v11en distilled a t  at~nosplleric 
pressure or when stored a t  rooin teillperat~ire over loilg periods of time. I t  was hoped that 
by prepariilg the corresponding difl~loridate or cl~lorofluoridate lllore stable coinpounds 
would be obtained. These could be useful new polyfunctional reagents for the prepnration 
ol derivatives of fluoropl~osplloric acid (3).  

Phospl~orisocyanatidic dichloride readily reacts with antimony trifluoride, i l l  the 
absence of catalyst, to  give a 90% yield of the correspoildiilg difluoride, without inter- 
acting with the isocyailate group: 

// / - 
GC1-I-'-SCO + 4SbI;s + GF-P-NCO + 4SbC13. 

I 
C 1 

I 
F 

The reaction is fast and exotl~ermic; therefore the antimony trifluoride is added in s!llall 
portions to the phosphorisocyanatidic dichloride. The lower-boiling difluoride distills 
out from the reaction vessel as it forins. Pl~osphorisocyanaticlic difluoride is a colorless 
liquid which fu~lles if exposed to  moist air. I t  boils a t  atmospheric pressure a t  68-68.5O. 

I t  is readily soluble in solvents like metl~ylene chloride, chloroforin, carbon tetra- 
chloride, benzene. 

' C o n t ~ i b z ~ t i o n  No .  64. 
?For Part  I X ,  see reference 1. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



1952 CANADlAN JOURNIZL OF CHGMlSTRY. VOL. 40, 1962 

The infrared spectrum shows maxima a t  2247, 1458,1351,952,905, 752 cm-l, indicating 
the presence of the isocyanate group and P-F bonds. (See Fig. 1.) 
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FIG. 1. Infrared spectrum of phosphorisocyanatidic difluoride. 

Phosphorisocyailatidic difluoride call be distilled a t  atmospheric pressure and kept a t  
rooill temperature for a long time without decomposition. I t  hydrolyzes, however, very 
rapidly with water. Therefore all operations must be carried out under dry conditions. 
In the halogen exchange reaction, in additioil to the inail1 product, about 10% phosphor- 
isocyailatidic chloride fluoride, OCNPOFC1, b.p. 101-103", is formed. 

Phosphorisocya~~atidic difluoride reacts easily with alcohols (phenol), yielding alkyl 
carbamatopl~osphorodifluoridates: 

0 0 0 
// // // 

F-P-NCO + ROH + F-P-NM-C-OR. 
I 
F 

I 
F 

The carbamate derivatives are stable solid compounds and can be distilled under reduced 
pressure without decomposition. Table I lists the new carba~nates that have been pre- 

TABLE I 

II 
CarbamatophosphorodiAuoridates, RO-C-NH-POFz 

% N % P 
% B.P., M.p., - 

R yield "C/mm Hg "C Calc. F o ~ ~ n d  Calc. Found 

A'IethyI 90 95/5 51-52 8.80 8.74 19.44 19.31 
Ethyl 94 91-92/3 35-36 8.09 7.97 17.91 17.80 
Isopropyl 93 101-102/6 54-55 7.48 7.52 16.57 16.42 
Phenyl 94 - 80-83 6.33 6.28 14.01 14.14 

pared. lATit11 an excess of alcohol the fluorides can be replaced by allcoxy groups only with 
difficulty. The use of sodium alcol~olates is more advantageous. 
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KUI-IN AXD OLAH: ORGANOPHOSPHORUS COMPOUNDS 1953 

Primary and secondary anlines react with phosphorocyanatidic difluoride to  give 
substituted allcyl (aryl) ureidophosphorodifluoridates: 

0 0 0 
// // // 

F-P-NCO + RNHl  + F-P-XH-C-NH-R 
I I 

F F 

  able' I1 summarizes data of the prepared ureiclophosphorodifluoridates. 

TABLE I1 

0 
/ I  

l!reidophosphorodifl~~oridates, R,R1-N-C-NH-POF? 

G;ij N % P 
50 M.P., 

R I i  ' yield "C Calc. Found Calc. Found 

CqHs I-I 9 1 66-67 16.28 16.1G 18.00 17.85 
C?HI C?H5 90 Visc. oil 14.00 13.95 15.48 15.52 
CsH; H 94.4 111-112 12.73 12.64 1 4 0 8  14.15 
CGHbCH3 CH3 92 87 11.96 11.87 13.23 13.30 

EXPERIMENTAL 

Preparation of Pl~nsphotisocyanatidic Dichloride (2)  
One mole of PClj  and 1 mole of ethylcarbalnate were placed in a I-liter round-bottomed flask equipprcl 

with a reflux condenser and drying tube, and kept a t  lo0 by means of esternal cooling. In a few mint~tes 
HCl formation begins. The temperature of the bath \\?as kept 10" for 45 minutes, then it was carefully raised 
a t  a rate of l 0 / G  minutes LIP to 50°, then by 1°/2 minutes up to 80' (5.5 hours total reaction time). The  
by-product HCI and ethyl chloride escaped through the reflux condenser. Fractionation of the residual 
liquid product gave 140 g of pure POCI?NCO (87.5y0), b.p. 64-60" a t  50 mm. CCl?SO?P: found: P 19.5, 
C1 4-1.3, l' 8.6; Calc.: P 19.4, C1 44.37, S 8.75%. 

Prcparatiol~ of Pl1ospl~orisoc3~a?1cl~idic Difl~roride 
Phosphorisocyanatidic clichloride (160 g, 1 mole) was placed into a two-necked flask eqliipped with 

powder feeder and condenser. SbF3 (150 g) was added in 6-10 portions to  the chloride. The reaction is 
exothermic and the product distills out as  it forms. After the addition of the SbF3 the flask was heated to  
remove all the remaining product. Liquid product (130 g) was obtained, which after fractionation through 
a 300-mm \Vidmer column gave two fractions: POF2NCO: b.p. 68-68.5"; 115 g (goy0 yield); no2' 1.3381; 
d.: 1.5899 (CF2NO.P (127): calc.: S 11.0, P 24.4, F 29.9; found: N 10.80, P23.9, F29.7%) and POFCIPNCO: 
b.p. 101-103"; 10 g ;  1 1 ~ ~ :  1.4024 (calc. S 9.76, P 21.0, CI 24.7; found: Z\T 9.78, P 21.4, CI 24.6y0). 

Reactio~z of Pl~osphorisoryc~~~atid ic DifE~ror ide 7ozth Alcohols 
POF2NC0 (0.25 mole) was dissolved in 50 rnl of CHzCl? and into the stirred solution 0.25 mole of alcohol 

in 20 ml of CHzCI? \\-as added dropwise a t  0'. The reaction is conlpleted in a few minutes. Methylene chloride 
was pumped off and the residual liquid product fractionated under reduced pressure. 

The reaction with phenol was carried out in essentially the same manner, but due to  decon~position the 
product could not be distilled and n a s  purified by recrystallization from chloroform or benzene. 

Reaction of Plzosphorisocyanatidic DifEuoride wit12 Artzines 
POF2NCO (0.25 mole) was dissolved in 50 ml of CHzCI:! and into the stirred solution 0.25 mole of amine 

in 20 ml of CH?CI? was added dropurise, while the temperature of the mixture was kept around 0". The  
reaction is completed in a few minntes. The methylene chlorided \bras removed by distillation and hnally 
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by purnpiilg the product in vacuum. :-\ttemptecl distillation of the products, even urlcler pressure, resulted 
in decomposition. The  products, which are essentially pure after renloval of the solver~t, a t ~ d  any possible 
volatile starting materials were recrystallized fro111 cl~loroforln or CC14. 

ACIiSO\\ LEDGRIESTS 

The authors tha111i D. G. Barnes for the infrared spectra slid I<. Slretris lor the  analyses. 
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OBSERVATIONS ON THE KARPLUS CURVE IN RELATION TO 
THE CONFORMATION OF THE 1,3-DIOXOLANE RING1 

R. U. LEMIEUY,~ J. D. ST EVENS,^ AND R.  R. FRASER 
Drpolil~irent of Clre,nrstry, Gniversit)~ of Otto~zr'(~, Otto~wa, Otzto~i l o  

Receivecl h4arch 19, lO(j2 

'I'hc csperimel~tal evidelice indicates tha t  the I<arplus curve, which relates the coupling 
collstallt bctlveen hydrogenson vicinal carbonsand theclihedral angle delinecl by the hydrogens, 
is subject to clisplare~~ient. AIL ~ ~ p w a r d  displacement of 2 . h . p . s .  is rec~uired to account for 
the co~ipling constants found for the neighboring hydrogens in both 1,3-clioxolane and its 
2,2-dimethyl derivative. On this basis, the cornpounds exist in confor~nations wherein the 
cis neighboriilg hydrogens define dihedral angles of 35" and 4i0, respectively. 

The formation of cyclic lcetals and acetals from glycol groups has found widespread 
application ill isolation, structural, ancl synthetic studies. The formation of the O-iso- 
propylidene derivatives of viciilal hydroxyl groups has been particularly useful. The ease 
for the preparation of these compounds has received considerable attention from the 
point of view of conformational analysis (1-13). For this purpose, i t  has generally been 
assumed that  the 1,s-dioxolane ring is planar (4). Although this assumption has proved 
useful, it is clearly desirable to obtain more precise information on the conformation of 
the 1,3-dioxolane ring. Three types of confor~nations are possible, the planar conformation 
and the conformations wherein one or two of the atoms are out of the plane of the other 
atoms in the ring (7). 

An examination of a precise conformntional rnodel (8) for the 1,3-diosolane ring clearly 
indicates tha t  the ring can be puckered substantially without the introduction of valence- 
angle strain. One of the carbon atoms of the ethylene group can readily nlove out of the 
plane of the other four atoms to the extent tha t  the cis neighboring hyclrogens define 
dihedral angles of about 3.5". I n  view of the potential barrier to rotation which is present 
in ethane (0), the resulting increased staggel-ing of the cis hydrogens must provide a 
conformation which is, energetically, substantially more favorable tllan is the planar 
conformation. J1i fact, the nuclear magnetic resonance spectrum of 1,s-dioxolane (10) is 
only readily uilclerstood if  the compound possesses a pucltered confor~nation. I t  was 
found (10) that  the average coupling, J ,  of a hydrogen with one of the neighboring 
hydrogens plus the average coupling, J' ,  of the same hydrogen with the other neigh- 
boring hydrogen was 13.3 c.p.s. The difierence J-J' was 1.3 c.p.s. (see Fig. 1).  We have 
confirmed these experimental results. The so-called ICarplus curve (1 1-14) relates coupling 
constant to the dihedral angle defined by neighboring llydrogens. Should the 1,3-dioxo- 
lane ring be planar, then, on the basis of the ICarplus values, Jon = 8.2 and JlZoo = 2.2 c.p.s., 
one would expect J-J' to equal 6.0 c.p.s. rather than the observed 1.3 c.p.s. Although, 
as will be seen below, the Icarplus curve is subject to  displacement, its general shape has 
received substantial experimental verification (11-13). Certainly, although values for 
J00-J1200 so~~ lewha t  greater than 6 c.p.s. may be anticipated, none of the substantial 

'Presented by R. U.  L. at the X V I I I t h  International Congress of Pure alzd Applied Chemistry, Montreal, 
Que., Az~gztst,  1961. Abstracts of Srientific Papers, p. 268. 

?Present address: Departnzent of Clzenristry, University of Alberta, Ednronton, Alberta. 
acorn Industries Research Foufzdation postdoctorate fellow, 1960-62. 
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FIG. 1. The two energetically equivalent confor~nations for l,3-dioxolane in which one of the C-methylene 
groups is puckered O L I ~  of the plane of the other four atoms in the ring. The dihedral angles defined by the 
neighboring hydroge~is are expected to be approximately those indicated. The experimentally deter~liined 
coupling constants J a n d  J' result from the averaging of the coupling constants in each of the conforniatio~~s 
according to the relationships which are shown. 

amount of information which has accuillulated is in any way suggestive that the trough- 
shaped I<arplus curve can be so very shallow as to provide a value for this difference 
in coupling constant as sillall as 1.3 c.p.s. Therefore, it can be concluded that the neigh- 
boring cis hydrogens in 1,3-dioxolane are not eclipsed.:" 

Although all the experimental evidence has substantiated the general shape of the 
I<arplus curve, it is clearly apparent that the curve is subject to displace~llent depending 
o n  the chemical nature of the compound. This fact is demonstrated by the coupling 
constants reported in Table I for the hydrogens of a freely rotating methyl group and 

TABLE I 

\.ariation ill the coupling constant bet\veen hydrogens on neighboring carbons which 
clefille the same dihedral angle but which clilfer in chemical nature 

Coi~pling c011stant I1 Coupling constant 
Compound (c.P.s.) Compound (c.P.s.) 

"B. R. McGarvey and G. Slomp, Jr. .I. Clie~n. Phys. 30. 15SG (1959). 
ti\. A. Both~ier-By ancl R. E. Glick. J. Chem. Pliys. 25. 362 (195G). 
IS. Broxvnstein, B. C. Smi th .  G. Ehrlich, and :\. \TI. Laubengayer. J. Am. Cliem. Soc. 81. 3826 (1959). 

the hydrogens on the neighboring carbon. The only important conformations for these 
compounds (CH3CH2X) are uildoubtedly those wherein the hydrogens on the neighboring 
carbons are in the staggered arrangement. Therefore, on the basis of the I<arplus curve, 
the average coupling of the neighboring hydrogens should be (Jlso0+2J~oo)/3 = 4.3' C.P.S. 
However, it is seen that the experimental values are in the range 4.7 to 7.9 c.p.s. For 

"Sitzce th is  ?nc~nuscript was  f i s t  sztbvzitted, a pzrblication appeared (R. J .  Abrahanz, R. A .  i l~cLarrcl~lan,  
L. D. Ha l l ,  and  L .  I l o u g l ~ .  Chem.  & I n d .  (London) ,  2 1 3  (1962) )  wherein i t  w a s  conclz~ded, on  the basis of the 
nztclear trrngnetic resonance spectra of isopropylidene derivatives of sugars, that the cz~rrently lzeld view that 
2 ,2-di t~zeth~ldiosola11e r ings  are planar i s  i f a  need of nzodi$catio?t. 
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compounds of structure (CI-I3)2CHX, the values range from 6.0 to  6.4 c.p.s. Icarplus (11) 
has commented on this discrepancy, which renders i t  clearly apparent that  the coupling 
constant between neighboring hydrogens is not only dependent on the dihedral angle 
which they define bu t  also on the substituents other than the hydrogens on the vicinal 
carbons. The  data  in Table I indicate tha t  a displacement of the Karplus curve can 
result from a change in the electronegativity of the substituent X in the compounds 
CH3CH2X. Experimental work on polyoxygenated six-membered ring compounds (15) 
and on substituted camphanes (12) are in good numerical agreement with the theoretical 
curve, which has also enabled co~lsistent and reasonable conclusions to be drawn about 
ring conformations of other sugar derivatives (16, 17). I-Iowever, Williamson and Johnson 
(18) have adjusted the ICarplus curve to provide coupling constants of 16 and 10 c.p.s. 
for neighboring hydrogens which define dihedral angles of 180" and 0°, respectively, on 
the basis of the  coupling constants found for neighboring hydrogens in the A-ring of 2- 
and 4-acetoxycholestane-3-ones. I t  was contended tha t  perhaps the coupling constants 
for neighboring hydrogens in carbohydrate pyranose rings are smaller because the com- 
pounds do  not possess conforn~ational rigidity. Considerable evidence in fact exists tha t  
for Inany pyranose structures there must exist a very high degree of conforlnational 
purity. I t  has been ascertained, for example, tha t  the coupling constants in 3-0-methyl- 
G,G-di-C-deutero-p-D-glucopyranose tetraacetate ( I )  are JH,  , = 8.2 c.p.s., J H 2 ,  H 3  = J H 3 ,  

= 9 . 3 f O . l  c.p.s., and JH , ,  = 9.7 C.P.S. (19). T h e  success encountered by Lemieux and 
Chii (20) in accounting for the anomeric equilibria of sugar acetates on the basis of con- 
forlnatiollal analysis with the pyranose ring in the chair conformation clearly requires 
conformational purity for many of the hexose pentaacetates. Clearly the indications are 
tha t  the ICarplus curve is subject to  considerable displacement depending on the cllenlical 
nature of the conlpound being examined, and the use of the curve for the deterlnination 
of fine points of conformation will require a Itnowledge of the  position of the curve in 
the set of coordi~lates (coupling constant versus dihedral angle) for the type of structure 
under consideration. Thus, for example, in the above-mentioned glucose derivative, Jlaoo 
appears to vary fro111 8.2 to  9.7 c.p.s. depending on the substituents 011 the various 
carbon atoms to  which the hydrogens are bonded and in the  manner expected from the 
da ta  in Table I. 

We have therefore interpreted the results of analysis of 1,3-dioxolane in the following 
manner. First of all we can calculate the values for J-J '  fro111 the ICarplus curve for 
varying amounts of puclteri~lg of the  ring into a C, conformation. A consicleratioll of the 
C2 conforlnation was omitted since examination of lnodels showed tha t  the differences 
in dihedral angles for the two confornlations are relatively small. Let 8 be the angle 
between the two hydrogens cis to  each other on tlle two-carbon portion of the ring. Then 
for 8 = 0°, J-J'  = 6.0; 8 = 15", J-J'  = 5.1 ; 8 = SO0, J-J'  = 2.65; 8 = 35", J-J'  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



1958 ChS: \DI . \S  JOURN:\L O F  CI-IEMISTRY. VOL. -10, l!)(i'2 

= 1.4; 0 = 40°, J-J '  = 0.25 c.p.s. Thus, it is seen tha t  the value of J -J '  is in agree- 
ment with the experimental value when 0 = 3s0, the angle which, on the basis of con- 
formational models, appears near optimum for 1,3-dioxolane. However, the Iiarplus 
curve r e q ~ ~ i r e s  for 0 = 3s0, J+J' to be 11.1 c.p.s. In order to  obtain agreement with the 
observed value of 13.3 c.p.s., it is necessary to displace the curve r~pwards by 2.2 c.p.s. 
Such a displacement of coul-se leaves J-J'  unchanged. 

We have now observed the cal-bon-13 side-band signal for the ethylenic group of 
2,2-dirnethyl-1,3-dioxolane. The  signal is a triplet of spacing 12.6 c.11.s. Analysis of this 
signal as  the A2 part  of an AzXz spectrum yields J = J' = 6.3 c.p.s. (22). 'The I<arplus 
curve allolvs J = J' when 6 = 41' and if the same ~ ~ p w a r d  displace~lle~lt of 2.2 c.p.s. is 
assumed, then the curve yields values for J410 = 6.3 c.p.s. and J' = ( J ~ G ~ O + J ~ S ~ ) / ~  = 6.3 
c.p.s., which are in agreement with the experimental values. I t  s h o ~ ~ l d  be notecl that 
only a rather linlited variation in either 0 (f2") or the upward displacement (&0.2 
c.p.s.) will still provide agreement within experirnerltal error between the observed 
coupling constants and those predicted from the Karplus curve. O n  this basis the 1,s- 
dioxolrune ring is pucbered to a greater extent by the introductiorl of the two methyl 
g r o ~ ~ ~ s  a t  the 2-position. This conclusion would be in accordance with espectatio~ls 
based on the Thorpe-Ingold gem-dimethyl effect (23). T h a t  is, the introduction of the 
methyl groups should tend to decrease the 0-C2-0 vale~lce angle and thus recl~~ires a 
greater p~lcl~er ing of the ring. 

I t  is intcresting to compare the results of Anet (21) with ours. I-Ie found tha t  in t ram-  
4-t-b~~tylcyclohexanol the coupling constants of the 1-hydrogen with the cis and trans 
2-hydrogens were 4.31 and 11.07 c.p.s. respectively. Assuming tha t  the cyclohexane ring 
exists in the ideal chair form in this compound then these values correspond to  an ~ ~ p w a r d  
clisplacement of the Karplus curve by 2.5 ancl 1.9 c.p.s. for JGOo and Jlsao, respectively. 

The above conclusions regal-cling the conformations of 1,3-clioxolane rings are of clirect 
importance to conformational analysis. Eviclentlj-, the forlllation of the 0-isopropyliclene 
derivativc of an  a-glycol cloes not requirc the two C-0 bo l~ds  to  achieve coplanarity. 
Angyal ancl l~IacDonalcl ( 2 )  havc pointed out  that  a decrease of the GO0 dihedral angle 
defiiled by the oxygc11 atoms in 1,2-trans-c~~clohexa11ediol m ~ l s t  introduce severely 
rep~~ls ive  non-bondecl interactions betwce11 opposing axial hydroge~is. A\ clistortion of 
about 1.9" would be r e q ~ ~ i r e d  for the formation of 0-isopropylidene-I ,2-trnlzs-cyclohesane- 
diol without strain in thc 1,::-dioxolane ring. I t  is therefore not surprising that  the 
compound can be prepared only  under strongly forcing conclitions (24). A similar dis- 
tortion for the cis isomer call be expected (1, 2) to introduce little strain in the cyclohexanc 
ring. In fact, I<uhn has estimated, fro111 the extcnt of hydrogen bonding, that  the two 
oxygen atoms in 1,2-cis-c~~clol~exanediol define n dihedral angle of about 50". The com- 
pouncl is well l;nown to be readily tra~lsfornled into the 0-isopropylide~le derivative. T h e  
oxygen atoms in I ,2-cis-cyclopenta~iediol call be expected to clefine a dihedral angle of 
about 4G0 (7) ,  and the 0-isopropyliclene derivative forms readily (6). T h e  dilledl-a1 angle 
defined by the oxygen atoms of thc trans isomer is too largc to allow formation of the 
0-isopropyliclene derivative (6). 

The above comments do not contradict the previous c o n c l ~ ~ s i o ~ ~ s  reachecl in con- 
fornlational analyses involving the 1,3-dioxolane ring. I-Iowever, the anal~rses were based 
on the erroneous assumption tha t  the 1,3-dioxolane ring is planar. Clearly, the I-ings 
should be consiclered in their preferred pucliered conformations ~lnless evidellce exists 
that  the neighboring hydrosyl groups of the glycol are held rigidly in the eclipsed con- 
dition. Diheclral angles in the range 0-41' can be expected to be favorable for the for- 
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matioil of the isopropylidene derivative, since there should not exist an appreciable 
barrier to rotation about the 0-Cz-0 bonds. The somewhat greater puckering of the 
ring in 2,2-dimethyl-1,3-dioxolai~e over that of the ring in 1,3-dioxolane can be expected 
to render it generally easier to prepare the fornler ring from neigllboring hydroxyl groups 
in structures that resist conforillations wherein the hydroxyl groups define angles as 
snlall as 40". Certainly, the experience in carbohydrate chemistry (4) is in good general 
agreement with illis expectation. 

'The spectra were ~neasured using a Varian 1'4302 high-resolution speclrornctcr operating a t  a frequency 
of 60 Mc/s. 

'The 1,3-dioliolane and 2,2-dimethyl-1,3-diosolane were prepared according to the directions provided 
by Dauben et (11. (25) and mere purified by fractional distillation using a Todd distillation apparatus. The 
carbon-13 triplet side bands occurred 74 c.p.s. to either side of the signal for the ethylenic hydrogens. 
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SYNTH~SES D'ACIDES AMINOBUTYRIQUES 
11. ACIDES ALKYLAMINO-2 HYDROXY-4 BUTYRIQUES 

RBAL LALIBERT~ ET LOCIS BERLINGUET 
DE'partement de  Biochiruie, Faczcltk de il fkdecine, Universitk Laval ,  Qz~e'bec, Que'. 

Resir le 27 septernbre 1961 

Starting from 2-bromo-4-butyrolactone which was treated with primary amines, live new 
2-all~ylar1nino-4-hydros~~-N-alkylbutyramides were obtained in good yields. Acid hydrolysis 
gave the corresponding lactones, which, when treated with Ba(OH)y, gave the 2-alliylam~no- 
4-hydroxybutyric acids. The new derivatives of hornoserine thus prepared are: 2-~nethylami~lo- 
4-hydroxybutyric acid, 2-ethylarnino-4-hydrosybutyric acid, 2-p~opylamino-4-hydroxybi~tpric 
acid, 2-butylarnino-4-hydroxybutyric acid, and 2-cyclohesylamr~no-4-hydrosyb~~tyric acid. 

Sorne of these amides were easily lactonized in HCI-acetone medium. Two 3-alkylamino-4- 
chloro-N-alkylbutyramides were also prepared. 

INTRODUCTION 

Dans le cadre d'un travail portant sur la synthitse d'acides a~ninobutyriques N-alkylCs 
(I), nous avons prepark cinq nouveaux dCrivks de 1'homosCrine siibstituks sur I'azote. 

Nous avons utilisC coinme produit de depart la brorno-2 butyrolactone-4 (2). Iinobler 
e t  Frankel (3) ont dCjA montrC que la bromo-2 butyrolactone-4 rkagit avec l'ammoniaque 
pour donner l'arnino-2 hydroxy-4 butyrainide, qui aprcs llydrolyse lib2re I'acide amino-2 
hydroxy-4 butyrique (homoskrine). En traitant de la meme f a ~ o n  la brorno-2 butyro- 
lactone-4 avec des arnines primaires, nous avons isole les amides suivalits avec les rende- 
ments indiquCs: mkthylarnino-2 hydroxy-4 N-mkthylbutyramide (50yo); 6thylamino-2 
hydroxy-4 N-Cthylbutyramide (56%), propylamino-2 hydroxy-4 Y-propylbutyramide 
(82y0), butylamino-2 hydroxy-4 N-butylbutyrainide (55%) et cyclohexylamino-2 
hydroxy-4 N-cyclohexylbutyramide (82y0). 

Cette rCaction se fait en deux &apes. Dails l'une, il y a substitiition au brome de 
I'amine et dans l'autre, il y a ouverture du cycle par l'anline ell exc2s pour doniler le 
butyra~nide N-alkylk. Signalons que Sheradsky, I<nobler et Frankel (4) viennent d'obtenir 
de la m&me fason le benzylamino-2 llydrosy-4 N-benzylbutyra~nide. 

Ces anlides hydroxylCs en position 4 se cyclisent en milieu acide pour donner les 
butyrolactones correspondantes. Cette cyclisatio~l s'effectue dans l'eau par I'acide sul- 
furique colnlne 11ous l'avons fait pour prCparer les homosCrines. On peut aussi l'effectuer 
dans un solvant organique saturC de HC1 anhydre, ce qui perlnet l'isolement facile de 
la lactone. I1 se~nble aussi que la tra~isfor~nation not& par Franlcel, I<nobler et Sheradsliy 
(5) du benzamido-2 hydroxy-4 butyralnide en benzamido-2 chloro-4 butyrate d'kthyle 
par le HC1 anhydre dans 1'Cthanol se fasse par l'intermkdiaire de la benzamido-2 butyro- 
lactone-4. 

Nous avolis isolk facileilzent une lactone de ce type en saturant de HC1 sec une sus- 
pension de cyclohexyla~ni~io-2 hydroxy-4 N-cyclohexylbutyralnide (I, oil R = CGH11) 
dans llacCtone ou le dioxanne. Dans les deux cas, 011 obtient apr2s une semaine un 
rendement quantitatif en chlorhydrate de cyclohexylamino-"utyrolactone-4 (111, oli 
R = CGH11). Pour expliquer cette lactonisation de l'arnide, on peut supposer la for~nation 
par I'action de HCI d'un chlorure d'imino-Cther (11, oh R = CGHI1) instable en prksence 
d'un acide fort (6, 7). En se rkarrangeant, celui-ci donne la lactone qu'on peut isoler. 

Caundinl~ J o u r ~ ~ a l  of Chemistry. Volume 10 (1962) 
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H?C----CH-NH-R HCl/aci.tone 
I I > 

HZC C-NH-R 
I / I  

OH 0 

I 

HCI 

On peut rkpkter cette cyclisation dans des conditions seinblables avec l'hydroxy-4 
propylamino-2 K-propylbutyramide (I,  oh R = C4H9). Dans ce cas, on obtient le chlor- 
hydrate de la propylamino-2 butyrolactone-4 avec un rendeinent de 82y0. 

Nous avons constati. que cette lactonisation des allcylarnino-2 hydroxy-4 N-allcyl- 
butyramides en allcylamino-2 butyrolactones sous l'action d'un acide fort, se fait plus 
rapidement dans l'eau que dans un solvaiit organique. Nous avons donc traitk, sans les 
isoler, les amides r6sultant de l'action d'amines primaires sur la bromo-2 butyrolactone-4 
par un excPs d'acide sulfurique diluk A la temphrature de la piPce pendant 24 heures. 
Nous avons ensuite kli~nink l'acide sulfurique par un kquivalent d'hydroxyde de baryuin, 
ce qui a provoquk l'ouverture des lactones. Nous avons alors obtenu, avec les rendeinents 
indiqucs, les acides butyriques suivants: acide mkthylamino-2 hydroxy-4 butyrique 
(8OyO), acicle bthylaniino-2 hydroxy-4 butyrique (77%), acide propylamino-2 liydroxy-4 
butyrique (70%), acide butylainino-2 hydroxy-4 butyrique (71y0) et acide cyclohexyl- 
ainino-2 hpdroxy-4 butyrique (88y0). 

E n  traitant le cyclohex~~lamino-2 hydros)~-4 N-cyclohexylbutyrainide et le propyl- 
amino-2 hydroxy-4 N-propylbutyran~ide par dl1 chlorure de thionyle, on obtient les 
clilorhydrates du c~~clol iex~~lamii~o-2 chloro-4 N-cyclohexylbutyraii~ide (rendement: 
80%) et du butylan~ino-2 chloro-4 N-butylbutyramide (rendement: 50y0). 

E n  prkparant le chlorhydrate du cycloliexylamin0-2 cliloro-4 N-cyclohexylbutyraiiiide 
(IV), nous nous somnles denland6 si la structure ouverte attribuke au produit ktait la 
bonne ou s'il ne s'agissait pas d'un produit cyclique (V) de type imino-bther comme en 
dkcrit Stirling (8). Ceci d'autant plus que l'action A chaud du chlorure cle thionyle sur 
le c~~cloliesylamin0-2 hydroxy-4 N-cyclohexylbutyran~ide (IV) dans le cl~loroforme donne 
u11 produit solide qui fond vers 130" (produit A). NIais en continuant A chauffer, ce pro- 
duit redevient rapidement solide pour fondre A nouveau 9 219" (produit 13). De plus 
cette substance provenant du chloroforme (produit A) se dissout en quelques secondes 
dans l'acktone cl'oii elle cristallise quantitativenlent aprPs quelques ii~inutes pour doilner 
le produit B. 

Mais le produit obtenu de l'ac6tone (produit 13) ne posskde qu'un clilore inorganique 
et prksente une bande A 1680 cm-I, caractkristique d'iin amide. Ceci n'est conlpatible 
qu'avec la structure ouverte (produit B, VI). T a t  qu'A l'intermkdiaire instable (produit 
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A), llous n'avons pu dkterminer sa structure, mais on peut cepeildallt supposer qu'il 

s'agit d'un chlorure de cyclohexylamino-2 N-cyclohexyltktrahydroii~~i~~ofurai~ne (V). 

SOCI, 

J 
/' 

14 Cl 
II2C-CH-NII-C~Hl~ aciltone CH2-CI-I~-CH-COSH--C~M~~ 

I I ou 
H2C C=NH-CGH~~ chauffage 

I 
Cl 

I 
N H .  I-ICI 

'0' GI-  
> I 

C ~ I l i i  

v 
Produit A 

v I 

Produit B 

Alkylami?zo-2 hydroxy-4 N-alkylbzrtyranzides 
La synth&se des butyrarnides substituils se fait par addition de la bromo-2 butyrolactone-4 b l'amine 

choisie, suivant la technique dCcrite pour la mCthylamino-2 hydrosy-4 N-mil th~~lbut)~rar~~ide .  
Dans le cas de la butylamine e t  de la cyclol~exylarnine, il y a avantage b maintenir la tempilrature du 

millange b 75-100" apr&s l'addition, ce qui diminue le temps de rkaction 3. 2-1 heures e t  B 2 heures respec- 
tivement. 

On trouvera au tableau I les constantes physiques des produits obtenus. 

'TABLEAU I 
Alkylamino-2 hydrosy-4 N-alkylbutyramides 

CH?-CH2-CH-COOR 
I 

OH A H  
I 

R 

% N  
% 

R rendement P.f." Formule Calculi: 'Trouvi: Solvants de recristallisation 

CH3- 50 95 CsH1,N?02 19.15 19.03 BuOH/ilther/Cther de piltrole 
C Z H ~ -  56 96 CsH,,N?O:, 16.07 15.80 Benztne/Cther de piltrole 
CsH7- 81 97 CloH2?N?Oz 13 84 13 82 Benzhne OLI eau 
CaHo- 55 64 C I ~ H ? G N ? O ~  12.15 12.05 Aciltate d'kthyle/Cther de p&- 

trole 
C6IIii- 82 132 C~GHJON?O? 0 91 9 .94  EtOI-I/ea~r 

*Les points de fusion ne sont pas corrig8s. 

Mkthylamino-2 kydroxy-/, iV-?nktlzylbz~tyra??tide 
A 200 in1 (2.0 moles) de inCthylamine en solution aqueuse B 30% placCs daos une hole conique refroidie, 

on ajoute en agitant 82.5 g (0.50 mole) de bromo-2 butyrolactone-4. La rilaction est esothermique. Une 
fois l'addition terminbe, on retire la hole conique du bain de glace, puis on la laisse au  repos pendant plusieurs 
jours b tempilrature de la piece. On ajoute ensuite 50 in1 de soude 10 N (0.50 mole), puis on Cvapore b 
sec l'exces d'amine. On recristallise l'amide obtenu d'un solvant organique dans lequel le brolnure de sodium 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LALIBERTI? AND BERLINGUIZT: ACIDES AMISOBUT\rRIQUES 1963 

derneure insoluble e t  qu'on liltre (voir tableau I). Le mCthylamino-2 hydroxy-4 S-mCthylbutyramide 
cristallise du butanol par addition lente d'un mClange d'Cther e t  d'Cther de piltrole. On obtient 36.5 g d 'un 
solide blanc. 

Clzlorlzydrate de cyclohe~glanzino-2 chloro-4 iV-cyclolze.vylbzrtyranlide 
On dissout 10 g (0.035 mole) de cyclohesylan~ino-2 hydroxy-4 N-cyclol~esylbut~ramide dans 100 ml cle 

chloroforme, puis on fait passer dans ce milieu du gaz chlorhydrique sec pendant 2 B 3 minutes. 011 ajoute 
ensuite 30 g (0.25 mole) de chlorure de thionyle e t  on chaulfe i reflux pendant une heure. On refroidit 
puis on filtre (produit A). Le solide obtenu est versC en une fois dans 35 mi dlacCtone oil il se dissout rapidc- 
ment, semble se ritarranger e t  cristallise rapidement B te~npCrature de la piece. On refroidit la suspension 
dans llacCtone, on liltre e t  on lave le solide obtenu avec 30 ml dlacCtone oh il est maintenant insoluble 
(produit B). On obtient ainsi 10 g d'un solide blanc. Rendement: 84%. P.f. 219". ilnal. Calc. pour 
CIGFI?QC~S\;?O HC1: N, 8.30; C1, 21.0%. TrouvC: N, 8.28; C1, 21.2%. 

Le produit B ne contient clu'un chlore inorganique. Nous l'avons vCriliC en faisant un dosage rapide 
par gravimCtrie (rigC1) sans au prCalable digCrer la substance en milieu alcalin. I1 donne B l'infra-rouge 
la bande de l'amide B 1680 cnl-I (I<Br). 

Le produit A obtenu du chloroforme est trbs soluble dans l'acCtone. De plus, il fond vers 130" pour 
redevenir solide vers 150" e t  refondre i 219" comme le produit B. Mais il est tres instable e t  se transforme 
trhs rapidement en produit B dhs que nous le dissolvons dans un solvant quelconque. I1 donne le meme 
spectre que le produit ci-haut (ICBr). Nous supposons cependant qu'il s'agit d'un chlorure d'imino-Cther 
(V) trhs instable dans ce cas particulier. 

Chlorlsydrate de bzitylamino-2 cldoro-4 N-butylbzrtyranzide 
On dissout 7.8 g (0.035 mole) de butylamino-2 hydroxy-4 N-butylbutyramide dans 100 ml de cl~loroforme 

en faisant barboter un peu d'acide chlorhydrique sec. On y ajoute 30 g (0.25 mole) de chlorure de thionyle, 
puis on fait refluer la solution pel~dant  une heure. On Cvapore A sec e t  on dissout le rhsidu dans du mCthanol 
que l'on traite avec du noir animal. Le produit cristallise en ajoutant de I'Cther. On obtient ainsi 5 g de 
chlorhydrate de butylamino-2 chloro-4 N-butylbutyramide. Rendement: 50%. P.f. 193". On peut le re- 
cristalliser de l'isopropanol. Xnal. Calc. pour C12H?sCINzO HC1: N, 9.81; Cl, 24.86%. TrouvC: K ,  9.76; 
C1, 25.0%. Nous n'avons observC aucun rharrangement lors de la prCparation de ce produit. Un dosage 
de chlore inorganique ne rCvele qu'un halogene. 

Chlorlsydrate de cyclolze.vylamino-2 bzityrolacto~se-4 
On suspend dans 40 ~ n l  dlacCtone ou de diosanne 2 g (0.0071 molc) de cyclohexylamino-2 hydroxy-4 

N-cyclohexylbutyramide. On fait passer dans cette suspension un courant d'acide chlorhydrique sec jusqulB 
ce que la solution soit saturCe B 40'. La lactone cristallise lentenlent i tempCrature de la pibce. Hprhs 7 
jours, on obtient avec un rendemcnt quantitatif (1.5 g) le chlorhydratede cyclohesylamino-2 butyrolactone-4, 
qu'on lave avec un pcu d'aciltone. P.f. 259". Anal. Calc. pour CloH17NO?.I-lC1: N, 6.37y0. TrouvC: N, 
6.42%. 

Chlorlzydrnte de p iopy la~n ino-2  b~ityrolacto?se-4 
On dissout 3 g (0.01-1 mole) de propylamino-2 hydroxy-4 X-propylbutyramide dans de llacCtone satur6 

de HCI sec i 40". On laisse au repos A tempCrature de la piece pendant une semaine. On porte ensuite la 
fiole conique au froid oil le produit cristallise apres quelques jours. On filtre, puis on recristallise le chlor- 
hydrate de propylamino-2 butyrolactone-4 du butanol ou du clioxanne. On obtient ainsi 2.1 g de solide. 
Rendement: 83%. P.f. 166". ;lnal. Calc. pour C7H13NOz.tICI: N, 7.79%. TrouvC: N ,  7.97%. 

Acides nlkyla~rsi~so-2 lsydroxy-4 b7ityrigzies 
Les acides substituCs peuvent etre obtenus par hydrolyse acide des amicles. 'I'outefois on peut y passer 

directement i partir de la bromo-2 butyrolactone sans isoler les amides, suivant la synthhse dCcrite pour 
l'acide mCthylamino-2 hydroxy-4 butyrique. 

On trouvera au tableau I1 les constantes physiques des produits obtenus. 
Les rendements indiquCs sont calculils i partir de la bromo-2 butyrolactone-4. 

Acide m~tl ty lnnsino-2 lsydroxy-4 bsstyrigzie 
On ajoute 10 g (0.060 mole) de bromo-2 butyrolactone-4 B 75 ml (0.75 mole) d'une solution i 30% de  

rnCthylamine dans l'eau contenue dans une hole conique plongCe dans un bain de glace. Lors cle l'addition, 
on agite pour que les deux liquides se mklangent rapidement. On laisse au repos pelldant plusieurs jours 
i la ten~pCrature cle la piece. On Cvapore ensuite l'amine en exces. On ajoute 100 ml d'acide sulfurique 
6 iV (0.30 mole). On chaufe la solution sur bain-marie pendant 30 minutes puis on la laisse au repos jusqu'au 
lendemain. Dans ces conditions, l'amide hydroxylC en position 4 se transforme en lactone. On verse celle-ci 
dans Lune solution chaude de 94 g (0.30 mole) de Ba(O1-I)a.8H?O. Aprhs avoir laissC le mClange sur un 
bain-marie bouillant 30 minutes, on liltre le sulfate de bary~un.  i lu  filtrat on ajoute u n  peu de carbonate 
d'ammonium pour Climiner le ICger eschs de baryte, puis on liltre. On Cvapore ensuite le filtrat jusqu'i 
environ 25 ml. On y ajoute 400 ml d'acCtone e t  on met la solution au froid. L'acide mCthylamino-2 hydroxy-4 
butyrique cristallise alors lentement B froid pour donner 6.5 g de solide. 
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TABLEAU I1 

rlcides alkylamino-2 hydroxy-4 N-alkylbutyriques 

CI-ITCH?-CH-COOH 
I I 

- - - - -  

CH3- 80 225 CjHllNOa 10.51 10.48 Ea~l/acetone 
C?H,- 77 245 C G H I ~ N O ~  9.51 9.43 E ~ L I / E ~ O H  
CBHT- 70 234 C7H,,jNO3 8.68 8.65 Eau/EtOH ou acetone 
C4H9- 7 1 228 CBH~TNOI 7.99 7.86 Eau/acCtone 
CsHll- 88 235 C,OHI,NOI 6.96 7.12 Eau/acCtone 

*Les points de fusion ne sont pas corrig8s. 

Les a u t e u r s  remerc ien t  le Co~lseil N a t i o n a l  de Recherches  p o u r  u n e  bourse  accordke 

2 I 'un d ' e u s  (R. L.) ainsi  q u e  1'11lstitut N a t i o n a l  d u  C a n c e r  p o u r  a i d e  financiPre. 
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THE MASS SPECTRA OF THREE DEUTERATED BROMOBUTANES1 

W. H. MCFADDEN' AND R'I. LOUNSBURY 
Reser~rch Che~tzistry Branch, iltori7ic Energy of Cr~nada Li?izited, Chalk Rioer, Ontario 

Received June -1, 1962 

ABSTRACT 

The Inass spectra of 1,l-dideutero-1-bromobutane, 1,1,1,3,3-pentac1eutero-2-bro111obutnne, 
ancl 1,1,1,2,3,3-hesadeutero-2-bromobutane have been obtained  sing 70-volt ionizing 
electrons. The cracking patterns of the deuterated molec~lles are compared with those of the 
undeuterated bromobutanes. I t  is shown that no hydrogen-deuteri~1111 exchange occurs in 
certain ions formed from the parent ion by simple bond break but that estensi1.e eschange 
of hydrogen and de~~ter iurn  occurs in ions formed by further decomposition of unsaturated 
daughter  ions. 

Formation of I-IBr+ or loss of HBr to form C,Hg+ from 2-bromobutane is shou-n to favor 
stericallp the hydrogen on carbon 4 and not to ~nvolve that  on carbon 2. Mo\vever, in the 
case of 1-bromobutane, formation of these ions does not appear to involve any particular 
hydrogen preferentially, because if one assumes that  all hydrogens in the molecule are 
involved, then the hvdrogen on carbon 1 appears to be involved to an  almost statistical . - . . 
extent. 

In tn.0 cases the isotopic substitution so modilies the rate of a metastable reaction that  
the metastable peal; disappears from the spectra of the deuterated species. 

INTRODUCTION 

Some understanding of the reaction processes induced in alkyl halides by electron 
iinpact has been obtained in previous works (1-6). Methyl and ethyl halides have 
been studied a t  various electron energies (1, 2, 3). The energetics of several primary 
reactions were determined and important mechanistic differences were sholvn to  exist 
between CpH5Cl and C2H5Br or CzHSI. McLafferty has studied series of organic halides 
and shown correlations between their spectra and that of siillilar hydrocarbons (4). 
Related studies have been performed by RiIolnigny ( 5 )  and D'Or ( G ) ,  and in the latter 
study considerable information was obtained 011 the fragmentation of bromopentanes 
from a study of the metastable ions observed. However, no fragmentation studies have 
been reported on deuterated alkyl halides of more than three carbons. Since this latter 
technique has often yielded important and sometiines unexpected information with other 
molecular systems, it seelned desirable to obtain the mass spectra of three deuterated 
bromobutanes which were available from a previous study (7). 

EXPERIMENTAL 

The three deuterated bromobutanes used in the present study are 1,l-dideutero-1-bromobutane, 1,1,1,3,3- 
pentadeutero-2-bromobutane, and 1,1,1,2,3,3-hexadeutero-2-bromobutane (hereafter referred to  as n- 
bromobutane-D?, sec-bromobutane-Ds, and sec-bromobutane-D6 respectively). Their synthesis has been 
described previously (7). Before mass analysis, n-bromobutane-Dn and sec-bromobutane-D5 were purified 
by gas-liquid chromatography but because only an  extremely small quantity of sec-bro~llobutane-DB was 
available it was used without further processing. The handling technique for sec-bromobutane-D6 may 
have introduced an ~~nlcnomn amount of CO? and HzO, and traces of other chemical impurities may be 
present due to  the lcnown slow deco~nposition of alkyl bromides. 

All three compounds were concluded to  be better than 97% isotopically pure from the mass spectra 
of the deuterated alcohols from which they were prepared (8). However, a good low-voltage analysis has 
not been obtained so doubt of isotopic purity may exist. This point is elaborated in detail where it is perti- 
nent to the conclusions regarding the mechanics of fragmentation. 

'Issued as A.E.C.L. No. 1686. 
2Present address: Western Utilization Research and Development Division, Ag~icz~ltural Research Service, 

U.S. Departnzent of Agriculture, Albany, Calif. 

Canadian Journal of Chemistry. Volume 40 (19G2) 
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The Inass spectrometer (6-inch radius, 90" magnetic sector) ancl mass analysis techniques have been 
previously cLescribed (9, 8) .  The reported spectra were obtained with 70-volt clectro~ls. The temperature 
of the ionization chamber was not measured. 

The mass spectra of the undeuterated bromobutanes and deuterated bromobutanes 
are given in Table I. Ion abundances are reported in terllls of the percentage oi the 

TABLE I 

Mass spectra of the bromobutanes 

total ionization but the contribution due to metastable ions is not included. The ~ ~ s u a l  
 neth hods of correcting for background contributions and memory effects have been 
applied. The corrections were insignificant for most of the important ions except for 
the CO? rund Hz0 contribution in the spectrunl of sec-bromobutane-DG. The Hz0 could 
not be properly estimated and the values a t  m/e 18 and 17 for sec-bromobutane-DG are 
not reliable. The CO? contributions a t  nz/e = 44 and 28 were obtained by assuming 
that the ionization observed a t  m/e = 22 was due to COz++. The natural C13 abundance 
is reported as observed. 

C / b  ionization 
- 

7z-Bron1011~1tane scc-Brornob~~tane 

nz/e Do D? Do Ds Ds 

fx) ionization 

11-Bromobutane sec-Bromob~~tane 

117/e Do D? Do Ds D G  
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XIcFAUDEN A N D  LOUNSBURY: M.ASS SPECTRA 1967 

A llulllber of broacl non-integral peaks were observed correspollding to the so-called 
nletastable ions. These metastable ions are particularly useful in determining reaction 
inechanisms because the mass a t  which they are observed is related to both the inass 
of the clecomposing ion, m,, and the actual mass of the daughter fragment, md. For the 
type of mass spectrometer used in this work, the relationship is m:" mma2/m0, where 
m" is the observed mass of the inetastable ion. The existence of a metastable pealc 
definitely establishes the possibility of the corresponding reaction but it 1na17 not be 
used as a measure of its probability. Conversely, the absence of a metastable peal; does 
not preclucle the possibility of a particular reaction. 

Table I1 presents the metastable peaks observed for n-bromobuta~~e-Do and sec- 
bromobutane-Do and the corresponding 1;inetic processes. The inetastable data for the 

hIetastable ions obscrvecl in t h e  mass spectra of 12-bromobutanc a n d  scc-bromobutane 

Process 

77-Bromobutane sec-Brornobutane 

717" 717'' Intensity, ttl* Ilitensity, 
calc. obs. (yo ionization obs. ' jb ionization 

deuterated samples are given in Table I11 but  the possible kinetic processes are not 
included. In many cases the metastable pattern is excessively smeared out as a result 
of contributions from various deuterated fragments, and the assignment of mass to the 
metastable peal; is admittedly somewhat arbitrary. In adclition the calculated masses 
for different reactions often have the same value, depending upon the particular deuterium 
content. A11 example of this is given by the data  for n-bromobutane-Ds, from which 
one might expect the formation of CaH,+ from CaHi+ and C3HD2+ from C3H3D2+. Both 
processes ~vould give a metastable pealc a t  mass 39.1 with a probable intensity of about 
0.03% so that an unequivocal cletermination of the kinetic process is not possible. Xever- 
theless, of the metastable processes occurring with the deuteratecl ~nolecules can 
be correlated with those of the undeuterated compoui~ds. Soille of these reveal or confirin 
important features of the fragmentation pattern and are discussed in later sections. 

DISCUSSION 

(Aj General 
In the following discussion it is shown that ions from simple bond break occur without 

significant h~,drogen-deuteriuill exchange, but,  on the other hand, ion fragments that  
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TABLE 111 

Metastable ions observed in the mass spectra of 11-bromobutane-Dy, sec-bromobutane-Dj, and sec-bromo- 
butane-DG 

Intensity, % ionization Intensity, yo ionization 

7 ) ~ "  D z D 5 D G  1 111% D 2 D; D G  

do not contain bromine (C1, C2, and C3 fragments) show extensive exchange. From 
these experimental facts it  is concluded that in the parent ion the rate of H-D exchange 
is less than the rate of simple bond brealr (7), and, therefore, the formation of most of 
the hydrocarbon fragments must occur from the C4H9+ ion. The observed metastable 
ions confirm this conclusion. 

The slower rate of exchange observed in saturated parent ions as compared with the 
exchange rates observed in olefinic parents (10, 11) or radical daughter ions must be 
a consequence of the necessary intermediate structures of the saturated system, which 
would involve either pentavalent carbon or divalent hydrogen. The former would require 
extra energy in order to attain the probable bipyramidal dsp3 hybridization, while the 
formation of an intermediate with a divalent hydrogen might impose a steric restriction 
on the system. On the other hand the exchange in an olefinic or unsaturated system 
can talce place with very little change in the structure of the excited ion. 

(B) Ions CH2Br+ and C*H4Br+ 
(i) n-Bromobutane 
From n-bromobutane an ion which coiltributes 2.4% to the total ionization, that is, 

the SUIII of the ionization due to  (C2H4Bri9)+ and (C2H4BrS1)+ a t  m/e = 107 and 109, is 
formed by loss of .CzHS. From n-bromobutane-D2 this ion appears a t  2 mass units 
higher, with the same percentage of ionization. The statistical probability of such an 
event is only 0.16 (assuming all hydrogens and deuteriums are equivalent) and the 
statistical probability for formation of C2H3DBr+ from the ensemble C4D2HiBr+ is 0.56. 

If a simple model is assumed in which a hydrogen from either carbon 3 or 4 is mixed 
with the deuterium on carbon 1 and then H or D statistically returned to carbon 3 or 3 
(11), it is readily ascertained that with only one exchange of this type the probability of 
obtaining C2H3DBr is 0.66 (assuming no H-D isotope effect). This overly simplified 
model shows that  a molecular system of this type requires very few exchanges in order 
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McFADDBN AND LOUNSBURY: MASS SPECTRA 1960 

to bring about a coilsiderable change in the H-D distribution. From such considerations 
one may conclude that the reaction CH,BrCH,-CH2CH3+ + CH,BrCH,+ + .C2H5 
occurs a t  a rate 111uch greater than the rate of H-D exchange. This conclusion assumes 
that exchanges occur a t  approximately the same rate between all carbon positions and 
that exchanges between carbons 1 and 2 do not occur exclusively (7). 

The ion CH,Br+ formed by loss of .C3H7 contributes 0.9y0 to the total ionization. 
Approximately 15% of these events appear to involve an exchange of hydrogen and 
deuterium. This is not liltely to be due to the additional possibility of 1-2 exchanges 
and indicates a slightly slower rate for the reaction CH3CH2CH2-CM,Br+ + CH,Br+ 
+ .CSHi. I t  is again emphasized that the ainount of exchange observed is considerably 
less than is expected for one hypothetical exchange of the type discussed. 

(ii) sec-Bromobz~tane 
From sec-bromobutane the ionization due to loss of .CzHS to form CzHSRr+ contri- 

butes 0.95% to the total. As with loss of .C2H5 from n-bromobutane, the deuterated 
molecules show no exchange so that one again concludes that the simple bond brealc 
occurs faster than the H-D exchange. 

The ion CI-12Br+ contributes only 0.3y0 to the total ionization and, as would be 
expected for an ion which requires rearrangement of the parent structure prior to clis- 
sociation, the deuterium and hydrogen show coilsiderable exchange. Unfortunately, the 
amount of ionization is too small to permit speculatioi~ on possible mechanisms. 

(C) Ions BY+, HBr+, and H2Br+ 
These ions contribute about 5Yo to the total ionization for both n-bromobutane and 

sec-bromobutane. From the data for n-bromobutane-D2, it appears that the ion DBr+ 
is forined in about 12% of this group of events (after malting allowance for H,Br+). 
Statistically one would expect 22y0 but since the H-D isotope effect would decrease the 
possible transfer of deuterium to the bromine, the clata suggest the possibilit)~ that  
HBr+ may be formed fro111 n-bromobutane by a random selection of hydrogen. This 
implies that the probable activated complex, (CiHGD2)-BrH+, is sufficiently stable to 
perinit coilsiderable exchange of H and D prior to its dissociation. 

The data for the formation of HBr+ from sec-bromobutane is lllore specific. The ion 
HBr+ is formed in 65y0 of the events in the brealtdowil of both sec-bromobutane-D5 
and sec-bromobutane-DG. The remarkable similarity of the spectra of these two molecules 
in the Br+-HBr+ region (m/e = 79 to m/e = 83) indicates that the hydrogen on carbon 
2 is not involved in the formation of the HBr+. The 65% of the rearrangement involving 
hydrogen for both of the deuterated molecules indicates that the hydrogen on carbon 4 
is strongly favored, in accordance with accepted views that such rearrangements are 
often sterically dependent (8, 12). With the present data one cannot distinguish between 
contributions from carbon 1 and 3. 

The ionization due to H2Br+ is relatively insignificant (about O.lyo) and nothing can 
be postulated regarding its formation. However, it must be considered in order to  
determine the contribution due to DBr+ a t  m/e = 81 and 83. 

(D) C4 Ions Not Containing Bromine 
(i) ?z-Bromobutane 
The most abundant ion in the mass spectrum of n-bromobutane is CAHgf and it is 

fornled by the reaction C4HgBr+ + C4H9+ + .Br. This is indicated by the metastable 
ions a t  masses 23.6 and 23.8. The possibility of the reaction C4H9Br + e + C4H9+ 
+ Br- + e is however not excluded and such reactions have been shown to occur a t  
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lolv electron energies (2, 3). The equivalent metastable pealts appear to be present in 
the spectrum of the deuterated molecule a t  lnasses 24.9 and 25.2, but because of the 
normal peal; a t  25 and a small metastable peal< a t  25.18 the unique pattern is partially 
obsc~~red .  

The but~.lene ion from n-bromobutane-D2 is formed without any significant loss of 
D froill position one. This indicates the expected reaction C.,HgBr+ -) C.lHs+ + HBr, 
but no correspondi~lg metastable ions are observed. Because of the snlall amount of 
DBr+ formed (11% of total hpdrol~ron~ic ion) one might expect a correspoildiilg amount 
of DBr to be lost in forming the butylene ion but doubts regarding the isotopic purity3 
of this compoulld make diflerences of this magnitude undiscernible. 

(ii) sec-Bromoblitafze 
The C.IHg+ ion is again the most abundant ion in the spectra, but contrary to the 

observations on 12-bromobutane the metastable ions a t  lnasses 23.6 and 23.8 are not 
observecl. This indicates an increase in the rate of the primary reaction C,HgBr+ + C4Hg+ 
+ .Br so that decompositions clo not occur in the inetastable region of the mass spec- 
trometer (13). 4 less lilcely possibility is that the pair formation reaction, C4HgBr + e 
+ CIHg+ + Br- + e, becomes predominant. 

Metastable ions in the mass spectrum of sec-broinobutane-Do prove the occurrence 
of the expected reaction CdHgBr++ C4He+ + HBr. However, before discussing the 
mecl~anics of this fragmentation it is necessary to appraise the data  on the isotopic 
purity of the two deuterated samples. 

Unfortunately, n.1n.r. analysis was not available a t  the time the samples were mass 
analyzed (1958) ancl later n.m.r. analysis (1961) indicated chemical impurities due to 
the la~own instability of the alliyl bromides. These impurities were most 1il:eIy absent 
during the mass analysis because of the prior purifying tecl~niques but their presence 
during the n.1n.r. analysis precluded any concl~~s io i~  regarding isotopic purity and location 
of the deuterium. 

The mass spectral data for the corresponding butanols (8) do furnish upper limits. An 
upper limit of 2.9% isotopic impurity 011 carbon 1 is obtained for sec-bromobutane-D6 
froill the ratio of m/e 47 to nz/e 48 from sec-butanol-D5, (1.0670 for m/e 47 and 36.5% 
for ?n/e 48). An upper limit of 4.4y0 isotopic impurity on carbons 1 and 2 is obtained 
for sec-bromobutane-DG from the ratio of nz/e 48 to m/e 49 from sec-butanol-De (1.68/ 
37.6). If i t  is assumed from this that the cleuteriums of carbons 1 and 8 would contain 
about lC/, isotopic impurity per dez~teritim and carbon 2 about 1.4%, then, as an upper 
limit, one would have 5% C4H6D4Br in s e ~ - c . ~ H ~ D ~ B r  and 6.4% C4H4D5Br in sec- 
C4HIDFBr. These values could definitely be reduced by consideration of the fact that  
some of the ionization of the alcohols which was ass~uned due to the isotopic impurity 
nlould actually be due to the same species minus hydrogen. I n  previous worlc reduction 
by a factor of about 2 was considered a more reasonable estimate of the isotopic impurity. 
However, in order to be conservative in the present estinlatioll of hydrogen versus 
deuterium in formation of the lost HBr group, the above figures were ~ ~ s e d  for correcting 
the data. 

Table IV presents corrected data for this small section of the mass spectra. For the 
rest of the spectra, in which considerable exchange of the hydrogen and deuterium 
occurs, such con-ections have only modest influences on the nature of the spectra. The 

"lie i o i ~ k a t i o i r  a t  nzasses 58 nlrd 57 i?~. the  iizass spectrzlm of ?z-b?rta~~ol-D? places a?z extrel~re t ~ p p e r  l i i x i t  
of 11.87i1 O I L  the  isotopic i v r p z ~ r i t y  (8).  fIozuever, the  ionisatiow a t  runss 57 ~ Z Z L S ~  correspo?i.d f i l i l~ ia~ . i l y  to  loss 
o j  1-130 (rcrtl~ei. t h a n  I-I?O ~ T O I T L  C.,H6DOI-I) iw order to  iiratcl~ the  coirespo7zding ionizatio?t froiii 11-bzrta?tol-Do. 
Z'akinz th is  illto accoz~nt  i t  w a s  condzldcd tlzc~t about 3.5% ,is a reaso~table u p p e r  1ir)tit to  the  isotopic inapzrrity. 
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McF.SDDEN A N D  LOUSSBURY:  MISS SPECTR.1 

'TABLE IV 

Corrected partial Inass spectra of deuterated sec-bro~nobutanes 

no  L); L) G 

~ i i / e  (,; ionization I C/c ionization IIL/C c& ionization 

corrections have been applied here only to the data  for the ions due to loss of .Rr or 
HBr, because oi~ly negligible changes would be made in the other values. ,Because upper 
limit values of the possible corrections were used, the data  a t  m/e 61 and 62 for sec- 
bromobutane-Dj and sec-bro~uobutane-DG respectively may be taken as the minimum 
arllou~lt of ionization due to loss of HBr. The corrections impose uncertainties xvl~ich 
make the difference bet~veen these values of no significance (D6 is believed to be the 
inore overcorrected) and because of observed differences in the total ionization of the 
C4 group (as obtained from Table I,  C C.l ions is 38.9, 38.5, 37.4 for Do, D5, DG) it is not 
certain hour much ionization should be attributed to the combined loss of HBr and 
DBr. Nevertheless, a definite conclusion can be ~nade  that more than 8670 (2.0/2.33) 
of the events foriniilg the lost HBr iilvolve either the hydrogen (deuterium) on carbolls 
2 01-4 and more than 73y0 (1.7/2.33) of the events involve only the hydrogen on carbon 4. 

Because the two bromine isotopes Bri%ild BrS1 occur i l l  about a 50-50 abundance 
the metastable ions corresponding to loss of HBr occur on an overlapping doublet \vith 
a characteristic shape. This shape was defined in these experiments from the spectrum 
of sec-bron~obutane-Do. I t  was observed in the spectrum of sec-bromobutane-D5 with 
pealis a t  26.0 ailcl 26.4 corresponding to loss of HBr, but the inetastable peaks correspond- 
ing to loss of DBr a t  m/e 25.5 and 25.2 were not observed. This would coilfii-in the con- 
clusions declucecl fro111 the corrected data of Table IV, namely, that  loss of I-IBr to for~u  
CAHs+ primarily involves the hj-drogeu on carbon 4 and Inay be considered as sterically 
dependent. 

The spectrum of sec-broinobutane-DG showed no inetastable ion doublet that could 
be attributecl to the same inolecular processes iilvolving either loss of HBr or DBr. The  
absence of these very characteristic peaks must be due to an increase in the rate constant 
for the loss of HBr due to the additional isotopic substitution. I t  is interesting that 
this small isotopic change could so affect the rate of decomposition, but  such an observation 
is in accorclai~ce with accepted views (13). 

(E) CB Ions ATot Contai?zing Bromine 
The metastable ions observed froin the undeuterated bromobutanes indicate that  

many of the smaller ion fragments which do not contain bromine are secondary daughter 
fragments \vith CjH9+ or CiHs+ as their precursors. This results in an interesting com- 
parison, namely, that many of the metastable peaks are also present in the mass spectra 
of the satui-atecl ancl uilsaturated hydrocarbons (14). A similar observation has been 
iloted in the mass spectra of bromopentanes (6). 

As a consequence of originating from unsaturated precursors, the hydrogens and 
deuteriums of most of the snlaller daughter ions are significantly eschanged and ill 

certain instrunces may be considered equilibrated. One notable exception is the propyl 
ion from 11.-bromobutane. 
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(i) n-Bronzobz~tane 
Because the total ionization of the C3 group is the same for deuterated and undeuter- 

ated n-bsomobutane (23.72% and 23.94%), one may confidently assume that the per- 
centage of ionization for each type of ion is approximately the same. I n  order to establish 
the distribution of deuterium in the important ions (C3H7+, C3H6+, and C3H3+) the less 
abundant ions a t  masses 42, 40, and 38 are assigned a statistical distribution of H and 
D. After a first-approximation calculation, minor correctio~ls are made for the carbon 13 
isotopes with the assu~nption of the same distribution of H and D as nras found for 
the carbon 12 analogues. The CeHs+ ion was assumed to have the same d i s t r i b~~ t io~ l  
as the propyl ion. Thus, one call approximate the amount of propyl ion containing zero, 
one, or two deuteriums. With this information the calculation of deuterium among the 
C3H5+ ions can be determined and finally that for the C3H f ions. The results are pre- 
sented in Table V along with the values calculated on a statistical basis. 

' TABLE  V 
Distribution of I-I and D in the  ions C3H7+, C3Hji, arlcl C3HSi from CD?BrCI-I2CI-I?CI-I3 

5; ionization 

C3H7+ C3HSC C31-13+ 

No. o f  Calc. Calc. Calc. Calc. Calc. Calc. 
de i~ t e r iu r~~s  data stat. data stat. data stat. 

The data of Table V show that most of the propyl ion is formed without involvement 
of the deuterium on carbon 1. A small amount (14y0 of total C3Hii) appears to involve 
both of these deuteriu~ns but apparently the ion C3HcD+ is not formed to any appreciable 
extent. The assignment of the 0.39% of ionization observed a t  m/e = 44 to C3H4D?+, 
C3l3H3D1+, and C3H8+ could not be in error enough to alter this conclusion. Thus, i t  
appears that most of the propyl ion is fornled by simple bond break without H-D 
exchange from the parent ion. A small amount appears to be formed bj. a path which 
involves the hydrogen on carbon 1 but which does not permit significant exchange. The 
statistically calculated values indicate the in~probability of such data if nlany exchanges 
were occurring. 

The data for the ions C3H5+ and C3H3+ show, on the other hand, a collsiderable 
exchange of hydrogen and deuterium. This is consistent with the observed metastable 
ion data  indicating an  unsaturated hydrocarbon ion as the precursor; for such ions, the 
rate of H-D exchange would be 111uch greater than that obtained in saturated species. 
Comparison with the statistically calculated values indicates a close approxinlatio~l to 
equilibrium with a slight preference for retention of the deuterium, but until a more 
refined understanding of the isotope effect and the intramolecular exchange reactions is 
obtained, these s~llall differences cannot be interpreted. 

In the spectrunl of n-bron~obutane-Do a metastable peak is observed a t  mass 28.5 
corresponding to the reaction C4Hg+ -) C3H6+ + CH4. The  equivalent metastable peaks 
are observed a t  masses 28.6, 29.9, and 31.3 (Table 111) corresponding to the processes 
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Metastable peak data indicate that C3H3+ call be formed by the reactions C4Hi+ + 

C3H3+ + CH4 and C3H5+ + C3H3+ + Hz. Tlle first of these paths gave only 0.004% 
of the ionization as a metastable ion so that, as is expected, none of the six possible 
paths leading to equivalent ions are observecl in the spectruill of n-broniobutane-Dz. The 
second reaction gave a stronger metastable peak froin the undeuterated molecule (0.03y0). 
The six possible equivalent reaction paths for the deuterated molecule are: 

and all except C3H3D2++ C3H3+ + DZ are observed. That this reaction should be 
absent is a logical result of the low statistical probability for that process, and the small 
signal observed for the process C3H4D+ + C3H3+ + HD inay also be attributed to that 
cause. 

(ii) sec-Bromobutane 
Determination of the distribution of deuterium among the more predominant C3 ions 

froin sec-bromobutane-D5 and sec-broil~obutane-D6 was made in the same way as for 
n-bromobutane-Dz. Because the propyl ion contributes less to the total and because it 
maltes an uncertain contribution to the mass 48 ionization it was arbitrarily assigned a 
statistical distribution. The results for the C3H5+ and C3H3+ ions are given in Table VI. 

'I'ABLE VI 
Distribution of M and D in the ions C3H:,-'and C31-13+ from CD:,CHBrCD?CI-13 

and CDaCDBrCD2CHn 

CD3CHRrCD2CH3 CDaCDBrCD2CI-13 

C31-I $+ C3H3+ CsH;' C3M3+ 
- 

S o .  of Calc. Calc. Calc. Calc. Calc. Calc. Calc. Calc. 
cleuteriums clata stat. clata stat. data stat. data stat .  

The data of Table VI again show considerable rearrangement of hydrogen and deu- 
terium. In both cases, however, there is a tendency to retain deuterium, indicatiilg that 
the lost CH., molecule may predominantly involve carbon 4. 

The metastable ion a t  inass 20.5 from tlie undeuterated compound indicates tlie 
process C4H9+ + C3H5+ + CH4, From sec-broiliob~itane-D5 this ion could be expected 
to occur a t  masses 28.4, 20.8, 31.2, 32.7, and 34.1, corresponding to fornlatioil of C3DH.,+, 
C3D2H3+, C3D31-12+, C3D4H+, and C3D5+. All are observed except that a t  28.4 and the 
intensities are in reasonable agreement with the expected values, considering the difficulty 
in accurately measuring   net astable peak heights. 
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Metastable ions due to the processes equivalent to C3Hj+ + C3H3+ + H z  C O L I ~ ~  occur 
by 11 processes from sec-bromobutane-D6 and 9 il-om sec-broinobutane-D6. All but two 
are observed and these two are low probability processes. 

(F) C2 and C1 Ions Not Containing Bromine 
The eth1.l and ethylene ions from yz-bromobutane and sec-bromobutane are sholvll by 

the  neta astable pealcs to originate to a considerable extent from C4Hg+ or C4H7+ and to 
be in turn the precursors of the vinyl and acetylene ions (Table 11). Fro111 S U C ~  origins 
one would expect that the hydrogen and deuteriu~n of the deuterated molecules ~irould 
be considerably exchallged prior to formation of these ions. In Table VII the observed 

TABLE VII 
Observed and statistically calculated ion intensities for the C? ions from 

72-brornobutane-D?, scc-brornobutane-D5, and sec-bromobotane-D 0 

CDrBrCHd3I?CH3 CD,CHBrCD?CH3 CD3CDBrCD?CH3 

nz/e Obs. Stat. Obs. Stat. Obs. Stat. 

ion ratio for the CZ ions of the deuterated species is compared with that calculated 
assuming all ion types have coillplete equilibration of the original hydrogen and deuter- 
ium. I t  is seen that the experimental data are close to the statistical calculations and the 
slnall deviations nlay be considered due to  isotope effects. 

The three metastable processes leading to these ions in the undeuterated molecules 
(namely, C ~ H B +  + C2I-I,+ f .C2H5, C.IHg+ + C?H5+ + C2H4, and C4H7+ -) C2H5+ + 
C2H2, Table 11) have 13, 19, and I G  equivalent processes from the molecules n-bronlo- 
butane-Dz, scc-bro~~~obutane-Ds, and sec-bromobutane-D6, respectively. This causes 
coilsiderable overlap and since the position of metastable pealcs cannot allval-s be pre- 
cisely determined, the 12 metastable ions reported in Table 111 between Inass 14.23 and 
18.09 cannot all be assigned to an unequivocal reaction. They are all accountable, how- 
ever. Noteworthy is the fact that  the metastable ions corresponding to the different 
possible isotopic reactions equivalent to C.iHg+ + C2Hs+ + C2H.I are all absent in the 
spectra of the two deuterated sec-bromobutanes. This inost liltely indicates a change in 
the rate of that reaction due to  the isotopic substitution. 

The C1 ions (primarily CH3+) do not constitute an important part of the total ioniza- 
tion. Considerable H-D exchange occurs, leading to values close to the statistical ones. 
This suggests that these small ions are formed from a number of the prior daughter 
fragnlents, consisteiit with recent conclusions based on data  from large substituted 
l~ydrocarbons (1 5). 
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The gas-liquid chromatographic separation of vanillin, syringaldehyde, and j-hydroxy- 
benza1deh)de has been effected i~sing a l 5 y 0  Apiezon K on Fluoropalc colu~nn a t  220°C. 
Using standard solutions of the reference cornpo~unds and nleasuring peal; areas, the percentage 
composition of mixtures of milligram amounts of these aldehqdes may be determined quanti- 
tatively to within 5%. 

'Tile method has been applied to  the quantitative analysis of the phenolic aldehydes resulting 
from the a1l;aline nitrobenzene oxidation of aspen and spruce wood and wheat straw nleals 
as  well as  the lignins isolated from these same plant materials. The results are reproducible 
and generally in good agreement with those reported earlier for similar lignified substances as 
determined using the spectroplroto~neter method of Stone and Blundell. 

In a recent communication Pepper and Siddiqueullah (1) revie.lried the chemical nature 
and the methods of separation and estimation of those lignin derivatives obtained by the 
oxidation and/or alltaline hydrolysis of woody plants and isolated lignins. Of these, the 
procedure developed in 1951 by Stone and Blundell (2) has been used most extensively 
for both the identification and quantitative estimation of the phenolic aldehydes vanillin, 
syringaldehyde, and p-hydroxybenzaldel~yde. This method involves the paper chroinato- 
graphic separatioil of the oxidation products, their extraction from strips cut from these 
papers, and their subsequent quantitative estimation spectrophotometrically. In our 
laboratory good reproducible results were obtained only after extensive experience with 
the procedure, especially with respect to the sampling of the whole oxidation reaction 
mixture. A modification has been suggested (3) to minimize these difficulties. 

I t  has no~v been found that these lignin oxidation products may be separated readily 
and subsequently deter~nined quantitatively using gas-liquid chromatography. The 
components of a mixture of vanillin, syringaldehyde, and P-hydroxybenzaldehyde were 
readily separated using a 1/4 in. XG ft  l3y0 Apiezon N on Fluoropali column a t  220' C. 
Retention times of 8.2, 19.3, and 5.8 minutes respectively were observed using 30 p.s.i. 
helium carrier gas a t  a flow rate of 0.7 cc/sec. T o  determine if  such an analysis could be used 
quantitatively, standard curves were prepared relating peak areas to weight of injected 
sample. The areas were determined by the triangulation method. A ly0 solution of each 
pure alcleh~~cle was prepared in absolute ethanol. For each compound five accurately 
measured sample volumes ranging lroill 10 to 60 p1 mere chromatographed using the 
column and conclitions described above. The results so obtained and subsequently used 
to plot the standard calibration curves are given in Table I. 

Subsequently a sj.nthetic mixture of 1;nown composition of the three aldehydes was 
prepared in ethanol and analyzed using these calibration curves. Symmetrical, well- 
separated pealcs were obtained, which permitted the ready calculation of areas and hence 
concentration. Agreement with the original composition was within 3%. 

I t  was then necessary to show that a similar quantitative recovery of these aldehydes 
coulcl be accomplished from the products of an allialine nitrobenzene oxidation of lignin. 
T o  this end a study was made of the products of oxidation of each of a sample of aspen 
and spruce \vood and wheat straw as well as  a representative lignin fraction obtained 

Canadian Journal of Chemistry. Volume 40 (19132) 
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PEPPER ET AL.: LIGNIN OSID;\TION PRODUCT ANALYSIS 

Relationship of peal; area to salnplc weight for phenolic altlchydes 

Peal; areas (crn2) 
Sample Aldehyde 

( P I )  (mg) Van i l l i~~  Syringaldehyde p-Hydroxybenzalcleh!.de 

from each of them. These six samples were independently oxidized a t  18012' C for 2 
hours in small, rocl;ing, stainless steel autoclaves. For each, the allcaline reaction product 
was extracted with ether to remove excess nitrobenzene and its reduction products, then 
acidified and re-extracted with ether to remove the lignin oxidation products. This ether 
extract was water-washed, dried, and concentrated to standard volume. Accurately 
measured aliquots were injected into the 6-ft Apiezon N on Fluoropak column under 
conditions as similar as possible to those used to prepare the standard calibration curves. 

Well-separated, syillil~etrical peaks were obtained for each of the major components of 
each of the six oxidation products, as shown in Fig. I .  For those cases in which only trace 

I Aspen Wood I Wheat Straw h 

1 Aspen Lignin I Wheat Straw Lignin I I I Spruce Lignin I \  I 

t RETENTION TIME &- 

FIG. 1. Cllrolllatographic separation of osidation products of wood, straw, and isolated lig~lins. A, 
syringaldehyde; B, acetoguaiacone; C, vanillin; D, p-hydrosybenzaldehyde. 

anlounts of aldehydes or acetoguaiacoile were indicated in these curves, larger, sharper 
pealts were obtaiiled for these components by iiljection of a larger sample. From the peak 
areas both the relative abundance and the yield of each conlponent were determined by 
reference to the standard calibration curves. From these yields the percentage yields 
based on either the I<lason lignin conteilt of the plant meals or on the isolated lignin 
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wcre calculatecl. These d,lta, together with the yields obtained previousl!, by the method 
ol Stone and Blundell on similar or in some cases identical samples, are given in Table 11. 

For a siinple, rapicl analysis of both the chemical nature and the relative abundance of 
the simple products oi lignin oxidation, this gas-liquid chromatographic method is sup- 
erior to the paper chro~natographic ~ne t l~ods  that have been used previously. For the illore 
precise quantitative analjsis of the oxidation products this methocl compares very 
favorably with that described by Stone and Blundell (2). I t  should be emphasized that it 
may be necessary to chcclc the standardization curves more frequently duc to the greatcr 
possibilit) of variation in the experimental conditions and especially in the ~har~~cter i s t ics  
of the particular column should it have been in use for any cxtendecl Icngth of timc. As 
ma)- be seen from Table 11, the percentage yields of the phenolic aldehydes as determined 
by the two methods are generally in good agreement. No cloubt, part of the variation may 
be .lttributed to the problems of sampling and of smdll actual differences within the plant 
species the~nselves. Using thc gas chromatographic method there is no need for correction 
for cl~romatographic losses, as Stone and Blundell suggest must be applied in the calcu- 
l a t i o ~ ~ s   sing their method. 

I t  is nonr quite cvident that the lignin fraction of representative samples of deciduous 
.~ncl coniferous woods a11cI ot cereal straws gives rise to all three types of nuclei as seen in 
the conlpouilds vanillin, syringaldehyde, and p-hydrox~lbenzaldel~~~de.  However, the 
relative abundance of each such type still serves adequately as a form of taxononlic 
classification of such lignified tissues (7). 

EXPERIMENTAL 
The T-arious s a ~ i ~ p l e s  of pre-extracted wood meals and ~vhea t  straw, as  well as the lig~iins isolated from 

them, had bcen prepared by other worl;ers, and their methocl of preparatio~l described earlier (6). 
'I'he apparatus ~ ~ s e d  for the oxiclations consisted of srnall cylindrical (6 in .X1 in. O.L)., 20-1111 capacity) 

stainless steel reaction vessels with screw caps. Six such vessels could be inserted and held in an aluminum 
hlocl; which mas heated electrically. :-\ rocking clevice permitted a swing through a p p r o x i ~ ~ ~ a t e l y  130" a t  
50 c\.cles/min. One such vessel ~ v a s  clesigned to accommodate a thermometer and was filled with Stanolax 
oil as the heat exchange ~nedi~rrn.  

The chron~atographic column was made from 6 f t X  1 /4 in. I .D. copper t ~ ~ b i n g  and paclced with Apiezon N 
grease 011 Fluoropalc SO (\\'illcer~s Instrument ant1 IZesearch, Inc.) in tlie ratio of :i to 17. ;I Uecli~nan GC-2 
chromatograpli, with a thermal conductivity detector  nit, was usetl, after sornc moclilication, to place the 
injection sJrstem as close as possible to one entl of the colunin. 

O.~idntio?t alzd ~ I ? ~ n l y t i c r ~ I  Procedr~ie  
1:or each osiclation 3 N sodiunl hydroxicle (10 rnl) was acltletl to the reaction vessel. Subseqt~ently the 

pre-cstractecl wood or straw meals or the  isolatecl lignins were added. The tlry weights of the lignified 
materials tha t  were L I S C ~  to obtain the results gi\-en in 'I'able 11 were 401, 579, 824 mg for the aspen, spruce, 
ant1 stram mcals respectively and 198,310, and 210 111g for thc corresponding isolated lignins. For each osicla- 
tion reclistilled nitrobenzene (0.6 ml) mas added. The vessels mere sealed and the contents heatcd a t  180+2" 
for 2 hours with roclcing. After being cooled, the dark-colored reaction mixture was transferred, with careful 
rinsing n i th  water and ether, to a continuous liquid-liquid extraction apparatus. Excess nitrobenzene and 
its retluction products were removed by the continuous ether extractio~is (24-30 hours). 
, . 
I he aqueous la),er, after acidilication to pl-I 3 by  the slow addition of concentratetl hydrochloric acid, 

 as further continuously extracted with ether (24-30 hours) to remove the lignin oxidatio~l products. The 
cther extract, aftcr being \~ashed  with water, was tlriecl over anhpclrous magnesi~1111 sulphate and con- 
centrated to  a volume of 2-3 ml. Complete transfer of this extract to a 5-1111 volumetric flasli required two 
or three ~vashings with dry  ether, each of which \\!as co~lcentrated to 0.5-1 ml. Finally, by  the adtlition of 
tlry cthcr, the ext-I-act \\.as dilutctl to exactly 5 1n1. At  least tn.0 samples of equal volume of about 60-100 /11 
were pipettetl cluiclcly from the 5-ml extract and injected imnlediately into tlie previously eq~~i l ibra ted  
column. 
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ABSTRACT 

Icinetic and isotopic exchange data employing H2018 are presented to establish the bimo- 
leci~lar allialine hydrolysis with alkyl-oxygen fission (BAI;~) for the highly hindered ester 
methyl 2,4,6-tri-t-butylbenzoate. Methyl 2-methyI-4,6-di-t-b11tylbenzoate also cleaved pre- 
dominately by alkyl-oxygen fission. Other hindered esters, nlethyl 2,4,6-tri~nethylbenzoate 
and methyl 2,5-di-t-butylbenzoate, hydrolyzed by the usual acyl-oxygen fission. 

ISTRODUCTION 

Atteillpts have been made to observe the relatively unknown bimolecular allt a I' iile 
hydrolysis of carbox~~lic  esters with alltyl-oxygen fission (BAL2). Mechanistic studies 011 

the saponification of di-ortho-substituted benzoic esters are of special interest. Bulky 
ortho substitueilts in the methylbenzoates might be expected to  hinder i~ucleophilic 
attaclt a t  the carbonyl carbon and possibly perinit observation of the unusual mechanisnls 
of nucleopliilic attaclt a t  the alltyl (methyl) carbon atom. In this connection Goering, 
Rubin, and Newman ( I )  provided kinetic evidence on the alltaline hydrolysis of +sub- 
stituted-2,6-dimethyl benzoates (i.e. methyl nzesitoate) which they suggested was 
indicative of the BZiL2 mechanism. The log PZ terins for hydrolysis of mono-ortho- 
substituted benzoic esters are about 10 times smaller than the value of approximately 
8 observed for the nleta and para isomers. Therefore tile log PZ terms for llg,drolg-sis of 
di-ortho-substituted benzoic esters were expected to  be still smaller (1). However, these 
terms were a t  least as large as those observed for the unsubstituted ester and meta and 
para isomers. This anomalous result prompted Newman and co-workers to suggest a 
change in meclianisms from the usual acyl-oxygen fission to the unusual alkyl-oxygen 
iission. Bencler ancl Dewey (2) later provided unequivocal tracer evidence with t1201" 
to sho\\r that  the kinetic results (1) led to an incorrect conclusion. This tracer evidence 
established that  this ester cleaved via acyl-oxygen fission. Bunton and co-worliers (3) 
found that methyl 2,4,6-triphenylbenzoate underwent the usual bimolecular acyl-osygen 
fission (B,,3) i l l  aqueous dioxane. In aqueous metl~anol this ester hydrolyzed to  some 
extent by the BAc2 mechanism and to some extent by the BAL2 mechanism, but in the 
latter case the reaction apparently proceeded by attack of methoxide rather than hydrox- 
ide ion on the al1;yl carbon. 

Evidence was provided ill a preliminary publication (4) for the BAL2 mechanisms for 
hydrolysis of methyl 2,4,6-tri-t-butylbei~zoate. We now wish to  report the details of this 
research and also to  report on the extension of this mecl~anism to  methyl 2-methyl-4,6- 
di-t-butylbenzoate. 

ESPERIWIENTXL 
Syntlzeses of Hif~dered Acids alzd Esters 

(A) dletlzyl .llesitoate 
hIesitoic acid (m.p. l54"), prepared as  described in Organic Syntlzeses (5), was esterified with diazo~nethane 

in ethyl ether. The pure ester (?zuZ0 1.5090) was obtained by chromatography in petroleum ether on alumina. 
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(B) ~lfethyl B,S-Di-1-bzrtylbe~~zoate 
2,5-Di-t-butylbenzoic acid was prepared as previously describetl (6) and converted into its methyl ester 

\\,it11 diazomethane. The ester was purilied by cliromatograpliy and clistilled a t  148-150' a t  7 nlm; ,11$O 

1.5068. 
(C) 2,4,6-Tri- t -b~rt~~lbenzoic Acid and 3iIeti1yl Ester 
2,4,G-Tri-t-butylbenzoic acid urns prepared from 2,4,6-tri-l-butylbroniobe1izene b). a procedure similar 

to that  pre\riously described (6). Tlie ester, meth!.l 2,-1,G-tri-1-but)rlbenzoate, \\-as prepal-ed fro111 the acid 
by tile diazo~netlinne method. The ester was purilied by chromatography on alumina, n1.p. !IS-01)". 

(D) ~VIeti~yl 2-A4ethyl-4,6-di-t-bzrtylbe7zzoic Acid a7zd Related Cottzpol~rzds 
(1) 3,S-L)i-t-butyltolzre~~e.-3,5-Di-t-b11tyltol~ie1ie \\-as prepared by a procedure similar to that reportecl 

by \Vepster and co-workers (7). 
(2) 2-1l~ethyl-~,6-di-t-bz~tylb~01i~obe1zze~ze.-3,5-Di-t-b~rt~~ltol~1ene (20 g, 0.098 mole) was dissolvecl in 130 cc 

of glacial acetic acid. ryqueous nitric acid (80 cc of concentrated nitric acitl in 80 cc of clistillecl water) \\,as 
added to this mixt~rre. Bromine (15 g,  0.094 mole) \\,as added to the solution followed by a solution of 20 g of 
silver nitrate in 50 cc of water. Tlie aqueous silver nitrate was added clropwise to  the stirrecl reaction mixture 
over a period of 2 hours and the reaction was allowed to  stand overnight. An oily organic layer \\>as separated 
and traces of bromine were removed by washing with aqueous s o d i ~ ~ ~ i i  bisulpliite. The product \\-as dried 
with anhydrous sodium sulphate and purified by clistillation to yield 23 g of b ro~nocon :po~~~~t l  (83y0), b.p. 
87-89" a t  0.2 mm; ILD?O 1.5318. 

(3) 2-il~ethyl-~,6-di-t-bi~t3~lbe~zzoic acid and ltzeli~yl ester.- 2-~Iethyl-4,G-di-I-but!.lbroniobenze1ie (3.70 y ,  
0.013 mole) i r ~  20 ml of anhydrous ethyl ether was added to 0.026 mole of 72-butyl lithium in G5 1111 of etliyl 
ether in an atniospliere of dry nitrogen. There was spontaneous refluxing for 15 minutes, \\,liicli was continuccl 
for an  additional 30 minutes by heating. Carbon dioxitle \\-as passed through the r e a c t i o ~ ~  ~nixture,  with 
stirring, for 5 hours. The solvent was distillecl to dryness and the resiclue treated with water. rlcidification 
of this a q u e ~ u s  layer yielded 2.33 g, 72% of the crude acid, m.p. 147-152". Crystallization from petroleum 
ether produced colorless crystals, m.p. 152-153". The same acid \\-as also prepared by chromic acitl oxidation 
of 2-methyl-4,6-di-t-b~~tylbenzyl alcohol, which was synthesized by the nictliocl of Beets ancl co-\vorl;ers (8). 
They reported a melting point of 152.3-152.9". The acid was esterificcl by the cliazometliane methocl. On 
crystallization from methanol-water, the ~iiethyl ester melted a t  46-48'. I t  \\-as further p~~riliecl b!. chroma- 
tography on alumina and gave a melting point of 47-48" (lit. (8) m.p. 53.5-54.0"). 

(4) Oridation of 2-~~zeth3~1-~,6-di-l-bz~tylbe~tzoic acid.-2-5Iethyl-4,(i-di-1-butylbenzoic acitl (1.0 g ,  0.004 
niole) was clissolved in aqueous socli~~m carbonate. Potassi~~rn pernlanganate (1.30 g) was atldecl in portions 
ancl the reaction mixture was heated under r c f l ~ ~ s  until the permanganate color had nearly disappeared 
(5 hours). Sulphur tlioxide was passed into the reaction to destroy the prcripitatecl manganese tlioxicle ant1 
the precipitated organic acitl \\-as filtered and tlriecl (1.05 g, !15yo). This crutlc acitl was clissolved in aclueous 
sodiu~n carbonate arid reprecipitated, and the melting point f o u ~ ~ d  to be 175-183". The infrared spectrum 
of this acid (ItBr pellet) sIio\ved a doublet in the carbonyl region a t  1690 ant1 1710 cm-' .  ~ \ n  attempt \\-as 
made to purify this acitl by sublimation In uncuo. The subliniccl crystals hacl a melting point of 03-03" and 
double carbonyl absorption in the infrared (ICRr pellet) a t  17G0 and 1820 cm-I, t!.pic;~l of a cyclic anh~.dritle. 
Calc. for ClGH.'003: C,  7r3.s"; 1-1, 7.74. 1;ouncl: C, 73.40, 73.44; 1-1, 7.517, 7.86. 

Kinxtics of Alkali71e FIydrolysis of JIelhyl B,4,6-Tri-t-bz~t3~lbe7zzoate 
The methanol which was used as the solvent \\-as puriliecl by the method of Mortorl ancl 3Iark (9). I t  \\-as 

then clistillecl on a poclbielnialc column and the fraction which gave a negative test for carbonyl co~iipounds 
~ ~ s e d .  The dioxane used was purihed by the method of Fieser (10) and distillecl from lithiurn aluminum 
hydride on a podbielnialc colunin in an  atmosphere of nitrogen. This solvent gave very large blanks with 
aqueous alkali in the kinetic apparatus even when the purification was repeated. I ts  use therefore had to be 
abandoned in the kinetic runs. 

The kinetic rum were ~i iade  it1 stainless steel tubes ( 8 x 4  in.) which were litted a t  each encl \\-it11 heavy 
stainless steel liexagonal caps. The caps contained an expansio~i chamber into \vhich \\.ere fitted pure silver 
disks. The tubes were sealed by turning the caps on tightly so that  the ends of the tubes \\,ere seated into 
the silver disks. The extent of hydrolysis was followed by removing aliquots and titrating the allcali rernaini~~g 
with standard hydrochloric acid from a microburette ~1si11g phenolphthalein indicator. 

The rate constants were determined from the integrated form of the second-order rate equation, k = 
l/t(a-b) In [b/a(a-.v)/(b-x)], where a is the initial concentration of sodium hydroxide, b is the initial 
concentration of ester, x i s  the amount reacted a t  time 1, and k is the second-order rate constant in liters/mole 
sec. The results of the measurements a t  six temperatures are summarized in Table I. 

Isotopic Oxygen Tracer Stz~dies 
In the isotopic tracer studies, water enriched in H2018 was employed." 
The alkaline hydrolysis mixtures containing ester \\,ere made up to contaiti certain percentages of H2018 by 

dilution. The amount of oxygen exchange was determined from the isotopic abundance of oxygen in the acid 

*Sa?nples enriched to abozlt 1.5% H20L8 were supplied by Dr. R. E .  Robertson of tlze N.R.C. Laboratory. 
Other samples were obtained from Dajac Laboratories, Philadelphia. 
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'TABLE 1 

Hydrolysis of methyl 2,4,6-tri-t-bi~tylbenzoate in aclueous methanol (!)O(jl) 

b(a-s) 
7- (OC) 

111 - 
t (min) s X 1 O1 (moles) n(b-s) kX10'  

(a = 9.5BX10-I mole, b = 6.10!)X10-'mole) 1 202" 
110 1,107 0 3221 0 02368 -1 587 

2,575 0 7118 0 05406 4 923 

11,167 2.4684 0.23817 4.947 
in = 14.28X10-.I mole. b = 7.08!)X10-1 mole) 5.035:" 

(a  = 14.275 X lo-.; mole. h = 7.1025 X 10-1 nlole) 14.21" 
. .-.- 

:{:S7$ :3.0698 6 .  #2'L34 36. 21 
6,835 5.20:30 0.763*2 38.08 

(n = I 1.94X10-.' mole, b = 7.001 X lo-.' mole) 3'7 . 00" 
150 335 1.1018 0.10528 88. 64 

350 5 9184 1 28934 8S'2 :3 
300 6 0445 1 38309 855 4 

((L = 13.96X lo-' mole, b = 7.046X 10-I mole) 847 B* 

"Tl~ese values of 1z \yere determined by  the method of least sallnres. 

~,roduced in the saponification by decarbosylation of the silver salts of the acicls. 'The procetlure uras similar 
to that  reported by Bunton ancl co-\\,orkers (:3). 'The silver salts of the acids were prcp;irecl by dissolving 
the acids ill ethanol, titrating ivith standarcl alcoholic potassium hydroxide, ant1 then adding esactl>- a n  
equivalent amount of silver nitrate. The silver salt of 2,4,6-tri-t-butylbenzoic arid precipitated best froin 
arl aqileous medium. These salts were driecl by heating i ? ~  oncrio o\.er phospllorus pentoside. Prclinlil~ary 
clecarbosylations i'iere carried out  on the silver salts a t  290' to establish the best teclinique to l)e ilsed and 
to obtain carbon clioxide for mass spectroscopic analyses of "blanks". 'The reliability of the isotopic exchange 
technique \\.as checked with rnethyl 2,4,6-trimethylbcnzoatc, lino\vn to  cleave by acyl-osygen lission 0). 
'The mass spectroscopic analyses \\.ere determineel in independent laboratories. The results obtaiilecl are 
surnrrlarizecl in Table 11. Isotopic tracer experiments in aqueous cliosane were carried out in a pure sil\.cr 
apparatus ntan~~factiirecl by Johnson, Matthey and Mallory to a design described by Bunton (3). 

TrIBLE 11 

Isotopic tracer analyses of the rnechanislll of tissiorl of Iii~lclerecl esters 

CO'"18 
klethvl ester Solvent from acid ((I;,) 

2,4,6-Trimethylbenzoate 65% dioxane, 0.750/1 H?OIS 0 . 7  
2,5-Di-t-butylbenzoate (357; dioxane, 0.75% H20I8 0 . 8  
2,4,G-Tri-t-butylbenzoate 90% methanol, 0.50% H?0I8 0 
2,4,6-Tri-t-butylbenzoate 65% dioxane, 0.90% H20LR 0 
2-Methyl-4,G-di-t-but).]- 657; dioxane, 0.90% 1-I2Ot8 0 .02  

benzoate 

RESULTS AND DISCUSSION 

Structure and Properties of Hindered Aromatic Acids 
2,4,6-Tri-t-butylbe~lzoic acid is a weaker acid than beilzoic acid and this behavior was 

attributed to steric hindrailce to solvation of the carboxylate ion (4). A siillilar explanation 
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can be offered to account for the unusual solubility of this acid. I t  extracts fro111 aqueous 
alkali into ethyl ether as its sodiurll salt. This property was not exhibited by the other 
acids in this investigation. 

The structure of 2-methyl-4,6-di-t-butylbe1lzoic acid was readily confirmed by oxidation 
to a dicarboxylic acid which spontaneously formed an anhydride. 

Kinetics of Alkaline Hydrolysis of llfethyl 2,4,6-Tri-t-butylbenzoate 
A plot of the second-order rate constant against l / T  for the allcaline hydrolysis of 

methyl 2,4,6-tri-t-butylbe~lzoate is illustrated i r l  Fig. 1. 

FIG. 1. Plot of log k against the reciprocal of the absolute temperature for the basic hydrolysis of 
methyl 2,4,6-tri-t-butylbenzoate. 

The best straight line was estimated by the method of least squares. From this line 
the energy of activation was found to be 25.07 lccal/mole and the loglo P Z  factor 10.93. 
This factor is much higher (by about a t  least 100 times) than that observed for alkaline 
hydrolysis of 11lost benzoic esters which hydrolyze by the BAC2 mechanism. The signifi- 
cance of this higher log P Z  factor is not entirely obvious. I t  may be a result of a change 
i n  mechanis111 fro~ll the usual BAC2, which would be highly hindered in this ester, to 
attack a t  the allcyl (methyl) carbon (BAL2). The latter mechanism would be free of steric 
effects in this methyl ester and a resulting higher entropy of activation would be expected. 
This is reflected in the larger log P Z  term. I t  is interesting that the steric effect in hydrol- 
ysis of methyl 2,4,6-trimethylbe1lzoate was not reflected in a lower log P Z  tern1 ( I ) ,  
especially since the cleavage has been found to  be acyl-oxygen (2). I t  is conceivable that 
this ester undergoes hydrolysis ~nainly by acyl-oxygen fission but also partly by allcyl- 
oxygen fission. This could account for the somewhat high logPZ  tern1 and such a mixed 
mechanis~n might not be detected by the isotopic tracer evidence. 

Tracer Evidence of the Position of Bond Fission of Hindered Esters. E ~ i d e n c e  for a BAlL2 
I14echanisnz 

The isotopic tracer analysis on methyl 2,4,6-trimethylbenzoate (Table 11) confirms 
the finding of Bender and Dewey that the cleavage is acyl-oxygen. The hindered ester 
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methyl 2,5-di-t-butylbenzoate also cleaved by this mechanism, since the carbon dioxide 
from the acicl was sinlilarly enriched in C01G018 when the hydrolysis was carried out in 
the presence of H2018. With the highly hindered ester methyl 2,4,6-tri-t-butylbenzoate, no 
exchange of Ols into the acid could be detected. This was the case not only in aqueous 
methanol but also in aqueous dioxane, where the reaction is not complicated by the possi- 
bility of methanolysis occurring along with hydrolysis (3). A small amount of enrichment 
in COIGOIS was found in the tracer hydrolysis of methyl 2-methyl-4,6-di-t-butylbenzoate. 
This can be interpreted as meaning that this ester cleaves mainly by alkyl-oxygen fission 
but  some acyl-oxygen fission taltes place. The C01G018 isotopic tracer studies reported in 
Table I1 were determined on a mass spectrometer accurate to only one or a t  most two 
decimals. This was sufficient to give a positive or negative answer. In the crucial case of 
methyl 2,4,6-tri-t-butylbenzoate, the tracer analysis using 0.9y0 H?O18 in aqueous dioxane 
was repeated for a mass spectroscopic analysis of higher precision. Conlpared to  a standard 
sample of carbon dioxide, which showed an intensity of 0.04135 (arbitrary scale) for natural 
abundance of COIGOIS, the carbon dioxide from the acid formed after 75y0 hydrolysis 
gave readings of 0.04137 and 0.04139," that  is, there has been no significant amount of 
enrichment of the carbon dioxide in COIGO1s. The hydrolysis taltes place practically 
conlpletely by alltyl-oxygen fission. I n  view of the ltinetic form of the hydrolysis this 
result establishes unequivocally the unusual BAL2 mechanism. 

An additional interesting observation on methyl 2,4,6-tri-t-butylbenzoate involved 
the reaction of this ester with the Grignard reagent inethyl magnesium iodide. No reaction 
took place in boiling ethyl ether; however, in boiling butyl ether the ester was converted 
into an inorganic salt of the acid and ethane gas was evolved as detected by vapor phase 
chromatography. In other words, the Grignard reagent attacked the alkyl carbon instead 
of the usual carbonyl carbon. 
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CONCURRENT ION-MOLECULE REACTIONS LEADING TO THE SAME 
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ABSTRACT 

Seven of the major secondary ions in the high-pressure mass spectrunl of cyclopropane 
have been studied. A method has been developed for studying concurrent ion-molecule 
reactions and i t  has been shown that  four of the secondary ions are the products of more than 
one reaction. Cross sections for the separate reactions are reported. The appearance potentials 
of the major primary ions in the mass spectrum of cyclopropane have been measured: 

INTRODUCTION 

Theard and Hamill (1) have poiilted out in a recent communication that many of the 
cross sections reported in the literature for ion-molecule reactioils inust be coilsidered 
as suspect. This arises because the method of identification of the reactant ion by measure- 
ment of the secondary ion appearance potential only provides information on the reaction 
of lowest appearance potential. Frequently, other reactions involving ions of higher 
appearance potential are thermocheinically possible, but are not detected due to the 
limited sensitivity of such determinations. The occurrence of undetected reactions will, 
of course, lead to erroneous values for reaction cross sections. 

Recently, Hutchison and Pobo (2) have outlined a method for studying concurrent 
ion-molecule reactions leadirrg to the same product ion in binary systems. They have 
shown that in nitrogen-deuterium systems the N3D+ ion is formed by the reaction 

in addition to the reaction detected previously (3, 4): 

The present paper reports an extension of the method developed by these authors to the 
study of the major secondary ions in the high-pressure mass spectrunl of cyclopropane. 

Consider the two ion-molecule reactions 

iilvolving the reaction of two different primary ions with substrate inolecules to  produce 
the same product ion S+. The secondary ion current I,, arising froill the two reactions, 
can be expressed as the sum of two independent contributions in the usual fashion (5): 

I, = flQld[M:]Ip, +fzQzd[M:] Ip,, 

where f, is the collision efficiency, Q, is the pheilomenological cross section, d is the distance 
from the electron beam to the exit slit, [MI is the concentration of neutral n~olecules, and 
the I, terms refer to measured ion currents. We have made the usual assumption that  the 
collection efficiencies for all the ions are the same. 

Canadian Journal of Chemistry. Volume 40 (1962) 

1986 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



HARRISON A N D  T A l T :  ION-MOLECULE RB.-\CTlONS 1987 

Equation [I.] may be rearranged to give the following two ecluations: 

Equations [2] and [3] predict that for a secondary ion arising from two concurrent reactions 
a plot of I,/I,, against I p , / I p ,  should lead to a straight line with slope proportional to 
fZQ:, and intercept proportional to flQ1, while the similar plot of I , / Ip ,  against I , , /Ip,  
should be a straight line with slope and intercept proportional to flQl and fZQ2, respectively. 
\Arith a 1;nowledge of d and [MI the individual cross sections can be determined. 

The ion current ratios in the above expressions are most easily varied by varying the 
electron energy a t  constant source pressure. The success of the method depends on two 
assumptions: first, that the relative collection efficiencies for the various ionic species do 
not vary with electron energy and, second, that the reaction cross sections are independent 
of electron energy. The evidence concerning these assumptions is very limited; however, 
the success of the method in the present investigation suggests that they are not a serious 
limitation. 

EXPERIMENTAL 
The experiments were performed using a n  Associated EIectrical Industries MS-2 ]mass spectrometer. 

Rhenium filaments were used throughout the work and considerably more stable source characteristics 
were observed than have previo~tsly been obtained with this instrument using tungsten filaments (6). 
The ionizing current was 20 pa. 

The electrical controls were altered to permit independent control of the repeller voltage from a potentiom- 
eter and battery. This voltage was read by a precision voltmeter. The distance from the repeller plate t o  
the exit slit was calculated from the di~nensioris of the ion source, while the distance from the electron 
beam to  the exit slit was estimated to be 0.12 cm from the variation of the appearance potential of argon 
with repeller voltage. This value is in agreement with estimates from source dimensions. 

The sample inlet system supplied with the MS-2 was replaced by a system permitting measurement of 
the sample pressure with a Consolidated Electrodyilamics micromanometer..For the sample pressures of 
2-8 nlin required for the ion-~nolecule reactions a series of expansions from known volumes was required to 
give pressures in the micromanometer range. For the latter part  of the work an Atlas-Werke diaphragm-type 
microinailoineter was added to the system. This manometer gives a direct pressure reading over the  range 
0.02 to  30 mm with an  accuracy of ca. 1%. The molecular concentration in the ion source was related to  the 
pressure in the inlet system by measuring the  saturation ion current to  the  negatively biased repeller. Ion 
current - pressure n~easuren~ents were carried out for argon, xenon, oxygen, ethylene, and cyclopropane a t  
70 v electron energy. Ionization cross sections in agreement with previous results (7, 8) were obtained. I t  
was found that the source conceiltration was a linear function of the inlet pressure with the relation 

[MI (molecules/cc) = 2.43 X 109X pressure (p). 

In studying the ion-molecule reactions, the reactant ion of lowest appearance potential was determined 
by measurement of the appearance potential of the secondary ion using added krypton or xenon as standard. 
The reaction identification by this method was in essential agreement with the recent results of Pottie, 
Lorquet, and Hamill (9). The ratio of secondary ion current to  primary ion current was then measured as  a 
function of electron energy a t  constant source pressure. A decrease in this ratio with decrease in electron 
energy was taken to indicate the occurrence of a second reaction of higher appearance potential, while a n  
increase in the ratio indicated a second ion of lower appearance potential was involved. The latter behavior 
was rarely encountered. I t  was necessary, of course, to  select a range of electron energies such tha t  the relative 
primary ion currents were changing markedly. 

The choice of a second reactant ion was thus based on its appearance potential and the thermochemistry 
of the reaction involved. We have made the usual assumption tha t  endothermic reactions will not occur. 
The electron energy was adjusted t o  give conditions, if possible, where only the two reactant ions of interest 
were of appreciable concentration in the ion source. The ion currents for the two primary ions and the 
secondary ion were then measured as a function of electron energy and the results treated in the  manner 
indicated by equations [2] and [3]. The details will be discussed in the  following section for each of the  
secondary ions studied. 
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The above procedure necessitated working a t  low electron energies and preliminary work a t  low repeller 
voltages did not lead to  straight-line plots. This difficulty disappeared a t  high repeller voltages; conse- 
quently, no results were obtained a t  field strengths below 10 v/cm. For studies involving the C3HSC ion, 
where the lowest electron energies were used, field strengths of greater than 14 v/cm were necessary. This 
effect is not con~pletely understood; however, it is probable that  a t  low repeller voltages and low electron 
energies space charge effects in the electron beam are sufficient t o  change the ionic residence time and thus 
the apparent reaction cross sections. Similar space charge effects have been observed in the measurement of 
secondary ion appearance potentials a t  low repeller voltages (5, 10). 

The cyclopropane was of 99.5% purity as  supplied and was further purified by bulb-to-bulb distillation. 
Gas-chron~atographic analysis showed no detectable impurities. The primary ion appearance potentials 
were determined by methods previously discussed (11). 

RESULTS AND DISCUSSION 

Primary  Ion  Appearance Potentials 
During this work, we have measured the appearance potentials of the major primary 

ions in the mass spectrum of cyclopropane. The appearance potentials and the ionic 
heats of formation calculated therefrom are recorded in Table I. The linlits of error 

TABLE I 

Primary ion appearance potentials 

Appearance potential, v AHr (ion), kcal/mole 

Ion Neutrals This work Ref. 9 Ref. 12 Ref. 13 This work Ref. 14 

286 274-283 
ca. 360 

415 309 (?) 
311 
288 280 
344 317 

represent the average deviation of three or more detern~inations. In general, the appearance 
potentials are somewhat lower than those obtained by previous workers (9, 12, 13); 
however, the calculated ionic heats of formation are in reasonable agreement with the 
"best values" quoted by Field and Franlclin (14). 

The major discrepancy in Table I is for the C3H+ ion, where the present result and that 
of Pottie et al .  (9) differ from the result of Field (12) by over 4 v. Fro111 the appearance 
potential Field calculated AHf(C3H+) = 306 Itcal/mole and this was supported by later 
measurements (15) of .-l(CaH+) in 1-butyne and 1,3-butadiene which led to AHf(C3H+) = 

282 to 328 l;cal/mole. As shown i n  Table I ,  the present result is in agreement with this 
heat of formation if Hz + 3H are assumed as the neutral fragments. However, we believe 
the higher value of ca. 415 ltcal/mole is to be preferred. As will be shown below, the ion- 
molecule reaction 

C3H+ + C3H6 4 C.,H2+ + C?H5 

has been found to occur. Using AHf(CdH?+) = 332 ltcal/mole, the lowest value reported 
for this ion (16), AHf(CzHS) = 25 Itcal/mole (17), and AHf(C3H6) = 12.7 lccal/mole (18) 
this reaction is 32 ltcal/mole endothermic i f  AHf(C3H+) = 311 kcal/mole. Since the 
reaction does occur, a considerably higher heat of formation must be in order. To obtain 
further evidence, the appearance potentials of C3H+ in propene and in propyne were 
determined. The results are summarized in Table I1 and again the data can be interpreted 
to give AHf(C3H+) equal to  approximately 300 or 400 lccal/mole. We are inclined to 
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HARRISON AND TAIT: ION-MOLECULE RE'-\CTIONS 

TABLE I1 

Appearance potentials of C3H+ 

Appearance potential, v AIlf (ion), lical/mole 

Molec~~le  N ~ L I  trals This worlc Literature' This worlc Literature 

Propylene 2Hz + H 2 0 . 2 f  0 . 5  - 418 
Hr + 3H 3 14 

Propyne H, + H 1 7 . 5 4 ~ 0 . 5  1 8 . 4 f 0 . 3  396 416 
3H 292 312 

*F. >I. Coats and R. C. Anderson. J. .Am. Chern. Soc. 77, 895 (1955). 

accept the higher value on the basis of the ion-molecule reaction, although we ca~lnot  
explain the discrepancy with the results of Field (12, 15). 

Ion-~lfolec~ile Reactions 
As has been reported (9), the secondary ions in the high-pressure mass spectrunl of 

cj~clopropane consist of a series of ions from C4Hz+ to  C4He+ inclusive with the further 
ions C5H5+, C5H6+, C5H7+, C6H5+, C6H7+, aild C6H9+. The ions in the C5-C6 region are 
of low intensity and could not be treated in the manner described in this paper. The 
present results are therefore limited to  a discussion of the ions in the C., region. 111 calcu- 
lating the heats of reactions given in the following, the lowest reported heats of forination 
for the ions in the C4 region were used to  avoid rejection of possible reactions on the basis 
of a false endothermicity. The heats of formation of the reactant ions were talcen froin 
Table I and for neutral species, from standard sources. 

m/e = 56 (C4H8+) 
The only exothermic reactions resulting in this ion are the following: 

The appearance potential of CdH8+ coincided with -4 (C3H6+), illclicating the occurrence 
of reaction [4]. Figure 1 shows the ion current for C4H8+ as a function of 1 4 2  and 1 4 0  

plotted in the manner of equations [2] and [3]. The zero slope of Fig. l a  and the zero 
intercept of Fig. lb  indicate that  reaction [ 5 ]  is not occurring. The results were obtained 
a t  a field strength of 14.2 v/cm and a source concentration of 9.80X101b~~olecules/cc. 
From the intercept and slope of Fig. 1, a and b (i.lOX1O-Jand 7.14X10-d, respectively), 
fQ = 6.1 X10-lG cm2/molecule for reaction [J]. This value is in reasonable agreement with 
the result 10.1 X 10-l6 (9) a t  12 v/cm and 70 v electron energy. 

m/e = 55 (C4H7+) 
On a thermochemical basis the following reactions can result in the fornlation of 

C1H7+ by ion-molecule reactions, which involve reasonable neutral fragments. (We have 
eliminated fro111 consideration, tllrougllout the following, those reactions which would 
involve fragnlents such as  C4H, CH2, and CH, even though these may be exothermic in 
some cases.) 

C3Hc+ + C3HG -) CIH7+ + C?Hj Al-I = -36 [GI 
C,Ilj+ + C3Hc + C,E17+ + CzH, Al-I = -27 [71 
C3H4+ + C3Hc + C,H7+ + CrHs Al-I = -23 [81 
C,H3+ + C3Hc 4 C4H7+ + CaHz A H  = -32 [91 

*Tlzrolighoz~t tlvis section t l ~ e  Iteats of reaction giuc?t are i?t the ,u?t.its kcal/?izole. 
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A (C4H 7+) was intermediate between the appearance potential of C3H 6+ and C3H5+ (or 
C3H4+), suggesting that both reactions [6] and [7] might be occurring. Figure 2 shows the 
variation of 1 5 5  with Id3 and Idl under conditions such that  the source concentration of 
C3H3+ was negligible. From the non-zero slopes and intercepts of both plots it is clear 
that two reactioils are involved in the formation of C4H7+. Since the ionization efficiency 
curves for C3H5+ and C3H4+ are essentially identical, i t  is impossible to separate the 
contribution from reactions [7] and [8]. I n  calculating cross sections, we have assumed 
that reaction [8] does not occur. Cross sections: 

Reaction [GI: intercept (Fig. 2a) = 3.00X10-4 fQ = 2.5 X 10-l6 
slope (Fig. 2b) = 3.06 X lo-" ~n~~/rnolecule  

Reaction [7]: intercept (Fig. 2b) = fQ = 9.OX10-l6 
slope (Fig. 2a) = 1.04 X lop3 cm2/molecule 

m/e = 54 (C4H6+) 
The exothermic reactions resulting in the ion C4H6+ are the following: 
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IIARRISON A N D  TAIT: ION-MOLECULE REACTIONS 

FIG. 2.  Dependence of Ias (CnH7+) on Ita (CxHe+) and 141 (C3Hs+). 

The appearailce potential of C4H6+ was in agreement with A(C3H4+), thus eliminating 
any significant contribution from reaction [lo]. Figure 3 shows the variation of 1 5 4  with 
1 4 0  and 1 2 7 .  These results were obtained a t  10 v/cm with a source concentration [MI = 
11.45 X 101~molecules/cc, under conditions where the ion C3Hz+ was of negligible con- 
centration. The results clearly show that  reaction [I l l  is occurring, but that reaction [13] 
is not. The intercept of Fig. 3a (l.10X10-3) is in good agreeilient with the slope of Fig. 3b 
(l.12X10-3) and leads to f Q  = 8.1XlO-l6 cm2/~liolecule for reaction [Ill .  I t  is possible 
that reaction [12] is occurring a t  higher electron energies. This could not be determined 
since it was not possible to obtain conditions such that  1 5 4 ,  1 3 8 ,  and 1 4 0  could be measured 
simultaileously over a sigrlificant range. 

m/e = 53 (C4H5+) 
The following reactions are energetically possible: C
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FIG. 3. Dependence of 15 .1  (CeHG+) on 1 4 0  (C3Hr+) and 1 2 7  (CrH3+), 

Within experimental error A(C4HSf) coillcided with il(C3H3+), thus eliminating signi- 
ficant contributions from reactions [14], [15], [19], and [20]. However, the ratio I j 3 / 1 3 9  

was found to decrease wit11 decreasi~lg electron energy near the appearance potential 
threshold, suggesting a secoild reaction of higher appearance potential. The only possible 
reactions are [17] a i d  [18]; however, the source conce~ltrations of C3HZf and C3Hf were 
negligible. A plot of 1 5 3  against 1 3 9  gave a result which was not found in other cases. 
Figure 4 shows the plot and, for comparison, a plot of 1 5 4  against 1 4 0  and a plot of 1 5 3  

against 1 3 8 .  The plot of 1 5 3  is a straight line, but does not pass through the origin as is 
found in other cases where a single reaction is occurring (154). 011 the other hand, no 
upward curvature is observed as in the plot of 1 5 1 ,  where a secoild reaction of higher 
appearance potential is involved (see below). The reasons for this are not clear. One 
possibility is that  the reaction involves an  excited C3H3+ ion. From the slope of the line 
shown we estimate fQ = 18.2 X 10-l6 cm~/molecule a t  10 v/cm; if an excited ion is involved 
this result may be in error, since the concentration of excited ions is not ilecessarily given 
by the measured ion current. 

m/e = 52 (C4H4+) 
The following reactions are energetically possible: 

C 3 H 2  + C3HG + C4H4+ + CZHG AH = -18 I 
CzI-Iz+ + C ~ H B  4 C4H4+ + C?H( AH = -36 [33] 
C3H+ + C ~ H G  + C,'H4+ + C2H3 All = -69 P31 
C2H2+ + CBHG 4 CiHl+ + CH4 AH = -74 [",I 
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HARRISON AND TAIT: ION-MOLECULE REACTIONS 

PRIMARY ION INTENSITY 

FIG. 4. Dependence of secondary ion intensity on primary ion intensity. as  a function of IJs,  
Ij3 as  a function 0ffI38, 0 1 5 1  as  a function of 1 4 0 .  

0.4 0.8 1 -2 1.6 

FIG. 5. Dependence of I62 (CIHI+) on 1 3 8  (C3H2+) and I 2 6  (C&+). 
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2 4 6 

FIG. 6. Dependence of 1 5 1  (CdH3+) on 1 3 8  (C3H2') and 1 3 7  (C3H+). 

The appearance potential of C4H4+ suggested the occurrence of reaction [22]; however, 
the ratio 1 6 2 / 1 3 8  increased with decreasing electron energy, suggesting the occurrence of 
a second reaction. Figure 5 shows the results obtained considering reactions [22] and [24]. 
The satisfactory straight lines obtained and the non-zero intercepts and slopes show that  
both reactions are occurring. Cross sections ([MI = 11.87X1012 molecules/cc, E = 10 
v/cn1) : 

Reaction [22]: intercept (Fig. 5a) = 5.04X10-3 fQ = 35.3 XlO-l6 
slope (Fig. 5b) = 4.93 X cm2/molecule 

Reaction 1241: intercept (Fig. 5b) = 1 . 4 0 ~  fQ = 9.6Xl0-l6 
slope (Fig. 5a) = 1.30 X c n ~ ~ m o l e c u l e  

m/e = 51 (C4H3+) 
The following reactions are thermochenlically permitted: 
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HARRISON AND TAIT: ION-MOLECULE REACTIONS 1995 

The appearance potential of C4H3f and the shape of the ionization efficiency curve 
suggested reaction [2G]; however, the variation of 1 6 1 / 1 3 8  with electron energy suggested 
reaction 1271 was also occurring. Figure 6 shows the results obtained considering these 
two reactions. The straight lines obtained lead to the following cross sections a t  10 v/cm 
and [WI] = 10.82 X 10'~nolecules/cc: 

Reaction [26]: slope (Fig. 6a) = 2.60X fQ = 21.0X10-16 
intercept (Fig. 6b) = 2.80 X cm3/~nolecule 

Reaction [27]: slope (Fig. 6b) = 5.4X lop3 fQ = 43.1X10-l6 
intercept (Fig. Ga) = 5.7X10-3 cm2/molecule 

m/e = 50 (C4Hzf) 
The exothermic reactions resulting in C4H2+ are: 

The appearance potential of C4Hzf and the shape of the ionization3fficiency curve 
indicated the occurrence of one or both of reactions [30] and [31]. Figure 7 shows the 

I 2 3 4 5 

FIG. 7. Dependence of Iao (C4H2+) on 1 3 8  (C3H2+) and 1 x 7  (CaH+). 
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results obtained on the assumption that these two reactioils are occurring. The straight 
lines obtained lead to the following cross sections a t  10 v/cm and [MI = 15.35X101" 
molecules/cc : 

Reaction [30]: slope (Fig. 7a) = 3.6 X fQ = 2.0 X10-l6 
intercept (Fig. 7b) = 3.4X cm2/l~lolecule 

Reaction [31] : slope (Fig. 7b) = 4.60 X fQ = 25.4X 10-lG 
intercept (Fig. 7a) = 4.70 X cm~/molecule 

CONCLUSIONS 

The present work has shown that four of the seven secondary ions studied in cyclo- 
propane are fornled by nlore than one ion-molecule reaction. A method of separating the 
contribution of the separate reactions has been developed. The ion-molecule reactions 
reported for other sinlple hydrocarbons may also be somewhat suspect due to the occur- 
rence of concurrent ion-molecule reactions. These systenls are presently being studied. 
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INFRARED SPECTRA OF CARBON MONOXIDE AND CARBON 
DIOXIDE ADSORBED ON CHRONIIA-ALUMINA AND ON ALUMINA' 

L. H. L I T T L E ~ N D  C. H. A~IBEIZG 
Divis ion of App l i ed  Chel i~is try ,  iVntiona1 Research Cozincil, Ottawa, Canada 

Received May 24, 1962 

ABSTRACT 

Infrared spectra of CO and CO:: adsorbed on chromia-alumina and on alumina surfaces 
have been determined. A band near 2200 cm-I formed by CO on both surfaces a t  room 
temperature was due to a weak, non-activated sorption, but also contained a co~ltribution 
from a more strongly sorbed, activated species on the chro~nia-alurni~la. The assignment of 
this band was discussed in some detail. Bands in the region 1200-1800 c~n-' were co~lsiclered 
in terms of surface CO2- species, although in certain instances the appearance of bands a t  
1750 and 1430 cm-' may have indicated carbonate ion formation. 

Followi~lg an infrared study of carbon ~llonoxide and carbon dioxide adsorbed on zinc 
oxide (1) investigations have now been extended to chromia-alumina and alumina 
catalysts. Previous studies of CO and COz adsorption using the infrared method with both 
metals and metal oxides include the well-ltnown work of Eischens and Plisltin (2, 3), 
correlations of vibration frequencies and number of valence electrons of CO surface 
species by Gardner and Petrucci (4, 5), and work on titania surfaces by Yates (6). 

EXPERIMENTAL 

The chromia-alumina catalyst was prepared by mixing chromium hydroxide and a l u n ~ i ~ l u ~ l l  hydroxide 
gels which had been precipitated separately from solutiolls of the metal nitrates by ammonia. The mixed 
gel was then dried a t  l l O o  C for 24 hours and calcined a t  500' C in oxygen, resulting in a con~position of 
41yo by weight of Crz03. The powder was compressed a t  40 to~ls/in? into a thin plate suitable for the infrared 
studies. The plate, which measured 1.3 cmX2.8 cmXO.1 mm, weighed about 100 ~ n g  and had a surface 
area of 108 m2/g. I t  was mou~lted in a cell of 10-crn path length, si~nilar t o  that  described earlier (7). Cells 
of 5-mm path length were also used occasionally. Evacuation a t  300-400° C and 10-4-10-6 mm was carried 
out for 1-2 hours before gases were adsorbed. Spectra were then recorded on a Perkin-Elmer 21 spectro- 
photometer fitted with a sodillm chloride prism. The percentage transmission through the sample was 
10-15yo a t  1800 cnl-I. The alumina catalyst was prepared in a manner analogous to that described for the 
mixed gels. 

RESULTS 

Figure l a  shows the spectrum of the chromia-alumina sample, with a weak band appear- 
ing a t  1370 cm-' after heating for 1 hour in oxygen a t  320' C and outgassiilg a t  rnln 
for 1 hour. Scattering by the sample of infrared radiation a t  higher frequencies precluded 
ally study above 2500 cm-'. 

When the sample was allowed to stand in the cell a t  room temperature for 24 hours a 
weak band appeared a t  1580 cm-I (Fig. lb). Then after further evacuation a t  350' C a 
broad intense band appeared a t  1530 cm-I with shoulders a t  1420 cm-I and a t  about 
1350 cm-I (Fig. lc). I t  was only after first heating the sample in oxygen a t  300-350' C and 
then evacuating that the absorption in the 1300-1600 cm-I region was decreased to the 
level shown in Fig. la. This oxygen treatment led to an i~lte~lsification of the 1370 cm-' 
band. 

' I s sued  a s  N.R.C. No .  6932. 
?N.R.C.  Postdoctorate Fellow 1058-1960. Present address: Depart?iient of Chenzistry, University of Western 

Austral ia ,  ATedlands, Western Azistralia. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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- 1  ~ ~ ' ~ ' " ' i I  

FIG. 1. ( a )  Chromia-alumina heated in 25 cm 0 2  a t  320' for 1 hour, outgassed to 1 0 - h r n  a t  320" for 
1.5 hours. 

(b)  After 24 hours, standing in  vacuo a t  30°, following (a) .  
(c)  Further outgassing a t  320' for 3 hours, following (b) .  

After the sample had been standing in a cell for 1-2 days, the broad band reappeared 
a t  1580 cm-l. Depending on whether or not the sample had been heated with oxygen 
before evacuation, the spectrum resembled either tha t  in Fig. la or Fig. lc. This behavior 
was characteristic of the chromia-alumina sample. 

A strong broad band which grew in intensity appeared a t  1627 cm-I upon exposure to  
the atmosphere of a sample which had been heated in oxygen and outgassed and which, as 
before, showed only the 1370 cm-I band in its background spectrum. The 1627 cm-l band 
was readily removed by evacuation a t  300°C, without oxygen treatment, and was 
apparently due t o  adsorbed water. 

When carbon monoxide a t  3 cm pressure was admitted to  the sample a sharp band 
immediately appeared a t  2200 cm-l. In addition to  this, broad absorption occurred 
between 1500 and 1600 cm-l. On standing for 8 hours the intensity of the 2200 cm-l band 
remained unaltered while the 1500-1600 cm-l absorption increased and a weak band 
appeared a t  1230 cm-l (Fig. 2b). 

For the freshly prepared chromia-alumina sample the intensity of the 1370 cm-l band 
was increased by adsorption of carbon monoxide. After several adsorption and desorption 
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FIG. 2. (a )  Chromia-alumina heated in 70 cm 0 2  a t  350' for 0.5 hour, outgassed a t  350" for 1 hour. 
(b) Two hours after admitting 3.8 cm CO a t  20°, following (a) .  
(c) Sample heated in 30 cm 0 2  a t  320' for 3 hours, outgassed to rnm a t  320' for 1 hour. 
(d) Heated in 3.5 cm CO a t  300' for 20 minutes, following (c). 

experiments the band intensity eventually increased to the constant value shown in 
Fig. 3c. The intensity was then unaffected by further adsorption of carbon monoxide. 

Evacuation a t  20' C for 10 minutes entirely removed the species responsible for the 
2200 cm-I band, but the other bands were unaltered. The addition of dry oxygen did not 
change the spectrum. The absorption in the 1500 cm-' region comprised bands a t  1490- 
1500 and 1590-1610 cm-'. The relative intensities of these bands varied slightly in different 
experiments on the same sample. 

After heating the sample in oxygen a t  320' C for 3 hours and outgassing a t  320' C for 
1 hour, the spectrum was the same as that before the addition of carbon monoxide. Further 
addition of CO to the sample in this condition a t  20' C led to an identical sequence of 
spectra. However, when the chromia-alumina specimen was heated a t  300°C for 20 
minutes in the presence of 3.5 cm of carbon monoxide, a very great increase in the intensity 
of the 2200, 1500-1600, and 1230 cm-I bands occurred (Fig. 2d). On further standing a t  
20" C the 2200 cm-"and was unchanged while those a t  lower frequencies increased. 
Evacuation a t  20' C for 10-15 minutes did not affect the low-frequency bands but greatly 
decreased the intensity of the 2200 cm-"and, although it was not entirely removed by 
this treatment. Previously this band had been entirely removed by pumping a t  20' C 
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FIG.  3. (a)  One-half hour after admitting 4.5 cm COz a t  20°, followi~~g Fig. lc. 
(b)  After stallding further 10 hours, followi~~g (a ) .  
( c )  After heating in 20 cnl O? a t  320" for 3.5 hours, then outgassing a t  320' to rntn for 

2 hours, following (b).  
(d) One-half hour after admitting 5.0 cm CO2 a t  20°, following (c). 

after adsorption had been carried out a t  the same temperature. The 2200 cm-' band re- 
mained after the addition of 10 cill of oxygen a t  20' C. 

Carbon dioxide (4.5 cm) was admitted to the chromia-alumina sample and within 30 
minutes produced absorption bands a t  2350, 1620, 1580, 1480, and 1230 cm-' (Fig. 3d).  
When carbon dioxide was adsorbed on a chronzia-alumina sample which had been out- 
gassed a t  300' C but had not been heated with oxygen before this, a strong band appeared 
a t  1430 cm-' in addition to those above (Fig. 3b). This imay have arise11 from an intensifi- 
cation of an existing band a t  1430 cnz-I in the background spectrunl (Fig. l c )  of the 
sainple prepared under these conditions or froin the formatioil of a new surface species. 
In another experiment, when no band existed a t  1430 cnl-' in the baclcgrouild spectrum, 
a weak band appeared a t  this frequency after COz adsorption. 

Bands appeared a t  2200 cnz-' and wealtly a t  1750 and 1570 cm-' when carboil nzonoxide 
was admitted to a pure alumina sample a t  20' C. The latter bands were superirnposed on 
broad bands in the aluilliila background a t  1550 and 1470 cm-'. There was a great intensity 
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decrease of the 2200 cm-' band when the carbon monoxide was heated with the alumina, 
unlilte the results observed for the chromia-alumina samples. New bands emerged a t  
1620, 1590, 1380, and 1230 cm-' after the heating. The appearance of the 2200 an-' band 
on pure alumina is contrary to  the experience of Yates (Ci), who was not able to  observe it. 

Carbon dioxide gave bands a t  2350, 1750, 16:35, 1500, and 1235 cm-I 011 alumina. The 
band a t  1750 cm-I for carbon dioxide was stronger, judged on the basis of pressure and time 
of standing, than the band a t  that frequency for carbon monoxide. 

DISCUSSION 

Absorption B a n d s  of .-Idsorbed CO in the Region 2100-2400 cm-I 
The adsorption of carbon lno~loxide on chromia-alumina to give the sharp band a t  

2200 cm-I was extremely rapid a t  20' C and the activation energy for the process inust be 
very small. This band was unaltered in frequency and intensity on standing for 30 hours. 
The species was readily removed fro111 the surface by evacuation a t  20' C for 10-20 
minutes; adsorption is thus very wealt. i\/Iass spectrometric analysis showed the gas 
removed from the surface to  be entirely carbon monoxide, a result similar to tha t  found 
for zinc oxide (I).  

The proximity of this band to  that  of gaseous CO, as well as the available chemical 
evidence, would indicate a weak che~nisorptio~l process or adsorption by dipolar forces in 
which the essential carbon monoxide structure has been retained. Dipole attraction was 
suggested earlier in the analogous case for zinc oxide (I).  However, the rather large 
displacement of 57 cm-I to higher frequency remains to be rationalized. The shift is in a 
direction opposite to that norn~ally produced by polar environments: in general it is 
found that the stretching frequencies of polar groups are displaced to  lower values when 
material is transferred from vapor to liquid (8). This red shift usually increases with 
increasing polarity of the solvent. 

In an endeavor to deterllli~le the illfluellce of solvent environment 011 the carbon 
monoxide fundamental vibration frequency, the spectra of saturated solutiolls of the gas 
in carbon tetrachloride and in chloroform were recorded. The solubility of CO in these 
solvellts is so low that only very weak bands were obtained, resulting in poor accuracy 
in the frequency values. Nevertheless the values obtained, 2137&5 and 2144rt5 cm-' 
respectively, showed quite clearly that  large displacelnellts to high frequency were not 
caused by solvent effects under honlogeneous conditions. I t  should, however, be remem- 
bered that shifts in either direction may be produced by solute-solvent interaction. 
Buckingham (9) has analyzed the situation for diatomic lnolecules in an axially directed 
force field and has cited instances where a blue shift was observed for systems under high 
pressure. I t  is co~lceivable that  similar conditions may llold for surface-adsorbate 
interactions. 

Eischens and Plisltin (2) were the first to observe a high-frequency band for adsorbed 
CO (on nickel oxide, 2193 cm-l), and ascribed it to the asymmetric C-0 stretching 
vibration of a group such as M-0--C--0. The reasons for rejecting this explanation in 
favor of dipole attraction ( I )  were reinforced by the present findings in that again 110 

band assignable to the corresponding symmetrical vibration could be detected. If this 
vibration had produced a band of extremely low intensity then one would have expected 
the M-0 bond to be weak and the O=C==O group to behave essentially as carbon 
dioxide; in the latter compound this second band is forbidden in the infrared spectrunl 
for symmetry reasons. However, the gas recovered was again CO rather than COB, which 
nlaltes the covalent structure appear unlikely. 
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An alternative explanation for the spectra of CO adsorbed on metals and their salts in 
terms of a partially or completely ionized positive surface species has been advanced by 
Gardner and Petrucci (4). Terenin and Roev (10, 11) had earlier proposed both positive 
and negative ions as the surface species responsible for both increased and decreased 
frequencies in the adsorption of NO on transition metals and their salts. The electrons of 
highest energy in CO in the ground state occupy an antibonding orbital (12), so that 
ionization of one electron would strengthen the carbon-oxygen bonding, with an increase 
in the force constant and contraction of the internuclear distance. From the spectroscopic 
parameters for CO and CO+ given by Herzberg (13), the vibrational frequencies are 
2143 and 2184 cm-I, the internuclear distances 1.128 and 1.115 A respectively. While this 
would adequately account for bands a t  frequencies between the gaseous CO and COf 
species (1, 4), shifts to frequencies higher than the latter need further explanation. 

Apart from the generally possible blue shifts due to solute-solvent interaction mentioned 
earlier, two specific effects might contribute to a shift of this kind. A decrease in the 
anharmonicity of the vibration of the CO+ ion in the adsorbed state could ideally cause 
shifts of up to 30 cm-1 (u&, = 15.2 cm-1 (13)). Bayliss and Rees some years ago proposed 
a theory to describe the interaction of a solvent cage with the solute which made use of 
the concepts of decreased anharmonicity (14). However, it  was recently found by Ewing 
and Pimentel (15) that u&, decreases by only 2 cm-I in the gas-solid transition of neutral 
CO, which makes this explanation unlikely, a t  least if one wishes to retain the solvent- 
solute analogy. 

AS another possibility it is suggested that a contribution from the second antibonding 
electron to  the adsorbent-adsorbate bond could serve to shorten the C-0 distance in 
the COf ion and thus raise the frequency.* A difficulty that remains with all these 
explanations, and one that has also been noted by Terenin (11) for NOf adsorption, is 
the magnitude of the effect compared with the observed weakness of the adsorptive bond. 

Further objections to postulating CO+ as the surface species responsible for the high- 
frequency band may be raised, because this would necessitate the donation of an electron 
to the adsorbent. In the earlier work on zinc oxide (I) no intensity change in the broad 
electronic infrared absorption band was detectable, nor did Kubokawa (16) find an effect 
of preadsorbed oxygen on room temperature CO adsorption, oxygen being known in this 
case to act as an electron trap. Similarly Vilesov and Terenin (17) could not observe an 
appreciable change in the photoelectric work function for this system. The only way of 
invalidating this objection would be to assume that the electronic changes in the adsorbent 
lie below the limit of detectability. An indication that this might be SO was given by 
Heiland et al. (18) for a reverse reaction-the trapping of conduction electrons by oxygen 
adsorption-in that the ratio of electrons trapped to oxygen atoms adsorbed was of the 
order of 1 :lo5. Unfortunately no infrared electronic absorption has as yet been assigned 
in chromia-alumina so that we are unable to use it as a criterion in the present case. 

A considerable portion of the carbon monoxide responsible for the 2200 cm-I band on 
chromia-alumina had a measurable activation energy of adsorption, since the intensity 
of this band increased 5-fold when the sample was heated for 20 minutes to 300° C in 
contact with 3.5 cm of carbon monoxide. This carbon monoxide was probably adsorbed 
on the chromia of the sample, since the 2200 cm-1 band did not increase when an alumina 
sample was heated in contact with the gas. 

The formation of the 2198 cm-I band for CO adsorbed on zinc oxide (1) also occurred 
through an activated process, since this frequency was approached only slowly on standing 

*Dr. Gardner laas calcz~lated a CO++ v ib~at ion  f~epuency  of 2205 cm-l; he has kindly put the data of ref. 6 
at our disposal. 
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a t  25' C, whereas the 2174 cnl-I band appeared rapidly. Moreover the 2198 cm-I band 
was produced occasionally when carbon monoxide adsorption was studied a t  155' C on 
zinc oxide. The activated process by which the 2200 cm-I band was formed may be surface 
diffusion of the CO molecule to other adsorption sites. I t  is unlikely to be diffusion into 
the metal oxide lattice: the band was readily eliminated by evacuation a t  25' C and this 
would not be consistent with removal of carbon monoxide from the bulk. 

Absorption B a n d s  of Adsorbed CO a n d  CO2 in the Region 1200-1800 cm-I 
In both the present work and in the work on zinc oxide (I), carbon dioxide gave a band 

in the region 1610-1630 cm-l, a t  higher frequency than did carbon monoxide on the 
corresponding oxide (1580-1610 cm-I). Of the carbon-oxygen species considered by 
Gatehouse, Livingstone, and Nyholm (19) only the acid carbonates absorbed above 

yo 
1600 cm-l. This vibration was the asymmetric stretching mode of the -C: - group. 

\o 
The symmetric mode appeared a t  about 1300-1400 cm-l. I t  is possible that the band above 
1600 cm-I for carbon dioxide and the band a t  1580-1600 cm-I for carbon monoxide may 
be due to a bicarbonate species formed by reaction with surface hydroxyl groups. The 
hydroxyl stretching region cannot be studied for the chromia-alumina samples because 
of scattering, but no change was observed for zinc oxide catalyst in this region (1). 

The low-frequency band of the bicarbonate species may then be one of the bands a t  
1430 or 1370 cm-l. However, a band persists a t  1370 cm-' even after evacuation a t  300' C 
during which all other bands were removed. In view of this it is possible that the adsorp- , 

tion merely intensified the band already existing a t  1370 cm-I in the spectrum of the 
surface. 

Eischens and Pliskin (2) have considered the spectrum of bicarbonate with absorption 
bands a t  1630 and 1390 cm-l, due respectively to the asymmetric and symmetric stretching 

yo 
modes of -C: -, and then assigned bands a t  these frequencies in the spectrum of a. 
carbon dioxide on nickel oxide to the following structure: 

I t  would appear that the asymmetric -CfO- stretching mode of complex metal car- \o 
bonates such as this would absorb a t  a rather lower frequency. Thus Gatehouse et al.  
(19) show the asymmetric stretching modes of 

(Co-en-C03)ClY and Naz [Cu<z~z::]l 3H 2 0  

to be 1577 and 1529 cm-I respectively while the corresponding symmetric modes absorb 
a t  1280 and 1326 cm-l. 
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Taylor and Amberg (1) considered the assignrnent of bands a t  1560 and 1330 cm-' 
to  the asy~llilletric and symmetric modes of a surface carboxylate group, without specifying 
the surface atom to which it is bonded. The results of Gatehouse et al. (19) would a t  any 
rate malre a distinctio~l between structures (i) and (ii) uncertain. 

I 
surface 

( i i )  

In the worlr on chroinia-alumina both carbon monoxide and carbon dioxide gave a 
band a t  1230 cm-I whereas for zinc oxide (1) oilly the latter gas gave a band a t  this 
frequency. The intensity of this band for carbon dioxide on chromia-alumina was greater 
than that for carbon monoxide for similar gas pressures and times of standing. Its assign- 
ment is uncertain but it may be the symmetric stretching nlode of a structure such as 
(i) or (ii) displaced to a frequency below normal (19) or to  the stretching of a carbon- 
oxygen single bond raised from the normal range (19) (1000-1100 cm-'). 

A weak band, which may be due to the structure 
-o\ C=O , similar to organic 
-o/ 

carbonates, appeared a t  1750 cnl-' when carbon dioxide was heated over chromia- 
alumina and when carbon dioxide was adsorbed on thick alumina samples. The 1230 cm-I 
band cannot be the carbon-oxygen single bond stretching mode of this structure since it 
occurs on samples when no 1750 cm-' band appears. 

The band which appears a t  1430 cm-' when carbon dioxide and in some cases carbon 
monoxide was adsorbed on the chromia-alumina may be due to the formation of car- 
bonate ion, since this is the frequency of the asymmetric carbon-oxygen stretching mode 
of this species. 

A bsorption Bands of Chromia-A lccmina and A lzimina 
The 1370 cm-' band which appears in the spectrunl of cl~romia-alumina seems inde- 

pendent of other bands in the spectrum. Thus it cannot be due to a complex carbonate 
species on the surface, since some other accompanjiing band would be expected, while 
this band is the only one remaining when the sample is heated with oxygen and out- 
gassed. Carbonaceous impurities might have been introduced into the gel catalyst during 
its preparation by inclusion of atmospheric carbon dioxide. 

The 1370 cm-' band may be due to the carbonate ion vibration displaced to lower 
frequency from its normal value of 1430 cm-'. I t  would be expected that  carbon dioxide 
would form this band more readily than carbon monoxide since less oxygen is required, 
although when adsorption was carried out a t  20° C carbon monoxide in certain cases 
appeared to give intensification of this band, whereas carbon dioxide did not. If the 
species responsible for the band is a carbonate ion the process may be an activated one. 
The band was intensified by heating carbon monoxide with both alumina and chromia- 
alumina samples. 

Consideration must be given to  the view that  the band a t  1370 cm-' is due to  nitrate 
inlpurity incorporated during the sanlple preparation. I t  seenls unlilrely, however, that 
this explanation is correct, since the intensity of the band fluctuated during the course 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LITTLE AND AMBERG: INFRARED SPECTRA 2005 

of the experiments on one sa~iiple and the final band intensity was larger than that for 
the freshly prepared sample. 

The frequencies and intensities of bands in the 1300-1550 cm-' region of the chromia- 
alumina spectrum have been shown to vary considerably during heating and evacuation, 
both with and without oxygen, and when no carbon rnonoxide or carbon dioxide was 
present. At least some of the bands in this region may be connected with the defect 
structure of tlie oxide rather than 1vit11 the stretching vibrations of definite surface species. 
A chroniia-alumina sample having initially only one band, a t  1370 cm-', in its spectrum, 
after standing in an evacuated cell for 24 hours had a weak band a t  1580 cm-I in addition 
to the original band, which was decreased somewhat in intensity. Evacuation a t  300' C 
gave a complex spectrum with broad intense bands a t  1535, 1430, and 1350 cm-l. When 
the sample was heated with oxygen and then evacuated only the 1370 cm-I band remained. 
These changes seem incompatible with the presence of definite surface species. Neverthe- 
less, in spite of some doubt expressed a t  the time of publication, a silnilar set of bands on 
zinc oxide (I) has now been quite definitely shown to  arise from carbonaceous impurities 
(20). A number of differences remain however, in particular with respect to  the band a t  
1370 cni-', which does not occur on zinc oxide, so tliat we do not feel justified in drawing 
the same conclusions by analogy. The 1580 cm-I band cannot be due to tlie deformation 
mode of adsorbed water, since on exposiiig the sample co~npletely to  tlie atniospliere a 
very intense band appeared a t  1627 cm-I. There is no reason why evacuation a t  320' C 
should not completely remove tlie 1580 cm-I band if it were due to adsorbed water, 
especially since the band a t  1627 cm-I disappeared completely after this treatment. 

Finally tlie possibility that certain bands produced during adsorption of gases such as 
carbon monoxide, carbon dioxide, or oxygen may be due to the introduction of valency 
or other defects by the adsorption process cannot be completely disregarcled. This is 
iiiost unlil~ely in tlie cases discussed in tlie previous sections, where tlie appearance or 
disappearance of well-characterized bands can be directly correlated with the adsorption 
or desorption of CO or CO?. For example, our evidence leaves little doubt tliat tlie band 
a t  2200 cm-' arose from an adsorbed CO species; moreover the observed Frequency was 
close enough to the fundamental vibrational frequency of tlie gaseous niolecule to rein- 
force this view. Defects are equally unlilcely to  have been the source of spectra which are 
similar for cliromia-alumina and zinc oxide, since these solids differ widely in structure. 
Thus only where assignlnents have so far been uncertain, as in  some of the cases cited in 
this section, could defects be considered an alternative to impurities or adsorbates in 
trying to explain the observed bands. 
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Received July 9, 1962 

ABSTRACT 
Carbon-13 kinetic isotope effects have been measured for the bimolecular reaction of 

1-phenyl-1-bromoethane (1) and benzyl bromide (11) with allcoxide ion in alcohol solution. 
Compound 1 gave an effect, k12/k13, of 1 .0032f  0.0005 for reaction with ethoxide ion in ethanol, 
while 11 gave k12/k13 = 1.0531f 0.0004 for reaction with methoxide ion in methanol. These 
surprisingly different effects are tentatively interpreted in terms of a model for the transition 
state having varying degrees of ionic character. 

INTRODUCTION 

Although nucleophilic substitution a t  a saturated carbon atom is one of the most 
commonly encouiltered organic reactions and as such has long been the subject of detailed 
study, many poiilts concerning the nature of the reaction remain obscure. One of the 
newer tools available for the study of reaction mechanisms, that of kinetic isotope effects, 
would appear to provide an additional meails of extending our uilderstailding of this 
reaction, since isotopic fractionation in rate processes is extremely sensitive to bonding 
changes in the rate-determining stage. A priori, one might have expected that the 
isotope effect associated with the carbon atom a t  the seat of displacement could serve to 
distinguish between the two extremes of SN1 and SN2 behavior, since, intuitively, a 
larger effect might be predicted for a process involving simple bond rupture than for 
one in which bond rupture and formation are synchronous. This approach has been 
investigated by Bender and co-workers (1-3), who, contrary to this prediction, observed 
a much larger effect in the SN2 reaction of various nucleophiles with methyl iodode-C14 
(k1"k14 = 1.09 to 1.14) than in the SNl  hydrolysis of 2-chloro-2-n1ethylpropane-2-C~~ 
(k17k14 = 1.03). Melander (4) has recently shown that whereas the Bigeleisen method 
(5) for the theoretical evaluation of isotope effects leads to the coilclusioil that a change 
in mechanism should have very little influence on the magnitude of the effect, a treatment 
(4) based on an actual calculation of the moments of inertia leads to results which are 
consistent with Bender's experimental findings. I t  should be emphasized, however, that 
there is a danger in making a direct coinparison of effects in SNl  and SN2 processes involv- 
ing different substrates and one should not discount the possibility that other factors, 
such as the nature of the leaving group and the reaction medium, inay have an important 
influence on the observed effect (2). 

In a previous cominunication (6) from this laboratory a very small carbon-13 isotope 
effect, k12/k13 = 1.0065, was reported for the SNl alcoholysis of 1-bromo-1-phenylethane 
and was interpreted in terms of a model for the transition state in which the bonding to 
the isotopic carbon is strengthened by conjugation of the electron-deficient center with 
the ring. Since this compound is known to undergo mainly bimolecular reaction when 
treated with an ethanolic solution of ethoxide ion in concentrations of 1.5 JI or higher 
(7, 8), it appeared to be particularly well suited for an investigation of the relative magni- 
tude of isotope effects in SNl  and SN2 reactions of the same substrate. Other practical 
considerations governing the choice of this halide for such a study and the reason for 
using a coinpound of natural isotopic abundance have been previously discussed (6). 

'Present address: Department of Chemistry, University of Western Ontario, London, Oztario. 
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The isotope effect study of the SN2 reaction of 1-bromo-1-phenylethai~e with ethoxide 
ion is described in the present paper and the results compared with those obtained pre- 
viously (6) for the alcoholysis reaction. 011 the basis of these results, it appeared desirable 
to measure the isotope effect in a bimolecular reaction in which the bond-breaking and 
bond-formation processes are more nearly balanced than in the 1-phenylethyl system. 
Accordingly, a study has been made of the isotope effect in the reaction of benzyl bromide 
with lnethoxide ion in methanol. This work also is now reported. 

EXPERIMENTAL 

In general, the experimental procedures employed for these studies were similar to those described pre- 
viously (6). Some minor niodihcations were introduced for the present system and these are indicated below. 

Kinetic Studies 
The reaction rates were determined by followii~g the rate of formation of bromide ion in a series of sealed 

tubes containing a l i q ~ ~ o t s  of the reaction misture. A modihed Volhard ~iiethod was used for this analysis 
(9) and the quenching mixture contained sufficient nitric acid to neutralize the unreacted base present. 
The rate constant, k , ,  for a particular run was obtained by a least-squares analysis of a plot of time vs. 
loga(b-x)/b(a-x). 

Isotope Efect Experinzents 
For each determination of the carbon-13 isotope erfect a sample of alkyl bro~iiide was allowed to react 

with alkoside ion to a small known extent of reaction (ca. 5y0), the reaction was stopped, and the ether 
product separated from unreacted starting material by fractional distillation. Samples of the product and 
original bromide were degraded by oxidation and decarboxylation to yield carbon dioxide derived esclusively 
from the carbon a t  which displace~nent occurred. The 1-phenylethyl derivatives were degraded by a two-step 
oxidation procedure, which has been previously described (6). In the hrst stage the compounds were treated 
with potass i~~m permanganate in aqueous pyridine solution to give a mixture of benzoic and benzoylformic 
acids. This acid m i r t ~ ~ r e ,  after isolation, was then further oxidized with hydrogen peroxide, whereby the 
benzoylformic acid was quantitatively converted to benzoic acid. With the benzyl derivatives, only the 
pernianganate oxidation step is required. I t  was found that  better yields (ca. 85y0) are obtained for benzyl 
bromide if it is converted to the ~nethyl  ether before oxidation. The remaining steps in the isotope effect 
deter~ninations were carried out as before. 

RESULTS 

The results of the lcinetic studies are presented in Table I for the reactions of l-bromo-l- 
phenylethane with ethoxide ion in ethanol and benzyl bronlide with ~llethoxide ion in 

TABLE I 

Kinetic results for the reaction RBr + OR1- + ROR' + Br- 

Concn. of Concn. of k ? X  lo3, 
RBr OR'- Solvent Temp., "C RBr, 111 OR1-. M I./rnole lnin 

1-Bromo-1- Ethoside Ethanol 25.0 0.470 2.175 3 .16  
phenylethane 0.488 2.160 3 . 2 4  

0.498 1 .848 3 . 2 8  
Average 3 .23  

Benzyl bromide Methoxide Methanol 0 .0  0.537 1 .108 5 . 3 3  
0.424 1.122 5 .29 

methanol. The isotope effect values found for each of these reactions are shown in Tables 
I1 and 111, respectively. Each determination refers to an individual partial reaction of 
allcyl bromide followed by degradation of the ether product and a sample of the original 
halide to carbon dioxide. The rate constant ratios, k1?/kl5, were calculated from the 
isotopic ratios and the extent of reaction (10). 
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STOTHERS A N D  BOURNS: ISOTOPE EFFECTS 

TABLE I1 

C12/C13 ratios and kinetic isotope effects in the reaction of 
1-bromo-1-phenyletl~a~le with ethoxide ion in ethanol a t  25' C 

Expt. Compound lieactio~l C1?(C13 
No. degraded yo ratlos klZ/k13 

1 RBr 
ROCZH, 

3 RBr 
ROCZH, 

3 RBr 
ROC2H, 

4 RBr 
ROC?H 5 

5 RBr 
R0CZH.j 

6 RBr 
ROCzH; 

7 RBr 
ROCZH, 

- 

91.16 
4 . 8  91.42 1 .0030 

90.74 
4.9 91.01 1.0031 

91.52 
7.4 91.74 1.00'26 

93.15 
7 . 5  113.47 1.0036 

91.07 
7.9 91.28 1 ,0025 

91.16 
8 .9  91.49 1.0038 

01.16 
7. 6 91.47 1.0036 

Mean value of isotope effect 1.0032" 

SOIF:: RBr  coricri. ca. 0.5 .\I; ett~oxi(le iori concri. cn. 2 .\I. 
*Stnrl(lnnl (leviatiori 0.0008; US'% confide~ice lirnit 0.000.1. 

'TABLE 111 

CI2/C13 ratios and kinetic isotope effects in the reaction 
of benzyl bromide with methoxide ion in methanol a t  0' C 

Expt. Compo~~nd  Reaction C'2/C'3 
No. degraded "/o ratios k12/k13 

1 RBr 
ROCHI 

2 RBr 
ROCH, 

3 RBr 91 . O i  
IIOCH, 8 . 6  $15.67 1.0528 

RBr 
ROCHI 

5 RBr !lo. 98 
IIOCN, 8 . 3  05.63 1.0533 

Mean value of isotope effect 1.0531'' 

KOTE: RBr concn. ca. 0.5 iM; rnetl~osicle concn. ca. 1 M. 
*Standard deviation 0.0003; 95% conficlence limit 0.000d. 

DISCUSSION 

The carbon-13 isotope effect of 0.3% found for the reaction of 1-bromo-1-pl~enylethane 
with ethoxide ion is slightly, but sig~~ificantly, sn~aller than the 0.6% previously reported 
for the alcol~olysis of this substrate. This result is the reverse of that reported by Benclcr 
(1, 2), who found a considerably higher effect for the SN2 reaction of ~nethyl iodide tha11 
for the hydrolysis of t-butyl chloride. As was pointed out in the I~ltrocluction, however, 
when quite clifferent substrates are being con~parecl, factors other than reaction molecu- 
larity may be important in determining the relative magnitude of the observed effects. 

Since not only the difference in the isotope effects found for the S N l  and Ss2 reactions 
of :L-bromo-l-pl~enylet11a11e, but also the magnitude of the effects themselves, is small, i t  
is rather fruitless to attempt a1117 detailed theoretical interpretation. I t  is of interest to 
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note, however, that the temperature-independent factor of the Bigeleisen equation (5), 
evaluated by the method of Bigeleisen and Wolfsberg (11) using the mass-fragment 
model (12), has a value very slightly higher for the reaction with ethoxide ion than for 
the ethanolysis. Consequently, i t  would appear to be the temperature-dependent (free 
energy) factor which is mainly responsible for the lower effect in the SN2 process. 

In contrast to the very small isotope effect found for the reaction of alkoxide ion with 
1-bronlo-1-phenylethane, the reaction of benzyl bromide gives an effect of 5.3y0, which is 
comparable to that reported by Bender (1) for the reaction of hydroxide ion with methyl 
iodide. Yet both the 1-bromo-1-phenylethane and the benzyl bromide reactions have 
been found to give good second-order kinetics under the conditions of the present study 
and they have always been considered to be typical bimolecular or SN2 processes. This 
large difference in isotope effect cannot be attributed to the temperature-independent 
component, which is small and not significantly different in the two reactions. I t ,  therefore, 
must have its origin in the free energy factor, which implies that there are important 
differences in the transition states of the two bimolecular reactions, differences which are 
not disclosed by conventional methods of investigating reaction mechanisms such as 
stereochenlical or ordinary kinetic studies. 

Now i t  is well known on the basis of kinetic studies that  the 1-phenylethyl group tends 
to promote reaction by the unimolecular mechanism (13). For example, reaction with 
methanolic sodium methoxide has an important first-order component even a t  very high 
methoxide ion concentrations, and good second-order kinetics are found in the reaction 
with sodium ethoxide in ethanol only a t  an alkoxide ion concentration in excess of 1.5 111. 

I t  seems reasonable to conclude, then, that the transition state for the bimolecular reaction 
of this substrate has coilsiderable carbonium ion character. On the other hand, there is 
strong evidence that in the beilzyl system bond formation and bond rupture have occurred 
to about the same extent a t  the transition-state configuration (14-17). The present results 
indicate that this difference in the nature of the transition state is manifested in the 
observed kinetic isotope effects for the carbon undergoing substitution. 

In the 1-phenylethyl system, the carboil atom a t  the seat of displaceineilt is electron 
deficient in the transition state and there is conjugative interaction between its fairly well 
developed vacant p orbital and the n orbitals of the benzene ring. The result will be a 
contribution to the isotope effect by a free energy factor which is not greatly different 
from that associated with a unimolecular process. In the benzyl system, however, the 
charge on the carbon atom undergoing substitution would not be expected to change 
greatly in going from the initial to the transition state and there will be little conjugative 
interaction with the adjacent benzene ring. I t  is suggested that i t  is this difference in the 
extent of internal conjugation, and hence of carbon-carbon bond strengthening, in the 
transitioil state which is largely responsible for the marked difference in the isotope 
effect in the two reactions. 

Although this interpretation is purely speculative and highly tentative, there is no 
doubt that kinetic isotope effect measurements provide a very sensitive means of obtaining 
information about the nature of the transition state. Clearly, more experimental work is 
required to adequately evaluate the significance of the results so far reported and studies 
to this end are now underway. 
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REACTIONS OF METHYL RADICALS WITH NITRIC OXIDE 
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Received April 24, 1962 

ABSTRACT 

Methyl radicals have been produced by the photolysis of acetone a t  200° C and their 
reaction with nitric oxide has been studied. The reaction CHI  + NO + M + C H 3 X 0  + ilI is 
shown to be third order with a rate constant of 8.8X10-31 c1l1~111olecule-~sec-~, with acetone 
as M. I t  is further shown that the nitrosomethane for~ned reacts with either methyl radicals 
or nitric oxide. The probability of reactions such as CI13C0 + N O  + CH3CO.XO talting 
place is shown. 

INTRODUCTION 

The reaction of methyl radicals with nitric oxide has been studied by a number of 
investigators (3, 5 ,  6, 9, 10, 11, 17). Usually the reaction has bee11 followed by estimating 
either the rate of disappearance of nitric oxide or the rate of removal of methyl radicals. 
The present investigation followed the reaction by both  neth hods and it was therefore 
possible to discover the presence of other complicating reactions of both methyl radicals 
and nitric oxide. 

The apparatus was the same as that used in previous experiments (1). A bearn of light, effectively limited 
to the wavelengths 3130 and 3020 A, filled a silica reaction cell of 2.8-cm diameter and 20-c~n length. The 
absorbed light intensities were 1.0X1013 quanta cln-3sec-I and 1.0X10'2 quanta c~n-~sec-' with 200 Inm and 
10 Inm, respectively, of acetone present. Small amounts of nitric oxide were added to Beep its pressure 
constant during the reaction. A magnetically operated stirrer kept the gases mixed during the reaction, 
but it was found necessary to allow time for each successive addition to mix, by cutting off the light with a 
screen immediately before each addition. Quantum yields were calculated by colnparison with the yield of 
carbon monoxide from the photolysis of pure acetone, which is assumed to have a quantum yield of unity 
a t  200" C. 

The acetone and oxygen were prepared as described previously (1). Spectroscopically pure nitric oxide 
was prepared by Dr. P. \\'arsop fro111 sodiuln nitrate, potassium iodide, and sulphuric acid. I t  was redistilled 
in the apparatus to give a blue liquid (\\~ith no traces of green color). 

Carbon monoxide and methane were estimated in the ~ ~ s u a l  manner (2) by the use of Le Roy - \\'ard 
stills and a mixture of copper and copper oxide heated to 200° C. Nitric oxide was estimated by condensation 
with ethane a t  -215' C followed by combustion a t  350° C over copper and copper oxide. Srnall amounts 
of ethane which were present \\,ere thus converted to carbon dioxide and measured. 

RESULTS 

The photolysis of acetone a t  200' C is said to occur by the following n~echanisn~:  

CH3COCH3 + hv + CH3CO + CH3 

CH,CO + i\l + CH, + CO + NI. 

The methyl radicals may the11 react with acetone according to  reaction [ 3 ] :  

or react with nitric oxide according to  reaction [4]: 

Canadian Journal of Chemistry. Volume 40 (1962) 
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HOARE: CHs-NO REACTIONS 2013 

Only in the presence of low concentrations of nitric oxide will the reaction 

be of importance. 
Table I shows the quantum yields of methane and carbon monoxide in typical experi- 

nlents and relates them to the nitric oxide which has been consumed. The yields of 

TABLE I 
Variation of pressure 

Acetone CO? NO t 
(mm Hg) (mll1 Hg) ( ~ m  Hg) 4ca4 $NO 4co (hr) 

carbon monoxide were reduced by the addition of nitric oxide (Table I, experiments 2 and 
3), and the most plausible explanation is that acetyl radicals may react with nitric oxide, 
e.g., 

CH3CO + NO + CH,CO.NO, [GI 

rather than decompose according to reaction [2]. The increase in the yield of carbon 
monoxide when inert carbon dioxide was added (thus favoring reaction [2]) supports 
such a hypothesis (Table I ,  experiments 5 and 7). Below 200 111111 pressure, acetone 
appears more effective than carbon dioxide as third body in reaction [2] (experiments 
3,  4, and G) .  

The amounts of ethane obtained were, as expected, very small. One would expect, 
therefore, that reactions [3] and [4] would account for the majority of the methyl radicals 
produced. Hence +CHI++Xo+2+C?H6 should be equal to  2. Table 1 shows clearly that  
this is not so and that methyl radicals must have another reaction, probably with the 
nitrosomethane which has been formed. Since the quantity of nitrosomethane formed 
would not have varied much from one experiment to  another (the total absorbed intensity 
was kept approsimately constant) this hypothesis was best tested by further experiments 
in which the nitric oxide was deliberately allowed to  become very low (and not constant 
during an  esperiment). Under such extreine conditions the number of methyl radicals 
which did not form methane or ethane was very much greater tllan the number of nitric 
oxide molecules which were consumed. Even allowing for a possible reaction of methyl 
radicals with acetonyl (CHSCOCH?) radicals an average of between 2 and 3 methyl 
radicals were consumed per nitric oxide molecule. This is illustrated in Table II(a).  

At the other extreme of conditions, pressures of nitric oxide were used sufficiently high 
to cause reaction [4] to predominate so that no methane or ethane was experimentally 
detectable. Under such conditions the rate of consumption of nitric oxide exceeded the 
rate of fornlation of methyl radicals and the yield of carbon inonoxide was much de- 
creased by the favoring of a reaction sucll as reaction [GI. Under these conditions a gas 
which was not condensed a t  -215O C (p re sun~ab l~  nitrogen) was formed in small yields. 
I t  was unchanged in volume by passage over heatecl copper and copper oxide a t  350° C. 
The results are shown in Table I1 (b). 
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TABLE I1 

Extreme pressures of nitric oxide 

Acetone NO t 
(nlm Hg) ( ~ 1  Hg) ~ C H ,  $NO dco ~ C ~ H B  d~ 1 (hr) 

(a)  Low pressures of nitric oxide 
10 0 0.53 0 1.00 0.56 2.00 
10 low 0.46 0 13 0.97 0 48 1.75 
10 low 0.38 0 33 0.93 0.34 1.75 
10 14 0.18 0.78 0.91 0 06 1.75 

(b) High pressures of nitric oxide 
600 2.6 0.71 
640 2 . 2  0 .68 

DISCUSSION 

The possibility of the reaction between nitric oxicle and methyl radicals being third 
order has been realized for some years. Experimental attempts to prove the kinetic 
dependence of the reaction upon a third body have often failed because experimentalists 
failed to realize the specificity of third bodies in their efficiency in perfornling the role of 
M. Thus Miller and Steacie (3) added up to 10 cm of nitrogen to 4.5 mm Hg of mercury 
dimethyl without causing any great increase in the rate of reaction [4]. Nitrogen would be 
expected to be ineffective compared with mercury dinlethyl as M in such an energy 
transfer reaction. Preliminary results showed that nitric oxide reacted five tinles as 
rapidly with methyl radicals as does oxygen when acetone is the third body (4). Christie 
(5) found reaction [4] to be 100 tinles as fast as the corresponding reaction of methyl 
radicals with oxygen when methyl iodide was the third bod).. However, she neglected to 
allow for reactions between nitrosomethane and methyl radicals which could modify 
her conclusions. 

The rate constant for reaction [4] in the present work may be derived by comparing 
it with reaction [3]. Using the experimental values presented in Table I (where the nitric 
oxide pressure was too low for it to react further with nitrosomethane) and correcting 
for reaction [6], one finds 

+NO+ +CO - 1 [acetone] 
k4/k3 = 

+CHI [NOI[MI ' 

The plot of {(+NO++CO-l)/+cHc) X {[acetone]/[NO]) (=R) against [MI clearly shows the 
kinetic dependence of reaction [4] upon [MI. This is illustrated in Fig. 1. The small effect 
of adding carbon dioxide emphasizes the relative inefficiency of this gas in reaction [4]. 
Christie (5) found it to be similarly nluch less efficient than methyl iodide in this same 
reaction. 

The evidence is strong that reaction [4] is third order and indeed it is difficult to account 
for a steric factor of which is obtained if a second-order mechanism is postulated (6). 
One would expect it to be third order by comparison with the corresponding reaction of 
methyl radicals with oxygen (7, 8). However, Christie (5) finds evidence of a transition 
from third to second order a t  total pressures approaching 100 mrn Hg. No evidence of 
this was found in the present experiments and the discrepancy may be due to her neglect 
of other possible reactions of methyl radicals. 
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MOARE: CMa-NO REhCTIONS 

FIG. 1. Dependence of the reaction between CH3 and NO upon a third body (hI = acetone or (332). 

The values obtained for the absolute rate constant of reaction [41 depend upon the - -  - 

accuracy with which the rate constant of the conlpeting reaction is lcnown. Reaction [3] 
has been much studied and is usually compared with reaction [5]. If a value of 3.2X10-'" 
cm3/~nolecule-1/2sec-1~~s taken for k3/kS112 a t  200' C (2), the present work leads to a 
value for k4/kb1/2 of 4.3 X 10-2~cm~2molecule-3/~sec-~/2 a t  200' C. If reaction [5] is assunled 
to have a rate constant of 4.2 X 10-lo cm3molecule-1sec-1 a t  200' C then kr = 8.8 X 
~rn%rnolecule-~sec-~ a t  200' C. 

Values calculated from the results of other workers are given in Table I11 in the same 
units. 

TABLE 111 

Comparison of rate constants 

Rate , . 1 e~nperature 
consta~lts Authors 'I'hird body Value ("c) 

Present work 
Miller and Steacie (3) 
Birss, Danby, and 

Hinshelwood (9) ~. 
Present work 
Christie (5) 
Durham and 

Steacie (6) 
Bryce and Ingold (10) 
Lossing, Illgold, and 

Ticlcner (11) 

Acetone 4.3X10-'6 
Hg(CH8)r 3 X 

Table I11 illustrates differing values for the rate constant of reaction [4], Inany of 
which depend upon n~echanisnls or uncertain values of rate constants. Sorne correlation 
may be made between the more recent determinations if a negative activation energy 
(ca. 4 kcal/g-mole) is assumed. This would correspond to a positive activation energy for 

I the decornposition of the activated CHBNO conlplex first fornled by the combination 
of n~ethyl radicals and nitric oxide. There is son~e evidence that a t  higher pressures of a 
suitable third body, reaction [4] becomes effectively second order (5, 17). 
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The nitrosoinethane which is formed by reaction [4] has been investigated by Gowenlock 
and Trotman (12). They have shown that it may dimerize or rearrange to  give formald- 
oxime. The latter reaction iilvolves a high activation energy (ca. 40 kcal/mole) whereas 
the former is probably a wall reaction. In the present work it has been show11 that up to  3 
methyl radicals are removed by 1 nlolecule of nitric oxide without the formation of inethane 
or ethane. The obvious solution is the formation of the molecule N(CH3)2.OCH3 (trimethyl 
hydroxylamine) by addition of methyl radicals across the double bond of nitrosomethane. 
Such reactions are known to occur with inore coinplex free radicals in solution (14). 
Similarly Batt and Gowenlocli (13) have suggested that  the reaction between nitric oxide 
and nitrosomethane, which they have detected (in agreement with the present work and 
that of Christie (5)), occurs by addition of 2 molecules of nitric oxide across the double 
bond of nitrosomethane. The compound formed deconlposes with the evolutioil of some 
nitrogen, as has been observed in the present work. 

I t  has been suggested earlier that nitric oxide reacts with acetyl radicals, thus reducing 
the yield of carbon monoxide formed by reaction [2]. Such a phenomena has been pre- 
viously reported by Anderson and Rollefson (15). The ready reaction of nitric oxide with 
free radicals favors the plausibility of such a reaction. Reaction [6] appears to  occur by a 
second-order mechanism and is appreciable a t  lower pressures of nitric oxide than the 
corresponding reaction of acetyl radicals with oxygen (16). This is to  be expected by 
analogy of the reaction of inethyl radicals with nitric oxide and with oxygen (4). I t  is 
interesting to note that the similar reaction of nitric oxide with t-butyl radicals also occurs 
readily (9). 

Caldwell and Hoare (18) have shown that in the photolysis of acetone a t  150 to 200' C 
oxygen has 110 effect 011 the rate of decomposition of acetone, i.e. reaction of oxygen with 
the triplet state of acetone is not important. This is probably due to the virtual absence 
of triplet state acetone a t  those temperatures and therefore one can assume that  nitric 
oxide similarly has 110 effect on the rate of decoinposition of acetone. 
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EXTRACTIVES FROM POPULUS TREMULOIDES HEARTWOOD 
THE STRUCTURE AND SYNTHESIS OF TREMULONEl 
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ABSTRACT 
?. I r e m ~ ~ l o t ~ e ,  a clienone isolated from P o ~ z t l u s  tre?nztlozdes heart~vood, has been shown to bc 

stigmasta-3,5-diene-7-one. This has been confirtned by  a partial synthesis from /3-sitosterol. 
The possibility that tremulone might be an  artifact arising from the isolation proccclure is 
discussed. 

During a systematic analysis of the nature of the extractives from the heartwood of 
Populus tremziloides (aspen poplar or quaking aspen) (1) a ketone, m.p. I l l 0 ,  [aID2"273O, 
was isolated in very small yield (0.001% based on dry wood), and was named tremzslone. 
Though this was a very lninor component, its spectral properties were interesting enough 
that i t  was decided to determine its structure. The minor constituents of plant extractives 
have not, as a rule, been subjected to systematic investigation and i t  was thought possible 
that the determination of their structures in this case might, among other things, throw 
added light onto the biogenetic pathways available in such a plant. 

Tremulone is a pleasant smelling compound (even when pure). Microanalytical values 
were not reproducible on samples obtained after repeated recrystallizations and chroma- 
tographic separations on alumina. An analytically pure specimen (melting point un- 
changed, [aID22 -288') was finally obtained by 100-tube countercurrent distribution. 
Analytical values were consistent with either C291-1460 or C30H.180; the ~nolecular weight 
determination (Rast) agreed better with the C30 formulation. The infrared spectrum 
indicated the presence of an a,p-unsaturated ketone grouping (1660 and 1600 cm-l) and 

what a t  first was interpreted to be a 'C=CH~ ter~ninal methylene grouping (883 and 
/ 

1630 cm-'-the latter somewhat low for this assignment). Periodate-permanganate 
oxidation of a sa~nple of tremulone before countercurrent purification gave a small a~noun t  
of formaldehyde (detected by chron~otropic acid). The presence of the lteto group was 
confir~ned by the ready forlnation of a 2,1-dinitrophenylhydrazone and an  oxime. The 
ultraviolet absorption spectrum (A,,,, 278 mp; E 20,000) indicated a conjugated dienone 
and the spectrum of the 2,4-dinitrophenylhydrazone (A,,, 375 mp) was consistent with 
this formulation (2). Talting illto account the suggested presence of a ternlillal methylene 
group and applying Woodward's rules (3) two chromophores are possible: 

CHFC-C=C-C=O (A,,,, calc. 278 nip) 
I A,. A, a 

CI-1-C-C=C-C=O (A,,, calc. 280 mP). 

8.. A. 4 
Catalytic hydrogenation of trernulone over palladium-charcoal led to the uptake of 2 

nlolar equivalents of hydrogen and gave tetrahydrotrenlulone ( v ~ = ~  1705 cm-I). The 

'Presented at the 45th Annzlal Conference of tlte Chet~~ical  Imtitrtte of Ca?~ada i n  Ednronton on .l[(~jl19th, 1961. 
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ketone group is, therefore, either ill a side chain or ill a six- or higher-meinbered ring, and 
the coinpouild is tetrac~iclic. Again, analytical figures for the saturated ltetone and its 
2,4-dinitrophenylhydrazone did not lead to  an ~~nequivocal inolecular formula, being- 
consistent with either C29I-1600 or C301-1520 for tetrahydrotremulone. Sodium borohydride 
reduction of treinulone did not yield a crystalline alcohol, but the mixture (of probably 
epimeric alcohols) had an ultraviolet absorption spectrum (A,,,,, 230, 237 mp, Aloll 245 ~ n p )  
indicating the presence of a conjugated diene (4). On the other hand, no band a t  883 cm-1 
was present in the infrared. 

Tetrahydrotrelllulolle was subjected to the I-Iua~ig-AiIinlon nlodificatioil of the Wolff- 
Kishner reduction and gave a hydrocarbon, C291362 or C30H54, m.p. 85O, [a]DZ2 +25.2'. 
These constants are in good agreement with those of stigmastane (5, p. 1442S), an 
authentic specimen of which was therefore prepared from p-sitosterol via P-stigmastanyl 
acetate and stigmastan-3-one. Both synthetic and natural samples exhibited the same 
infrared and n.m.r. spectra, their inelting points were undepressed on admixture, and their 
retention times on vapor phase chroinatography on two columns of different polarities 
were identical. On the other hand, the X-ray diffraction patterns of the two hydrocarbons 
mere appreciably different. This, however, nlay be due to polymorphism; it  has been 
shown (6) that  in sterols that exhibit polymorphism the X-ray diffraction pattern depends 
on the crystal form. Tha t  the stigmastane ring system was indeed present was confirnled 
by a very accurate deterlnination of the nlolecular weights of tremulone, tetrahydro- 
tremulone, and the hydrocarbon by mass spectrometry (determination kindly performed 
by Mr. A. Burlingallle of R4.I.T.). The mass numbers found were 410, 414, and 400, 
respectively, supporting the molecular formulae C29H460 and C29l!1600 for the unsaturated 
ltetone and its tetrahydro derivative. 

The question of the location of the carbonyl group was considered next. If the presence 
of a ternlinal inethylene group in tremulone is accepted then the keto group nlust be 
present in the side chain as in (A). This is biogenetically unlikely. Also, a study of the 
i1.m.r. spectrum of tremulone indicated the absence of a terminal methylene group. Thus, 

two sigilals a t  3.9 T and 4.46 T in the intensity ratio of 2:l  were observed. These are 
characteristic of olefinic protons (7). On the other hand, the two-proton absorption 
was a singlet whereas a multiplet would have been expected for a terminal methylene 
group (8). The  periodate-permanganate oxidation of tremulone was, therefore, reinvesti- 
gated but using this time a sample which had been purified by countercurrent distribution. 
No formaldehyde was detected. This explaiils the absence of a band a t  883 cm-I in the 
infrared spectrum of the sodium borohydride reduction product of tremulone. Tetra- 
hydrotremulone underwent the Baeyer-Villiger oxidation to  give a lactone, C2gl!I6002, 
which could be hydrolyzed, but recyclized to  the same lactoile immediately on treatillent 
with cold dilute mineral acid. The  lteto group is, therefore, present in a six-membered ring. 
T o  determine its position, use was made of the molecular rotations difference method (9). 
Here difficulties were initially encountered in that ,  using the values given in Klyne's 
article (9), the molecular rotation of tetrahydrotreinulone was only consistent with its 
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being a 5-p-7-lietone, implying, therefore, an inversion of configuration a t  Cg during ehe 
Wolff-I<ishner reduction. A search of the literature and calculations made on known 
7-lietosteroids reveal that the correct value of MD for a 5-a-7-one is -233" (10) and not 
f223" (9). Using this value and MD = f102" for stiglnastane gives iMD = -131" for 
stigmastan-7-one, in good agreement with the value of iMD = -126" found for tetra- 
hydrotremulone. 

The band a t  883 cm-I in the infrared spectrum of trernulone itself could be due to  a 

I I 
C-1-1 out-of-plane deformation in a system -CH%CI-I-C=CI-I-C=O (which would 
also account for the observed ultraviolet and n.1n.r. spectrum). Indeed, cholesta-3,5-diene- 
7-one exhibited a band a t  883 cin-I in the infrared and its spectruin was allnost super- 
irnposable onto that of tremulone. I ts  i1.nl.r. spectruin also had two bands a t  3.9 T and 
4.5 T whose relative inteilsities were 2:l .  The band a t  3.9 T is clearly due to the cyclic 

I I 
-CI-I=CI-I- protons (11) whereas that a t  4.5 T is due to the -C=CI-I-C=O proton. 
There is, therefore, no doubt that trernulone is actually stigmasta-3,5-dieile-7-one (I). 
This compound had already beell reported by Marker and Rohr~nann (12), who prepared 
it from p-sitosterol via sitosteryl chloride and 7-lietositosteryl chloride. The only constant 
given for this compound was its melting point (106-107"). An authentic sanlple of 
stigmasta-3,5-diene-7-one has now been syilthesized froin p-sitosteryl acetate. Chronlic 
acid osidation gave 7-ltetositosteryl acetate, which, on heating with p-toluenesulphonic 
acid in toluene, gave the required dienone in an overall yield of 10%. I t  was identical 
in all respects with tremulone. On selective catalytic reduction it gave stigmastan-7-one 
(11), identical with tetrahydrotrenlulone. 

At an earlier stage of the investigation, tetrahydrotremulone was reduced with sodiunl 
borohydride in boiling ethanol. A single, crystalline alcohol was obtained in good yield 
and is formulated as stigmastan-7a-01 on the basis of its molecular rotation (f52.8"). 
Dauben, Blanz, Jiu, and Micheli (13) have studied the nlethanolic sodiuin borohydride 
reduction of cholestan-7-one and obtained a mixture containing the a- and p-epimeric 
alcohols in the ratio of 7397. The predominant forlllatioil of the axial isonler was attri- 
buted to the steric bulli of the solvated borohydride ion, which would hinder its approach 
from the a-side. In the present case, no p-isomer was isolated; this is undoubtedly due 
to the eve11 greater bulk of the solvated borohydride ion in ethanol. Catalytic hydro- 
genation of (11) over platinum oxide gave a mixture of alcohols as a wax; the epirners 
could not be separated by fractional crystallization or by column chromatography. 
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Two structures (I11 or IV) are possible for the seven-membered-ring lactone obtained 
froill the Baeyer-Villiger oxidation of (11). I t  was expected that  (IV) was the nlore 
liltely structure in view of the known greater ease of migration of tertiary than secolldary 
carbon atoms in this reaction (14). Thus, 7-ltetocholestan-3P-01 is oxidized to  the lactone 
arising from ~nigration of Ca (15). The n.il1.r. spectrum supported the assignment of 
structure (IV) to  the lactone, a broad, not clearly resolved, single proton peak being 

I 
observed a t  5.93 7 correspoildiilg to  the -CO-0-CI-I- proton. 

Finally, the question arises as  to  whether tremulone is actually present as such in the 
heartwood, or, in view of the sillall quantities in which it  is found, whether i t  is an artifact 
arising during the isolation process. I t  is not possible to  answer this a t  the moment. In 
the case of cholesta-3,5-diene-7-one, which has been isolated from the non-saponifiable 
fraction of swine spleen, sclerotic aortas, and wool fat, 7-ltetocholesterol is considered to  
be the precursor, the dienone being an artifact (5, p. 2465.5). I t  is ltnowil that  passing 
oxygen through aqueous colloidal suspensions of sterols containing the 5-ene-3-01 system 
gives rise to  the 3,7-diol and the 3-01-7-one (IG). Such an oxidation could have talcen 
place in this case during the saponification step, for instance. On the other hand, Rlitsui 
(17) isolated froill sugar cane \vax a compound in 0.1 to  0.2% yield which he called 
P-saccl~arostenone, and to  which he assigned the molecular fornlula C2gI-1480. Tlle melting 
points of p-saccharostei~one (lOGO), its oxinle (lG3-1G5°), ancl its 2,il--dinitropI1ei1yl- 
hydrazone (211') are very close to  those found here for trelllulone and its derivatives and 
it is felt that the two steroids are pi-obably the same, though a direct comparison was not 
possible. I t  would seein somewhat less liliely that up to  0.2% yield of an artifact should 
b e  fornled under ?vIitsuils isolation conditions so that  i t  is probable that p-saccharostenone 
occurs as such in sugar cane wax. I t  undoubtedly arises in the plant froin p-sitosterol, 
which RiIitsui was also able to isolate from the same source. 

E S P E R I  hIENTAL 
Melting points are uncorrected. Infrared spectra were mcasurecl on p o t a s s i ~ ~ ~ n  bromide disks of the 

coml~ou~ids  using a Perltin-Elmer model 21 instrument using socli~1111 chloricle optics. Only the main peal;. 
arc reported. Ultraviolet absorption spectra n-ere measured on a Cary hlodcl 14 recording spectrophotom- 
eter. 'The Po$l~lzis t~e~i iz i lo ides  heartnrood usecl in this stucly carnc from trees grown in the Prince ~ l l l ~ e r t ,  
Sasl;atchewan, area and was kindly supplied by Nisbet PIy\vood Co. I,tcl., Prince Albert. 

Isolatio?~ cind Pziri$cation of Tre~izzilo?~e 
'The crude ketone mixture (5 g) obtained by column chromatography of the non-saponifiable fraction of 

tlie extractives from I'opzil~is t re t~~uloi 'des  heartwoocl (1) was rechromatographed on a column of alumina 
(Type I-I; 200 g). Elution with light petroleull~ (b.p. 40-60') gave a hydrocarbon (0.765 g). E111tion with 
light petroleum (b.p. 63-65') -ether (9:l)  gave trernulone (1.4S3 g). Light peLroleum (b.p. 63-65") -e ther  
(4:l) brought down a brown-red oil (1.280 g) whose infrared spectrum indicated it to be probably an 
~~nsa tu ra t ed  Icctone. I t  was not investigated furtller. 

Tremulonc was recrystallized from acetone ant1 then from n1etha1iol to give pleasant smelling, slightly 
yellow crystals, m.p. 11l0,  [a]~" -273' (chloroform). Repealed recrystallizatio~is did not raise the melting 
point or alter the rotation. I t  was finally purified by countercurrent distribution in a 100-tube automatic 
machine (20 1111 each phase), tlie solvents used being 85% 111ethal101 ancl light petroleum (b.p. 63-65"), 
After 100 transfers the contents of tubes 81-88 were combined and evaporated, and the ketone recrystallized 
fro111 aqlleoLls acetone to give pure tremulone, 111.p. 111°, [culo?? -288' (chlorofor~n), X,,, 278 mp, E 20,000 
(in ethanol). (Found: C, 84.81, 8-1.83, 84.64; H,  11.30, 11.34, 11.91; mol. wt., 428 (Rast), 410 (mass spec.). 
Calc. for C?gI-I.,60: C, 84.81; I-I, 11.29; mol. xvt., 411.) Infrared spectrum: 1660, 1630, 1603, 1300, 1:375, 883 
cm-1. 'The 2,4-dinitropl~enyllcydr(~zo~ze separated from ethanol, and was purified by chromatography on a 
very short column of alumina (\Voelm, neutral; Brockman activity 111) and recrystallization from chloro- 
form-ethanol. I t  hacl m.p. 211°, A,,,,, 305 mp (in chloroform). (Founcl: C, 70.96, 'i1.45; I-I, 8.37, 8.31; S, 9.14. 
Calc. for C3:,HjUOaXl: C, 71.15; H,  8.53; N, 9.48.) 'The oxirile was rccrystallizcd twice from aqueous ethanol 
and had m.p. 169" (decornp.). 
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Sodizi)~~ Borohydr~de Rcdziction of Trcnazilo~zc 
Treniulone (1-17 nig), sodium borohydride (211 mg), and 95% ethanol (20 ml) containing a drop of 2 N 

sodiu~n hydroxide were boiled under reflux for 5 hours. An  excess of acetone was the11 added and the 
niixt~rre xvas distilled on a steam bath.  I t  was then extracted with chloroform and the extract washed with 
dilute mineral acid, dried, and evaporated to give a wax (140 mg). This did not crystallize even after chroma- 
tography on alumina. I ts  ~~l t raviole t  spectrum (in ethanol) had A,,, 230, 237 mp, Xi"r12-15 m p .  

Sclcctivc Cn.talytic Rcdziction of Tre~1~zilonc-Stig~11asta?~-7-onc (Tctralaydrotre?~zz~lo?~~) 
Tremulone (300 mg) in 05% ethanol (200 ml) was hydrogenated a t  atmospheric pressure and room 

temperature over 10% palladi~~m-on-charcoal catalyst (50 111g) for 24 hours, when 2 molar equivale~its of 
hydrogen were talcen up. Filtration and evaporation gave stigr11nsta?1-7-o?rc, which was recrystallized from 
aqueous ethanol and obtained as white necclles (220 mg), m.p. 98-99", [a]~,?' -30.3" (chloroform). (Found: 
C, 83.65, 83.53, 84.07; H, 11.00, 12.35, 11.96; mol. wt., 414 (mass spec.). Calc. for C ? ~ I 1 ~ 0 0 :  C, 83.99; H, 
12.15; mol. wt., 414.7.) Infrared spectrum: 1705, 1385, 1375 ern-'. 'Thc 2,/t-di?aitropl~el~y~lI~ydrnzo?1c, purified 
as above, gave ycllonr needles, n1.p. 188-180". (Found: C, 70.63; t I ,  8.98. Calc. for Ca6Ha4OdNa: C ,  70.67; 
H, 9.15.) 

HJotf-Icishner Rcdzictio?~ of Tctrc~l~ydrotrc?,~~ilol~c-Stign~c~stnne 
'Tetrahydrotremulorle (126 mg), triethyle~ie glycol (10 ml), hydrazine hydrate (3 ml, 99-loo%), and 

potassium hydroxide (2 pellets) were boiled under reflux for 4 hours, a ~ i d  then distilled until the temperature 
of thc vapors reacliccl 195". The solution \\.as boilcd n l~der  r e t l ~ ~ s  for allother 6 hours, dilutecl with water, 
and extracted with ether. 'The driecl (MgSO,) ether extract was e\:aporated ancl the residual oil was chronia- 
tograplied 011 a colu~nn of IX~oelm neutral alumina (10 g) (Brocl;man activity 111) and e l l~ ted  with light 
petroleum (b.p. G3-65"). 'The product was sirblinled ~~nc lc r  vacuum and thcn rccrystallized from chloroform- 
ethanol to give stigmastane (80 mg), m.p. 85", [ a ] ~ , ~ ?  +25.2" (chloroform), identical (ni.p., mixed 111.p., 
infrared and n.m.r. spectra) with the stigmastane prepared from p-sitosterol as described below. (Found: 
C, 86.5-i; H,  12.88. Calc. for C?qI-I5n: C, 86.02; 11, 13.08.) 

S l ig~~~as tnnc  fro111 p-Sitostcrol 
:3-p-Stigmastanyl acetate (500 nlg) (18) was hydrolyzed n~ i th  35; mcthanolic potassium liytlroxidc t o  

give 3-p-stigniastanol, m.p. 136-13'i0,[ CI]D" +34" (chlorofor~n). l'llis was oxiclizcd to stigniastan-3-011 P (m.p. 15j3,  [CIID" 1-38" (cliloroform)) (Ives ant1 O'Xeill (18) give m.p. 156-157", [a]D 1-37") with ch rom~c  
acid in acetic acid, and the Icetonc reduced by the IX'olff-Icishner rnethocl (Huailg-Minlon moclification) a s  
described above for stigrllnstan-7-one. The  stigmastane so obtained had m.p. 84-85", [cu]~'? 1-25" (cliloro- 
form),  irl good agreement with the literature \.alucs (5, p. 1442s). 

7'he synthetic and "r~atural" hydrocarbo~i mcrc each s~~bjcctecl  to vapor phase chromatography on two 
columns of clifiering polarities: (n) a 'L-ft SE-30 on glass beads (0.57;. \v/w) column operatcd a t  220' ancl a 
heliirnl inlet pressure of 30 p.5.i.; (b) a l Z f t  ethylcnc glycol succinate polyester on glass I~cacls (0.5% w / w )  
c:olun~n operated a t  220' a ~ i d  a hc l i~~rn  inlet prcssure of 35 11.s.i. ;\rithraccne \\.as ~rsetl a s  an  internal standard. 
'The synthetic and the " t i a t~~ra l "  hyclrocarbo~i were c l i ron~atogra~~l~ica l ly  indisting~~ishablc or1 either colun~n. 

13c~eq'w- I7itligcr Oxillol!'o?~. of fi:lic~l~ydrotrc~~r~io?LC 
Tetraliyclrotrem~~lone (100 mg) in glacial acetic acid (1 ml) was trcatecl with 10% peracetic acid i l l  acetic 

acid (3 ~ n l )  arid p-toluer~esulplioriic acid (15 mg), and the mixture liept i11 the darl; a t  room temperature for 
:3 clays. II'ater \\.as adtletl nncl tlie solid \vliich precipitated \\:as filtered and recrystallized from methanol 
to give the lnc to~~e (00 mg), lll.p. 1-10". (1;oulld: C, 80.60; 1-1, 11.75. Calc. for C?~I-I6oOz: C, 80.87; M, 11.70.) 

Thc lactoric (50 lug) was boilccl under rcllux with an cxcess of 205, aqueous potassi~~rn hydroxicle for 2 
days, during \vliich time an oil separatccl. On sh:~l<ing the ~l i ix t~l re  \\,it11 ether three layers formed. The  ether 
layer contained very little starting material. The  two bottom layers were extracted with rhloroform (in 
which thc oil rlissolvccl), thc chloroform was dried (hIgSO,,) arid evaporated, leavi~lg behincl a ycllo\\~ solid 
\\rhosc irifrarcd spectrum indicntecl the presence of an 01-1 group and a C O O -  (characteristic broad bancl 
a t  ca. 1600 c~n-1). IYllen this solid was treated with dilute acid tlie lactonc was recoverecl. 

Sodizi~r~ Borokydride Iiedric./iol~ of Tetrc~l~ydrotre~11z~lo~1.c~-Slig~11n.~tn11-7a-o1 
Tetnlhydrotremulone (50 mg) in absolute ethanol (10 ml) containing n drop of 2 iV sodiun~ hydroxide 

\\;as l~oilccl under rcflus a ~ ~ d  sodilrm borohydride (.25 riig) in e t h a ~ ~ o l  (5 ml) nr;ls added ovcr a period of 3 hour. 
The mixture was boilecl for a further 2 hours arlcl then alloncd to stand a t  roonl temperature overnight. 
I-Iydrochloric acid (5%; 2 ml) was aclcled, the mixt~rre \\,as warmed for 5 nli~rutes, and water (25 ml) \\.as 
added. The  ethanol was removed in a stream of ail- and tlie rcsiclual solution extracted \\!it11 chloroform. 
The chloroform extract was washed with aqueous socli~~m carbonate and filtered tIii.o~~gh a short colu~nn 
of alumina. 'Tlic product was rccrystallized from acetone to give stlgn1nsla?2-7a-d (30 mg) as white flakcs, 
m.p. 112", +12.i0 (cliloroform) (transparent in the ~~l t raviole t ) .  (Found: C, S3.48; I-I, 12.85. Calc. for 
C?st15?0: C ,  83.58; H. 12.58.) 
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7-Keto-p-sitosteiyI Acetate 
p-Sitosteryl acetate (500 mg), in glacial acetic acid (10 ml) containing sodium acetate (400 mg), was 

warmed to GO0, and chromic anhydride (400 mg) added over a period of 4- hour. The solution was warmed 
for another 4; hours, diluted with water (10 ml), and the precipitated solid washed with \\later. The combined 
liltrates were treated with ethanol and extracted with chloroform. Thc chloroform extract was washed with 
aqueous sod i~~rn  carbonate solution and then with water, dried (;LIgS04), and evaporated. The residue was 
combi~led \vith the solid that  had precipitated before and was chromatographed on alumina (25 g). Elution 
with light petroleum (b.p. 40-60') -ether (9:l) gave ~~nchanged  p-sitosteryl acetate (170 mg). Elution 
with light petroleum (b.p. 40-GO0) -ether (1:l) gave 7-keto-p-sitosteryl acetate (183 mg), \vhich was used 
as such in the nest  stage. Elution with ether-methanol (1:l) gave p-sitosterol (120 mg). 

Stign~asta-S,5-die~ze-7-o~ze 
A misture of 7-keto-p-sitosteryl acetate (183 mg), p-toluenesulphonic acid (150 mg), and toluene (5 1111) 

was boiled ~111der reflux for 2 hours (solution turned dark brown). The mixture was dissolved in ether and 
the solution washed with aqueous sodium carbonate solution, then with water, and evaporated to dryness 
a t  80". The oil thus obtained was chromatographed on alumina to give stigmasta-3,5-diene-7-one (45 mg), 
n1.p. 10Q0, identical in every respect with trem~ilone. 
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OXIMES 
11. T H E  INFRARED SPECTRA O F  SOME COMPLEX OXIMES1 
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ABSTRACT 

The infrared spectra of several a'-substituted p-alkyl- and p-allcoxy-2-osiminoacetophenones 
were investigated. When the w'-substituent was the dimethylamino group, the spectra were 
incompatible with a simple a-1;etooxime structure. The spectra of these dimethylamino 
compounds showed a diffuse absorption with broad pealrs a t  2500 and 1850 cm-I. The l~yclroryl 
band a t  3150 cm-I and the diinethylanlino doublet a t  2820 and 2770 cm-I had llearly dis- 
appeared while the carbonyl and N-0 frequencies had ~~ndergone large shifts. The  spectra 
are best interpreted in terms of a zwitterion carrying a novel anion. The s t r ~ ~ c t ~ ~ r e  of this 
anion is considered. 

A series of oximes with the general structures I and I1 was prepared. During the 
syntheses, infrared spectra were obtainecl routinely to  identify the various products 

12' = 2, 3, 4, 5 

a :  R = CI- 

b :  R = (CH3)nN- 
*-.a + 

c :  R = I - .  (CH3);rN- 

obtainecl and,  in some instances, it was found that  spectra were incompatible with the  
structures shown above. 

ESPERIMENTr lL  

The syntheses of the various compounds ~ ~ s e d  in this study have been described elsewhere (1). 
All spectra \x7ere obtained with 1-1.5% suspensions of the oxilne in potassi~lln bro~nide, pressed into 

dislcs. The spectra were obtained with a Baird Model AB-1 double-beam recording infrared spectrophotom- 
eter, which was calibrated daily to  an accuracy of i 5  an- '  a t  3060 cm-1 and f 15 cnl-1 a t  700 cm-I. No 
attempt was made t o  obtain q~lantitative intensity data,  and band positions, quoted to the nearest 5 cm-l, 
are listed in Table I. 

DISCUSSION 

Simple oxinle spectra exhibit a n  OH band a t  3115-3300 cn-I, a C=N band a t  about 
1640 cm-', and a n  N-0 band a t  930-990 cm-l (2-4). Similarly, various acetopheno~les 

lIsszied as D.R.C.L. Report No. 378. 
Prese7~ted i ? ~  part before the 5th \,Vester?~ Regional Co~zJerence of the  C I C ,  Regina,  1960. 

Canadian Journal of Chemistry. Volume 10 (1962) 
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TABLE I 
Group frequencies of some substituted 2-oximinoacetoplie~~o~~es and related compounds 

Freq~le~lcy range (cm-I) 

-N(CI-la) Zwitterion 
- 

Compound t).pe -01-1 Y I  v 2 Y I  v~ C = O  -c=N- -N-o- Other o 
> 

%Oximinoacetophe~~one 3290 s - - - - 1670 s 1650 i 985 s - 
z 

- - - - - - 
> 

p-(a1-Dimetl~yla~i~i~~oall<yl)-  2900- 2810- l(i75 vs 2 
acetophenones 38'20 w 2760 m 

- - - - - 5 
p- (a1-Chloroalkoxy)-2- 3350- 1675- 985- - 

3135 s 1660 vs 975 s L. oxirninoacetophe~~o~~e 0 
p-(a1-Uimet11ylaminoall;yl)- - - - 2525- 1925- lG30- - 1050- - C 

2-oxi~uinoacetophenone 2500 m 1825 1625 vs 1030 s 0 

- - - z 
p-(at-Dimethyla~i~i~~oallioxy)- - 2560- 1900- 1 G25- 1030- > 

2480 m 1845 1G20 vs 1010 s - 
r 

2-osiminoacetophenone 
- - - 2520- 1890- 1655 s 1050- - 0 

w-Dimethylaminoallai- 7 
3-oximino-2-ones 2500 ~n 1880 w 1040 m-s o 

p-(~~-Trimethylammoni~1ma11;~~1)-2- 3160- - - - - 1G70- 1640 i $195- Z 
osiminoacetophenone iodide 3125 s 1665 s 975 m 

p-(a1-'I'rimethylammoniumalltosy)-2- 3195- - - - - 1G70- 1045 i 985- 
E 
H 

UJ 

oximinoacetophenone iodide 3125 ms 1GGO m 970 m + + 
p-(3'-Di111ethylam1noniumpropyl)-2- 3115 vs - - - - 1G50 s - 1010 vs -N-H 

0 
j 

2685 vs oximinoacetophenone chloride 
p-(3'-Dimethyla~~1i~~oI~ropyl)-'l-osin~i~lo- 3 

acetophenone salt r 
Sodium salt of Iceto form - 2835 w 2780 m - - 1630 s - 1040 v\\r - 6 

- - - - 
0 

1655 \xr Sodium salt of enol form 2830 w 2770 m -N=O + 
1550 s w 

- - - - 
m 

p-Dimetl~~~lami11o-2-osi1~~i1~0acetople101e 3200 m 2905 \v 3860 m 1610 ~n 985 m IJ 

p-?'rimetl~ylammoni~~m-2-oximinoaceto- :31(i0 s - - - - 1G90 s 1645 m 975 s - 
phenone iodide 

NOTE: w = weak intensity, rn = medium intensity, s = strong intensity, vs = vc1.y strong intensity, i = inflection. 
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show a C=O band in the region 1660-1685 cm-I (5). These absorptions are exhibited by 
2-oximii~oacetophei~o~~e, whose spectrum has maxima a t  3290 cm-' (OH), 1670 cm-', 
(C=O), and 985 cm-' (N-0). Absorption by C=N apparently is maslted by that  of 
C=O, although it was noted that an inflection is present on the low-frequency side of 
the carbonyl band. This shows the positions where one would expect absorption for 
compounds containing the structure 111. On this basis, then, one would expect the spectra 

of the compounds of the two series I and I1 to  show absorption bands in the above 
positions, perhaps with minor shifts of position, plus the bands characteristic of the para 
substituent. 

The spectra of the ;6-(w'-cl~loroalltoxy)-2-oxi~~1ii1oacetopleoes (IIa:  n' = 3,  4, 5) 
exhibited 0-H absorption a t  3125-3350 cm-', N-0 absorption a t  975-985 cm-', and 
C=O absorption a t  1660 cm-I, while that of C=N appeared to be buried ~inder  the 
C=O pealt. These spectral features then indicate that  the structure I11 is present in 
these molecules. 

When the substituent R was the dimethylamino group (Ia, IIb), the spectra werevastly 
different. Diinethylainino compounds llorlnally exhibit a doublet a t  2825 and 2775 cm-' 
arising from the asymmetric and symmetric C-H stretching vibratiolls of the N-(CH3)z 
group (G), analogous to  those of the C-CH3 and 0-CH3 groups (7, 8). In the present 
work, this doublet was observed a t  slightly varying frequencies, 2900-2882 ccm-' for the 
higher and 2810-2760 cm-' for the lower band, with the parent compounds for the series 
Ia,  the ;6-(w'-dii~1ethylai~~i~~oa11cy1)-acetophees. For the oxiines tllemselves (Ia: n = I ,  
3 ,  4 ;  IIb: n' = 2, 3 ,  4, 5) ,  this doublet was missing and the 0-H pealt was greatly 
reduced in intensity. A difiuse absorption area in the region 3100-1700 cm-', with broad 
pealts a t  approximately 2500 and 1850 cm-I, had appeared. Such a phei~omenon had 
been noted in the spectra of aniino acids ancl is attributed to zwitterion formation (9, 10). 
Bellalny (1 1, Ch. 13) ascribes these pealts to N+-H groupings. Similar broad peaks have 
been noted (17, 18) in the spectra of isonicotinic, quinaldic, and cinchoninic acids aiid 
have been ascribed to very strong hydrogen bonding between carbonyl hydrogen and the 
ring hetero nitrogen atom. 

Because the cl i~~~etl~ylainino group is much more basic than the oximate ion, it is felt 
that the proton has been trailsferred to nitrogen and intact dimethylamino aiid oximiiio 
groups are iiot present in the molecule but are illvolved in the formation of a zwitterion 
such as IV. A very strongly hydrogen bondecl structure is, however, also coinpatible 
with the spectral data but is thought to  be much less liltely than the zwitterion. 

A closer inspection of the spectra indicated the zwitterioli to be more complex than 
this. The N-0 bancl, normally a t  950-990 cm-', has shifted to 1030-1050 cm-l, an effect 
opposite to that  expected for loss of the proton from the N-OH portion of the molecule. 
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At the same time, the carbonyl group frequency has shifted from the normal position of 
1670 cm-I in aromatic a-lietooximes to 1630 cm-l. These are incompatible 117ith a simple 
enolizing of the anion, where one woulcl expect the disappearance of the C=O band and 
the appearance of an N=O band a t  1570-1590 cm-I (12). The observed effects, holvever, 
do agree with a resonance hybrid where carbonyl loses and N-0 acquires double-bond 
character, as in V, although the C=O shift of about 40 cm-' is quite large. I t  has been 

reported recently (without experimental details) tha t  with a-oximino esters a very stable 
pseudoaroinatic ring system is formed involving the ester carbonyl and the oximino group 
(16), which results in a lowering of the carbonyl frequency. I t  is possible to  draw a 
tautomeric structure, VI, of the anion of IV in which a similar ring system is implicit. 

This would be highly unstable as it requires carbon to become the site of negative charge. 
Formation of the ring system, however, would greatly assist stabilizatio~l and might, in 
large measure, overconle the inherent instability of such an anion. While such a structure 
could explain the lowering of the carbonyl frequency of these oxiininoacetophenones, it 
is much less probable than the resonance hybrid V. 

That  the aroillatic ring is not involved in these end group interactions is s1101v11 b>- the 
spectra of the aliphatic compounds 5-di1net11y1ami11o-3-oximino-2-osopetae and 
6-dii11etl1ylami1~o-3-oxi1~1i11o-2-oxolexai1e. The spectra of these compounds eshibited a t  
2500 and 1890 cm-I the zwitterion doublet previously described. The l~ydrosyl and 
diinethylamino group absorptions were missing, and the carbonyl group frequency was 
a t  1655 cnl-', an abnormally low value for an aliphatic Icetone (11, pp. 134-136). The 
N-0 band was a t  1050 cm-I, a higher frequency than expected for an aliphatic osime (3). 

To  show that  the spectra observed for compounds of the series Ia  and IIb arise from 
zwitterion formation, the basicity of the amine function was destroyed by quaternization. 
The amino group now carries a formal positive charge, resembling closely the dimethyl- 
amn~onium group postulated for the zwitterion. The inductive effects of the positively 
charged nitrogen, therefore, are unchanged but protoil abstraction fro111 the osimino 
group no longer can occur and no zwitterion can lorm. The spectra of these ~nethiodide 
salts show a hydroxyl peak a t  3150 cm-', carboilyl absorption a t  1670 cm-', and the 
N-0 bond is a t  985 cm-', all co~~fornling to the structure I11 for the lietooxime portion 
of the molecule. The absorptions a t  2500 and 1850 cm-' have disappeared. These peaks 
then must be characteristic of the zwitterion rather than of charged nitrogen since this 
latter is still present. 

As a further test, ~-(3'-dimetl1ylai~~i1~opropyl)-2-oxi111inoacetoplei1oie was converted 
to  the sodium salt and to  the l~ydrocllloride salt. The spectra of these salts were quite 
different from that of the parent compound. The spectrunl of the sodium salt eshibited 
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no hydroxyl absorption, the dimethylamino doublet was present a t  2835 and 2780 ci1lr1, 
while the carbonyl band was present a t  1630 cm-', just resolved from the strong peal; a t  
1610 cm-I arising from aroinatic ring vibrations. This low-frequency positioil oi the 
carbonyl peali would indicate ail increase in the amount of single-bond character of this 
bond. The N-0 band, a t  1030 cm-I in the zwitterion, was greatly reduced in intensity. 
Two pealis of medium intensity, however, were observed a t  1155 and 883 cm-I ant1 could 
arise from K-0- bond vibrations but,  because of lack of spectral data  on other compounds 
containing such a bond, no assignments will be made. The spectrum of the hydrochloride 
salt featured a strong hydroxyl peak a t  3115 cm-I, a carbonyl peali a t  1650 cm-I, and 
N-0 absorption a t  1010 cin-I. The diinethylamino doublet was obscured bj7 the hydroxyl 
peali but a single iilteilse peali was noted a t  2685 cn-l, and is ascribed to the N+-H 
structure. 

These spectra then inclicate the structures VII and VIII for the sodium and hydro- 
chloride salts. 

In connection with the worl; on the sodium salt, an interestil~g phenomenon was noted. 
After recording the spectrum of the salt, the I<Br disk was heated, ii~aclvertently, to 
50" C. 011 re-esamination, this disk yielded a spectrum ~vhich \irould indicate that the 
material had undergone an isomerization. The dimetl~ylamino doublet was  ina affected, 
but the carbonyl peali was greatly recluced in intensity and a new band had appeared a t  
1550 cm-I. This spectral behavior is in accord with loss of a carbonyl group ancl formation 
of an N=O bond in the molccule and would suggest that the canonical form of V, I S a ,  

makes a large contribution to the structure of the anion. This would be fui-ther stabilized 
by shifts in position of the sl~eletal atoms so that  the nitroso oxygen is remote from the 
ello1 oxygen, as in IXb. This isomerization did not reverse on cooling. A repeat of this 
work in which the material was heated to  50" C before presssiilg into a pellet yielcled a 
spectrum identical with that obtained when the KBr disk was heated. That  this mas an 
isomerization and did not arise from replacement oi sodiunl ion by potassium ion from 
the pelleting inaterial was shown by the fact that the potassium salt of the oxime under- 
went a similar isoillerization when heated. On acidification, both carbonyl and nitroso 
fornls of the sodium salt regenerated the original oxime. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2028 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

I t  should be mentioned that tlie pealcs a t  1155 and 885 cm-I in the spectrum of the 
lceto form of the sodium salt became much less intense in that of the en01 form. This 
would support their assignment to the N-0- structure. 

To  test the conditions under which zwitterion formation occurs, an oxiiiie was synthe- 
sized i11 which tlie basicity of the amine function was lowered but not destroyed. The 
PIC,, of diiiietl~ylaiiiiiioi~lliai~es is 10.0 (13) but that of dimethylaniline is 5.1 (14). This 
latter value is much lower than the PIC, of the oxime function in 2-oxiininoacetophenones, 
8.25 (15), aiid it  would be expected that X would not undergo zwitterion formation. Its 

spectrum, then, in contrast to the spectra of the ~-(w'-diii~etliylai~iiiioa11~yl)-2-oxi1iiiiio- 
acetoplienones, would not be expected to exhibit the zwitterion peaks and, indeed, such 
peaks were not observed experimentally. This spectrum, however, is different froiii that 
of otlier 2-oxii~iinoacetopl~ei~oiies which are not in tlie zwitterion form, for the carbonyl 
aiid hydroxyl band intensities are very weak. In addition, the carbonyl band is a t  the 
abiioriiially low position of 1610 cm-'. The dimethylamino doublet a t  2905 and 2860 
cm-I (very poorly resolved) and the N-0 band a t  985 cni-I are in their normal positions. 
These features are indicative of an interaction between the hydroxyl and carbonyl groups 
and of 110 particular change in the N-0 portion of tlie molecule. 

I t  can be seen that in conipound X, the dimethylamino group is conjugated through 
the benzene ring witli the carbonyl group. The i~iesoineric interaction of these two groups 
will leacl to a partial negative cl~arge 011 tlie keto oxygen, as in XI, which will greatly 

facilitate Iiyclrogen bonding of the OH and C=O groups, lience leading to the much 
recluced intensities observed for these two absorptions. The very large shift in position of 
the carbonyl band from its noriilal position of 1680--1670 cm-I in oximinoacetopl~eiiones 
to 161.0 cm-I shows the conlbinecl effects of mesomerism with the diinetl~ylaiiiino group 
and the increasecl hyclrogen bonding with the hydroxyl group. The weale hydroxyl peal; 
is consistent witli an intramolecular rather than an internlolecular hydrogen bond, since 
the latter increases the OH band intensity (11, p. 99). 

The fact that the broad bands a t  2500 ailcl 1850 cm-I are not observed witli this 
coinpouncl can~lot  be taken as unequivocal proof that these bands in the spectra of other 
!I-(w'-dimethylaiiiiilo-allql and -allcoxy)-2-oximi~~oacetophenones arise because of zwit- 
terion fori~lation and are not the result of a very tight llydrogeil bond. One night  not 
expect evidence for hydrogen boncling to nitrogen in the spectruin of X, since tlie osimino 
hyclrogen is already involved in a very strong intramolecular hydrogen boild to  carboilyl 
oxygen. 

Upon quaternization of X, tliere can be 110 mesonleric iilteractio~l between the carbonyl 
and amino ilitrogeil functions because the free electroil pair of the latter has been lost 
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Tlie enhanced hydrogen bonding between the liydroxyl and carbonyl groups observed 
for X now sliould be suppressed ancl tlie spectrum of the resultiiig p-trimethylamrnoni~im- 
2-oxiii1iiioacetop11e~10~1e iodide should show normal hydroxyl ancl carbonyl absorption. 
In actual fact, the nlajor absorptioil bands, liydroxyl a t  3160 cin-I, carbonyl a t  1690 
cm-', and K-0 a t  9'75 cm-I, all lie within the ranges normal for simple 2-oximinoaceio- 
plienones. Tlie unusual featlire of this spectrulil is the presence of a s~ilall pealt on the 
low-frequency side of the ca rbo~~)- l  peak. This band a t  1640 cm-' probably arises from the 
C=N linkage. Because of the strong inductive effect of the t r i ~ ~ ~ e t l ~ y l a m i ~ ~ o i ~ i u r n  portion 
of tlie molecule, the polarization of the carboilyl group has shifted the carbonyl frequency 
high enough for the C=N band to  be resolved, rather than appearing as a shoulder. 

The incorporation ol a highly basic dimethylamino group into an a-lietooxime iilolecule 
results in the foriilatioll of a zwitterion incorporating a novel anion. Quaternizatioll results 
i n  loss of ability to  form the zwitterion and the placement of a formal positive charge 
upon the amino nitrogen. The spectra of these quaternized compounds are quite different 
from those of the dimethylamino compounds, which also are co~lsiclered to carry such a 
charge on the amino nitrogen. The basicity of the amino group was decreased so that  no 
zwittei-ion formed, but in such a way tliat a charge was induced upon the carbonyl 
oxygen by a mesomeric effect. This resulted in formation of a hydrogen-bonded structure 
of the Itetooxime which showed several of the spectral features associated with the 
zwitterion previously produced. Changes resulting in a suppression of the polarization of 
tlie carbonyl group resulted in the loss of these spectral features and the spectra resembled 
those of siliiple oximes. Sodium salts of these oximes were sliowll to undergo ail interesting 
isomei-iz a t '  ion. 
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NOTES 

THE PREPARATION AND INFRARED AND N.M.R. SPECTRA OF 
MONODEUTERATED PYRIDINE AND 3-PICOLINE 

R. A. ABRA~~OVITCH,  D. J .  I<ROEGER, AND B. STASI<UN 

In connectio~l with other studies it was of interest to get an  estimate of the relative 
ground-state n-electron densities a t  the 2- and 6-positions of 3-picoline and its complex 
with a simple metallic salt. Smith and Schneider (1) receiltly estimated the charge 
distribution in pyridiniu~n ion, assuming a simple proportionality between the proton 
resonance displacement and the electron charge deficiency on the carbon atoll1 to  which 
the proton is bonded. 3-Picoline-2d, 3-picoline-Gd, and their zinc chloride complexes have 
been prepared and their n.m.r. and infrared spectra compared. 

Bal;, Hansen, and Rastrup-Andersen (2) obtained pyridine-2d by the action of zinc 
dust and sulphuric acid-dz on 2-bromopyridine. I t  was prepared more conveniently here 
from 2-pyridyllithium and deuterium oxide. Preliminary experiments indicated that there 
was no loss of deuterium when the pyridine-2d was extracted with lnineral acid instead 
of being isolated as the mercuric chloride complex. This is in agreement with the recent 
finding by Icatritzky and Ridgewell (3) that  pyridine is very resistant to  proton exchange. 
In the same way, 3-picoline-2d, 3-picoline-Gd, and the corresponding tritiated cornpouilds 
were obtained (the latter by using tritiated water). 

The n.1n.r. spectra were run in acetonitrile solutions of the compounds, due to  the 
limited solubility of the zinc chloride coi~~plexes in carbon tetrachloride and to inter- 
ference by chloroform when it was used. The results are summarized in Table I. 'The ac- 
curacy is f 2 cycles/sec. 

TABLE I 

N.M.R. spectra (at  GO bIc/s) of de~i te ra ted  picolines and their zinc chloride 
complexes (solutions in acctonitrile; band positions in cycles/sec fro111 tetra- 

methylsilane a s  interilal s tandard;  no solvent corrections applied) 
- 

1-1 2 ,  I-I tj H 4 I-I 5 CH, 

111 the case of 3-picoline (unlilie that  of myosmine (4)) and its zinc chloride complex 
the signals for the 2- and 6-protons overlap and no resolution is possible a t  60 Nc/s.  
The  shift between these two protons is seen to be +2.5 cycles/sec fro111 the spectra of 
3-picoline-Gd and 3-picoline-2d respectively. From these values, the differences in n-elec- 
iron densities are esti~nated to  be very small. Complexing, as expected, gives rise to  
appreciable changes in cl~emical shift, particularly a t  the /3- and r-protons. The  corre- 
sponding shift to  lower field of the a-proton is appreciably smaller. This is probably d ~ ~ e  

Canadian Journal of Chemistry. Volume 40 (1962) 
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NOTES 2031 

to the change in the paramagnetic coiltribution of the nitrogen atom on complexing. 
Some "back-bonding" fro111 the zinc chloride might also accouilt for the smaller shift, 
though in this case one ~ i~ou ld  have expected it to affect the y-  more than the a-protons (3). 
No clear indication of the relative ground-state T-electron densities a t  Cz and C6 lnay be 
obtained from these measurements. 

The infrared spectruin of pyridiile (G), its zinc chloride con~plex (7 ) ,  and pyridine-2d (2) 
have been reported and analyzed. The spectra of (p>~ridine-2d)~-ZnCl~, 3-picoline, 
(3-picoline)z-ZnC12, 3-picoline-2d, (3-pi~oline-2d)~, 3-picoline-Gd, and (3-picoline-Gd)2- 
ZnClz were deternlined and exhibited no unexpected features. The main bands only 
are listed in Table I1 for the zinc chloride complexes. 

TABLE I1 
Infrared spectra of zinc chloride cornplcxes of some pyridine derivatives (as Nujol m~tlls) 

1-120 (sh) 
1302 
1231 
1137 

1044 1042 1100 
1015 1010 1060 l0GO 

925 (K) 
801 915 910 
810 (sh) 815 (w) 850 
802 796 819 

757 754 781 777 (w) 
718 (n) 717 (w) 

G8G 603 

A11 interesting difference ivas observed between the C-D stretching vibration fre- 
quencies of 3-picoline-2d and 3-picoline-Gd (liquid films). Thus, whereas 3-picoline-2d 
exhibited a band a t  2244&2 CIII-', the corresponding band for 3-picoline-Gd was a t  
2259f 2 cm-l. This difference reflects a slightly greater force constant for the CG-D 
bond and probably indicates that Cp is sliglltly less electro~legative than CG, in accord 
with simple predictions based on the generally accepted positive incluctive effect of the 
ineth\.l substituent. 

EXPERIMENTAL 

Deuterium analyses are by J. Netneth, Urbana, Illinois. 

Pyridine-2d 
2-Bromopyridine (82 g,  redistilled) in ether (10 1111) was added over a period of 10 minutes to a stirred 

solution of but) llithiu~n (from 8.5 g lithium and G8 g butyl bromide in 250 ml of dry ether) a t  ca. -GO0 and 
stirring mas continued for another 5 minutes. To the dark orange solution \\,as added deuterium oxide 
(20 g, 99.7%) dropwise during 5 minutes and the temperature maintained a t  about -55" while the mixture 
was stirred. 'The stirred suspension was then alloxved to  reach room temperature. \\rater (100 1x1) was added 
and then potassiun~ hydroxide pellets to illake the solution strongly alkaline, and the product was extracted 
repeatedly with ether. At this point the ether solution could be treated with a solution of mercuric chloride 
(200 g) in water (1 1.) to precipitate the niisture of complexes of pyridine-2d and 2-bromopyridine (con- 
taining some unreacted butyl bromide) according to the procedure of Bat; et al. (2). Alternatively, and more 
convenientl), the reaction product which had been treated with water was added to a cooled solution of 
dilute hydrochloric acid (700 ml) ,  evtracted with ether to  reinove unchanged butyl bromide, the acid layer 
tnade strongly al1;aline with potassium hydroxide and extracted repeatedly with ether. 'The dried (ICOH) 
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2032 C.I\N.ADI:\N JOURNAL OF CHEMISTRY. VOL. 40, 1962 

ether extract mas evaporated and tlie residue distillecl to  give crude pyrldine-2d, b.p. 100-130°, followed 
by 2-bromopyridine (25 g),  b.p. 192-194'. The  crude pyridine-2d fraction was dried and distilled fro111 
potassium hyclroxide pellets to  give pure p~ricline-2d (9.5 g) ,  b.p. 113-114". (Found: atoriiyoXL), 18.80. 
Calc. for CjH.,DS: 20.) S o  diminutio11 in deuterium content occurred when the compound \\as boiled with 
dilute hydrochlorir acid, or kept in hydrochloric acid solution a t  room temperature for 3 months. 

3- I'icoli?te-dd 
Prepared similarly from 2-br01110-3-n1eLhylpyricline (4.4 g) ,  it was obtained as a colorless liquid (1.1 g ) ,  

b.p. 1-11-142'. (Found: a t o n ~ % X D ,  11.67. Calc. for CsIIGDN: 1-1.2.) 

I t  was obtained in 61% yielcl from 2-bromo-5-methylpyridine. (Found: a t ~ r n ~ ~ ~ l l ,  11.65. Calc. for 
CG1-I~L)S : 14.2.) 

.Zinc Cklo~ide Co~iiple.les 
'I'hese were prepared by adding an  aqueous solution of tlie pyridinc to  zinc chloride in water. X precipitate 

formed which \\-as recr>stallized from 95yo ethanol repeatedly and then dried in a vacuum oven. The 
(3-picoline):! - zinc chloride compleses had 1n.p. 1-13-144'. 

=\CKSO\VI,EDGA~I ENTS 

The authors are very grateful to Dr. W. G. Schneicler for the first determinations of 
the n.1n.r. spectra and for some verjr helpful coinments. Thanks are due Dr. B. Gunn 
for the use ol a Beckmann IR-4 spectrophotometer, and the Kational Research Cou~lcil 
for financial assistance. 
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SYNTI-IESIS OF 19-NORTESTOLACTONE 

Modification of steroidal molecules resulting in dissociation of androgenic and myotl-opic 
activity is a problem of interest to steroicl chemists. Testolactone is the only known steroid 
reported (1) to have anabolic activity without a1117 androgenic side effect. I t  is well 
establisl~ecl (2) that,  everything else being equal, the rn~~otropic/anclroge~~ic ratio is 
increased in coillpouilds devoid of C19-methyl group. I t  was therefore of interest to 
sy~lthesize 19-nortestolactone. 

19-Nortestolactonel was first prepared froin a product of the biological transformation 
of androst-4-ene-3,17-dione (3). 

Estrolactone 3-acetate (I) was directly converted to its methyl ether (11) as described 
(4). A lithium aluminum hydride reduction of I1 yielded diol 111. 

lSittce coiflpletion of t h i ~  work, an alterr~ati-de r o ~ ~ t e  for the syntl~esis of 10-?~ortestolacto?~e l ~ a s  appeared ( J I .  
dkktar and D. H. R. Barton. /. A~rl.  Cl~enz. Soc. 54, 1496 (1962)). 

Canadian Journal of Chemistry. Volume -LO (1962) 
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by 2-bromopyridine (25 g),  b.p. 192-194'. The  crude pyridine-2d fraction was dried and distilled fro111 
potassium hyclroxide pellets to  give pure p~ricline-2d (9.5 g) ,  b.p. 113-114". (Found: atoriiyoXL), 18.80. 
Calc. for CjH.,DS: 20.) S o  diminutio11 in deuterium content occurred when the compound \\as boiled with 
dilute hydrochlorir acid, or kept in hydrochloric acid solution a t  room temperature for 3 months. 

3- I'icoli?te-dd 
Prepared similarly from 2-br01110-3-n1eLhylpyricline (4.4 g) ,  it was obtained as a colorless liquid (1.1 g ) ,  

b.p. 1-11-142'. (Found: a t o n ~ % X D ,  11.67. Calc. for CsIIGDN: 1-1.2.) 

I t  was obtained in 61% yielcl from 2-bromo-5-methylpyridine. (Found: a t ~ r n ~ ~ ~ l l ,  11.65. Calc. for 
CG1-I~L)S : 14.2.) 

.Zinc Cklo~ide Co~iiple.les 
'I'hese were prepared by adding an  aqueous solution of tlie pyridinc to  zinc chloride in water. X precipitate 
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Modification of steroidal molecules resulting in dissociation of androgenic and myotl-opic 
activity is a problem of interest to steroicl chemists. Testolactone is the only known steroid 
reported (1) to have anabolic activity without a1117 androgenic side effect. I t  is well 
establisl~ecl (2) that,  everything else being equal, the rn~~otropic/anclroge~~ic ratio is 
increased in coillpouilds devoid of C19-methyl group. I t  was therefore of interest to 
sy~lthesize 19-nortestolactone. 

19-Nortestolactonel was first prepared froin a product of the biological transformation 
of androst-4-ene-3,17-dione (3). 

Estrolactone 3-acetate (I) was directly converted to its methyl ether (11) as described 
(4). A lithium aluminum hydride reduction of I1 yielded diol 111. 

lSittce coiflpletion of t h i ~  work, an alterr~ati-de r o ~ ~ t e  for the syntl~esis of 10-?~ortestolacto?~e l ~ a s  appeared ( J I .  
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NOTES 2033 

Reduction with lithium and liquid arnmonia gave 1-(n-hydroxppropy1)-hethyl-2- 
hydroxy -7  -methoxy -1,2,3,4,4a,5,8,9,10,10a-decal1ydr0p11e11a11t11rene (IV) in an overall 
yield of froin estrolactone acetate. Diol IV on treatment with dilute l~ydrochloric 
acid, followed by chroillic acid oxidation, yielded 19-nortestolactone (V). 

Dehydration of diol I11 with $-toluenesulp1~o1~)il chloride and pyridine gave the 
oxide VI (5). 

I I 
I, R = -C-CHI, R' = 0 

IT,R=-CIH,,  R ' = O  
VI, R = -CI<,, R' = 1-12 

l-(n-~Iydro.vyprop~~I)-2-111et/~~~1-2-/z~~1~ro.vy-7-?r1et/1o.1'-l,2,5,~,~a,D,10,10a-octah~~dro/~/ze?~a?ztl1re11e 
Estrolactonc n~ethyl  cthcr (12 g) in dry tetrahydrofuran (2'20 ml) was aclclecl ovcr 25 minutes, to a 

suspc~~sion of l i th i~~rn aluminu~n hydricle (11.8 g) in dry tetrahydrofuran (500 mi). 'The mixture was stirred 
for YO minutes and n~orl;ecl up by adcling l~yclrochloric acicl (IS'?;, 320 ml). The organic layer separated, 
and thc aqueous layer was extracted with tetrahydrof~~ran. The organic liquor was washecl ~v i th  sa t~~ratccl  
sodium chloride, dried, and the solvent was ren~oved to yiclcl arl oily semisolicl (12.25 g). Elution from a 
column of florisil (440 g) with chlorofor~n gave a solid (6.5 g, 5-I(%), 1n.p 128-129'. Recrystallization fro111 
rhloroform-hcxar~e gave an anal\.tiral sample, n1.p. 130-132", 01, +1OSo. Calc. for Clgl-I?yOa (30-1.41): 
C, 74.96,; 1-1, !).27. Found: C,  75.04; 13, !).34. 

l-(~z-fi~drosy/~ropyl)-2-r1z~t1~yl-2-1zlro.v-7-i1et1o.vy-l,,,,a,,8,9,lO,lO1-lr1lro/11eza1t1r ( I  17) 
Diol 111 (4.1-4 g) was dissolved in clry tetrahyclrofuran (75 mi), ancl liquid ammonia (300 ml) was adcled 

to it. L i th i~~rn  wire (4.2 g) mas aclclcd in small picccs ant1 thc mixture was stirrecl for 25 n ~ i ~ ~ ~ ~ t c s .  I lry ethanol 
(50 ml) was added dropwise over 20 r~~inutes .  Am~nonia mas then rcn~ovecl ancl water carefully adclcd. The 
organic layer was separated and the aqueous layer mas extracted with ether. The organic extract was 
washed with water, dried, and the solvent removed to yield a solid (-1 g).  -A crystallization fro111 aqueous 
~ncthanol gave colorless plates (3.21 g, SO%), m.p. 147-149". A n  analytical sample ~nclted a t  1-18-149'. 
v,,,,, 1695, 1667 (~~nconjugated dihydroa~iisol sys ten~)  cm-' (6). Calc. for C ~ ~ H : ~ O O ~  (306.41): C, 74.47; 
I<, 0.87. 1;ouncI: C, 74.37; El, 9.47. 

19- Nortestola~to7te ( V )  
Diol 1V (2.5 g) mas dissolved iri nicthanol (130 nil) and dilute hydrochloric acid (75 ml), and rcfluxecl 

under nitrogen for 15 minutes Thc rnixt~lre mas neutralized with sodium carbonate, and the solvent re~noved 
under vacuum. The residue was talcen LIP in chloroform, the solution mas u-ashed, dried, and the solvei~t 
was removecl, leaving a colorless oil (2.7 g). X ,,,,, 239 inp (6 ,,,, 10,350). 

?ALL ~i7elti~rg points are zincorrected. Infrared spectra are recorded i n  chlorofor?17 z~si?zg a Perkilz-E111ier i l fodel21 
spectroplioto~neter, a?ld ,i~ltra-diolet spectra i?i 95% etl~a?lol. Ro ta t io??~  zuere deter?~ritzed i n  chlorofor~il solll t io?~ a t  
a co?lcentiatio?z of abozlt 1 a/, a t  roo117 terr~pevat~ire. W e  w i sh  to tlia?lk Dr .  G. Papi?leau-Coritiirc a?ld his  associates 
for. wzicroanalyses, r.otatio?ls, and  spectral data. 
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O.~-idatioz 
The above oil was dissolved in acetone (150 ml, distilled over potassium permanganate), the solution 

was cooled to 0°, 8 iV chromic acid (8 ml) was added, and the mixture was stirred for 10 minutes. Excess 
acid was destro)red with methanol, and the solvent was rernoved. The residue was talcen LIP in chloroform, 
and worlced LIP as usual to yield a colorless oil (2.4 g).  Two crystallizations from acetone-hexane aflorded 
crystals (0.82 g),  1n.p. 187-188". An analytical sanlple furnished by further crystallizations had 1n.p. 
198-199", LYD -13". v , , ~  1720 (lactone carbonyl), 1667 (3-Icetone), 1625 (a" double bond) c~n-l. A,,, 
238 Inp ( E  ,,,, 19,700). Calc. for C1&I?103 (288.37): C, 74.97; I-I, 8.39. Found: C, 74.67; H,  8.14. 

S-;\fitl~ory-lia-o.vc1-~-~~onaoestra-l,S,5(10)-t~iene ( V I )  
Diol 111 (2 g) and p-toluenesulphonyl chloride (1.6 g) were dissolved in  dry pyridine (26 ml), liept 

overnight a t  room temperature, and heated on a steam bath for 1 hour. A few milliliters of water was 
added and pyridine was removed. The residue was worlced up in the usual manner. rl crystallization fro111 
aqueous methanol afforded colorless plates (0.7 g),  m.p. 150-151". An analytical sample melted a t  150-151°, 
LYD +91°. Calc. for C19H2t0? (286.37): C, 79.68; H,  9.15. Found: C,  79.95; H,  8.86. 

1. G. S. G o n n ~ x .  A.M.A. 11rch. Internal Med. 100, 744 (1957). 
2. I-I. I-'. SCIIEDI, C. DKLLL~,  and F. C. B.~I<TTEI<. J. Clin. Endocrinol. and Metabolism, 19, 921 (1959). 
3. G. AI. RICH.\RDS. U.S. I'atent S o .  2,855,404 (October 7, 1958); Chem. Abstr. 53, 8215a (1959). . . 
4. I<. I-'. J:\consos. J. Riol. Chem. 171, 61 (194j). 
5. G. It. PETIT, U. R. GIIATAIC, B. GREEN, T .  I<. I<:\s.TuRI, and D. M. PIATAIL J.  Org. Chem. 26, 1685 

(1Sfil). \ - - - - , .  

6. G. STORIC. J. Am.  Chem. Soc. 73, 504 (1951). 
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ABSTRACT 

I t  has been found that  the thiocarbonate, or (alky1thio)carbonyl derivative, serves as a 
versatile blocking group for the synthesis of partial ester derivatives of carbohydrates. The  
(a l lc~~l th io)carbo~i~~l  group is readily substi t~ited in pyridine solution, is stable to ~iiild acid 
conditions, but is deconlposed by mild oxidation. Crystalline methyl 4,6-di-0-benzoyl-a-D- 
glucopyranoside has been synthcsized and its structure proved by an independent synthesis 
of its 2,3-di-0-phenylcarbamate derivative. Methyl 4,6-di-0-benzoyl-p-D-glucopyrai~oside was 
also synthesized and its structure proved by acetylation to the linown 2,s-di-0-acetyl deriva- 
tive. 

INTRODUCTION 

During a study of the liinetics of acetylation of methyl glucosides in our laboratories, 
certain unknown di- and tri-acetate derivatives of the methyl glucosides became of 
interest. Many of the possible mono-, di-, and tri-acetates of the methyl glucosides are 
not known, as is true also for the benzoate derivatives (I), and the general methods for 
their synthesis have been limited. Apart from the few acetates and benzoates which can 
be synthesized by the specific substitution reactions or those which depend on the con- 
trolled ~nigration of an ester group from one hydroxyl to another, the only derivatives 
linown are those which have utilized acid-sensitive bloclting groups such as 4,6-benzylidene 
(giving 2,3-diesters) or the triphenylmethyl ether (giving 2,3,4-triesters) for their pre- 
paration. 0 

I1 
The (al1tylthio)carbonyl2 group, R-S-C-, has been utilized as a protective radical 

for amino groups in peptide synthesis (2). The (benzy1thio)carbonyl derivative of methyl- 
LY-D-glucopyranoside was encountered (3) as an intermediate during the two-step removal 
of the xanthate group from methyl 2,3,4-tri-0-benzoyl-G-0-(be1~zylthio)thiocarbonyl-oc-~- 
glucopyranoside, and was shown to be readily deconlposed by mild oxidation, the parent 
alcohol being liberated. Because it was proved that  the benzoyl groups did not migrate 
during the reaction, the (benzy1thio)carbonyl group was suggested as a promising bloclcing 
group for the synthesis of partial esters of carbohydrates. This paper describes the 
synthesis and proofs of structure of methyl 4,G-di-0-benzoyl-a-D-glucopyranoside and its 
p-anomer, demonstrating this principle. 

'Present address: Cl~enzistry Department, University of Birnzingham, Edgbaston, Birnzingi~anz 1 5 ,  Engla?zd. 
2Tlze no7nenrlatl~re for thiocarbonates reconznzended by  L. Holiglz, J .  E .  Priddle, and R. S .  Theobald, Advances 

i n  Carbohydrntc Clzenz., 15, 91  (1960) ,  i s  ~ i s e d  i n  this  conzm~inication. 

Canadian Journal of Chemistry. Volume 40 (1962) 

2035 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2036 CANADIAN JOURNAL OF CHEMISTRY. VOL. 40. 1962 

I 
Methyl 4,6-di-0-benzoyl-p-D-glucopyranoside (VI) was synthesized in 21% overall 

yield, as seen from Fig. 1. Methyl 4,6-0-benzylidene-p-D-glucopyranoside (I)  was treated 

111 
OR' 

IV-VIII 

WHERE: 

9 0 
IV R = -H j R' = -cSCH~@ 

B 
Vll R = -?$I ; R' = - c C Y  

0 D 0 9 
V R =-?@; R' = - C S C H ~ @  VIII R = - ~ c H ~ ;  R' = - c s c H ~ @  

9 
V I  R = -C@; R' = -H @ = -C~HS 

in pyridine solutioil with a sinall excess of (benzy1thio)carbonyl chloride (11), giving a 
crystalline 2,3-di-0-(benzy1thio)carbonyl derivative (111). Rellloval of the benzylidene 
group by mild acid hydrolysis afforded methyl 2,3-di-0-(bei~zylthio)carbonyl-p-D-gluco- 
pyranoside (IV), which failed to crystallize. However, benzoylation gave a cr\.stalline 
4,G-di-0-benzoyl derivative (V) and acetylation, the crystalline diacetate (VIII). Oxidatioil 
of V with hydrogen peroxide in acetic acid - chloroforn~ solution gave methyl 4,G-di-O- 
benzoyl-P-D-glucopyranoside (VI), the structure of which was proved by acetj-lation of 
VI to ltnown (4) methyl 2,3-di-0-acetyl-4,G-di-0-benzoyl-~-~-glucopyraoside (VII). 

Crystalline methyl 4,G-di-0-benzoyl-a-D-glucopyranoside (IX), Fig. 2, was synthe- 

sized in 36% yield in the same illanller from inethyl 4,6-0-benzylidene-a-D-glucopyrano- 
side. I t  gave a crystalline 2,3-di-0-phenylcarbamate derivative (X). I ts  structure was 
proved by benzoylatioll of known ( 5 )  inethyl 2,3-di-0-phenylcarbamyl-a-D-glucop~i~o- 
side (XI),  giving a product identical with that prepared from the dibenzoate derivative 
(1x1. 
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WILLARD: THIOCARBONATES AS BLOCKIXG GROUPS 2037 

DISCUSSION 

During the first attempts to synthesize methyl 4,G-di-0-benzoyl-cr- and -0-D-gluco- 
pyranosides use was made of the known (6, 7) 2,3-di-0-benzyl ether derivatives (XII). 
Methyl 2,3-di-0-benzyl-or- and -0-D-glucopyranosides were benzoylated to the new 
crystalline 4,6-di-0-benzoyl derivatives (XIII) seen in Fig. 3. Repeated attempts to 

XIV 6 = -CH3 

FIG. 3. 

remove the benzyl ether groups by catalytic hydrogenolysis were not successful. This 
was surprising in view of the experience in this laboratory that methyl 4,6-di-0-methyl- 
0-D-glucopyranoside is readily obtained by catalytic reduction (Pcl) of its 2,3-di-0-benzyl 
ether derivative (XIV), a reaction described by Freudenberg and Planltenhorn (8). No 
reports have been found, in the literature, in which benzyl ether groups were removed 
by catalytic reduction from a carbohydrate also carrying ester groups. Since no other 
method is available for removal of benzyl ethers without loss of ester groups, the benzyl 
ether does not appear to be a useful bloclcillg group in the synthesis of partial esters 
of the methyl glucosides. 

The use of (al1cylthio)carbonyl derivatives call be colllbiiled with that of any acid- 
sensitive blocking groups, e.g., condensed aldehydes and Iretones, or triphenyln~ethyl 
ethers. The action of (benzy1thio)carbonyl chloride on 1,2-5,G-di-0-isopropylidene-D- 
glucofuranose (XV), Fig. 4, gave a crystalliile (benzy1thio)carbonyl derivative, 1,2-5,6- 

di-0-isopropylidei~e-3-0-(benzyltl~io)carbo11yl-~-glucofura~~ose (XVI). 
The properties of the thiocarbonate group which contribute to its value as a blocking 

agent are the following: (1) (benzy1thio)carbonyl chloride, prepared by the action of 
1 mole of phosgene on benzyl lnercaptan i11 aqueous alltali (3, 9), call be purified by 
distillation and is stable during storage; (2) thiocarbonates are introduced collveiliently 
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and in high yield in pyridine solution; (3) (benzyltl~io)carbonyl derivatives are generally 
crystalline; (4) they are stable under mild acid conditions; and (5) they can be re~lloved 
by oxidative cleavage or by alkaline hydrolysis. 

Although (al1cylthio)carbonyl derivatives other than the benzyl analogue are prepared 
with equal ease, use has bee11 confined chiefly to  the (benzylthio)carbo~~yl ester in this 
laboratory. 

I t  has been found tha t  treatment of methyl 4,G-0-benzylidene-a-D-glucopyranoside 
with 1 nlole of (benzylt11io)carbonyl chloride gave a good yield of a crystalline mono- 
substituted (benzylt11io)carbonyl derivative. This derivative increases even further the 
utility of the thiocarbonate as  a precursor to partially esterified methyl glucosides. 
Investigations of this product will be reported in a later communication. 

EXPERIMENTAL3 

Methyl 2,3-Di-0-6e~asyl-~,6-di-0-6e~a~oyl-a- and -8-D-glzicopyianoside ( X I I I )  
Methyl 4,6-O-benzylide11e-~-~-glucopyranoside (I) was prepared according to the procedure of Freuden- 

berg (10). I t  had 1n.p. 197-199'. This derivative was benzylated directly by the Zemplen procedure ( l l ) ,  
the 2,3-di-0-benzyl derivative having n1.p. 115-117". The  benzylidene group was removed by mild acid 
hydrolysis according to Bell and Lorber (12), furnishing methyl 2,3-di-0-benzyl-0-D-glucopyranoside 
( S I I ) ,  m.p. 122-123". 

To 2.0 g XI1 in 10 1111 anhydrous pyridine was added 2.5 ml benzoyl chloride, with cooling in ice bath. 
After standing overnight a t  rooln temperature, the product was isolated by pouring the solution into ice 
water, extracting the water with chloroform, and extracting the chlorofor~n layer successively with excess 
1 N hydrochloric acid, sodiu~n bicarbonate solution, and finally with water. The chloroforn~ layer was 
dried 0.5 hour over magnesium sulphate, filtered, and the chlorofor~n evaporated in  vaczio. -4s crystallized 
from ethanol, the product had m.p. 115-118". After recrystallization it had 111.p. 120-121" and [ffIDz3 -7.5" 
(c = 1, CHCI3). ilnal. Calc. for C3jH340a: C, 72.2; N, 5.84. Found: C,  70.8; H ,  6.04. 

The a-anomer was synthesized in the same manner and had 111.p. 95-97' and [ff]D2' +20.5" (c = 1, CHCI3). 
The  product crystallized as  long needles from methanol. Anal. Calc. for C3jN3408: C, 72.4; H, 5.84. Found: 
C,  72.4; H,  6.04. 

Repeated attempts to remove the benzyl ether groups from XI11 by catalytic reduction using palladium, 
palladium on carbon, and platinum catalysts in various solvents resulted only in the recovery of starting 
materials. 

1 , B - 5 , 6 - D i i s o p r o ~ y l i d e n e - S - O - ( 6 e n z y l ~ a o s e  (X VI) 
T o  2.0 g XV, 111.p. 108-logo, in 5 ml anhydrous pyridine 1.2 ml I1 was added slowly with cooling in an  

ice bath. After standing several hours a t  room temperature, the product was worked LIP as  usual. I t  crystal- 
lized from ligroin (unreacted diacetone glucose crystallizing out first from that  solvent) after long standing 
in the refrigerator. The product had 111.p. 66-67" and [ff]DZ2 -23.8" (c = 3, CI-IC13). -Anal. Calc. for C20H2607S: 
C, 58.5; H, 6.34; S ,  7.81. Found: C,  57.5; H ,  6.46; S ,  7.39. 

(Be~zz~ltl~io)car6o~zyl Chloride ( I I )  
Compound I1 was prepared as described previously (3, 91, and had the following additional properties: 

Z D ? ? ' ~  1.5748 and specific gravity 1.235. 

J~etl~yl2,3-Di-O-(benzylthio)carbollyl-4,6-0-b~nzy~idene-a-~-g~ucopyranoside (X VII) 
To 6.0 g methyl 4,6-0-benzylidene-a-D-glucopyranoside in anhydrous pyridine was added 7.1 cc of I1 

during 0.5 hour, with cooling in ice bath. I t  is essential tha t  the pyridine be dry  since I1 reacts preferentially 
with water in the presence of pyridine. The  reaction can also be carried out entirely a t  room temperature 
with equivalent yields. The  use of a larger excess of 11 resulted in increased ~ ie lds .  

The mixture was then allowed to come to room t e ~ n p e r a t ~ ~ r e  during an additional 0.5 hour, after which 
i t  was poured into ice water. The  product was extracted successively with dilute hydrochloric acid, twice 
with 0.5 N sodium hydroxide, and with water. The  chlorofor~n layer was dried over magnesium sulphate. 
Evaporation of the chloroform gave a sirup which crystallized as long needles from absolute ethanol, giving 
10.0 g product with m.p. 130-133". Two recrystallizations from ethanol gave 8 .2g (66yo) having m.p. 
133-134". The  product showed [ a ] ~ ' ~  +31.7" (c = 2, CHCl,). I ts  melting point was not changed after 
recrystallization from methanol. Anal. Calc. for C ~ O H ~ O O ~ S ? :  C, 61.8; H,  5.1G; S ,  11.0. Found: C, 60.1; 
H ,  5.44; S, 10.7. 

3All ~izelting points are z~ncorrected. Solvents were renaoved i ? ~  vacua at  50". 
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WILLARD: THIOCARBONXTI.:S .AS BLOCKING GROUPS 2039 

l l l e t h y l 2 , 3 - D i - O - ( b e ? t z y l t l t i o ) c n ~ b o n y l - a - ~ - g l e  ( X  V I I I )  
To 0.5 g of S V I I  in 20.0 cc of pure, dry acetone was adcled 6.0 cc of 0.20 N hydrochloric acid. The 

solution was refluxcd and the optical rotation observed a t  0.5-hour intervals. Although the material \\-as 
not entirely soluble a t  room temperature initially, after 0.5 hour of refll~xing i t  showed [ol]~ +51°. X plot 
of the data log (at,,.,l-ol) against time fits a hnal [ a ] ~  of 87". The  solution mas neutralized \\lit11 barium 
carbonate after 3.5 hours' refluxing, the [a]D being then f85.6". The solution was filtered, evaporated to  
dryness, the sirup was talten up in anhydrous ether and filtered to remove additional insoluble salts. The  
product could not be obtained in crystalline form. I t  showed [a]n?? f85.7" (c = 2, CHCI;). 

illcll~yl 2,S-Di-O-(benzyltltio)carbonyl-~,6-di-O-bensoyl-a-~-glz~copyra~toside (A'IX) 
To 3.0 g of XVIII  in 10 cc anhydrous pyridine was added 2.8 cc benzoyl chloride, with cooling in ice 

bath. The solution stood for 20 hours a t  roo111 temperature. The reaction mixture was poured into ice 
water and isolated in the ~ ~ s u a l  way. Evaporation of the chloroform solvent gave a sirup which failed to  
crystallize. I t  showed [a]~ '?  $34.5" (c = 2, CI-ICI,). 

ililethyl 4,6-Di-0-benzoyl-ol-D-glzccopyi.enoside ( I X )  
The product X I X  from the previous experiment was dissolved in 15 cc glacial acetic acid. One gram of 

potassium acetate and 5.7 cc of 30y0 hydrogen peroxide solution were added. The  reaction m i x t ~ ~ r e  stood 
a t  roo111 teniperature for 4 days, after which i t  was poured into water containing sufficient sodium bicarbonate 
to  neutralize the acetic acid. The product was extracted into chloroform and the chloroform layer dried 
over magnesium sulphate. Evaporation of the chloroform gave a sirup which readily crystallized as fine 
needles from ether on the addition of petroleum ether. I t  showed 1n.p. 131-132". Recrystallization from 
ethyl acetate - petroleum ether gave 1.35 g (55%) showing m.p. 133-133.5" and [a]$? +145.i0 (c = 2, 
CI-IC1,). Anal. Calc. for C?,H??Os: C,  62.8; HI  5.47. Found: C, 63.8; H, 5.44. 

Alethyl d,S-Di-O-phenylcarban1yl-4,6-di-O-bcr~zoyl-a-~-glz~copyra?zoside ( X )  
To <. g of I X  dissolved in 10 cc anhydrous pyridine was added 1 cc of phenylisocyanate, and the mixture 

was warmed for 1 hour on the steam bath. After cooling, the reaction mixture was poured into ice water 
and isolatecl by the usual procedure. The product crystallized as  needles from ethanol-water and had 
m.p. 154-155'. Recrystallization froin ether - petroleum ether gave 0.71 g (DOYO) with m.p. 134-156". 
The product showed [a]n2? $56.5" (c = 2, CHCI;). Anal. Calc. for C3jH3?OloN?: C, 65.7; H, 5.00; N, 4.38. 
Found: C, 66.6; H,  5.38; N, 4.10. 

X front hfetl~yl 2,S-Di-0-plzenylcarbantyl-a-D-gl7dcopyranoside 
Methyl 2,3-di-0-phenylcarba1i1yl-4~6-O-benz)-~-glucopyraioside \vas prepared as  described by  

Hearon, Hiatt, and Fordyce and had m.p. 216-217". Reported (5) 216-217'. The benzylidene group was 
removed from 0.35 g by refluxing 5 hours in 30 cc acetone containing 6.0 cc 0.30 iV hydrochloric acid. T h e  
product was recovered by the usual procedure, furnishing a sirup which was benzoylated directly, giving 
0.13 g, crystallizing hrst from etliailol-water then from ether - petroleum ether. The product had 111.p. 
155-156' and [ol]D2? f56.7'. A mixed melting point with X from the previous experiment \\-as not depressed. 

illetltyl 2,S-Di-O-(benzyllltio)carbonyl-4,6-0-bert~ylidene-~-~-~lzrcopyrn.~toside (111) 
This compound was prepared in 717, yield in the same manner as its alpha anomer, S V I I ,  from methyl 

4,6-0-benzylidene-~-~-gI11copyranoside. The  product was crystallized from a large quantity of ethanol and 
had m.p. 159-160" and [ff]~" -54.75' (c = 2, CHCl?). I t  was recrystallized from acetone - ether - petroleunl 
ether and sl~o~vecl the saine melting point. Anal. Calc. for C30HJoO~Sz: C,  61.8; 1-1, 5.16; S,  11.0. Found: 
C,  61.8; H, 5.22; S, 10.87. 

illetlzyl2,S-Di-0-(be~~sylthio)carbo~tyl-~-~-glz~copyi.anoside ( I  V )  
One-half gram of 111 was treated with hydrochloric acid in acetone exactly as  described for the alpha 

anomer while the reaction was observed polarimetrically. Five h o ~ ~ r s  of reflux was required before the  
optical rotation was constant, its [ a ] ~  then being $1.53". The product, isolated as  before, was obtained 
as a sirup \\-it11 [a]# $1.55" (c = 3, CHCls). 

Methyl 2,S-Di-O-(l~cnz~~ltl1io)carbonyl-~,6-di-0-be?zzoy~-~-~-glzlcopyra?toside ( V )  
The product IV obtaincd from 4.0 g of 111 was benzoylatecl as  described before for the alpha anomer. 

Evaporation of the chloroform gave a solid residue, which was tri t~~ratecl with a small amount of 95% 
ethanol and crpstalli~ed froin 150 cc absolute ethanol, yielding 3.3 g (697;) of V, m.p. 115-116". After 
recrystallization from methanol the product had m.p. 119-120' and [ a ] ~ ? ?  - 10.7" (c = 2, CI-IC13). Anal. 
Calc. for C37H3401~Sz: C, 63.3; H,  4.84; S, 9.13. Found: C, 63.1; H, 4.88; S, 9.33. 

Methyl ~,6-Di -O-be?~zoy l -P-~-~ lu~opyra? tos ide  ( V I )  
T o  1.8g of V dissolved in 20 cc glacial acetic acid containing 5 cc chloroform was added 4.3 cc 30% 

hydrogen peroxide and 0.6 g potassiuin acetate. After standing for 4 days a t  rooin temperature, the product 
was isolated as with the alpha anomer 1);. The  addition of water to an  ethanol solution of the product 
gave 0.3 g of an  unidentified product having 111.p. 85' after recrystallization from ether - petroleu~ll ether. 
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After the addition of more water to the filtrate and long stallding, more crystalline material (needles) was 
obtained, giving 0.49 g (48%) with n1.p. 135-137". Recrystallization of the latter from ether -petroleum 
ether raised the melting point to 137-138". The product had [CY]DZ2 +20.7" (c = 2, CHCl3). Anal. Calc. for 
C ~ I H Z ~ O ~ :  C, 62.8; H ,  5.47. Found: C, 63.3; H,  5.50. 

lMethyl 2,5-Di-0-acetyl-4,6-di-0-benzoyl-p-~-~lz~copyranoside ( V I I )  
To 0.30 g of VI in 5 cc anhydrous ~yr id ine  was added 1 cc of acetic anhydride. The solution was warmed 

2 hours on the steam bath and cooled. On pouring the solution into ice water, a white solid was obtained 
which was recovered by filtration and washed with water. After crystallization twice from anhydrous 
ether there mas obtained as prisms 0.26 g (72%) of VII, m.p. 165.5-166" and [CY]DZ2 -12.2" (c = 2, CHClp). 
Reported (4) for VII: 1n.p. 164-165° and [CY]D2' -5.8" (c = 2, CHC13). 

Methyl 2 , 5 - D i - O - ( b e n z y l t h i o ) c a r b o ~ z y 1 - 4 , 6 - d ~ e  ( V I I I )  
The benzylidene group was removed from 0.80 g of 111 as described before. The product mas dissolved 

in 5 cc anhydrous ~ ~ r i d i n e  and 2 cc acetic anhydride. After standing 24 hours a t  room temperature and 
warming 1 hour on the steam bath, the ~ r o d u c t  mas isolated in the usual manner. I t  crystallized as needles 
on standing in the presence of ~ e t r o l e u ~ n  ether and was recrystallized twice from ether - petroleum ether, 
giving 0.60 g (7570) having m.p. 96-97 and [a]~22 -3.0 (c = 2, CHCla). Anal. Calc. for C ~ ~ H ~ O O I O S ~ :  C, 
56.0; H, 5.18; S, 11.1. Found: C, 55.6; H, 4.94; S, 11.3. 

This investigation was carried out during the tenure of a Postdoctoral Fellowship 
supported by the National Science Foundation. 
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I. THE ALKYLATION OF 1-SUBSTITUTED Np-ALKYL-3,4-DIHYDRO- 
9-CARBOLINE ANHYDRO BASES 

R. N. GUPTA AND IAN D. SPENSER 
Department of Chentistry, ilfcil.laster U?ziversity, Hawtilton, Ontario 

Received June 13, 1962 

ABSTRACT 
Methylation of the anhydro base derived from I-methyl-3,4-dihydro-/3-carboline methiodide 

is accompanied by ring opening and yields 3-[2-acetylindolyll-/3-ethyltrimethylammonium 
iodide, and not a 2,2-dialByl-1-methylene-1,2,3,4-tetrahydro-/3-carbolinium salt, as reported. 

Present knowledge of the reactions of the 3,4-dihydro-P-carboline (11) ring system is 
due almost entirely to the classical worlt of the schools of Fischer (1-5) and of Perkin 
and Robinson (6-11) on the structure of the alltaloid harmaline (111). The most recent 
relevant reference quoted in a current review (12) dates baclt more than 30 years. 

VI VI I  VII I  

Harnlaline (111) and a large number of other 1-substituted 3,4-dihydro-0-carbolines 
have been synthesized, almost invariably by Bischler-Napieralslti ring closure of N-acyl- 
tryptamines (I) (13, 14). Three other methods of synthesis, based on cyclization of 

Canadian Journal of Chemistry. Volume 40 (1962) 
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2-acyltryptamines (lo),  and on coiltrolled oxidation (7, 15) or dehydration (13) of suitably 
substituted 1,2,3,4-tetrahydro-P-carbolines, have so far found only limited application. 

Alkylation studies in the 3,4-dihydro-p-carboline series have been carried out with 
harmaline (111) (1, 3, 5, 7, 9, 16). Quaternization of the base yielded the quaternary 
methiodide (VI), which on treatment with alkali gave an anhydro base, formulated as 
(VII) (9) because of its facile oxidation to the 1-oxoderivative (IV). 

The structure of the anhydro base (VII) corresponds to that postulated for analogous 
3,4-dil~ydroisoquinolines (cf. ref. 17) but differs markedly from that of the anhydro bases 
derived fro111 2-alltyl-P-carbolinium salts (18, and earlier references cited therein). 

Reports on the course of further alltylation of 2-n~ethylharmaline anhydro base (VII) 
are conflicting. On the one hand i t  was found by Fischer (5) that alkylation of harmaline 
(111) with nlethyl iodide in alcoholic solution yielded, in addition to  the methiodide (VI), 
small ainounts of another allcylation product of unlcnown structure, referred to as 
'din~ethylharmaline iodide', which on treatment with aqueous potassiunl hydroxide gave 
trimethylainine. On the other hand I<onowalowa and Orechoff (16) claimed to have 
obtained alltali-stable salts of structure V by further alltylation of 2-alkyll~armaline 
anhydro bases (e.g., VII). 

We have reinvestigated the alltylation of 3,4-dihydro-p-carboline derivatives. Com- 
pouilds used in this study were 1-methyl- (15), 1-ethyl- (14), and 1,9-dimethyl-3,4- 
dihydro-P-carboline. The latter was prepared by our new method (15) from l-hydroxy- 
metl~yl-9-i~1ethyl-l,2,3,4-tetrahydro-~-carboline. The 3,4-dihydro-P-carbolines were 
purified by high-vacuum distillation, when, contrary to  a recent report (19), no decom- 
position was observed. 

The ultraviolet spectra of 1-methyl-, 1-ethyl- and 1,9-dimethyl-3,4-dil~~-dro-~-carboline 
(11) showed the expected bathochromic shift (20) acconlpanying the transformation 

+ 
C=N + C=NH. In alcol~olic solution, or in the presence of base, the compounds 
absorbed a t  315 mp. In acid solution a strong band a t  350 mp, due to the dihydro-P- 
carbolinium ion, was observed (cf. ref. 15, Fig. I).  In the infrared region the compounds 
showed bands of medium intensity a t  1600-1620 cm-I due to C=N stretching vibrations 
(21). Absorption due to NH was absent in the Nujol spectra. Similarly only weal; NH 
absorption had been observed in the spectrunl of harmaline (22). 

Treatment of the bases with a1l;yl iodide in benzene solution gave the corresponding 
alkiodides (IX) in good yield. The infrared absorptioil curves of these 2-alky1-3,4-dihg~dro- 

P-carbolinium salts showed strong bands due to ~ = f i  a t  1615-1650 cm-I (20, X). Their 
ultraviolet curves in water and in acid were identical, and similar to  those of the parent 
bases in acid solution except for the expected bathochromic shift of 5-10 m p  due to 
N-alkylation (cf. ref. 18). 

In alltaline solution, curves sinlilar to those of the parent bases and that of 2-forinyl- 
indole were obtained (cf. ref. 18, Fig. 4). Formation of anhydro bases of the accepted 
enamine (X) or of a ltetoamine (XI) structure could account for this type of spectrum. 
Since the 9-methyl derivative also gave this absorption, an anhydro base structure 
(XII),  of the type obtained in the P-carboline series, formation of which requires 
deprotonation a t  the illdole nitrogen, is excluded. 

The anhydro bases (X) were obtained as oily or amorphous yellow solids when an 
aqueous solution of the corresponding quaternary salt (IX) was treated with sodiunl 
hydroxide solution. The anhydro base derived fro111 the methiodide of 1-methyl-3,4- 
dihydro-P-carboline was purified by distillation and obtained as a light yellow solid 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.
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XI I XI11 XIV 

cI33 

S V I  

which darlcened on lreeping. Analysis showed the absence of oxygen and tends to eliminate 
a ketoainine structure (XI).  The anhq-dro base from 1,9-dimetf~~~l-3,-l-dihq~dro-~-carboli1~e 
~nethioclide osidized on distillation. The small amount of clistillate showed an ultraviolet 
spectrunl with a band a t  310 nip, unaffected by change of pH, and an infrared spectrum 
identical with that of authentic 2,9-di1~~etl~~~l-1-oxo-1,2,3,4-tetral~ydro-~-carboline (XIV, 
R' = CH3) (23). An analogous co~llpound, 2-i1lethyl-1-oxo-1,2,3,4-tetra1~yclro-~-carboline 
(XIV, R' = H), was obtained (33) by oxidatioil of the anhydro base derived froin 
1-metI~~-l-3,4-di~dro-~-carboline mcthiodide. 

The infrared spectra of the anhl.dro bases showed bands a t  1635-1653 cm-l which 
were not of high enough intensity to be attributable to carbonyl absorption; these bands 
are presumably due to C=C stretching vibrations. Infrared evidence thus also eliminates 
a ketoamine structure (XI). In accorcl with the lrnown behavior of anhydro bases, all of 
which revert in ionizing solveilts to the quaternary ion from which they are derived 
(cf. ref. 18 and earlier references cited therein), the ultraviolet absorptioil of the conlpounds 
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was that of the 3,4-dihydro-P-carbolinium ion, not only in acid solution, but also in ethanol. 
In non-ionizing solvents, such as ether and chloroform, and in alcoholic sodium hydroxide 
solution, absorption curves of the free anhydro bases, identical with those given by the 
parent salt in alkaline solution, were obtained. 

Further alkylation of the anhydro bases is not as facile a reaction as reported by 
Konowalowa and Orechoff (lG), who claimed to have obtained an allnost theoretical 
yield of 2,2-dialkylated salts of structure V, when a 2-alkylharmaline anhydro base 
(VII) was refluxed with allcyl halide in alcoholic solutio~~. We have found that allcylatio~l 
does not talce place readily under these conditions. The crystalline products which were 
obtained proved to be pure 3,4-dihydro-p-carbolinium allciodides (IX) to which the 
anhydro bases had reverted. The hydriodic acid required for this reversal was presumably 
generated by solvolysis of the allcylating agent. 

Alkylation of the enanlirle carbon atom, found in anhydro bases derived from fully 
aromatic systems in which N-alkylation would result in loss of ring resonance (e.g., 
ref. 24), and also known to compete with N-alkylation in some aliphatic enamine systems 
(e.g., ref. 25), was not observed. The ultraviolet spectra of the mother liquors from these 
alkylation experinlents did show additional absorption a t  310 mp in acid solution. The 
con~pounds giving rise to this absorption were obtained as the major reaction products 
when allcylation was carried out under basic conditions. 

Methylation of the anhydro bases in aqueous alcoholic potassiuln carbonate suspension 
gave a new quaternary salt in each case. These new compounds showed intense carbonyl 
absorption a t  1645 cm-l, and their ~Itraviolet spectra were unaffected by change of pH 
and were similar to that of 2-formylindole. Thus the anhydro base X (R = CH3, R' = H) 
gave a compound ClsHplIN20 (XIII, R = CH3, R' = H) and the anhydro base X 
(R = n-C3H7, R' = H) a colnpouild C17H2SIN20 (XIII, R = n-C3H7, R' = H). On 
Hof~nall~l degradation these yielded, respectively, trilnethylamine and dimethyl-n- 
propylamine, characterized as picrates. Alkylation had thus taken place a t  Np, and the 
methylation products  nus st be formulated as 3-[2-acetylindolyll-p-et11yltriallr)-lamoniu~n 
iodides (XIII). 

The neutral fragments from the Hofmann degradation of the two compounds were 
identical. They consisted of a mixture of the displacement product, 2-acet~rl-3-[/3-alkoxy- 
ethyl]-indole (XV, R' = H), whose constitution, with respect to the ether group R", 
depended OII the alcohol used as a solvent in the experiment, and of the elimination 
product, 2-acetyl-3-vinylindole (XVI, R' = H),  which proved difficult to isolate. The 
ethers showed ultraviolet absorption curves, unaffected by change of pH, similar to that 
of 2-formylindole, and in the infrared had strong carbonyl absorptio~l a t  l G G O  cm-' and 
ether absorption a t  1000-1200 cm-l. Methylatioll of the anhydro base derived fro111 
1,9-dimethyl-3,4-dihydro-p-carboline methiodide (X, R = R' = CH3) yielded 3-[2-acetyl- 
1-methylindolyl]-p-ethyltrimethylanlmoniu~n iodide, C16H231N20 (XIII, R = R' = CH3), 
which on Hofmann degradation gave trimethylamine and 2-acetyl-1-methyl-3-vinyl- 
indole (XVI, R' = CH3). The infrared spectrum of this compoulld showed bands due to 
carbonyl (1650 cm-l) and due to vinyl (912, 992 cm-l) absorption, and in the ultraviolet 
region an intensification of absorptio~l a t  325 ~ n p  was observed, consistent with the 
constitution of the compound. 

No evidence for structures corresponding to V, of the type postulated by Iionowalowa 
and Orechoff (IG), was obtained. This structure was put forward on the basis of the 
supposed identity of two quaternary iodides obtained respectively by methylation of 
2-ethylharmaline anhydro base and ethylation of 2-rnethylharmaline anhydro base. The 
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reported criteria of identity, mixed melting points and incomplete analysis (iodine only), 
were obviously inadequate. The fact that these products were obtained under conditions 
which have now been shown to lead to reconversion of the anhydro bases to their parent 
salts indicates that the compounds obtained by Konowalowa and Orechoff were in fact 
har~naline methiodide (VI) and ethiodide, and not dialkylated salts. 

Fischer's 'dimethylharmaline iodide' (5)' on the other hand, was presun~ably the 
quaternary salt (VIII),  3-[2-acetyl-6-1nethoxyindoly~]-~-ethyltrimethyla1~11no1~iu1n iodide. 

EXPERIMENTAL 
1-Alkyl-3,d-dikydro-8-carbolines 

1-Metlryl-3,4-dihydro-8-carboline ( H a ~ m a l a n )  
Harmalan was obtained by dehydration of 1-hydroxymethyl-1,2,3,4-tetrahydro-8-caboe (15). 

1-Ethyl-3,4-dihydro-8-carboline 
This base was prepared by dehydration of No-propionyltrypta~~~ine, as described by Spath and Lederer 

(14). 

1,9-Dimethyl-3,4-dihydro-8-carboline 
The  starting material for this preparation was ind-N-methyltryptamine, which was prepared by the 

gramine route from N-methylindole (26). The  latter was obtained by lithium aluminum hydride reduction 
of N-methylindoxyl (27). 

1-Hydr0xymetl~~l-9-methyl-l,2,S,4-tetrahydro-~-carboline.-A solution of ind-N-methyltryptami~le (3.4 g) 
and glycolaldehyde (1.27 g) in 200 ml water containing 20 m l 2  N hydrochloric acid was refluxed for 2 hours. 
The solution was decolorized, extracted with ether to remove non-basic i~npurities, and made allcaline with 
sodium hydroxicle. A dark brown solid was obtained, which was dissolved in ethanol, decolorized, and 
crystallized from aqueous ethanol. I t  sublimed a t  2.10F mm and 140-160" to give I-hydroxy?nethyl-9- 
methyl-1,2,3,4-tetrahydro-p-carboline (3 g, 70%) as  a colorless crystalline solid melting a t  144'. (Found: C, 
73.4; H,  7.7; N, 13.1. Cl3H,BN?O requires: C,  72.2; H,  7.5; N, 13.0Yo.) 
1,9-Dimethyl-3,4-dihydro-&carboline.-The above tetrahydro-B-carboline (2.5 g) was wetted with water, 

85% phosphoric acid (30 ml) was added, and the mixture was kept on the steam bath until the absorption 
band a t  280 mp, characteristic of the indole chromophore of the starting ~naterial ,  had disappeared (4 
hours). The dark brown solution was diluted with water, decolorized, and made alkaline with 20970 sodium 
hydroxide, and the product was extracted into ether. The extract was dried, ether was removed, and the  
solid residue was dissolved in methanol. T h e  solution was decolorized and evaporated and the residue was 
sublimed a t  2.10-3 mm and 90" to yield 1,9-dimethyl-3,4-dihydro-~-carboli11e (1.2 g, 580/0), melting a t  80-84', 
as  a colorless solid. (Found: C,  78.8; H ,  7.4; N, 14.2. Calc. for CI3Hl4X2: C, 78.8; H ,  7.1; N, l&.lU/C.) (Re- 
ported melting point (14): 91-92".) Infrared absorption (Nujol) (cm-'): 1610 (111) (C=N). Ultraviolet 
absorption (A,.,,, 111p (log E)): in 0.1 N HCI: 352 (4.2), 250 (4.0); in 0.1 iV NaOH: 318 (4.0). 

1-Alk~ll-3,4-dihydro-marboline A l k z o d ~ d e s  a n d  A n l z y d ~ o  Bases  Derived froin These Sal ts  

I-illethyl-3,d-dilzydro-marboline Methiodide  ( H a r m a l a n  i l le th iodide)  
Harmalan (0.5 g) was suspended in nitrobenzene (5 ml), and benzene (100 1111) was added when a clear 

solution was obtained Methyl iodide (2 ml) was added and the mixture was ltept a t  37' for 48 hours. A 
yellow precipitate was obtained which was crystallized from methanol after treatment with charcoal, 
yielding light yellow needles of the methiodide  (0.8 g,  goy0) melting a t  288-290'. (Found: C,  47.8; W, 4.7; 
N, 8.7. C ~ ~ H I ~ I I \ T ~  requires: C, 47.8; H ,  4.6; N, 8.674.) Infrared absorption (Nujol) (cm-I): 3130 (111) (NH); 

+ 
1618 (s) (C=N). Ultraviolet absorption (A,,,, mp (log E)): in 0.1 NHCI :  355 (4.3), 250 (4.1); in 0.1 N NaOH: 
315 (4.2). 

A n h y d r o  base derived f r o m  l-?nethyl-3,4-di fzydro-~arbol ine nzetlziodide (i.e., 2-methyl-1-rtzethylene-1,2,3,4- 
tetrahydro-8-carboline).-AII aqueous solution of harmalan nlethiodide (0.5 g) was treated with 20% sodium 
hydroxide, when a yellow turbidity appeared. The  solution was extracted with ether, the ether extract 
was dried and concentrated, and the residue distilled a t  2.10-3 mln and 110-120" to give the anhydro  base, 
melting a t  115' after sintering a t  105', as  a colorless solid which turned yellow 011 standing. (Found: C, 
78.6; H,  7.2; N, 14.0. C I ~ H I ~ X ?  requires: C, 78.8; H ,  7.1; N,  14.1Y0.) Infrared absorption (Sujol) (cm-I): 
3410 (m) (NH); 1625 (m) (C=C). 

1 -hIethyl-3,4-dil~ydro-8-carbolilze n -  Propiodide  
Harmalan (0.5 g) was dissolved in a mixture of nitrobenzene (10 ml) and benzene (100 1111). 1-Iodopropane 

(3 ml) was added and the solution kept a t  37' for 72 hours. An orange precipitate was obtained which 
crystallized from methanol after treatmentwith charcoal to yield 1-methyl-3,Q-dihydro-Mrboline n-propiodide  
(0.73 g, 70%) melting a t  269-270'. (Found: C,  50.7; H, 5.5; N, 7.9. CljHlsIN? requires: C,  50.8; H ,  5.4;  
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+ 
N, 7.95h.) Infrared absorption (Nujol) (cm-I): 3130 (m) (NH) ;  1615 (s) (C=X). Ultraviolet absorption 
(A,,,, mp (log E ) )  : in 0.1 iV HCI: 360 (4.4), 250 (4.1) ; in 0.1 iV NaOH : 320 (4.2). 

At~1~ydi.o base derived fronz 1-n~etllyl-3,/t-dilzydro-p-cnrboline 1,-propiodide (i.e., 1-1izetl~ylene-2-?t-propyl- 
1 ,2 ,S , / t - te t iah3fdro-0-carbol i?i .e) . -Treat  of a n  aqueous solution of harmalan propiodide with 20v0 sodium 
hydroxide gave a brown solid, melting a t  104-106°, which darkened on drying in air. Sublimation under 
reduced pressure gave a glassy solid, which was not analyzed. Infrared absorption (Nujol) (cm-I): 3410 (m) 
(NH) ;  1630 (m) (C=C). 

1-Ethyl-Y,C-dilzydro-p-carbolk dhthiodide 
l-Eth~~I-3,4-dihydro-p-carboli11e (0.5 g), clissolved in a mixture of benzene (100 1111) and nitrobenzene 

(10 ~ n l ) ,  was incubated a t  40" with ~ne thy l  iodicle (2 mi). After 48 hours the yellon1 crystalline product was 
separated, washed with benzene and with ether, and recrystallized from ethanol, to yield the it~ethiodide 
(0.64 g, 737;) as  yellow needles, melting a t  221-222'. (Found: C, 49.1; H, 5.2. C , ,MI~IS?  requires: C, 49.4; 

+ 
H, 5.0YC.) Infrared absorption (Sujol) (cm-I) 3100 (m) (XH);  1615 (s) (C=N). Ultraviolet absorption 
(A,,,, mp (log 6)): in 0.1 N I-ICI: 255 (4.2); in 0.1 N NaOII: 315 (4.2). 

1 ,D-Di1i~etl~yl-3,~-d~iI~ydro-p-carboline illetkiodide 
1,9-Dimethyl-3,Mihydro-0-carbolin (0.5 g) was treated with methyl iodide (2 ml) in 100 ml benzene 

and allowed to stand for 24 hours a t  39'. A yellow solid \\,as obtained, which was cr~~stallizecl from water 
after treatment with charcoal, yielding the nzetlliodide (0.8 g, goy0) in yellow needles melting a t  216-21S". 
(Found: C, 49.6; 11, 5.4; S ,  7.9. C I ~ H I ~ I N ?  requires: C, 49.4; 11, 5.0; N, 8.2y0.) Infrared absorption (Nujol) 

.L 

(cm-I): 1661 (m) (c=I\J). Ultraviolet absorption (A,,,,,, mp (log 6)): in 0.1 N IICl: 355 (4.2), 250 (4.0); 
in 0.1 N NaOH: 310 (4.0). 

A?zhydro base drrioed froill 1,9-di?11eth3~1-3,4-dil~ydro-~-rarboline nzethiodide (i.e., 2,D-diinetl~yl-1-~~zethylene- 
1,2,Y,4-tetrahydro-~-carboli~~e).-'The above methiodide (0.4 $) was dissolved in hot water and treated with 
20% soc~ium~h~clroxide,  when the anhydro base separated as  a colorless solid which discolored rapidly on 
standing. 
H sample of the product was distilled a t  mm. The  major portion decomposed but  a small amount of 

distillate Xvas obtained which showed ~~l t raviole t  and infrared absorption spectra identical with those of an  
authentic sample of l-oxo-2,9-dimethyl-1,2,3,4-tetrahydro--carboIi1e (23). 

Exhazistiae ~liethylatio?~ of Y,4-Dihydro-0-carboline Anhydro Bnses 
filrther dIethylatio11 of 2-d.lctlzyl-l-nzethyle?ze-1,2,3,~-tetic~liydro-~-cal.boli?ze 
Attenzpted ~irietl~ylation in nletl~a?zol solz~tio?z.-Harnlalan methiodide (0.20 g) was clissol\~ed in hot water, 

20% sodiu~u hyclroside added, the solution was cooled and extracted with ether, ancl the dried ether estract  
concentrated. The residue was dissolved in methanol (10 mi), methyl iodide (2 ml) was added, and the 
mixture was refluxed G hours. Concentration of the reaction mixture ancl recrystallization of the residue from 
methanol gave harnialan methiodide (0.11 g, 55%), melting a t  286'. (Found: C, 48.0; H,  -4.7; N, 8.8. Calc. 
for C13HlsIS~:  C ,  47.8; H ,  4.6; X,  8.6(?6.) 

3 - [ 2 - . - l c e t j ~ l l 1 ~ d o l ~ ~ l ] - ~ t l ~ ~ ~ l t , i 1 i 1 i i z o n i z ~ 1 i ~  iod,ide.-I-Iarmala~l methiodicle (1.0 g) was dissol\-ed in 
hot water, 2OC,?A sodium hydroxide added, the solution cooled and extracted \\lit11 ether. 'l'he ether extract 
was dried, solvent evaporated, and the residue dissolved in 50 ml moist methanol. I'otassi~um carbonate 
(0.4 g) and methyl iodide (5 ml) were added. 'The mixture was kept for 24 hours a t  40". The  solvent was 
evaporated and the residue washed with cold water and crystallized from 50% aqueous methanol after 
treatment with charcoal. Pale yellow plates (0.88 g, 70%) of the gzlatei?zary salt, melting a t  27S0, were 
obtained. (Fou~ld:  C, 48.0; M, 5.4; X, 7.4. C I ~ H ~ I I S ? O  requires: C, 18.~1;H,5.7;N,7.5%.) Infrareclabsorption 
(Xujol) (cm-I): 3280 (nl) (NI I ) ;  1660 (vs) (C=O). Ultraviolet absorption (A,,,,,, nlp (log E)):  in 0.1 iV MC1 
and 0.1 iV S a O H :  315 (4.1), 242 (4.1). 

Hofiilanlz degradation of 3-[2-acetylindolyl]-~tl~~~lti.i11letl~ylc~~1~11io~~~izir1~ iodide with n2etl~cl?1olic potassizl?ll 
1~ydroride.-The above cluaternary salt (0.70 g) was treated with 2y0 ~methanolic potassium hydroside 
(40 ml). The  solution was kept a t  50°, a current of nitrogen was passecl for 4 hours, and the issuing gas 
passed through an alcoholic solution of picric acid. Concentration of the picric acid solutiorl gave a picrate 
(0.45 g) melting a t  216" (clecornp.) after recrystallization from methanol, ~vhicli \vas identilied a s  tr in~ethyl- 
amine picratc by comparison with an  authentic sample and by analysis. (Found: C, 37.7; I-I, 4.1; N, 19.2. 
Calc. for CsHl~N.,O7: C,  37.5; I-I, 4.2; N, 19.i1$A.) 

The reaction ~n i s tu re  was evaporated, \\later nfas added to  the residue, the solution was extracted with 
ether, and the ether extract dried and evaporated. The residue was dissolved in benzene a ~ l d  applied to an  
alumina column. The column was eluted with benzene and the colorless eluate collected and evaporated, 
when 2-acetyl-S-[~-~1zetl10.~~~et11yl]-indoe (0.10 g) was obtainecl as a colorless residue melting a t  140'. (Found: 
OCH3, 14.1; C, 71.7; I-I, 7.3; N, 6.2. C I ~ I I I : I X O ~  requires: OCHJ, 14.3; C,  71.9; 13, 7.0; N, G.5(%.) Infrared 
absorption (Sujol)  (cm-I): 3250 ( ~ n )  (NH) ;  1660 (vs) (C=O); 1028 (m), 1065 (m), 1090 (s) (OCI13). 
Ultraviolet absorptioll (A,,,, mp (log 6)): in 0.1 N IICl and in 0.1 N NaOIH: 315 (4.1). 

I-lof~ilin~z?l degradation of 3-[2-acetylindolyl]-~tl~yltri111etllyla~~~~1zo~~i1~~~1. iodide Mitk etlianolic potassizlvr 
1~yd~oxide.-'l'he quaternary salt mas degraded as  before with ethanolic potassium hydroxide. The basic 
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GUPTA AND SPENSER: DIHYDRO-8-CARBOLIKES. I 2047 

fragment mas isolated a s  trimethylamine picrate and the neutral fragment mas 2-acetyl-S-[o-ctho.tyetlzyl]- 
i?tdole, isolated as  a colorless solid, melting a t  118'. (Found: OC?H;, 18.4; C,  72.4; H, 7.9; N, 6.1. ClrM17NOz 
requires: 0C2H5,  19.5; C, 72.7; El, 7.4; N, 6.1%.) Infrared absorption (Nujol) (cm-I): 3230 (m) (NM); 
1664 (vs) (C=O); 1032 (m), 1065 (m) ,  1090 (vs) (OCzI-16). Ultraviolet absorption (A,:,,, inp (log e)): in 
0.1 N EICl and in 0.1 IV NaOH: 315 (4.1). 

Furtlzer ll~etltylation of l-iMethylene-2-~z-propyl-l,2,S,4-tet,a~~dro-~-carboline 
S-[2-A cet~~li~zdolyl]-~-etlzyldi~itetl~yl-?z-propy~o?iz~i~o?zitrnz iodide.-Marmalan propiodide (1.0 g) was dissolved 

in hot water, treated with sodium hydroxide, the anhydro base extracted into ether and quaternizecl with 
methyl iodide as described earlier. The qt~ater7zar.y scclt was isolated as  pale yellow plates (0.87 g, 70Yn) 
melting a t  197'. (Found: C, 51.1; H, 6.5; N, 6.6; I ,  31.9. C I ~ H ? J N ? O  requires: C,  51.0; H ,  6.3; N, 7.0; I ,  
31.8y0.) Infrared absorption (Nujol) (cm-I): 3390 (nl, broad) (NH);  1640 (vs) (C=O). Ultraviolet absorption 
(A,,,, mp (log 6)): in 0.1 iV NCL and in 0.1 N NaOH: 315 (4.1). 

Hnfiilccnn degi.adatio?t of 3-[~-cccetyl~i~zdolyl]-~tltyldi~tzetl~~~l-n-~i.opylan~~~1oni1~~~~ iodide.-Treatment of the 
above q ~ ~ a t e r n a r y  salt with methanolic ant1 ethanolic potass~um hydroxide in the 11sual manner, and 
purification of the degradation products as before gave 2-acetyl-3-[o-inethoxyethyll-indole and 2-acetyl-3- 
[@:ethoxyethyl]-indole respectively, identical with those obtained by degradation of the corresponding 
tr~methylammonium salt. The corresponding compounds had identical melting points and gave overlapping 
infrared spectra. 

Isolutio?~ of dirilethyl-?1.-propyla?i1~i7ze picrote.-'4s before, the volatile degradation proclucts \\.ere swept 
into an alcoholic solution of picric acid by means of a stream of nitrogen. After concentration of the solution 
dimethyl-?z-proplrlamine picrate was obtained as lemon yellow plates inelting a t  LOS-109°, after recrystal- 
lizatioil fro111 ethyl acetate. (170~1nd: C, 42.0; M, 5.3; N ,  17.3. Calc. for Cll1-I16N407: C,  41.8; 1-1, 5.1; N ,  
17.7'7h.) There was no depression in the melting point on adiiiixture of an  authentic sample of din~ethyl-tz- 
propylamine picrate. 

Fl~rtlaer ~VIethylation of 2,0-Dinzethyl-l-i1zetlzyle~zc-l,2,3,~-tetrahydio-~-ccerboli~~.e 
S - [ 2 - ~ 1 c e t y l - l - ~ i z c t l z y l i ~ z d o l y l ] - ~ - e t I ~ ~ ~ l t , i l z ~ i ~  iodide.-Anhydro base, obtained fro111 0.5 g 

1,9-diti1ethyl-3,4-dihydro-o-carboline methiodide, was dissolved in 25 ml methanol. Methyl iodide (2 1111) 
and potassium carbonate (0.4 g) were added antl the reaction mixture was kept a t  40' for 24 hours. T h e  
monohydrate of the q~latenznry sczlt (0.35 g ,  627;), melting a t  215-21G0, crystallized fro111 aqueous methanol. 
(Found: C, 48.0; H ,  6.4; X, 7.2; 1, 32.1. CI~IH?~IX. '?O,H?O req~~i re s :  C,  47.5; M, 6.2; N ,  6.9; I ,  31.4%.) 
Infrared absorption ( S ~ ~ j o l )  (cm-I): 1640 (vs) (C=O). Ultraviolet absorption (A,",,, mp (log E ) ) :  in 0.1 iV 
FICI and in 0.1 N TaOEI: 315 (4.1). 

E-lofiiac~?an degrcedatin?~ of the cpialei?aary salt.-?'he above quaternary salt (0.2 g) was treated with 5% 
methanolic potassium hydroxide (30 1111) in the usual manner. The basic fragment was isolated and identified 
as  trimethylamine picrate. 

The reaction mixture was evaporated, water \\,as added to the residue, the solution was extracted with 
ether, and the extract dried and evaporated. The residue \ \as dissolved in methanol, the solution decolorized 
with charcoal and again evaporatetl. The residue was sublimed a t  3.1OP3 mm and '70°, \\.lien pale yellow 
crystals (0.02 g) of 2-acetyl-l-r11elhyl-S-e~i~ayli~zdole melting a t  54' were obtained. (Found: C, 78.7; H, 6.9; 
N, 6.8. C13N13N0 req~~i re s :  C, '78.4; I-I, 6.6; N, T.OOi;.) Infrared absorption (Tujol) (cm-I): 1650 (vs) (C=O); 
1605 (s) (C=C); 912 (m) ,  992 (m) (vinyl). 

F i ~ l a l l c i a l  a s s i s t a ~ l c e  by the  N a t i o n a l  R e s e a r c h  Coul lc i l  of C a ~ l a c l a  and b>- t h e  O n t a r i o  

Research Founda t io11  i s  g r a t e f u l l y  ac l~nowlec lged .  

REFERESCES 

1. 0. F l s c ~ l ~ n  and E. T;iunE1<. Ber. 18, 400 (1855). 
2. 0. I;ISCHBR. Ber. 22, 637 (1889). 
3. 0 .  FISCI-IBR. Ber. 30. 2481 (1897). 
4. 0. FISCHBR and \\i. BOBSLEI;. ~ k r .  45, 1930 (1912). 
5. 0. FISCHEI~. Ber. 47, 99 (1914). 
6. W. H. PERICIN and R. ROBINSOX. J. Chem. Soc. 101, 1775 (1912). 
7. \V. H. P E I ~ I ~ I N  antl I<. R o n ~ r s o ~ .  J.  Chem. Soc. 115, 933 (1910). 
8. \\i. 0 .  I<BRSIACI<. 11.. 11. PERICIN. and R. R o u ~ x s o s .  I .  Chem. Soc. 121. 1872 (1922). 
9. 1-1. ~\;ISHIIL%\VA, \4;. H. PERKIN, and R. ROBINSOX. ~ . " ~ h e r n .  Soc. 125, 65'7 (19h) .  ' 

10. R. I-I. I;. ~\/IANsI<E, \\I. El. PBRI<IH, and R. Ron~xsox .  J. Chenl. Soc. 1 (1927). 
11. 13. S. B. BARRET, 14'. El. PERI~IN,  and li. lion1Nsox. J. Chem. Soc. 2942 (1029). 
12. W. 0. I<EI<~IACI~  and J. E. MCI<AIL. 1 7 1  Heterocyclic compounds. Vol. 7. Edited by R. C. Elderfield. 

John \Viley, New Yorl;. 1961. p. 237. 
13. E. SPATH and E. LEDEREI~ .  Ber. 63, 120 (1030); cf. I\'. M. WH-UEY and T .  R. GOVIND:ICHAI<I. Org. 

Reactions, 6, 142 (1051). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2048 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1962 

14. E. SPXTH and E. LEDERER. Ber. 63. 2102 (1930). ~~~ -. - - ~ - -  - - .  - 

15. I. D. SPENSER. c a n - J .   hem. 37, i851(lGG).  ' 
16. R. I < o ~ o w i l ~ o r n a  and A. ORECIIOFF. Arch. Pharm. 272, 748 (1934). 
17. W. J.  GENSLER, E. M .  HEALY, I. ONSHUUS, and A. L. BLUHM. J.  Am. Chem. Soc. 78, 1713 (1956). 
18. I. D. SPENSER. 1. Chem. Soc. 3659 (1956). 
19. R. TSCHESCHE an"d H. JEHSSEN.  hem. Ber. 93, 271 (1960). 
20. B. ~VITKOP. Experientia, 10, 420 (1954). 
21. B. \VITICOP and J.  B. PATRICK. J1 Am. Chem. Soc. 75, 4474 (1953). 
22. L. MARION, D. RAMSAY, and R. h. JONES. J. Am. Chem. Soc. 73, 305 (1951). 
23. R. N. GUPTA and I. D. SPENSER. Can. J.  Chem. This issue. 
24. J. W. ARMIT and R. ROBINSON. J. Chem. Soc. 121, 827 (1922). \V. H. MILLS and R. RAPER. J. 

Chem. Soc. 127.24GG (1925). R. ROBINSON and 1. E. SAXTOX. 1. Chem. Soc. 976 (1952). 
25. G. STORK, R. TERRELL, &ld J . ' ~ z u u s z ~ o v ~ c z .  J .  A&. Chem. Soc. 76,2029 (1954). E.'ELK;N. BLIII. 

Soc. Chim. France, 972 (1960). 
26. H. R. SXYDER and E. L. ELIEL. J. Am. Chem. Soc. 70, 1703 (1948). 
27. P. L. JULIAN and H. C. PRINTY. J. Am. Chem. Soc. 71, 3206 (1949). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



11. T H E  EXHAUSTIVE METHYLATION O F  3,4-DIHYDRO-@-CARBOLINE 

R. N. GUPTA AND IAN D. SPENSER 
Department of Chemistry, i1fcMaster Uniuersity, Hanailton, Ontario 

Received June 13, 1962 

ABSTRACT 

The n~ethiodide of 3,4-dihydro-0-carboline yields a dimeric anhydro base which, on heating, 
disproportionates to a 0-carboline and a tetrahydro-p-carboline derivative, and on nlethylation 
is co11verted to  3-[3-forrnylindolyl]-~-ethyltrin1ethylan1111oni~n iodide. 

Although a large number of 1-substituted 3,4-dihydro-@-carbolines have beell 
synthesized (1, 2), the parent base itself (11, R=H) has not been well characterized. 
3,4-Dihydro-P-carboline was first obtained (3) by degradation of evodiainine. I t  was 
isolated as  a tarry mass, which yielded a picrate, and was identified by oxidation to P- 
carboline (4). Atteinptecl synthesis by conventioiial Bischler-Napieralslti ring closure 
of NB-forii~~7ltryptarnine (I,  R = H)  gave an uiicharacterized product in 2y0 yield (2). 
The base was later obtained by this inethod in 36y0 yield as an amorphous powder of 
indeterminate melting point, yielding a picrate and a perchlorate (5). 

Crude 3,4-dihydro-p-carboline (11, R = H)  has now been obtained in SOY0 yield froill 
NB-forniyltryptarnine (I,  R = H),  using polyphosphoric acid as the dehydrating agent. 
The conipound resisted purification because of its sensitivity towards aqueous acid and 
its tendency to polymerization. Analysis of the free base was unsatisfactory. The ineth- 
iodide, however, showed the expected composition. 9-Methyl-3,4-dihydro-P-carboline 
(11, R = CHJ,  obtained from N8-for~nyl-1-inethyltryptamine (I,  R = CH3), behaved 
similarly. The ultraviolet absorption curves of both compounds (Fig. 1) were similar to those 
of 1-alkyl-3,4-dihydro-P-carbolines (6), and the infrared spectra were also consistent with 
the assigned structure. 

WAVELENGTH (my) 

FIG. 1. 3,4-Dihydro-8-carboline (norharnialan). Curve A, in 0.1 N HCl in aqueous ethanol; curve B, 
in 0.1 N NaOH in aqueous ethanol. 

FIG. 2. 3,4-Dih~dro-p-carboline methiodide. Curve C,  in 0.1 N NaOl-I in aqueous ethanol; curve D, 
in 0.1 N HCI in aqueous ethanol. 

FIG. 3. Curve E: 2-methyl-l-oxo-1,2,3,4-tetrahydro-~-carboli1e in 0.1 N HC1 in aqueous ethanol. 
Curve F :  2-formylindole in ethanol (20). 

Canadian Journal of Chemistry. Volume 10 (1962) 

2049 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2050 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

The difficulties eilcouiltered in the purification of the bases are in line with experience 
with analogous compou~lds of the dihydroisoquinoline series (7). A trimer, corresponding 
in structure to N,N1,N"-tripl~enylethyla~~~inomalonaide (8), a substance obtained as a 
by-product in the cyclodehydratio~l of N-fori~~ylphenylethylamine, was not detected in 
the intractable by-products of the present preparations. 

Treatment of the compounds with methyl iodide gave the correspo~ldiilg n~ethiodides 
(111) in good yield. The infrared curves of these 2-111ethyl-3,4-dil1ydro-~-carboli11iu111 

+ 
salts showed strong C=N absorptioil a t  lG4O cn1-I (cf. ref. 9). Their ultraviolet absorption 
in alcohol and in 0.1 114 acid was identical (Fig. 2, curve D), and similar to that of the 
parent bases in acid solution (Fig. I ,  curve A). 111 allialine solution absorption characteristic 
of indole mas obtained (Fig. 2, curve C). This spectral change is consistent with the 
forn~ation of pseudobases of structure IV, i t . ,  of l-l~yclroxy-2-rnetl1yl-l,2,:3,4-tetral~~~d1-0- 
p-carbolines, analogous in constitution to the pseudobases of the 3,4-dihg droisoquinoline 
series, such as hydrastinine (V, R = H) and cotar~line (V, R = OCHB). This type of 
spectruin eli~lli~lates an alclel~yde-amine i o r i ~ ~ u l a t i o ~ ~  (VI), which .vvould be evpected to show 
absorptioil siinilar to that of 2-form3 l i~~dole  (Fig. 3, curve F). An m111ydro base structure 
(VII) of the P-carboline type, fol-mation of which would require deprotonation a t  the indole 
nitrogen, is also exclucled, since the 9-inethyl derivative also gave CHI indole spectrum in 
allialine solutio~l. 

The compounds containing the i~lclole cl~romopl~ore \\-ere isolated when the parent 
salts were treated with aqueous alliali. 

The 'pseudobase' derived from 3,4-dihydro-p-carboline metl~iodide mas a colorless 
solid, melting a t  185'. In 11011-aqueous solvents and in allcaline solution the compound 
gave an ultraviolet spectruill similar to that of indole. In aqueous acid the 3,4-dihg-clro-P- 
carboliniu~n spectrum of the parent salt was observed. Such behavior is characteristic 
of pseudobases and anhydro bases in general. The infrared spectrunl of the co~llpound 
did not show carbo~lyl absorption, confirilling the absence of the aldehyde-amine structure 
VI, nor bands attributable to OH and NH. This lack of OH and K H  absorptio~l is not 
conclusive evidence against the carbinolamine structure IV (R = H). The absence of 
NH absorption in Nujol spectra of other 3,4-di11ydro-P-carbolines has beell noted (G), 
and a lacl; of OH absorptioil has been observed in other pseudobasic cal-binolamines, such 
as hyclrastinine (10) and cotasnine ( l l ) ,  while onl17 very \veal< OH bands were observed 
in the infrared spectru~ll of vomalidine (12). Elementary analysis, although low in carbon, 
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indicated that carbon, hydrogen, and nitrogen fully accounted for the composition of the 
compound, which cannot therefore be represented either as the pseudobase (IV, R = H),  
or as an 'ether base' (cf. ref. 13). 

Molecular weight determination showed the compound to be dimeric. The weight of 
evidence favors formulation of the product as a dimeric anhydro base (VIII). X sinlilar 
dinleric structure has been proposed for a derivative obtained by de11j-dration of 1- 
hydroxy-1,2,3,4-tetrnhydrocarbazole (14). 

A chemical property of the compound, which is accounted ior by this dimeric structure, 
is an unt~sual pyrolytic clisproportionatiol~ reaction. On high-vacuum distillation the com- 
pound decomposes into 2-metl1yl-1,2,3,4-tetral1ydro-~-carbolie (IX) and 2-methyl-P- 
carboline anhl-dro base (X),  whose identities were co~lfirmecl by comparison xvith authentic 

N-CI I 3  

1 1  N-CFIZ - 

li 011 CI-I 1-1 l l  I 

IV, R = M VIIl  X 

samples (see refs. 15 and 16 respectively). l-Phe11yl-3,4-dihydroisoquinoline is l ~ n o ~ v n  to 
~~nclergo a similar pyrolytic clisproportionatio~~ (17). Recently (18) such a disproportiona- 
tion has been ascribed also to l-methyl-3,4-dihydro-0-carboline to account for the 
c11romatog1-aphic detection of I-111ethyl-p-carboline, l-metl1yl-3,-l-dil1~~dro-~-carboline, 
ancl I-methyl-1,2,:3,4-tetrahydro-0-carboline amongst the clistillation prodi~cts of 1-methyl- 
3,4-dil~ydro-~-carboli1~e-3-carboxylic acid. 1-ivletliy-1-3,4-dillyclro-0-carboline has no\v been 
found (6) to distill w i t h o ~ ~ t  decomposition, however, and another explanation for the 
appearance of these deconlposition products of the carbolinecarboxylic acid is therefore 
required. 
9-i\'Iethyl-3,4-clihydro-/3-carboline methioclide (111, R = CH3), 011 treatment with 

alkali, gave the corresponding pseudobase (IV, R = CH3) as a low-melting solid which 
decolnposed on attempted distillation. The small anlount, of distillate collsistecl of an 
oxidation product, 2,9-di1~~ethyl-l-oso-l,2,3,4-tetral1ydro-~-carboli~~e (XI, R = CI-I3), 
identical in infrared and ultraviolet absorption with an authentic specimen obtained by 
oxidation of 2,9-dimethyl-3,4-dihydro-P-carboline pseudobase (IV, R = CH,) with 
alltaline ferricyanide. The same compound was also obtained as a ininor product when the 
pseudobase was refluxed in alltaline solution, conditions which left the major portion of 
the starting material unchanged. Neither the di~neric anhydro base (VIII) nor the 
pseudobase (IV, R = CH3) underwent base-catalyzed disproportionntioll to the 1,2,3,4- 
tetrahydro and the 1-0x0-1,2,3,4-tetral~ydro derivatives,' analogous to the well-known 
conversion of hydrastinine to hydrohydrastinine and oxohydrastil~ine (19). This may be 
related to the fact that  2-formylindole does not appear to undergo the Cannizzaro reaction 
(20). 

' A n  azitheztic speciri~eiz of B-methyl-l-oxo-l,2,S,4-tetralzydro-~arboli~ze ( X I ,  R = I-I) w a s  prepared by 
o.vidatioit of lzarnzalan metlziodide. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2052 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

The dirneric anhydro base (VIII) and the pseudobase (IV, R = CHS) reacted with 
hydroxylamine to yield products whose infrared spectra did not show oxiille absorption 
and must therefore be formulated as l-hydrox~~lamino-l,2,3,4-tetrahydro-~-carboli~~e 
derivatives (XII),  rather than as  derivatives of the oxirne of indole-2-aldehyde (XIII).  

\ NyN-CH3 

NHOH 
NOH 

This accords with recent worlc (10, 11) on the structure of the hydroxylamine adducts of 
hydrastinine and cotarnine. The ultraviolet spectra of the hydroxylamine adducts, 
however, were siillilar to  that of 2-forinylindole rather than indole. This would appear to  
favor their existence in solution as XII I .  

RlIethylation of the dimeric anhydro base and of the pseudobase in aqueous methanolic 
potassiu~n carbonate suspension gave quaternary salts C13H191N20 and C15HZ11N20, 
respectively, which showed intense carbonyl absorption in the infrared, and whose 
ultraviolet absorption curves were similar to  that of 2-forrnylindole. On Hofmann degrada- 
tion both compounds yielded trirnethylamine. Fro111 the neutral fraction of the Hofinann 
degradation, 2-formyl-3-vinylindole and 2-formyl-3-[p-methoxyethyll-indole were isolated 
in the former case, 2-formyl-1-methyl-3-vinylindole in the latter. The methylation 
products are therefore 3-[2-forrnylindolyl]-p-ethyltrimethylammoniun iodide (XIV, 
R = H) and its 1-methyl derivative (XIV, R = CH3). 

XIV xv 

When methylation was carried out under anhydrous conditions, acetals (XV) of the 
quaternary salts were obtained. These also yielded trimethylamine on Hofrnann 
degradation. 

The infrared absorption curves of these acetals showed ether bands in the region 
1000-1200 cm-I and lacked carbonyl absorption. Their ultraviolet absorption spectra 
in alkaline solution showed an  indole chromophore. On acidification the absorption 
changed irreversibly to  that  of 2-formylindole. The acetals had been hydrolyzed t o  formyl 
derivatives on treatment with acid. 

On exhaustive alkylation 3,4-dihydro-/3-carboline and its 9-methyl derivative yield 
products which are analogous to those obtained similarly from 3,4-dihydroisoquinoline 

(21). 

EXPERIMENTAL 

S,4-Dihydro-P-carboline (Norkarmalan)  
No-Formyltryptamine (5) (1.5 g) and polyphosphoric acid (10 g) were heated a t  100-110' for 40 minutes 

with constant stirring. The dark melt was poured into cold water, the solution was diluted to about 1 liter 
and decolorized. The clear filtrate was extracted with ether to remove non-basic impurities and was made 
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alkaline with 10% s o d i i ~ ~ u  hydroxide. The  turbid solution was extracted with ether and the ether estract  
dried and evaporated, yielding crude 3,4-dihydro-8-carboline. Attempted purification by crystallization or 
chromatography gave an intractable brown polymeric material. 

Sublitl~ation a t  2.10P mrn and 130-140" gave 3,4-dihydro-P-carboline as a glassy solid (0.74 g,  52%) 
melting a t  120-130' after sintering a t  90°, pk', 7.8. The product did not give a satisfactory analysis. Infrared 
absorption (Sujol) (cm-I): 3380 (111) (NH) ;  1615 ( ~ n )  (C=N). Ultraviolet absorption (A,,,, rnp (log e)): in 
0.1 N HCI: 355 (4.2), 245 (4.0); in 0.1 IV NaOH: 318 (1.0), 242 (4.1). 

A sample was converted to the picrate, melting a t  233-234'. (Found: C,  51.1; H ,  3.2. Calc. for C ~ ~ H I ~ N L O ~ :  
C, 51.1; 1-1, 3.37,.) Reported melting point 241-242" (deco~np.) (3), 233" (5). 

9-1llethyl-3,4-dihydro-8-carboli71e 
Ind-IV-nzetlzyl- iVg-for7ityltryptnnzine 
Reduction of N-methylindoxyl with lithiu~n a l u ~ n i n ~ ~ m  hydride gave N-methylindole (22), which was 

converted to Ind-N-methyltryptamine by the gramine route (23). 
Ind-N-methyltryptamine (3 g) was heated in a sealed tube with freshly distilled ethyl formate (25 ml) a t  

100" for 2 hours. The solution \\.as diluted with ether, washed with dilute hydrochloric acid and with water, 
and dried. Ethyl formate and ether were evaporated and the residue was distilled a t  5.10P tnrn and 165-170' 
to give Ind-iIT-nzethyl-iVP-forlrzyltryptanzine as  a colorless viscous oil (2.8 g, 80%). (Found: N, 13.8. CI?H14N\r?O 
requires: N, 13.970.) Infrared absorption (Nujol) (an-'): 1640 (vs) (C=O). 

9-1lletl~yl-3,~-dihydro-P-cnrboli~ze 
Ind-N-rnethyl-YB-forinyltrypta~~~ine (1.5 g) was stirred for 1 hour with polyphosphoric acid (10 g) a t  

110-120". The reaction mixture was worked up as  in the preparation of 3,4-dihydro-8-carboline. The crude 
product was sublimed a t  5.10-3 tnm and 120°, when the product (0.75 g, 550jo), melting a t  120-130°, was 
obtained as a colorless solid. I t  did not give a satisfactory analysis. Infrared absorption (Nujol) (cm-I): 
1600 (m) ,  1620 (w) (C=N). Ultraviolet absorption (A,,,,,, mp (log e)): in 0.1 N HCI: 360 (4.1), 248 (4.1); in 
0.1 N NaOH: 322 (4.0), 252 (3.9). 

A sample was converted to  the picrate, melting a t  248-249' (decomp.). (Found: N, 16.6. C18Hl2'J~07 
requires: N, 16.97,.) 

3,4-Dilzydro-8-carboline illethiodide 
3,4-Dihydro-8-carboline (1 g) was dissolved in 50 1111 dry benzene, the solution was filtered, and the residue 

rejected. The  filtrate was diluted to  250 ml with dry benzene, methyl iodide (3 ml) was added and the mixture 
was allowed to stand a t  room temperature for 48 hours, when yellow needles, contaminated with a brown 
impurity, had deposited. The  solid was dissolved in methanol, the solution treated with charcoal and con- 
centrated, and the residue crystallized frorn aqueous methanol, when the nzethiodide (1.4g, 70%) wasobtained 
as long needles of the monohydrate, meltillgat 223' after sintering a t  215". (Found: HzO, 4.9. Cl?H l~ IN? ,H20  
requires: H,O, 5.4%. After drying to  constant weight, found: C,  46.2; H ,  4.4; N. 8.9. Cl?HlaIN\r? requires: 
C, 46.1 ; H, 4.2; S, 9.O%.) Infrared absorption (Nujol) (cm-I) : 3160 (111) (NH) ; 1640 (s) (C=X+). Ultra- 
violet absorption (A,,,,, in/* (log s) ) :  in 0.1 N HCI: 360 (4.3), 248 (4.0); in 0.1 N NaOH: 282 (3.7). 

Dinzeric Anhydro Base from 3,.$-Dil~ydro-8-carboline Jfetlziodide 
3,4-Dihydro-8-carboline rnethiodide (0.25 g) was dissolved in 20 rnl water, and 10% sodium hydroxide 

was added with constant stirring. The light yellow precipitate was washed with water, rubbed with methanol 
(5 ml), filtered, and again washed with a little methanol to  yield a colorless amorphous powder (0.12 g,  
85%), melting a t  184-185'. The same product was obtained when more dilute sodium hydroxide or a~nmonia  
was used to liberate the anhydro base. Crystallization fro111 dry chlorofor~ll did not raise the melting point. 
(Found: ~nolecular weight,? 3463~35;  C,3 77.4; H ,  6.8; N, 15.4. (C1?H1\r?N?)? requires: molecular weight, 
368; C, 78.2; H ,  6.6; N, 15.20j,.) Addition to  a small quantity of the anhydro base of concentrated sulphuric 
acid containing a trace of ferric chloride gave an i~ltrarnarine color which on standing changed to  crimson. 

Treatment of the Dimeric Anhydro Base with Alkal i  
'The anhydro base (0.02 g) was suspended in 30% potassiiirn hydroxide in aqueous methanol (5 1111) and 

the solutioil refluxed on the steam bath for 4 hours. Alcohol was evaporated and the residue acidified with 
hydrochloric acid. The solutioil was extracted with ether, the ether extract dried and concentrated. The ether 
extract did not contain material absorbing in the ultraviolet region of the spectrum. 

When the aqueous solution was made alkaline with excess lOYo sodium hydroxide unchanged starting 
material was recovered. 

Distillation of the Diwzefic Anhydro Base 
The  ailhydro base (0.1 g) was distilled a t  1.10-2 mm and 140-150". A mixture of a colorless and a yellow 

substance sublimed and a black residue rernained. When the sublimate was redistilled a t  1.10-2 mm below 
100' the colorless substance sublimed and the yellow substance rernained as  residue. 

2Schwarzkopf .?/licroanalytical Laboratory, Woodside, N.  Y., U . S . A .  
3Consistently low analytical values for carbon (eight determinations) were presz~nzably due to contami~tatio?t 

of the dilneric p~od14ct by small a?~toz~nts of pseudobase ( I V ,  R = H). 
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The colorless substance was 2-methyI-1,2,3,4-tetrahydro-p-carboli11e, melting a t  216-217, identical in 
melting point ancl infrared and iiltraviolet spectra with an authentic sample (15). 

The yellolv substance, melting a t  212-214", proved to be identical by similar criteria tvith an  authentic 
sample of 2-~~~etl~yl-p-carboline anhydro base (16). 

I-llydroxyla~i~ino-2-ntetAyl-1,2,S,4-tetralt~~dro-~-carboli~te 
.L\ solution of the dimeric anhydro base (0.1 g) and hydroxylamine hydrochloride (0.05 g) in methanol 

(25 1111) was refluxed for 15 minutes. The solvent nras distilled off and the residue was dissolved in water. 
Addition of ammonia gave a precipitate, which was dissolved in ether. The ether solution n-as dried, the 
solvent evaporatecl, and the residue crystal!ized from methanol, yielding colorless crystals of I-l~ydrosyl- 
u~~~~i~~o-2-~~~etl~y1-1,2,3,~-tetral~ydro-~-~:a~bol~ine (0.08 g, 75%) m e l t i ~ ~ g  a t  18'2'. (Found: C, 66.6; I-I, 7.5; Y ,  18.9. 
C1&IljNaO requires: C, 66.3; H, 7.0; X, 19.3cj/0.) Ultraviolet absorption (A,:,,, rnp (log E)):  in 0.1 i\j I-ICI: 
310 (4.3), 260 (4.2); in 0.1 iV hTaOI-I: 315 (4.3). 

9-;\ilell~yl-3,/i-diI1ydro-~-~arbo1in.e Jfethiodide 
9-i\iIethyl-3,4-dihydro-6-carboline (0.5 g) was dissolved in 7S ml benzene, tnethyl iodide (2 ml) was added, 

and the solution was kept a t  37' for 24 hours. A yellow solid separated which \\,as recrystallized from water 
to give the nrethiodide as pale yellow needles (0.7 g, 7096) melting a t  228'. (Found: C, 48.1; 1-1, 4.9; 3, 8.6; 
1, 38.9. CIJHlsIN? requires: C, 47.9; H, 4.6; N, 8.6; I ,  39.0%.) Infrared absorption (Sujol) (cm-I): 1648 

+ 
(s) (C=N). Ultraviolet absorption (A,,,,,, mp (log a)): in 0.1 iV I-ICI: 36-1 (4.4), 252 (4.1); in 0.1 M S a O H :  
286 (3.8). 

Attel~tpted Characterization of 2,9-Di11tet11.~~~-1-/1)~dro~y-l,2,3,/i-letralr~ydio-p-carl~oli?2e 
The above methiodide (0.5 g) was dissol~.ed in a small a~nouiit  of water. -4cldition of 20YG socli~~rn hydroside 

gave an oil which, on cooling, solidified to an amorphous, light green solid melting a t  55'. Ultraviolet 
absorption (A,,, mp): i11 0.1 11' HC1: 3G4, 25'2; in 0.1 iV NaOH: 286; in ether: 287. The product mas not 
analyzed. 

Higli-vacuum distillation did not lead to a purer procluct and was acconlpanied by oxidation. At 3.10-3 
mm and 110" a dark yellow oil was obtained. This \vas dissolved in ether, the solution was extracted with 
.V hydrochloric acid, the acid extract made alkaline and extracted with ether, and the ether estract dried 
(Na2SO4) and evaporated. The amorphous residue showed an infrared spectrum identical with that of the 
crude pseudobase. The original ether solution, containing the non-basic fraction, was clried and evaporated. 
i\ small amount of colorless residue, melting a t  68-70', was obtainecl whose infrared absorption was identical 
with that of 2 , 9 - d i m e t l ~ y l - l - o x o - 1 , 2 , 3 , 4 - t e t r a h y d o l i 1 ~ e .  

Pseudol,ase obtainecl from 0.5 g methiodidc was refluxed 2 hours with 3 5 3  potassium hydroxide solution 
(10 ml). The solution was extracted with ether, the ether extract was washed with iV liyclrochloric acid and 
with matcr, dried (Na2S04), and evaporated. Sublimation of the residue a t  3.10-3 mm and 90" gave 2,9-di- 
methyl-l-oxo-1,2,3,4-tetrahydro-~-carboli1~e as a colorless solid melting a t  68-70' idelltical in melting point 
and infrared and ultraviolet absorption with an authentic specimen bide iltfm). 

2,9-Diir~etl~yl-l-l~ydroxyla~ini~i~o-1,2,3,~-teti.ahydio-~-ca~boline 
Pseudobase from 0.5 g methiodide was dissolved in methanol (30 ml), and hydroxyla~nine h!-drochloricle 

(0.13 g) and potassi~im carbonate (0.20 g) was added. The mixture ~vas  kept a t  -10' for 2 hours, the solvent 
was evaporated, the residue was washed with cold water ( 2 x 3  ml) and was crystallized from inethanol after 
treatment with charcoal. The prodzicl (0.23 g, 657~&) was obtained as a colorless solid ~neltiilg a t  156'. (Found: 
C,  67.2; H,  7.5; N, 18.1. C13H17NaO requires: C,  67.5; H,  7.4; N,  18.2C/o.) Ultraviolet absorption (A ,,,,,,, mp 
(log a)): i n  0.1 iV HCI: 310 (4.3), 243 (4.3); in 0.1 N NaOH: 315 (4.3). 

2-AJethyl-I-0x0-1 ,Z,S,/i-tetrahydro-p-carbol,i~~e 
1-i\iIethyI-3,4-dihydro-~-carboline methiodide (6) (0.33 g) was dissolved in hot water. Acetone (50 ml) 

ailcl IV sodium hydroxide (2 ml) was added, the solution was cooled to -5', and finely ground potassium 
perlnanganate (0.50 g) was adcled in small portions. The solution was acidified with i\- hyclrocl~loric acid 
(2.5 ml), excess per~nanganate destroyed by addition of hydrogen peroxide, the mixture filtered, and the 
liltrate concentrated. Rccrystallizatio~l of the residue from a large volume of boiling water gave line needles 
of 2 - n z e t h y l - 1 - 0 x 0 - 1 , 2 , 3 , 4 - t e t r a l ~ y d r o - ~ o l n e  (0.09 g, 45%) melting a t  237-238'. (Found: C,  72.1; H ,  
6.2. ClaHl?S\~20 recluires: C, 72.0; I-I, 6.l:&.) Infrared absorption (Xujol) (cm-I): 3190 (111) (KIH); 1620 (vs) 
(C=O). Ultraviolet absorption (A,,,,,, mp (log a)): in 0.1 iV HC1 and NaOI-I: 303 (4.2), 240 (4.2, shoulder) 
(Fig. 3, curve E). 

2,9-Dirnetl~~l-l-oxo-1,2,3,~-tetra11yd~o-~-carboline 
Pseudobase from 0.32 g 9-metliyl-3,4-dil1ydro-~arboline methioclide nras suspenclccl in 10 1111 5y0 potas- 

sium hyclroxidc solution. Potassium ferricyanide (0.4 g),  dissolved in 20 ml water, was added and the mixture 
heated on the steam bath for 4 hours. The solution was extracted with ether, the extract washed with il' 

hydrochloric acid and with water, dried (Sa?SO.l), and the solvent evaporated. The residue sublimed a t  
3.10-3 and SOo, giving colorless crystals (0.07 g, 32%) of 2,9-dimetl~yl-l-oxo-1,2,3,4-tetrahydro-~-carboline 
melting a t  G9-71'. (Found: C, 72.8; I-I, 7.0; N, 13.1. Calc. for CI~HI.J!~O: C, 72.9; H,  6.6; X, 13.11;&.) 
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lieported ~nelting point: 65-66' (24). Infrared absorption ( Y ~ ~ j o l )  (cn-I): 1640 (vs) (C=O). Ultraviolet 
absorption (A,,,,, mp (log E)) :  in 0.1 iV HCI and 0.1 iV XaOI-I: 305 (4.1). 

Erknr~slirre -1Ielhylation of the  Di?17erii A t ~ 1 ~ y d r . o  B a s e  
8 - [2 -  Fort11ylitzdolyl]-p-etIz~~1trIt1z~tl~j~la?iz~~~o?~it~ Iodide  
Dimcric anhydro base (0.4 g) was suspended in methanol (20 ml). Potassium carbo~iate (0.2 g) and methyl 

ioclide (5 1111) \\.ere added and the mixture was liept a t  40' for 24 hours. 'The sol\~ent was evaporated, the 
residue \\.as washecl with cold water (3 ml) and crystallized froni 50% aqueous methanol after treatment 
with charcoal, when colorless needles (0.13 g,  70%) of the qz~ater?~arjl  i od ide ,  melting a t  270°, were obtained. 
(I~ouncl: C, 46.0; H,  5.3; N, 7.6; I ,  35.8. Cl.iHleIN20 requires: C ,  46.9; 11, 5.3; S ,  7.8; 1, 35.5:&.) Infrared 
absorption (Sujol) (cm-I): 3280 (m, broad) (XH) ;  1655 (vs) (C=O). Ijltraviolet absorption (A,,,, Inp 
(log 6 ) ) :  in 0.1 N HCI and in 0.1 iV KaOI-I: 315 (4.1), 237 (4.1). 

I I o f 7 1 ~ a n ? ~  Deyrc~dat ion of 3-[2-  I;o~~1~yli?~doly1]-p-etl~j~ltri1~zetI~jLaztzoni~t~ Iodide  
.Li stream of nitrogen gas was passed for 2 hours through a solution of the above quaternary salt (0.35 g) 

ill 57; ~methanolic potassium hyclroside (20 ml) a t  50'. The issuing gas was passed through an alcohoIic 
solution of picric acid. Concentration of the picric acid solution galre a picrate (0.28 g) \vhich melted a t  
216" (deco~np.) after recrystallization from methanol, and was identilied as  trimethylamine picrate by 
comparison with an  authentic sample. (Found: C ,  37.7; M, 4.3; X, 10.2. Calc. for CeH1?N.107: C,  37.5; EI, 
4.2; K, 19.-k(j$,) 

The reaction mis t~l re  was evaporatecl ;?I. uacz~o,  water (10 ml) was adcled to the residue, and the mixture 
was extractecl with ether. The ether extract \\,as washed with water, dried, and evaporated. The residue \iras 
clissolved in methanol, the solution decolorized with charcoal and evaporated. The residue was distilled a t  
3.10-3 mm ancl TO", \\;hen t\vo fractions were obtained. 

Thc first fraction (0.035 g) ,  a colorless solid melti~ig a t  llOo, was 2-for??~yl-3-[p-n~etI~o.~yetI~yl]-i11dole. 
(Found: C, 70.9; I-I, 6.6. C I ? H I ~ N O ~  requires: C,  70.9; H ,  6.554.) Infrared absorption (Nujol) (cm-I): 3210 
(111) (SI-I); 1650 (vs) (C=O); 1012 (m),  1070 (m),  1094 (s) (OCI-13). TZltraviolet absorption (A,,,, 111p (log s)): 
in 0.1 ArI-ICI ancl in 0.1 NSaOI-I: 317 (4.2), 238 (4.1). 

The seroncl fraction, a pale );ello\\, solicl (0.045 g) melting a t  126'after sintering a t  llGD, was 2-fornzyl-3- 
uittyli?~rlole. (Founcl: C, 77.0; 11, 5.4; N, 5.0. CllI-InSO recl~~ires: C,  77.2; I-I, 5.3; N,  8.2%.) Infrared absorption 
(N~rjol) (~111-I): 3'750 (in) (XI-I); 1640 (vs) (C=O); 1615 (s) (C=C); 918 ( n ~ ) ,  972 (111) (vinyl). Cltraviolet 
absorption (A,,,, mp (log E)) :  i r ~  0.1 N HCI and in 0.1 N NaOH: 3'32 (4.2), 252 (4.1). 

D~i~?ie t l~>~lu( .c tn l  of S-[2-Foit1rylit~doLyl]-~tl~j~ltri?t1etl1yla111~11o?~i~1~~~1. Iodide  
Ilimeric arlhyclro base (0.4 g )  \\;as suspended in 20 1111 methanol. Anhydrous po ta s s i~~m carbonate (2.0 g) 

ancl illethyl ioclide (5 ml) were aclcled and the reaction misture was Icept a t  40' for 24 hours. The solverlt 
was evaporatecl, the I-esidue was \vashed with cold water (3 1111) and crystallizecl froni aclueous methanol 
aftcr treatment \vith cllarcoal to gi1.e colorless needles (0.58 g ,  66%) of the di~tzelhylnretal melting a t  180". 
(Found: C, 47.4; I-I, 6.2; X, 7.0. C I G I - I ~ ~ I N ~ O ~  req~~i re s :  C, 47.5; M, 6.2; N, 6.9%.) Infrared absorption 
(Sujol) (cm-I): 3330 (m) (11-1); 1030 (m), 1OI)O (s) (-OCI-13). Ultraviolet absorption (A,,:,,, mp (log s)):  
in 0.1 A' IICI: 318 (3.0); in 0.1 N NaOM: 282 (3.7). 

H O ~ V I U I I I L  Dcgindat lo?~ of the Di~t le thylr~cetal  
'The acetal (0.30 g) was clissolvecl in 5% methar~olic po ta s s i~~m hydrosicle (20 ml). The solution nlas kept 

a t  GOo ancl swept O L I ~  with a current of nitrogen for 4 hours and the issuing gas passed through an alcoholic 
solution of picric acid, from \vhich tri~nethylamine picrate nras isolated as  described earlier. The reaction 
m i x t ~ ~ r c  was e\:aporated i ? ~  uaczLo, water was added to the residue, and the solution was extracted with ether. 
The  ether estract was mashecl with \vatu ,  clried, ancl evaporated. The residue \\;as dissolved in m e t l ~ a ~ ~ o l ,  
treated with charcoal, ancl again el-aporated. 

The resiclue was clistillccl a t  :3.10-3 mi11 and TOo, when a small amount of a colorless solid, melti~lg a t  l l j o ,  
was obtained, \vhich may have been the dimethylacetal of 2-formyl-3-vin).lirlclole. The quantity obtained 
\\,as insufficient for aiialysis. Infrared absorption (S~r jol )  (cm-I): 3215 (m) (NM); 1635 (s) (C=C); 970 (m) ,  
910 (m) (viii!~l); 1090 (m), 1045 (m) (OCI-I;). Ultraviolet absorption (A,,,:,,, mp (log r ) ) :  in 0.1 iV I-ICI: 319 
(4.1); in 0.1 LV SaOH:  317 (3.9). 

Diet l~ylacetc~l  of J-[2-Ijor.~~~yli1~dol~~l]-p-Et1~yltl.ill~y17izrtzo?1i21?li Iodide  
Ilimeric 2-i11ethyl-3,4-dihyclro-~-c~~rI~oline anhydro base was methylated ill the presence of anhydrous 

potassium carbonate in ethanol suspensiori. 
The dietlrylacetal was ol~tained in the form of colorless needles m e l t i ~ ~ g  a t  230'. (Found: C ,  50.3; I-I, 6.8; 

N, 6.4. ClaI-I:eIY\'IO req~~ires :  C,  50.0; H ,  6.7; N, 6.5%.) Infrared absorption ( S ~ ~ j o l )  (cm-I): 3380 ( ~ n )  
(NI-I); 1030 (m),  (10I)O) (s) (OCyI-Ij). Ultraviolet absorption (A,,,,, nlp (log r)) :  in 0.1 iV I-ICI: 318 (3.9); 
in 0.1 N SaOEI: 282 (3.7). 

Exlrar~.stiae . lIethylatio?~ of 2,.9-Di11ze~h~~l-l-l~ydroxy-l,2,3,~-tet~ahydio-p-cnrboli?~e 
3-[2- Ijor11zy1-1 -111~tl1)'lin.d0Ly~]-p-et/1~~1tri1??eth~~~a?~1?11ot~i~i1?1 Iodide  
Pseuclobase from 0.5 g 9-nlethyl-3,4-clihydro-p-carboliile methiodicle \\,as dissolved in methanol (20 rill). 

Po ta s s i~~m carbonate (0.3 g) and methyl iodide (5 nll) were added and the niisture kept a t  40' for 24 hours. 
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The solvent was evaporated, the residue was washed with mater and crystallized from 50% aqueous nlethanol 
after treatment with charcoal. Pale, shining plates (0.38 g, 60%) of the monohydrate of the quaternary  sal t ,  
rnelting a t  244', were obtained. (Found: C, 46.3; H, 6.1; S, 6.8; I ,  32.4. CliH211S?0,13?0 requires: C, 46.2; 
H,  5.9; N, 7.2; I ,  32.6%.) Infrared absorption (Xujol) (cnl-I): 1652 (vs) (C=O). Ultraviolet absorption 
(A ,,,,, mp (log e)): in 0.1 iV HCI and 0.1 N NaOH: 318 (4.2), 240 (4.2). 

Hofnzann Degradation of 3-[B-Fo~myl-l-methy1i?zdolyl]-~-etIz~~1tri~netIzyla~nn1oni~~n Iod ide  
The above quaternary salt (0.25 g) was treated with 5% rnethanolic potassiun~ hydroxide (15 ml) under 

nitrogen as described earlier and products isolated as before. The basic product was isolated as the picrate 
(0.17 g) melting a t  216' (decamp.) and identified as trimethylanline picrate by comparison with an  authentic 
sample. 

The neutral product, 2-for~1zyl-l-methyl-3-~inylindole, was obtained as pale yellow crystals (0.020 g) 
melting a t  82'. (Found: C, 77.9; H, 6.3; N, 7.6. Cl?Hl1X0 requires: 77.8; H ,  6.0; N, 7.6c;/,.) Infrared absorp- 
tion (Nujol) (an-'): 1650 (vs) (C=O), 1605 (s) (C-=C); 928 (m), 992 (m) (vinyl). Ultraviolet absorption 
(A ,,,,, mp (log e)): in 0.1 N HCI and in 0.1 N NaOH: 322 (4.2), 253 (4.2). 

Oxinze of 3-[2-Fornzyl-l-?~zetIzylindolyl]-~-e~~zyltrizetzyla~~zoninz Iod ide  
3-[2-Formyl-l-n1ethylindolyl]-~-ethyltrimethyla1nmoniu1n iodide (0.20 g) was dissolved in 50y0 aqueous 

alcohol. Hydroxylamine hydrochloride (0.05 g) and potassiunl carbonate (0.05 g) were added. The reaction 
mixture was kept a t  60' for $ hour. Concentration yielded the oxinze (0.15 g, 7576), melting a t  256', after 
recrystallization from aqueous alcohol. (Found: C, 46.6; H ,  6.0; N,  11.1. C16H??IN30 req~~i res :  C, 46.3; 
H,  5.7; N, 10.9%.) Ultraviolet absorption (A,,,, mp (log e ) ) :  in 0.1 N HCI: 310 (4.1); in 0.1 N NaOH: 
315 (4.1), 254 (4.1). 

Dimethylacetal of 3-[2-Forntyl-l-meth~~lindolyl]-~-etItyltrintetl~ylantnzonizr11i Iod ide  
When the pseudobase was methylated in methanol solution in the presence of a large excess of allhydrorrs 

potass i~~m carbonate, the dimethylaceta1 was obtained as colorless needles melting a t  233'. (Found: C, 48.7; 
13, 6.6. CnH?iIN?O? requires: C, 48.8; H ,  6.5%.) Infrared absorption (Nujol) (cm-I): 1040 (m), 1095 (s) 
(OCHJ). Ultraviolet absorption (A,,,, mp (log e)): in 0.1 N HCI: 318 (4.3) ; in 0.1 N NaOH : 282 (4.0) (broad). 
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THE ULTRAVIOLET ABSORPTION SPECTRUM OF NITROUS ACID IN 
THE VAPOR STATE 
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ABSTRACT 

The diffuse absorption bands of HOSE4OO, HONlbO, DOWQ, and DON150 in the near 
ultraviolet have been examined. Transitions from both rotational isomers of nitrous acid 
contribute to the vibrational structure, with the excited state u(N=O) stretching vibrations 
active in the most intense progressions. The cis-trans energy separation increases from 500 
cal/mole in the ground state to  1200 cal/mole in the upper state. This is attributed to wealien- 
ing of the internal hydrogen bond in the cis state upon an electronic promotion of primarily 
no + n* type. The accompanying change in geometry is responsible for the appearance of the 
cis ground-state 6(ONO) bending mode in the spectrun~. 

INTRODUCTION 

Gaseous mixtures of N O ,  NOz ,  and water vapor exhibit a syste~n of diffuse absorption 
bands in the 4000-3000 A spectral region (1). The isotopic wavelength shift upon 
deuteration eliminates N O z ,  N z 0 3 ,  and N z 0 4 ,  all of which absorb in the sanle region, as 
possible carrier species (2, 3). The intensity of absorption varies in proportion to the 
calculated equilibrium concentration of nitrous acid in gas mixtures of different co~nposi- 
tion and temperature and the spectrum is attributed to this n~olecule. Alkyl nitrites in 
general show, in the same spectral region, a similar diffuse absorption spectrum (4) which 
is typical of the -0-N=O group. Analysis of the nitrous acid spectru~n is complicated 
by the diffuse nature of the bands, by the discrete background absorptioil of the NOz 
present in the gas mixture, and by perturbations between vibrational levels of the excited 
DON0 molecule. 

In addition to examining the spectra of HONO and DON0 containing the naturally 
occurring NI4 isotope under i~nproved experimental conditions, we have also investigated 
the spectra of the additional isotopically substituted species HONI5O and DOY150. In 
this paper, the arguments of previous investigators are reconsidered in the light of our 
data, and a plausible interpretation of the spectrum of nitrous acid vapor is given. In a 
subsequent paper, the spectrum of nitrous acid in various solvents will be discussed on 
the basis of this interpretation. 

EXPERIMENTAL 

In order to ~ninimize contamination of the nitrous acid spectrum by the intense discrete absorption bands 
of NOa, the partial pressure of this oxide in the gas niisture was kept small. A typical mixture sho~viilg 
minimum background absorption was obtained by equilibrating NO, NO,, and H?O a t  initial partial pres- 
sures of 740, 2, and 15 mm respectively in a 50 cm path length absorption cell. The NO and NO2 (Matheson 
Co. Inc.) were taken froin cylinders without further purification. D O N 0  was formed by substituting D20 
with deuterium content >99.7% for the Ha0 in the ~nixture. 

Five hundred cubic centinleters of NI5O a t  S.T.P., with XI6 content >98Cc, was supplied by the Isomet 
Corporation. Half of this was mixed a t  260 mln pressure with 0 2  a t  1 nlm and 1320 a t  15 inm directly in 
the absorption cell to form HONI5O. The  other half was used to  forin DOS150 by a similar procedure. 

Spectra of all four isotopic species were taken on a Bausch and Lomb 1.5-in grating spectrograph (Model 
l l ) ,  used in the first and second orders with resolving powers of 35,000 and 70,000 respectively. Wavelength 
measurements of the intensity maxima of the bands were made off microdeilsitometer traces, by inter- 
polation between iron arc reference spectra that  were also recorded on the spectrograms. The  vacuum. 

'Holder of a C.I.L. Fellowslzip, 1960-1962. 

Canadian Journal of Chemistry. Volume 40 (1862) 
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wave numbers of the bands are given in Table I ,  together with an estimate of the uncertainty in measure- 
ment. (1) indicates a clearly resolved band with a sharp masi~num,  (2) indicates a band with a inore rounded 

TABLE I 

Wave numbers of rnaxilna of ultraviolet absorption bands of nitrous acid 

Label I-ION0 IHON1jO D O N 0  DONI50 rlssignment 

A 26,034 (2) 26,043 (2) 26,050 (2) 26,060 (2) 0-0 (t)  
B 27,150 (1) 27,145 (1) 27,197 (1) 27,185 (1) l v ? '  ( t)  
C 28,225 (1) 28,209 (1) 28,308 (1) 28,283 (1) 2v?' ( t)  
D 29.253 (1) 29,223 (1) 29.384 (1) 29.344 (1) 3v2' (t) 

5,;' ( t j  
Gv?' ( t)  

A " 27,420 (3) 27,421 (3) 27,483 (2) 27,464 (2) l v ? '  (c) 
B" 28.495 (1) 28.477 (1) 28.551 (1) 28.526 (1) 2vr' (c) 

A '  (26,910) lv? '  - vj" (c) 
B' 27.955 (3) 27.923 (3) 27.015 (3):' 27.914 (3)* 2v.>' - ri" (c) 

NOTE: (1) i~ldicates an uncertainty of measurement 1 2  cm-1. (3) indicates 1 1 0  cm-1, and (3) indicates 1 5 0  cm-1. Bracketed 
wave numbers are measured from spectrophotometer traces, with a n  uncertainty 1 3 0  cm-1. *: -1 t,! 

peak, and (3) refers to \vealc bands overlapped by other bands. The bracl;eted wave numbers represent 
HONO and D O N 0  bands \vhich could not be clearly distinguished from the residual KO? absorption on 
the spectrograms, and which were measured off the spectrophotometer records described below. 

In order to study the variation of absorption intensity of I-ION0 and DOXO with temperatnre, a Perkin- 
El~ner  Spectracord Model 4000 was ~nodified to accorn~nodate an  electrically heated absorption cell with a 
1-m optical path length in the sample beam. The cell \\,as sealed after filling with gas ~n i s tu re  and spectra 
were recorded over the t empera t~~re  range 25-130" C. A 10-cm gas cell \\.as inserted in the reference bean1 
and heated to the same te inpera t~~re  as that  of the sarnple cell. Before each spectrum was recorded, the 
reference cell \\-as filled with sufficient NO? to balance out the interfering background, together with dry 
KO to bring the total pressure to 1 a tm.  This procedure also partly balanced out a weal; contin~rous back- 
ground absorptioi~, probably due to S?O1 and N?04,  that  was also present. Very clean nitrous acid spectra 
could be obtainetl in this manner; the residual continuous baci;ground absorption did not allect the tein- 
pfrature dependence studies, which irlvolved comparison of the intensities of adjacent strong bands in the 
nitrous acid spectrum. 

RESULTS 

The ultraviolet absorption spectruln of HONO at  2.3' C is s11ow11 in Fig. 1. This is 
taken from a spectrophotometer record with conlpeilsated background. Colnparison of 
lllicrodeilsitollleter traces of spectrograins of HONO and HON150 shows that the two 
spectra have identical overall patterns apart fro111 isotopic wavelength shifts. Three 
progressions of bands appear in both spectra. Each of these is labelled alphabetically in 
accordance with the nomenclature of previous worliers (3) and identified below as the 
A ,  A', or --I" progression respectively. 
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The spectrum of DON0 a t  25' C is presented in Fig. 2. The prominent bands again 
call be grouped illto three strong progressions, labelled A ,  A', and d", and are displaced 

FIG. 1. The absorption spectruln of HONO a t  25' C. 
FIG. 2. The absorption s p e c t r ~ ~ m  of DONO a t  25' C. 

to slightly higher frequencies by comparison with their couilterparts in the HONO 
spectrum. In addition, four wealc bands labelled A'", B'", C"', and A'"' are also present 
in the DON0 spectrum. The spectrum of DONl5O shows the same number of bands, 
with the same relative positioils and intensities, as does the DON0 spectrum. 

The bands in all of the spectra show a peculiar diffuseness, having a symmetric form 
that is devoid of local undulations. No traces of fine structure were apparent even when 
the bands were photographed on a 20-ft grating spectrograph with a resolving power of 
150,000; in these experiments, the lowest total pressure of the absorbing gas mixture 
that gave a detectable concentration of nitrous acid was 40 mm, so it is possible, but  
highly unlilcely, that  the diffuseness was due to residual pressure broadening. The band 
profiles did not alter as the pressure was decreased, an observation which indicates tha t  
intermolecular association is absent. 

The A band in each spectrum is slightly broader, but apart fronz this, all the other 
strong bands are iiniformly diffuse with a half width of -60 cm-'. This diffuseness is 
different froill the usual type that is observed in the spectra of light polyatoillic molecules, 
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which is caused by vibrational predissociation in the excited electronic state and which 
increases markedly towards higher wave numbers. 

At  elevated temperatures, the increase of NO2 and N204 and the decrease of nitrous 
acid concentration in the equilibriunl gas mixture make band intensities difficult to 
measure accurately, owing to  the greater background contamination appearing in the 
spectrum. Nevertheless, the intensities of the A', A", and A"' progressions detectably 
increase relative to the A progression in each spectrum as the temperature is raised. This 
is illustrated by the portions of the HONO and DON0 spectra shown in Fig. 3. 

FIG. 3. Portions of the HONO and DON0 spectra a t  25' C (solid curves) and 135" C (broken curves). 

ANALYSIS 

Analysis of the infrared spectrum (5, 6) shows that  nitrous acid consists of a mixture 
of two planar isomeric forms in the ground electronic state. These have the dimensioils 
(5) shown in Fig. 4. The cis forin is 5061250 cal/n~ole higher in energy than the trans 
form, with ptmns/pcle 2.5 a t  25' C. The fu~ldainental Frequencies are listed in Table 11. 

FIG. 4. Estimated dinlensions (A) of cis- and trans-nitrous acid in the ground state. 

TABLE I1  
Fundamental vibration frequencies (cm-l) of gaseous nitrous acid 

(Ground-state values are averaged from Jones, Badger, and Moore (5) 
and D'Or and Tarte (6)) 

Cis Trans 

HONO DON0 HONO DON0 

v" u' v f f  v' v" v' v" v' 

---- ---- ---. -.- . \ ,  
1639 1127 1618 -1100 1698 1139 1697 -1100 r 2  (a') &=oj 
1370 (?) 1086 -1000 1263 1016 -1000 v, (a') &(NOH) 
855 816 660 (?) 793 739 V I  (a') u(N-0) 
620* 620* 598 591 va (a') S(ON0) 
637 508 544 416 v i  (a") T(O-I~) 

*Revised-see text. 
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Rotational isomerisn~ is cominoll in the ground states of alkyl nitrites (7-9) and the 
calculated barrier height of -10 kcal/mole in nitrous acid (10) agrees with the value of 
-9 kcal/mole for primary nitrites (9). 

A singlet-singlet n --t a" type of electrollic transition is undoubtedly responsible for 
the near-ultraviolet spectra of nitrites and nitrous acid. The low absorption intensity 
(f = 0.002 and em,, = 110 for nitrous acid in aqueous solution) is characteristic of such 
trailsitions and cannot be ascribed to an electronically forbidden a --t a* transition, since 
both the alkyl nitrites and nitrous acid are classified under the C, point group for which 
all transitions are symmetry allowed. 

The progression is the most prominent feature in the spectrum of each isotopic 
species. The intensity distribution and wave number separations between successive 
bands in the progression are similar in the four spectra, and indicate an active excited- 
state vibration of -1130 cm-'. A similar interval is also prominent in the spectra of 
alkyl nitrites (7); hence the vibration must be localized primarily in the -0-N=O 
group: this interpretatioil is confirmed for nitrous acid by the observed small decrease in 
frequency upon N15 substitution and the absence of a large frequency decrease upon 
deuteration, both of which are apparent from the frequency differences listed in Table 
111. A11 electrollic n --t a": excitation, in which a non-bonding electron is pronloted into a 

TABLE 111 

Band separations (cm-1) in the  A progression 

Bands I30 lTO H0Nl6O D O N 0  DON'~O 

E-D 978 972 1059 1059 
F-E 944 926 
G-F (900) 

(980) 

relatively antibonding molecular orbital, is expected to cause a general decrease in the 
vibrational frequencies of groups affected by the promotion. This is true for such transi- 
tions in carbonyl compounds, where, for example, the C=O stretching frequency drops 
to -1300 cm-' froin 1700 cm-I in the ground state. At this stage in the analysis, therefore, 
we assign the intervals in the progression to an excited-state N=O stretching vibration 
of nitrous acid. A similar frequency assignment has been made for nitroso and nitro 
compounds in their excited states (11). 

Previous illterpretatiolls of the other bands in the spectrum (2, 4) were made before 
the cis-trans isomerism of the ground state was recognized, and it was assumed that only 
one absorbing species was present. An analysis would still be possible on this basis if the 
oscillator strength of the electronic transition differed greatly between the two isomers. 
The suggestion (2) that the intervals A''-A, B"-B, . . . represent an excited-state vibra- 
tion of -1350 cm-I can be discouilted, since the negligible change of frequency on deutera- 
tion shows that the motion would be localized in the O N 0  group; and it is unlikely that  
v4" and v5" would show a large frequency increase upon electronic excitatioil of the 
molecule. Another suggestioil has been (4) that the intervals 13-A", C-B", . . . represent 
a low-frequency torsional oscillatioll in the upper state, but these intervals are not 
constant in each of the spectra of the isotopic species. Neither of the suggested frequencies 
is active in the spectra of alkyl nitrites (7). Furthermore, these assignments would require 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2063 C.ASIDIAN JOURNAL O F  CHEMISTRY. VOL. 40. 1962 

both the A and .-1" progressions to show the sanle variation of intensity with temperature, 
whereas only the .-I" progression is temperature dependent. 

The most satisfactory explanation is that the A and -1" progressions are caused by 
excitation of the N=O stretching mode v?' ill the excited trans and cis isomers respectively, 
with the temperature-dependent il" progression bands originating in the isoiner of higher 
ground-state energy. Both isomers must retain their approximate geometrical form upoil 
electronic excitation, otherwise the Franclc-Condon principle predicts the appearance of 
long and pron~inent progressions in those vibrations which mould bring the nuclei into 
coincident positions in the combining electronic states, whereas maximum intensity 
occurs in the second or third n~embers of all the observed progressions. 

The A band is assigned to the 0-0 (trans) transition; but i f  the il" band is assigned 
to the corresponding 0-0 (cis) transition, the separation between the cis ailcl trans 
electronically excited states would be 4.5 lccal, an unexplicably large value. However, the 
broadness of the A band and also the slight displacement from its calculatecl position 
in the A progression leads to the suspicion that a second component is present here. If 
this is the 0-0 (cis) band and the -4'' band is actually the second member of the progression, 
then the measured bands in the A" progressions of HONO and HON150 can be fitted to 
an equation of type 

to give 
HONO (cis) G(v2') = 26,320-t 1 126.9vz1- 19.75(~2')' 

HON150 (cis) G(v2') = 26,328+1113.0v~'-19.2.5(v2')2. 

In similar manner, the bands in the A progression, with ~ 2 '  = 0 for the -4 band itself, 
give 

HOXO (trans) G(v2') = 26,03-l+ 1139.3~2' -22.3(~2')~ 

HOX150 (trans) G(vql) = 26,043 + 1127 .2~~ '  - 22.3 (vs')?. 

This scheme of band numbering yields satisfactory isotope shifts of +S and +9 cm-I 
in the cis and trans isomers respectively for G(0-0) upon N15 substitution. The substitution 
decreases the zero-point energy Inore in the ground than in the excited state, which is a 
reasonable expectation if  the n + a* excitation decreases the molecular binding. On the 
other hand, if the A" band is assigned to the 0-0 (cis) transition, the isotope shift in the 
cis state only would be to lower frequencies, and this would inlply large anomalous values 
for the cross-terms of type .vijO that are necessarily ignored in equation [I]. 

The intensity distribution in the i l  and ill1 progressions cannot be accurately deter- 
mined because of the baclcground of overlapping bands. However, a calculation after 
the method of Craig (12), with the simplifying assulnption that the v2' motion is localized 
in the N=O bond, gives the extension of this in the excited state as 0.08 '4. This indicates 
rNO1 - 1.28 A in both the cis and trans upper states. An extension of siinilar magnitude 
occurs in the n + a" ('A2 + 'Al) transition in formaldehyde, for which rl'(CO) = 1.22 A 
and rl(CO) = 1.32 A, although the bonding in this inolecule is modified by the non- 
planar geometry of the excited state (13). 

Porter (2) has attributed the enhanced separation between successive bands in the il 
progression of DONO to a perturbation between N=O stretching and D-0-N bending 
vibrations in the excited molecule. He assigned a frequency of "just under 1000 cnl-I" 
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to the latter motion. Our analysis confirms and extends this idea; Table 111 shows that  
anomalous frequency intervals also occur in the iil progression bands of DOW50 but not 
of HOS150. The E and F bands in the DON0 and DOS150 spectra are strongly reduced 
in intensity and this is also attributable to the pel-turbation. The intervals between the 
A", B", and C" bands for DON0 and DONfiO also decrease irregularly by comparison 
with their undeuterated counterparts, and a similar ltind of perturbation in the excited 
cis molecule lnay well be responsible. We conclude that vz' and v3' have similar values 
for both cleuterated isomers, and that there is only a small drop in frequency of the v ~ "  
vibration upon electronic excitation. 

Xl tho~~gh the bancls in the .-I' and d"' progressions are weak and cannot be measured 
with precision, consideration of the frequency differences between bands in the spectra 
of all four isotopic species reveals that only one interpretation appears to  be possible 
within the limits of esperimental error. According to  this, the A' progressions in the 
HONO and HOS150 spectra and the .I"' progressions in the DON0 and DONL50 spectra 
are produced by transitions iroln a cis ground-state level in which one quantum of a 
vibration oi frequency - 620 ~111-l is excited to upper-state levels in which successive 
quanta of v?' (cis) are excited. This assignment is consistent with the observed increase 
of intensity of the progressions with temperature. 

In order to assign the 620 c~n-l interval to a lower-state vibrational mode, i t  is necessary 
to re-ex'unine previous analyses of the infrared spectrum. D'Or and Tarte (6) have assigned 
values of 525 and 517 cm-I to vs1' in cis-HONO and -DONO respectively, but  these 
values are u~lexpectedly much smaller than the corresponding frequencies of 598 and 591 
cm-l in the trans species. In the alkg7l nitrites, v5" (cis) and v5" (trans) are both a t  -600 
cm-l (7); indeed, this frequency is actually larger for cis-methyl nitrite than for trans- 
methyl nitrite, owing to internal non-bonded hydrogen-oxygen interactions in the fornler 
configuration. D'Or and Tarte's assignments for v5" (cis) sten1 from two extremely weal; 
bands in the I<Br spectral region that were not observed by Jones, Badger, and i\/Ioore 
(5) ; the latter assume v5" (cis) is buried under the strong v5" (trans) band a t  598 cm-' in 
the HOSO spectrum. This interpretation is preferable, since it enables us to assign the 
620 cn-l interval to vs" (cis). Further support comes from the work of Balderschweiler 
ancl I'imentel (14), who produced enhanced concentrations of cis-nitrous acid in nitrogen 
matrices by irradiation, and yet reported no absorption bands in the 500-550 cm-l region. 

Finallj., we note that the intervals B'-il", C'-B", . . . have the constant values of 
660 and 645 cm-I in the DON0 and DON150 spectra respectively, and tentatively assign 
these freque~lcies to v4' (cis) in the deuterated molecules. 

DISCUSSION 

According to the simple nlolecular orbital picture, the electronic transition lnay be 
either no + n", l U  +- 'A or n~ + n:':, lW +- lA, in terms of Platt's notation (15). In 
either case, the overall symmetry change is IA" +- 'A' with the transition rnolnent 
perpendicular to  the molecule plane. The lowest-energy transitions in nitroso and nitro 
compounds are often assigned as ~ Z N  + 7fi: 011 the grounds that nitrogen lone-pair electrons 
have a s~naller ionization potential and are therefore more readily excited (16). This view 
may well be oversimplified, since more sophisticated molecular orbital calculations by 
McEwen (17) show that  the promoted electron conles from an LCAO/MO in which the 
no orbital has the largest coefficient. In a review article by Sidn~an (18), differences in 
intensitji are used as a criterion to distinguish between lW +- 'A Cf - lop2, E,,, - lo3) 
and l U  +- lA Cf - lop4, E , , ,  - lo3) transitions. Because of the low intensity, Sidrnan 
assigns the near-ultraviolet absorption of nitrites, and also of the nitrite ion which is 
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isoelectronic with nitrous acid, to an no -+ a* transition, since U +- 'A is forbidden by 
the local symmetry of the nitro group. The low intensity of the nitrous acid absorption 
(f - lop3, em,, - lo2) indicates that the transition is mainly of no -+ n* type, in the 
sense that  n o - n ~  mixing occurs i l l  LCAO/MO formation, but one-center (2.5, 2p) coin- 
ponents localized on the hybridized nitrogen atom only malie a small coiltribution to  the 
transitioil moment. 

In the ground state of cis-nitrous acid the separatioil between the termiilal atoins is 
2.17 A, considerably less than 2.6 k! for the sum of the van der Waals radii of hydrogen 
and oxygen. Since the cis isomer is only 500 cal/inole less stable than the trans, hydrogen 
bonding to oppose the steric repulsioil has been postulated in the grouild state of the 
former species ( 5 ,  6, 10). The decrease of vl", the increase of v3I1 and vj", and the decrease 
of L NOH and L 0x0 in the cis isoiner relative to  the trans isomer all indicate such 
bonding, which, from the molecular geometry, must be primarily an illteractioil between 
the hydrogen atom a i d  the lone-pair no terminal oxygen electrons. The separation of 
the (0-0) band origins shows that  the energy separation between the cis ancl trans isomers 
increases to  1300 cal/mole in the excited state, the intramolecular hydrogen bond being 
wealiened by the electronic promotion. The O N 0  bond angle is expected to open slightly 
when the hydrogen bond is wealienecl, and since this motion of tlie nuclei is linlied to 
the redistribution of charge that  occurs in the electronic transition, we might predict that 
the v g  vibration would be active in the spectruin of cis-nitrous acid, as is act~ially the 
case. On the other hand, Goodman and Kaslia's rule (19) that  angular bending vibrations 
about the nitrogen atom are prominent in the spectrum of nx -+ n'Vransitions should 
apply to both cis- and trans-nitrous acid, whereas the ailgular deformation mode was 
not observed in the spectruin of the latter. I t  might be argued that  transitions froin the 
l v 6 "  (trails) ground-state level are not observed because the bands are buried beneath 
other stronger bands. But if this were the case, tlie transition to the vibrationless excited 
state should appear -600 cm-I to the red of the A bancl, and there is no trace of discrete 
absorption in this region. Owing to the displacement of the cis and trails band origins, 
the correspondiilg transition for tlie cis lnolecule is a t  the long waveleilgth edge of the 
A band; and this edge does indeed appear to broaden as the temperature is increased. 

In a crude approximation, two meclianisiiis can contribute to the wealiening of the 
hydrogen bond : (i) electrostatic interactioils of the type normally associated with hydrogen 
bonding (20) are decreased by no -+ a:!: excitation; (ii) orbital redistributioil of electrons 
after excitation may produce changes in molecular geometry that increase the ( 0  - - - H) 
separation and so indirectly wealten the bond. This could occur, for example, in an 
n, -+ n* transition where rehybridization occurs a t  the N atom. However, (i) is expected 
to  predonlinate here, with a small contribution from (ii) due to  the increased (N=O) 
distance in the excited state. The well-linown "blue shifts" for n -+ n absorption bands 
that  occur when lietoilic compounds are dissolved in hydroxylic solveilts have been 
ascribed to brealiing of intramolecular hydrogen bonds upon electronic excitation (21). 
These shifts indicate bond energies of 0.5-4 ltcal/mole, but this may oilly be the amount 
by which the bond is wealtened (22); in any case, the magnitude of such blue shifts is of 
the same order as the increase in the cis-trans energy separation in nitrous acid upon 
excitation. 

Financial assistance by the National Research Council of Canada is gratefully acli- 
nowledged. 
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EXOCELLULAR BACTERIAL POLYSACCHARIDE FROM 
XANTHOMONAS CAMPESTRIS NRRL B-1459 

PART I.  CONSTITUTION1 

J .  I-I. SLONEICER AND ALLENE JEANES 
iVorther~z Regioltal Research Labora to~y ,  Northern lililization Research and Develop7ilent Divis iol~,  Agricz~ltz~r.al 

Research Seroice, lir.S. Departrnetzt of ilguicz~ltz~rc, IJeoria, ILL., LT.S.A. 

Received May 22, 1962 

Polysaccharide B-1459 is the lirst bacterial polysaccharide reported to  contain pyruvic acid 
as  a constituent. The polysaccharide, isolated as tlie potassium salt, was shown to  be co~nposed 
of D-glLIc~se, D-mannose, and D-glucuronic acid, acetic acid, and pyruvic acid in the ratio 
2.8:3.0:2.0:1.7:0.51-0.63. One-third of the total mannose was rcleased readily as  free mannose 
by graded acid hydrolysis ivith only a slow loss of the high solution viscosity. The remainder of 
the mannose \\,as isolatccl as the acid-stable aldobiouronic acid 2-0-(0-D-glucopyranosyluronic 
acid)-D-mannose. Partial acid hydrolysis and preparative paper chromatography afforded 
two higher oligosaccliarides: an aldotriouronic acid coniposed of glucuronic acid 0-linked 
1,2 to  mannose with glucose as the reducing end group, and what appears to be an  aldo- 
tetraouronic acid composed of glucuronic acid, mannose, and glucose. 

INTRODUCTION 

Exocellular polysaccl~arides have beell produced by several species of the bacterium 
Xanthomonas (I) ,  but oiily that from a strain of X. fihaseol*i lias beell characterized (2). 
This highly viscous material is co~nposed of D-glucose, ~ - l l l a l l n ~ ~ ~ ,  and D - ~ ~ u c u ~ o ~ ~ ~ c  acid 
in the ratio 1 : l : l .  At  tliis laboratory a similar polysaccliaride has been isolated from 
X .  campestris NRRL B-1459 (3) and has been produced on a practical scale (4). Poly- 
saccharide B-1459 lias possibilities for utility based on its highly viscous, homogenous 
dispersions, its acid stability, and its u~iusual behavior with salts (3). Atypical of a 
polyelectrolyte, a t  low polysaccharide conceiltratioiis tlie viscosity is relatively insensitive 
to salts, and a t  higher polysaccliaride concentrations salts increase the viscosity 1iiarl;edly. 
Furthermore, salts stabilize the viscosity to heat (3). I11 tliis investigation we have 
sought to correlate the unusual physical properties of tliis polysaccliaride with its chemical 
coiistitutio~l and structure. Succeeding papers will be coiiceriied with the detailed struc- 
tural aspects of tliis problem. 

EXPERIMENTAL 
Chromatography 

The chromatographic solvents e~nployed were as  follows: for the free sugars (A) ethyl acetate -acetic 
acid -water (3:1:3) (5) and (R)  n-butyl alcohol - pyridine - water (6:4:3) (ti) ; for the hydrosa~nic acids (C) 
tz-amyl alcohol - formic acid - water (4 : l : j )  and (D) n-butyl alcohol - acetic acid -water (4:1:5) (7); and 
for the polyalcohols (E) 2-buta~ione -acetic acid - water saturated with boric acid (9:l:l) (S) (all v/v). 
Spray reagents used for the detection of sugars and their derivatives were (A) 0-aminobiphenyl (9) and (B) 
periodate-permanganate (10). IVhatman paper No. 1% was used for quantitative and qualitative chronia- 
tography and No. 3MaI  was used to  separate and isolate larger quantities of pure sugars. 

ilIaterials 
Polysaccharide B-1459 is isolated as  the potassium salt from cell-free media by a series of alcohol pre- 

cipitations in the presence of 1% potassium chloride. The  final precipitate is either dissolved in water and 
freeze-dried or dehydrated with alcohol and vacuum-dried. Products thus obtained contain only traces of 

lPresented before the Dioisiot~ of Carbohydrate Chemistry a t  the 137th iPIeeting of the American Chenlical 
Society, Cleoeland, Ohio, Apr i l  1961. 

2iVlention of trade nanzes should not be construed as a reconznzendatio?z or endorsenzent by tlze Departnze?zt of 
Agriculture over those not mentioned. 

Canadian Journal of Chemistry. Volume 40 (1963) 
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nitrogen, chloride, and phosphorus (3). Two different preparations were used in the  co~npositio~l studies and 
are clesignated 'r-12, a laboratory preparation (3), and MP-3, a n  esperirnental pilot-plant preparation (4). 

Deacetj-latecl 3IP-3 and T-42 were obtained by hydrolyzing a 1% solution of polysaccharide in 0.025 iV 
potassi~im hydroxide and 1% potassi~lln chloride (w/v) for 2 hours a t  24-25' C under an atmosphere of 
nitrogen. l'he allali  was neutralizecl with 0.125 iV hydrochloric acicl and the polysaccharide was dia ly~ed 
until free of salt. The PI-I of the solution was adjusted to 6.5, and the polysaccharide was recovered by 
I )  ophilizntion. 

Graded Arid I I yd io l j s i s  of Polysnccharide B-1/,5.9 
'To 3G nlg of T-4'2 dissolved in 2 ml of water was added 2 ml of 8 N sulphuric acid, and the solution was 

heated a t  100" C. i\t various time intervals 0.5-1111 sainples were removed, neutralized with saturated 
barium hydroxide, and centrifuged. The ne~~tralized centrifugates were reduced in v o l u i ~ ~ e  and q t~a l i t a t ive l~  
chromatographed in solvents I\ and R.  I n  20 minutes D-mannose appeared in the hydrolyate  in rather 
large amounts. After 45 ~ninutes D-glucose appeared along with an aldobiouronic acid and several higher 
oligosaccliarides. The hexuronic acid, D-glucuronic acid, appeared only wea1;ly after 60 mintites. 

Quaatitaliz'e De te r r t~ i t~a t io~s  of the Szl.,aais .h Poljsacchai ide  B-1459 
A sample of polysaccharide (1.00-120 nlg) was dissolved in 30 1111 of 2 I\' hydrochloric acid and heated for 

2.5 hours a t  100' C. :\fter cooling in an  ice bath, the hydrolyzatc was neutralized with silver carbonate and 
filtered through Celite to remove silver chloride. Excess silvcr ions were precipitated with hydroge11 sulphide, 
and the solution \\.as reduced in volume and liltered through Celite into a 5-11~1vo1~1netric Ilasl;.The hydrol- 
yzate, containillg considerable quantities of aldobiouronic acid, D-glucose, and D-mannose along with 
smaller quantities of two higher oligosaccharides (approximately 574" total weight), was chromatographed 
in solvent (X) for 36 hours. The respective sugar fractions were eluted from the paper and determined 
q~~,antitatively by the phenol - sulphuric acid method (11). 

The D-glucuronic acid content was deterrnincd by the carbazole method on the intact polysaccharide (12). 
Reference materials for the determinations were as  follows: U.S. National Bureau of Standards D-glucose; 
commercial mannose recrystallized froin n1etha11ol; glrlcuronic acid dihydrate of established purity; and a 
chromatograpl~ically pure sample of the barium salt of the aldobiouronic acid 2-0-(0-D-glucopyranosyluronic 
acid)-D-mannose isolated fro111 polysaccharide B-1459. For the  small quantities of the two higher oligo- 
saccharides, very pure polysaccharide was used as the  standard. Between 90 and 95% of the  polysaccharide 
sugars was recovered. 

Table I su~nmarizes the  sugrar analyses run on both native and deacetylated sainples of polysaccharide 

TABLE I 
Coinposition of polysaccharide B-1459 
-- -- 

Equivalents of: 

Polysaccharide D-Glucuronic Acetic I'yruvic 
s a m ~ l e  D-Glucose D-Mannose acid acid acid 

31 P-3 
Deacetylated 

T-43 2 . 6  

*Determinet1 on the intact polysaccharide by the carbazole method and expressed as CaHsOo. 

B-1459. Deacctylation produced no change (within experimental error) in the  sugar con~position, and the  
D-glucuro~~ic acid content of all the samples is in good agreement. 

Ide,~fi$catio?z avd Deternzit~ation of the A c y l  Group 
Xative polysaccharide B-1459 (3 g) was hydrolyzed for 1 hour in 300 ml of 4 ~Vsulphuric acid a t  100' C 

and extracted with 6 volumes of ethyl ether. The ether was reduced in volume under vacuum, titrated to 
pH 7 with 0.01 N potassiuln hydroxide, and then tal<en to dryness. Hydroxamic acid derivatives were pre- 
pared from a portion of the dry residue according to Block et a l .  (13) and chrolnatographed in solvents (C) 
and (D). Three spots appeared on the chromatogram when developed with acidic ferric chloride and were 
identified as to origin as  follo~vs: The major spot was from acetic acid; the second spot of medium intensity 
appeared to be fro111 pyruvic acid; and the third, very meal; spot was from formic acid, which probably 
originates as  a breal;don~n product during hydrolysis. 

The acyl content of polysaccharide B-1459 was dcterininecl by two methods. First, the polysaccharide 
(0.17; solutioi~) was deacetylated in an  osygen-free system with 0.01 ~ ' ~ o t a s s i u m  hydroxide in the presence 
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of potassium chloride (1% w/v) a t  room temperature. Aliq~iots were renloved periodically and titrated 
with 0.01 N sulphuric acid with the aid of a pH meter. The acetyl content was 4.7'34, and the hydrolysis was 
co~nplete in 5 hours (Table I). The second method was a colorimetric procedure based on the color complex 
formation of a n  acyl hydroxamic acid and ferric ions (14). The acetyl content was 4.67;. 

Isolation alzd Determinat io?~ of P y r z ~ v i c  Ac id  
Pyruvic acid, which \vas identified tentatively as its hydroxamic acid during a routine identification of the 

acetyl groups in polysaccharide B-1459, was identified positively as  its 2,4-dinitropl~enylI1ydrazo11e deriva- 
tive. A 2,4-dinitrophenylhydrazine reagent (15) was added to a water solution of a portion of the dry residue 
from the neutralized ether extract of acid-hydrolyzed polysaccharide used for the identificatio~~ of the acyl 
groups. Small yellow crystals formed immediately. After three crystallizations from ethanol-water, 21.0 mg 
of a bright yellow crystalline material was obtained which had a melting point of 216" C. The melting point 
did not change when the sample was mixed with authentic pyruvic acid 2,4-dinitrophenylh).drazone. 
Calc. for CgF18XrOc: C, 40.3Yo; H, 3.01%; N, 20.9%. Found: C,  40.5y0; I-I, 3.14%; S, 21.25;;j. 

Quantitative analysis of the pyruvic acid as  its 2,4-dinitrophenylhydrazone (16) revealed that the pyruvate 
content varied slightly between different po1)~saccharide preparations (Table I). 

Neutral Eqz~ivalent  Deterinination for Polysaccharide B-1469 
A 0.1% solution of polysaccharide B-1450 as  its po ta s s i~~m salt was passed slowly with the aid of pressure 

over a column containing a 30-fold excess of Dowex 50-X4, 20-50 mesh resin (Hf form). The column was 
washed with a t  least six holdup volumes of water. The sample and washings were combined and conceniratetl 
in a rotary evaporator a t  40" C. The  sample was titrated with 0.01 N sotlium hydroxide  sing a p1-I meter. 
The  neutral equivalent values found by alkali titration of deionized native and deacetylatetl samples of 
polysaccharide ant1 those obtainetl by calculation from the glucuronate and pyruvate conte~lts are sum- 
marized in Table 11. 

TABLE I1 

Eq~~iva len t  xveight of polysaccharide B-1450 

Equivalent weight 

Polysaccharide By allcali 
sample The~re t i ca l :~  titration 

Native 
T-42 594 764 
MP-3 594 6754~31  

Deacetylated 
MP-3 526 6 3 5 4 ~ 7  

*Calculated from the giucuronic and pyruvic acid contents. 

Isolation of the Acidic  Oligosaccharides 
Polysaccharide B-1-159 (5.0 g) was hydrolyzed in 500 ml of 4 iV sulphuric acid for :i hours a t  100' C. The 

solution was neutralized with barium carbonate, centrifuged, reduced in volume to 10 1n1, and filtered to 
remove residual barium carbonate. A 300-rnl aliquot of absolute ethanol was added, and the precipitate 
which formed was allowed to settle out a t  4' C. The precipitate collected by centrifugation was redissolved 
in 10 1111 of water, reprecipitated, and was fillally washed with absolute ethanol. The yield as the barium salt 
after drying mas 1.96 g. 

The acidic oligosaccharides were separated by paper chromatography (200 mg per sheet) i11 solvent (A) 
for 6 days. The papers were dried overnight, and the fractions, four in all, were detected on guide strips 
with spray (A). The fractions were recovered by macerating the paper in distilled water, removing the pulp 
on a sintered-glass funnel, reducing the volume of the filtrate, and neutralizing to p1-I 7.0 with a saturated 
barium hydroxide solutio~l. The  fractio~ls were then precipitated with ethanol, collected by centrifugation, 
and  dried in vacuum over phosphor~ls pentoxide. The yield of each fraction was: 

Fraction Yield, mg 

1 130 
2 904 
3 60 
4 19 
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SLONEKER AND JEANES: POLYSXCCI-IARIDE B-1459 2069 

Ide)rtificaliolz of Frriction 1 as  ~ - G l ~ i c u r o n i c  A c i d  
Fraction 1 was identihed chro~natographicall~~ in solvent (.-I) a s  D-glLIcuronic acid. 
Idelatification of Fract,iol~ 2 a s  2-O-(~-~-G~~~copyrc~nos~~~a~ronic acid)-D-nzu,zvose 
Fraction 2 (4  mg) \\,as hydrolyzed in 0.5 ml of 4 N sulphuric acid for 3 hours a t  100' C. The hydrolyzate 

was ne~itralized with barium hydroxide, the precipitate was re~iiovecl by centrifugation, and the supernatant 
solution \vas reduced in volume and chrorliatographed in solvent (A). The  hydrolyzate contained D-glucuronic 
acid, D-mannose, and starting material. 

Fraction 2 had all value of -30.6 (c, 0.240, water). The  specific rotation reported for the barium 
salt of 2-0-(0-D-glucopyranosyluronic acid)-D-marlnose is [a]u?"30.0 (c, 0.96, water) (15). An authentic 
sample of 2-0-(8-D-glucopyranosyluronic acid)-D-mannose and fraction 2 both gave the same chromato- 
graphic results; neither reacted with triphenyltetrazoli~~m chloride, a behavior characteristic of a 1,3-li~ilced 
reducing disaccharide (18 and references cited therein). With spray reagent (A) both compo~~nds  gave a n  
unexpected orange-brown spot in contrast to the characteristic greenish-brown color of hexoses (9) shown 
by 4-0-(glucopyranosyl~~ronic acid)-D-galactose as  well as  by neutral disaccharides (maltose, isomaltose, 
and gentiobiose). 

Both fraction 2 and thc barium salt of 2-0-(~-D-gl~~opyrano~]~~~lronic acid)-D-mannose mere oxidized 
with lead tetraacetate as  described by Charlson and Perlin (19). In '3 hours fraction 2 reduced 13.6 moles of 
lead tetraacetate and producecl 5.6 moles of carbon dioxide. In  co~nparison, the Ic~iown aldobiouronic acid 
reducecl 13.4 111oles of leacl tetraacetate and produced 5.0 moles of carbon clioxide. Fraction 2, therefore, is 
2-0-(~-~-gl~1copyranosyiuronic acid)-D-mannose. 

Ideiztificatio,s of Fraction Y as  carr Aldotiiourolsic Ac id  
Fraction 3 (4 ~ n g )  was hydrolyzed and chromatographed as  described for fraction 2. 'The hydrolyzate 

showed D-glucose (strong), 2-0-(~-D-g~llcopyranosy~uronic acid)-D-mannose (strong), D-mannose, and 
D-glLIcLIroIIic acid (both meal;). A second sample of fraction 3 (4 mg) was dissolved in 0.2 ml of water. Ten  
milligra~ns of sodium borohydride was added and was allowed to  react a t  room tenipera t~~re  overnight. The  
solution was neutralized with solid carbon dioxide and was decationized by passing it through a Dowex 
50 H+ colu~nn. The eluate was talcen to dryness, and the boric acid was removed with dilute methanolic 
hydrogen chloride. 'Thc residue was hpclrolyzed in 4 iV s~~ lphur i c  acid for 2 hours ancl was neutralizcd as  
described. Chromatography of the hydrolyzed, reducecl sample in solvent (E) re\,ealed that  the glucose 
was conipletely converted to  sorbitol. 'The presence of sorbitol i~idicates tha t  fraction 3 is a trisaccharide 
composed of D-glucuronic acicl, D-mannose, and D-glucose, with D-glucose the reducing elid group. 

Ideiztif icnlio,~ of A a r t i o n  /t as  a n  Aldotetrcroz~roizic Ac id  
Fraction 4 (5 mg) mas hydrolyzed in 4 ~Vsu lp l i~~r i c  acid for 1 hour a t  100' C. 'I'he hydrolyzate mas neutral- 

ized and chrornatograplicd as described. The substances found and their relative concentrations were: 
D-glucose, high; 2-0-(8-D-glucopyratiosfironic acic1)-D-mannose, mediun~; and thc aldotriouror~ic acid, 
weak. This chromatographic evidence irldicates that fraction 4 is an aldotetraouronic acid in which two 
glucose residucs arc adjacent. 

RESULTS AND DISCUSSION 

The polysaccharides produced in the laboratory (T-42) or on a pilot-plant scale (MI'-3) 
appear to be the same in  composition and structure except for a sillall variation in the 
pyruvic acid content (Table I). The polysaccharide from X. pkaseoli contains the sanle 
sugar constituents but in a different ratio (1:l:l)  (2). Acetic and pyruvic acids were not 
reported for this polysaccharide. The optical rotations, however, of the poll-saccharides 
from both genera of Xanthomonas are zero, indicating some degree of structural similarity. 
The acetic acid (4.7% as acetyl) in polysaccharide B-1459 appears to be present as an 
ester because it can be removed readily wit11 dilute alkali a t  room temperature. Removal 
of the acetyl groups produces a polysaccharide with inlproved physical properties, e.g., its 
viscosity in the presence of salts is significantly greater and it produces stronger and more 
flexible films than the native polysaccharide (20). 

Pyruvic acid, a unique polysaccharide constituent, comprises 3.0 to 3.5y0 of the total 
weight of polysaccharide B-1459. Previously, only commercial preparations of a red 
seaweed agar have been reported to contain 1.0% pyruvic acid as a 4,6-0-(1-carboxy- 
ethylidene) unit attached to D-galactose (21). I n  the seaweed polysaccharide pyruvic 
acid is suspected of imparting gel properties to the polymer. In polysaccharide B-1459 
there is evidence that the pyruvic acid is attached by the same linkage to a glucose unit 
(22). The effect that pyruvate has on the physical properties of the polysaccharide is 
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unl<no\vn. The small differences in the pyl-uvate content of the two preparations ol poly- 
saccharide B-1459 are possibly due to slight variations in fermentation conditions. 

Neutral equivalent data determined on native and deacetylated polysaccharide B-1459 
inclicate that  lactonization is occurring when the polysaccharide is decationized with ion 
exchange resin. Measurement of neutral equivalents of both native and deacetylated 
polysaccharide should, theoretically, reveal the extent ol carboxyl esterification since the 
conditions of deacetylation are suflicient to  saponify esters of either glucuronic acicl or 
pyruvic acid if  they exist. Any difference in the neutral equivalent between the two sam- 
ples, beyond that  caused by the weight loss of acetyl groups, would bc a nleasure of the 
carboxyl ester content. However, when such measurements were ~nade  on clecationized 
material, both native and deacetylated polysaccharide samples gave results that were 
inconsistent and also high as compared with theoretical values based on the sum of pyruvic 
and glucuronic acid contents (Table 11). Lilce polysaccharide B-1459, the exocellular 
polysaccharide from X. pl~aseoli exhibited an inconsistency of neutral equivalent values 
(391 to 599) wlien determined by a similar method (2). These discrepancies probably 
result from formation of the 3,6-lactone of glucuronic acid in the polymer by the action 
of the acidic ion exchange resin. Exte~lsive lactone formation has been reported previously 
in certain other polysaccharides containing 1,4-linked glucuronic or mannuronic acid 
when isolated from an acidic medium (23). On the other hand, free galacturonic acid 
lactonizes to a minor extent, if a t  all (24, 25). In a polysaccl~aride it should lactonize only 
negligibly and titration of a polymer containing galacturonic acid should give an accurate 
measure of carboxyl content. As expected, pectic substances yield identical results when 
the hexuronic acid content is measured either by allcali titration or by the carbazole 
assay (26). 

In gracled acid hyclrolysis studies approxilnately one-third of the mannose is released 
rapidly into the hydrolysis medium and is presumed to  be a single side-chain unit. The 
quantity of labile mannose liberated is equivalent to  one mannose side chain for every 
eight sugar residues. Stability of the polysaccharide backbone, however, is indicated by 
the persistence of viscosity even after 1 hour's hydrolysis in 4 N sulphuric acid a t  100° C. 
This acid stability coupled with an optical rotation of zero indicates that  the majority of 
the glycosidic linkages are in the 0-configuration. 

The sugar sequence of the polysaccharide baclcbone is revealed in part through the 
oligosaccharides isolated by partial acid hydrolysis. The majority of the rnannose tha t  is 
stable to  mild acid hydrolysis was recovered as an acid-stable aldobiouronic acid, 2-0-(0-D- 
glucopyranosyluronic acid)-D-mannose. 

Isolated in lesser yield was an aldotriouronic acid composed of the above aldobiouronic 
acid and glucose, which occupies the reducing end position. A third acidic oligosaccharide 
isolated in quite small yield was also made up of the aldobiouronic acid and glucose. 
However, its rate of lnigration on paper chromatograms as  compared with that  of the 
aldotriouronic acid is somewhat slower and therefore i t  is believed to  be an aldotetraouronic 
acid which contains two adjacent glucose residues. No other oligosaccharides were ob- 
served. 

Polysaccharide B-1459 appears to  be a relatively high molecular weight linear polymer 
which forms highly viscous gel-like solutions that  produce strong, flexible filn~s (3, 20, 27). 
Fro111 the chernical coinposition studies, the polysaccharide may be depicted as  a linear 
polynler with an acid-stable 0-linked backbone containing D-glucose, D-mannose, and 
D-glucuronic acid with 1 mannose side chain unit for every 8 sugar residues and possibly a 
4,6-0-(I-carboxyethy1idene)-D-glucose side-chain residue for every 16 sugar residues (22). 
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A d d i t i o n a l  s t r u c t u r a l  d e t a i l s  based 011 p e r i o d a t e  ox ida t io l l  p r o c e d u r e s  will  be desc r ibed  

i n  a s u b s e q u e n t  paper .  
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ABSTRACT 

Whole starch, an~ylose, amylopectin, and glycogen (polymeric carbohydrates of the 
a-D-glycosidic linkage type) were nitrated by nitric acid in the presence of phosphoric anhydride 
and stability properties of the nitrated products were studied. Crude amylose nitrate is 
more stable than a~nylopectin nitrate and the latter is less stable than the whole-starch 
nitrate a s  judged by the Bergmann-Junk test. The stability of glycogen nitrate is closely 
similar to that  of amylopectin nitrate. 

Appreciable stabilization of the crude nitrates mas brought about by boiling with slightly 
allcaline water for long periods (60-70 hours). All stabilized samples were found to possess 
closely si~uilar stability properties. The Bergmann-Junk values of all examined nitrates 
ranged from 2.2 to 1.7 mg of nitrogen per gram sample; the latter value seems to represent 
the maximum stabilization which could be attained for the polymeric carbohydrate nitrates 
of the a-D-glycosidic linkage type. In  the case of cellulose nitrate (6-D-glycosidic linkage type) 
Bergmann-Junk values of 1 to 1.25 mg of nitrogen were obtained. 

Extensive work has been carried out on starch nitrate (from 1833 onwards) by different 
investigators (6, 7, 14), but most of this worlc has centered on the preparation and 
stabilization of whole-starch nitrate. Some trials, however, were made by Berl and Icunze 
(4), Centola ( l l ) ,  and Snelling (20) to separate the nitrated starch into two different 
fractions, namely, the amylose and amylopectin nitrates, and to study their properties; 
but the difficulty was that the authors did not have either a true amylose (unbranched 
fraction) or a true aillylopectin (branched fraction), since, a t  that time, these two prin- 
cipal components of starch had not been thoroughly established (7). 

I n  recent years improved techniques have been developed for fractionation of starch 
into its separate components (2, 17, 18). The availability of two starch fractions, namely, 
amylose and amylopectin, siinplified the study of two considerably different polyineric 
carbohydrate nitrates (2, 8, 9, 24). Thus, recently the Will and Lenze method for the 
preparation of whole-starch nitrate (23) was revived once again by Ashford, Evans, and 
Hibbert (2) for nitrating the amylose and the amylopectin fractions of the starch granule. 
The nitrated products mere fractionated by dissolution in ethanol. The authors have 
indicated that the unfractionated a~uylose nitrate possesses greater stability than the 
unfractionated ainylopectin nitrate. A high stability was also found with both the alcohol- 
soluble and alcohol-insoluble amylose nitrate fractions, those of the corresponding 
amylopectin nitrate being less stable. 

The method of Will and Lenze appeared to be experimentally tedious and gave products 
that required considerable effort to stabilize (24). On the other hand, it has been previously 
claimed that nitration of whole starch ~vitlz nitric acid alone (12) or with nitric acid in 
the presence of phospl~oric acid and/or phosphoric anhydride (3, 4, 7) gives nitrates of 
higher stabilities and higher viscosities (through less degradation). The investigation, 
herein described, was initiated in the belief that a study of the properties of the nitrates 
of starch, amylose (unbranched fraction), and amylopectin (branched fraction), prepared 

Canadian Journal of Chemistry. Volume 40 (1968) 
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by nitric acid in the presence of phosphoric anhydride, would provide valuable data  on 
stability properties of those polymeric carbohydrate nitrates; an elusive problem in the 
chemistry of polymeric carbohydrate nitrates is tha t  of stability. Moreover, the avail- 
ability of glycogen, a polynleric carbohydrate possessing the branched-type structure of 
a-D-glycosidic linkages like tha t  of amylopectin (branches of glycogen are shorter than 
those of am).lopectin (13)), gives a new material for study of the nitration and stabilization 
of another polymeric carbohydrate nitrate of the a-D-glycosidic linkage type. No work 
has beell done previously on the stabilization of glycogen nitrate. 

DISCUSSION 

Many tests have been devised to  measure the stability of the nitrated polysaccharides 
( 5 ,  pp. 41-GI; 15). The  Abel heat test and the Bergmann-Junk test are the two most 
widely used tests for measuring the stability of starch nitrates. 

There are some objections, however, to the applicatioll of the Abel test; the most 
essential ones are:  (a) the test is extremely sensitive, the standard tint  being produced by 
0.000135 mg of nitrogen peroxide; (b) the test time is greatly affected by the moisture 
content of the sample (15); and (c) short test time is obtained for carefully stabilized 
explosives when the water used in the stabilization treatment has a high content of certain 
salts and impurities ( 5 ,  pp. 41-GI); on the contrary, the presence of ~n inu te  amounts of 
certain adulterants, e.g., mercuric chloride, methanol, ethanol, etc., prolongs the test 
time (15). 

I n  contrast to the Abel test, the Bergmann-Junk test is quantitative and gives a better 
idea of the actual stability or storage ability of explosives (5, pp. 41-GI). This  test was 
taken as the main measure of stability during the course of the present experiments. 
The ignition temperatures of the nitrates were recorded throughout all the work. 

The  crude nitrated products of whole starcli, amylose, amylopectin, and glycogen 
were fouricl t o  possess different stability properties as  judged by tlie Bergmann-Junk test. 
Amylose nitrate is more stable than tlie amylopectin nitrate and the latter is less stable 
than the whole-starch nitrate. The stability of glycogen nitrate is closely similar to tha t  
of am),lopectin nitrate. In  the ignition temperature test, the examined nitrates had 
different ignition temperatures, a s  shown in Table I .  The ignition temperature of glycogen 
nitrate is about 2.5" C lower than that for the amylopectin and  for the whole-starch 
nitrates. Amylose nitrate has a higher ignition te~nperature (178" C). 

Stabilization of the crude nitrates was brought about by boiling either with distilled 
water or with siightly alltaline water (0.025% sodium carbonate solution), for long 
periods, as followed in the industrial stabilization treatment of cellulose nitrates (16). 
The following results were obtained. 

(1) Stability properties of the crude nitrates were improved by boiling with distilled 
water for 72 hours (cf. Table I ) .  Although the Bergmann-Junlt stability values of the so 
treated nitrates were still far away from the specifications of stable explosives (1.25 1ng 
nitrogen for cellulose nitrate ( 5 ,  pp. 41-GI)), yet the most important observation was 
that  the difference in stability properties of the examined esters was practically negligible. 
The ignition temperatures of the nitrates were also improved but  still there is a slight 
difference, as  shown in Table I ;  brown fumes appeared a t  about 169" C. 

(2) Appreciable stabilization of the crude nitrates was brought about by boiling with 
slightly allialine water. Thus, boiling with slightly alkaline water for 24 hours effected 
Inore stabilization than boiling with distilled water for 72 hours. A slight decrease in 
nitrogen content was observed in the  first case. T h e  stability of the esters was greatly 
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T A B L E  I 

Ignition tenip. test Abel heat test 
Nitrogen Bergtilann-Junk a t  80" C 

Nitrate content, Brown Ignition test, (ref. 5, pp. 41-01), 
salnple 17, /o fumes, "C temp., OC m g  nitrogen ~ n i n  

Starch 13.68 
Aniylopectin 13.78 

(1) Crude untreated nitrates 
167 174.5 15.70 
167 174.4 18. 10 

A~ll$lose 13.65 168 178 .0 13.60 
Glycogen 13.70 167 I72 .O 17.96 

(2) Boiling with distilled water i111der reflux for 72 hours 
Starch 13.50 169 177 8.36 
A~~iylopectin 13.62 169 176 8.43 
Amylase 13.60 169 178 . G 8.39 
Glycogen 13.43 169 175 8.35 

(3) Boiling with sodi~rni carbonate solution (0.02570) for 24 hours 
Starch 13.35 170 176 6.57 - 
A~nylopectin 13.45 170 175 6.73 - 
Arn$loke - - 
Glycogen 13.30 169 

(4) Boiling with sodium carbonate solutioll (0.025%) for 48 hours 
Starch 13.22 1.70 176 . 5  4.75 - 
Atnylopectin 13.30 170 176 . O  4 . 8  - 
Alnyloie 13.12 170 178 . 2  4.75 
Glycogen 13.16 169 173 . G 4.75 

(5) Boiling with sodiu~n carbonate solution (0.025%) for GO hours 
Starch 12.81 171 177 . 5  2.22 - 
An~vlopectin 12 .SO 171 177.8 2.2 - 
~ ~ n y l o s e  12.82 171 178 . G  
Glycogen 12.78 170 174.2 

(6) Boiling with sodium carbonate solution (0.025%) lor 72 hours 
Starch 13.53 171 177 .5 1.70 - 
Arnylopectin 12.59 171 177 .8 1.70 - 
Am$lo&e 12.62 172 l'i9 . 0 
Glycogen 12.58 170 174 .5  

(7) Boiling with sodiu~n carbonate solution (0.025%) for 84 hours 
Starch 12.19 171 178.5 1.65 - 
Amvlopectin 11.9 171 178 .5 1.65 - 

ilnproved by alkaline boiling for a period of 6 0  hours. I t  is to be noted that  the so treated 
nitrates of starch, amylose, amylopectin, and glycogen possessed closely similar stability 
Bergmann-Junk values. 

(3) Further improvement in stability of the discussed esters was obtained by boiling 
in slightly all;aline water for 72 hours, whereby a n  appreciable decrease in nitrogell 
content was also traced. This represents the most favorable conditions for attaining the 
best stabilization results, since boiling for 8 4  hours caused iliarlted loss in nitrogen content 
and no appreciable improve~nent of the Bergmann-Junk stability values (cf. Table I).  

Exanlinations of the explosive properties of tlie stabilized sanlples of glq-cogen, amylo- 
pectin, and whole-starch nitrates boiled for 60 hours (with carbonate solution) had shown 
that  their nitrogen contents still provided theln with good explosive properties; the Trauzl 
lead block test showed a net expalision of 335, 330, 340 ml  respectively, as conlpared 
with a net expa~lsioll of 280 1111 for stalldarcl T . N . T .  The ignition tenlperature of glycogen 
nitrate was still lower (ca. 3' C) than that for t he  amylopectin and for the whole-starch 
nitrates. The amylose nitrate had a higher ignition temperature than all the exanlined 
nitrates. 
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In  a nitrating medium co~nposed of nitric acid and phosphoric anhydride the instability 
of the nitrated starch and its fractioils is mainly attributed to the presence, in very small 
amounts, of either free mineral acid or certain nitrated oxidation products formed during 
the nitration reaction (10, 16). The fact that stabilization of the esters by boiling with 
slightly allaline water is more effective than boiling with distilled water is not surprising, 
since (a) the dilute alkaline boiling is reported to effect deco~nposition of the uilstable 
nitrated osidatioll products (16) and (b) alkaline hydrolysis is more rapid and effects 
rapid fall in nitrogen content. 

I t  remains, now, to interpret the solubility results of the above-discussed nitrates in 
absolute ethanol. The crude nitrated products were found to possess widely different 
solubilities. Xmylopectin and glycogen nitrates are 111~1~11 lllore soluble, in absolute 
ethanol, than the amylose nitrate (59, 56, and 21% respectively). The whole-starch 
nitrate is less soluble than the amylose ester (16.5 and 21% respectively). The widely 
different solubilities of either amylopectin nitrate or glycogeil nitrate, and of the amylose 
ester, may be related to the structural difference between amylose, amylopectin, and 
glycogen. I t  is evident that the amylose ester, ~vl~ich  is composed of linear molecules 
capable of close packing, would be inore i~lsoluble than the somewhat loosely packed 
i~~olecules of am~~lopectin ester (22). The glycogen nitrate is expected to behave like the 
am)~lopectin nitrate due to siinilarity in their branched-type structure (13). In the case 
of ~vllole-starch nitrate the solvent is unable to break associative bonds necesssary for 
solution, while when the amylopectin is separated from the amylose, associative bonding 
is greatly lessened and solutioll of the former component can take place more readily; 
the amylose is respoilsible for association in whole-starch nitrate (cf. ref. 2). 

On the basis of the above results, it could be concluded that stabilization of polymeric 
carbohydrate nitrates of amylose, amylopectin, whole starch, and glycogen, by boiling 
with slightly alkaline water, gives products of closely si~nilar stability properties as judged 
by the Bergmann-Junk test. The stabilized samples had Bergmann-Junk values rallgiilg 
fro111 2.2 mg of nitrogen (60 hours' boiling) to ca. 1.7 111g of nitrogell (72 hours' boiling) 
per gram sample, and these values are probably the maximum stability values attained 
for those polymeric carbohydrate nitrates of the a-D-glycosidic lillltage type. When 
samples of comi~~ercial cellulose nitrates (P-D-glycosidic linkage type) were examined, 
during the course of the present experiments, Bergmanil-Junk values ranging from 1 to  
1.25 mg of nitrogen per gram sample were obtained. The present stability results throw 
light on stability of starch nitrate, and further investigations on the subject will follow. 

EXPERIMENTAL 

Am) lopectin and glycogen (provided b y  the British Drug Houses) as urell as  potato starch (provided b y  
Carlo Erba, Italy) \\-ere used during the course of the present experiments. Xmyloee was obtained from the  
potato starch by means of the selective adsorption method employing cotton cellulose as thc adsorbent (2, 
19, 21). 

Preparatio,~ of the ivitrates 
Nitration of starch, amylase, amylopectin, and glycogen was carried out under the following conditions: 

nitric acid/P?Oj (by weight), 19:l; starch/nitrating inedium, 1:50; time of nitration, 3 hours; t en l~e ra tu re  
of nitration, 10" C. 

iVitmtio)~ 
Five hundred cubic centimeters of concentrated nitric acid (d, 1.52), in a 1-liter three-necked flask, 

fitted with a stirring motor, was placed in an ice bath a t  a temperature of about 10" C. Forty grams of 
phosphorus pentoside (P2o5) were added to the  nitric acid, in portions, so that  the temperatlire of the  
nitrating rnisture did not exceed 10' C. SVell-dried starch, amylose, amylopectin, and gIycogen (16 g)  were 
added to the nitrating ~nixtlire over a period of 1 ho l~ r ,  during which time the mixture was stirred vigorously 
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and the temperature maintained a t  10' C. Nitration was completed by continuing the stirring for a period 
of 2 hours a t  the same temperature. 

The nitrated products were isolated by pouring the nitration mixture onto vigorously stirred, finely 
chopped ice, followed by filtration and then washing, on the filter, with large quantities of water. The crude 
ester was placed in a beaker with 250 ml of dilute sodium carbonate solution (0.025%) and boiled for : hour, 
cooled, filtered, and then washed with large quantities of cold water. 

The nitrated products were dried cautiously a t  45-55' C and weighed. Yields arno~lnted to ca. 27.5 g, 
172%. 

Stabilization Treatmel~t  
Stabilization of the crude nitrates was carried out by boiling either with distilled water or with slightly 

alkaline water (0.025% s o d i ~ ~ m  carbonate solution) for long periods, as followed in the industrial stabilization 
treatment of commercial cellulose nitrates (16). The  nitrates were boiled under reflux for the periods 
illustrated in Table I ;  liquor ratio 15:l. After the boiling treatment the treated esters were washed thoroughly 
with water, followed by washing with O.lyo solution of ammonium hydroxide, and then finally with water. 

Determi?zation of Nitrogen Co~ltent 
Nitrogen contents were obtained by the nitrometer method. The Lunge-Sederholm nitrometer (5, pp. 

160-161) was used. 

Solztbility of the *Vitrates i n  Absolz~te Ethanol 
One-half gram of dry sample of nitrate was weighed out in a 250-1111 glass cylinder. One hundred c ~ ~ b i c  

centimeters of absolute ethanol (provided by E. Mercli) was added and the stoppered cylinder was then 
shalcen on a shalier for 2 hours. After centrifugation, 50 cc of ethanol was withdrawn by means of a pipette 
and evaporated in a tared glass dish on a water bath. I t  was then dried, cooled in a desiccator, and weighed 
t o  constant weight. The percentage of soluble matter was calculated. 

Determination of Stabilities 
The Bergma?~?t-Jz~ltk Test 
In the official Bergmann-Junk test, 2 g of the explosive of the cellulose nitrate type is heated a t  132' C 
(f 0.5" C)  for a period of 2 hours, a t  the end of which the quantity of nitric oxide evolved per gram of sainple 
is quantitatively determined as a measure of the stability of the explosive under examination. Results are 
usually given in milligram of nitrogen per gram of sample. The amount of nitric oxide present can be 
estimated by the Schultze-Tiemann method (15) or by titrinletric procedures (5, pp. 41-61). 

The Bofor's titrimetric procedure, using 0.05 N sodium hydroxide solution and phenolphthalein as 
indicator (1 1111 of 0.05 Nsodiuin hydroxide is equivalent to 1 ml of nitric oxide (5, pp. 41-61), was e~nployed. 
Results were checked by the Schultze-Tiemann method whereby reliable results were obtained. Triplicate 
samples were ~lsed. 

During the course of the present investigation, the Bergmann-Junk test was modified in one respect 
only, namely, in tlie weight of the sample used. One-half-gram samples were ~ ~ s e d  in the prilnar> stabiliza- 
tion experiments and compared with 0.5-g samples of standarcl starch nitrate. When tlie best favorable 
conditions of stabilization were attained (e.g., by boiling with slightly allcaline water for 60 hours) the official 
Bergmann-Junk test with the 2-g sample was employed. 

Determi?tatio?t of the Icnition Tevtperatztre 
The ignition temperatures were obtained using Bofor's ignition temperature apparatus (5, pp. 41-61). 

The experiments were carried out by inserting f o ~ ~ r  ignition test tubes, each containing 0.1 g of dry  sample 
of the nitrate, into the corresponding holes of the ignition apparatus, as  soon as  its t en lpe ra t~~re  attained 
100" C. Heating was controlled to allow a rise of 5" C per minute. 
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IDENTIFICATION O F  CONJUGATED TRIENE FATTY ACIDS 

I N  CERTAIN SEED OILS1. " 
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ABSTRACT 

Scetl oils \\,ere hydrolyzed ~111der 11lild co~lditions and the major conjugated fatty acid of 
each oil was isolated and identified. In two families, species which mere closely related botan- 
ically contained dif[erent but isomeric acids. 'Yhus, in the Bignoniaceae, Jacaralzda clielowia 
had cis,trans,cis-8,10,12-octaclecatrienoic acid as a  major acid while Catalpa speciosa had 
tra~1s,tra~~s,cis-0,11,13-octadecatrienoic acid. In the Cucurbitaceae, Afolo,lzordicn cl~arnlztia had 
the ordinary cis,trans,trans-9,11,13-octadecatrienoic (a-eleostearic) acid while d f .  balsanri?za 
had cis,fra?~s,cis-9,ll,13-octadecatrienoic (punicic) acid. d f .  balsa?irina is a new and convenient 
source of punicic acid. a-Eleostearic acid was iclentified as  a major acid in esa~nples of 
Valerianaceae and Rosaceae. Further proof was obtaincd that the fatty acid of Caleildtrla 
nfici?ralis (Compositae) is tra?zs,tra?zs,cis-8,10,12-octadecatrieroic acid. 

Until the \-ear 1956 only two simple conjugated triene fatty acids were known to occur 
in seed oils, viz. a-eleostearic and punicic acids. Three additional acids of this type have 
been discovered since then (1, 2, 3, 4). All five of these simple conjugated acids have an 
18-carbon straight chain; in two of them the unsaturated grouping occupies the 8,10,12 
position but in the other three it  is in the 9,11,13 position. The present work reveals the 
occurreilce of lour of these acids in plant species in which they were not known previously 
(Table I) .  Positive ideiltificatioil of each acid was made by orthodox chemical procedures. 

TABLE I 

Occurrence of conjugated octadecatrienoic acids 

CH,(CII?),CI-I=CI-I-CI-I=CI-I-CI-I=CEI (CI-12),COOH 

Unsaturated grouping 

Species Formula Position Configuration Reference 

Jacara?zda chclonia (Bignoniaceae) 
Catalpa speciosa (Bignoniaceae) 
Moo?mordica cizara~ztia (Cucurbitaceae) 
i l f o ~ z o ~ d i c a  balsnn~ina (Cucurbitaceae) 
Calendzrla o&ci?zalis (Compositae) 
Centra?~t l~z~s  rz~bcr (Valerianaceae) 
Cotia chestnut (Rosaceae, see test)  
Pruxnrs nrahalcb (Rosaceae) 

8,10,12 cis,trans,cis i; 

0,11,13 trans,trans,cis * 
9,11,13 cis,trans,trans (a-eleostearic) 5 
9,ll,l:3 cis,trans,cis (punicic) 
8 , 1 1 2  trans,trans,cis 1 , 2  
9,11,13 cis,trans,tra~ls 
0,11,13 cis,trans,trans 
0,11,13 cis,trans,trans 6 

V ~ e s e n t  work 

Seed of Jacaranda chelonia Griseb. (Bignoniaceae) yielded an oil containing a sub- 
stantial amount of conjugated triene acid, as shown by its ultraviolet spectrum. The acid 
was isolated and identified as cis,trans,cis-8,10,12-octadecatrienoic acid (I) by melting 
point, mixed melting point, and ultraviolet spectrum. The only previously 1;nown 
occurrence of this acid is in the oil of Jacaranda mimosifolia D. Don (4). 

'Presented i x  part at the VIt l l  Coxgress of the Inler?zationalSociety for FatResearch, Lo?zdo?z, Apr i l  9-13,1962. 
?Isszied as ilT.R.C. No. 7006. 
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The seed oil of Catalpa speciosa Warder, also a member of the Bignoniaceae family, 
yielded a different triene acid. I t  melted a t  31-32" and gave an adduct wit11 inaleic 
anhydride which melted a t  72-73'. I ts  ultraviolet spectrum i~ldicated a triene grouping 
of two trans and one cis bond (cf. ref. 7). The acid was identified as trans,trans,cis-9,11,13- 
octadecatrienoic acid (11) by nlixed melting point with an authentic sample. This was 
confirlned by nlixed melting point of the maleic anhydride aclducts. The acid is known to  
occur in the oil of Catalpa oaata Don (3) but has not been observed elsewhere. Occurrence 
of this trans,tl-ans,cis acid nullifies an earlier suggestion that the 9:10 double bond in 
natural triene acids is always cis (8). 

The existence of acid I in two species of Jacaranda and of acid I1 in two species of 
Catalpa provides rather striking confirmation of the botanical classification of these 
plants. I t  is notable that  one genus produces the 8,10,12-triene while the other produces 
the 9,ll , l3-triene, also that the two acicls differ in their geometric configuration. Although 
it cannot be talcen for granted that a given species of plant will always produce the same 
isomer of a conjugated fatt3- acid, we are not aware of any evidence to  the contrary. 

The oil of iMonzordica cha~an t ia  L. (Cucurbitaceae) has been studied in the past and the 
presence of a-eleostearic acid has been reported. Claims that the oil contailled trichosanic 
(punicic) acid have apparently not been substantiated. Verma and Aggarwal (5) isolated 
the acid and identified it  as a-eleostearic by n~el t i~ lg  point, ultraviolet absorption, and 
conversion to the all-trans form. However, they did not report any mixed melting points. 
Our sample of AJomordica charantia seed yielded a-eleostearic acid (111) as the inajor 
acid and its identity was proved conclusively, thus confirming the work of \Terms and 
Aggarwal. 

Another species of the saine genus, Ad. balsamina L., contained a different acid. Earle 
and co-worlters (9) reported that the oil of this species contained 50% of a conjugated 
triene acid and listed it as trichosanic acid, although evideilce of its identification was 
not given. Our sample of the oil \\as estimated to coiltaiil 58y0 of a conjugated triene acid 
which was identified una~nbiguo~~sly as punicic acid (synonymous with trichosanic), i.e. 
cis,trans,cis-9,11,13-octadecatrienoic acid (IV). Thus it appears that two species of the 
same genus produce different major fatty acids, indicating a marlied specificity of fatty 
acid biosynthesis. The two acids fro111 these species differ only in geonletric configuration 
(cis,trans,trans and cis,trans,cis). 

Punicic acid has been available hitherto only from Pzinica granatzim (Punicaceae) and 
from Trichosanthes sp. (Cucurbitaceae). Afomordica balsamina constitutes a useful new 
source of the acid since the seed is available commercially and the oil has a high content 
of punicic acid. 

The oil of Cabendzila qficinalis L. (Compositae) was shown by i\/IcLean a i d  Clark to  
contain an 8,10,12-octadecatrie~loic acid (1). Later, the configuration of this acid was 
found to be trans,trans,cis (V) by infrarecl studies and by degradation of its inaleic 
anhydride aclduct (2). The trans,trans,cis configuration was confirmed in the present 
work by hydrogenating the adduct (VI) and compariilg the product with the compound 
(VIII) obtained by hydrogenating the adduct (VII) of trans,tm~zs-8,10-octadecadie1~oic 
acid; both melted a t  105.5-lO(j.5" and a mixed ~nelting point determination showed that  
they were identical. Hence, the two trans double bonds of the triene acid must be a t  
positions 8 ancl 10. 

Seed oil of Centranthus rziber DC. (Valerianaceae) was found to contain a conjugated 
triene acid which was isolated and identified as a-eleostearic acid. This appears to be the 
first identification of a conjugated triene acid in this family although Earle and co- 
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VII CH,[CH~I,CH~CH~CHCH=CHCH[CH~],COOH 

CH- CH 
I I 

OC - 0 - CO 

Hz 1 
VIII CH,[CH~]. ,CH,CII~CHCH~CH~ C H [ C H ~ ] ~ C O O ~ {  +- 

I 
CH- 

I 
CW 

workers ('3) reported infrared evidence for a triene acid in Valerianu o~fici~zalis that was 
listed as eleostearic acid. Valerianella olitoria, of the same family, was shown by Steger 
and van Loon to contain no conjugated acid (10) and we have confirmed this. 

Two species of Rosaceae were examined. The kernel oil of the cotia chestnut was reported 
earlier to colltain a conjugated acid on the basis of its diene value and drying properties 
(11). Our sample of this nut, obtained from the vicinity of Tefe, Amazonas, Brazil, yielded 
an oil containing about 23y0 of a-eleostearic acid, identified by means of its maleic 
anhydride adduct. There was no evidence of an hydroxy acid. The cotia chestnut is con- 
sidered to be a species of Parinarium or Licania (family Rosaceae) but there is still some 
doubt concerning its classification. 

The oil of P r u n i ~ s  mahaleb L. was re-examined. I t  was studied by Alpar and Esin ( G ) ,  
who isolated the triene acid and prepared derivatives which showed fairly conclusively 
that  it was a-eleostearic acid. In the present worlc its identity has been confirmed by means 
of spectral arlalysis and mixed melting points of the acid and derivatives. 

These results, taken in conjunction with previous data, indicate that a-eleostearic is 
the most commonly occurring conjugated triene acid; i t  is found in species of Rosaceae, 
Euphorbiaceae, Cucurbitaceae, and Valerianaceae. Punicic acid occurs in three species of 
Cucurbitaceae and one of Punicaceae. Other positional or geometric ison~ers of octadeca- 
trienoic acid are found in four species of Bignoniaceae and one of Compositae. 

EXPERIMENTAL 
Cotia c h e s t n ~ ~ t s  were supplied through the kindness of Dr. I<. S. Marlcley. Other seeds were obtained 

from commercial sources. Melting points were determined in capillary tubes and are corrected. Ultraviolet 
spectra were determined in cyclohexane solution, except where noted, with a Beclcman DU spectrophotom- 
eter. Infrared spectra were determined in carbon dis~~lphide  in a Perkin-Elmer model 21 spectrophotom- 
eter with sodium chloride prism. 

Jacaranda chelonia 
Seed of J .  chelonia Griseb. (10 g) was ground and extracted a t  room temperature by stirring with 30-GOo 

petroleum ether. I t  yielded 19% of oil. The solvent was removed a t  25-30' under nitrogen. The oil (1.9 g) 
had ultraviolet absorption A,,, 265,275,287 mp and absorptivity E:?~ 540 a t  275 mp, eq~~ iva len t  to about 
31y0 of conjugated triene fatty acid. The oil was hydrolyzed, the unsaponiliable matter removed, and the 
acids recovered by methods described previo~lsly (3). The mixed acids were crystallized from acetone and 
then from pentane in the usual way (3), yielding 0.38 g of pure conjugated acid, m.p. 43.5-44", A,,, 
265, 275, 287 mp. The melting point was unchanged in ad~ilisture with an authentic sample of cis,tra?ts,cis- 
8,10,12-octadecatrienoic acid prepared from the oil of J .  mimosifolia (4). 

Catalpa speciosa 
Seed of C. speciosa Warder, treated as  described above, yielded 22% of oil having A,,, 262, 272, 283 lnfi 

and absorptivity E:?~ 604 a t  272 mp, ecluivalent to  about 34% of conjugated triene fatty acid. The mixed 
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acids lvere crystallized a t  low temperature, giving a triene acid, m.p. 31-32', A,,, 262,272,283 mp. I t  reacted 
readily with maleic anhydride, giving an adduct, m.p. 72.5-73.5". The melting point was ~lnchanged in 
admixture with the corresponding adduct of trans,trans,cis-9,11,13-octadecatrienoic acid, prepared from 
the oil of C. mata (3). 

Monzordica charantia 
Seed of ilii. ckarantia L. was extracted and the fatty acids of the oil were crystallized in the usual way (3). 

A triene acid was obtained. I t  melted a t  46-47', alone and mixed with authentic a-eleostearic acid prepared 
from tung oil. Its maleic anhydride adduct melted a t  63-64', alone and mixed with the maleic anhydride 
adduct of a-eleostearic acid. 

ilfofnordica balsamina 
Seed of M. balsanzina L. yielded an oil having A,, 266,275,286 mp and absorptivity a t  275 n~pequivalent 

to about 58y0 of conjugated triene fatty acid. Crystallization of the fatty acids yielded a triene acid, m.p. 
44-45", unchanged in admixture with punicic acid prepared from Punica granatunz. The pure ilfomordica 
acid had A,,, 265, 275, 287 mp; absorptivity E : ? ~  1694 a t  275 mp; infrared absorption, v,,, 933 (s), 983 (s) 
cn-l. The absorption maxima were identical with those of punicic acid. The Momordica acid did not form 
an adduct with maleic anhydride under the normal conditions for this reaction. I t  formed a p-phenyl- 
phenacyl ester, m.p. 61.5-63.5", alone and mixed with an  authentic sample of the fi-phenylphenacyl ester 
of punicic acid (4). 

Calendz~la $ c i ~ ~ a l i s  
tra?zs,trans-S,10-Octadecadienoic acid was prepared from oleic acid by the method of Gupta and I<um- 

merow (12). The diene acid (0.24 g),  m.p. 55-56", was refluxed with benzene (20 ml) containing rnaleic 
anhydride (0.21 g) for 6 hours. The product was crystallized from ether:petroleum ether (3:4) a t  0°, giving 
0.18 g of the pure adduct, 3-G'-carbosyhexyl-6-heptylcyclohexene-4,yIic anhydride (IJII) ,  m.p. 
109-110". Von Milcusch gives m.p. 110" (13). Calcd. for C2?H3405: C,  69.8; H ,  9.05. Found: C, 70.1; H,  9.06. 

The adduct (VII) was hydrogenated in methanol with Adams catalyst and the product was crystallized 
from methanol a t  -30°, giving 3-6'-carboxyhexyl-6-heptylcyclohexane-l,2-dicarboxylic anhydride (VIII) ,  
m.p. 105.5-106.5". Calcd. for C??H3605: C,  69.4; H ,  9.5. Found: C, 69.5; H ,  9.'i. 

The triene acid of Calend?lla officinalis L., 8,10,12-octadecatrienoic acid, and its adduct with maleic 
anhydride were prepared as described previously (2). The adduct, m.p. 73-74", considered to be 3-6'- 
carboxyhes~-l-6-cis-l'-heptenylcyclohexene-4,5-dicarboxylic anhydride (VI), was hydrogenated in methanol 
with Adams catalyst; it absorbed 2 moles of hydrogen. The product was crystallized from methanol a t  0'. 
I t  melted a t  105.5-106.5° and the melting point was not depressed in admixture with compo~lnd VIII,  
prepared from tra~zs,trans-8,lO-octadecadienoic acid. I-Ience the identity of VI is conlirmed. 

Centrantl~tls rube7 
Seed of C. rzlber DC. yieldecl an  oil having A,,, 262, 271, 282 mp and absorptivity a t  271 mp eq~~ivalent  to 

about 43y0 of conjugated triene fatty acid. The mixed fatty acids were crystallized, giving a triene acid 
that was somewhat difficult to purify. I t  melted a t  42-43". On treatment with iodine in pentane it gave 
p-eleostearic acid, m.p. and mixed m.p. 70-71". The ~~nisornerized acid reacted readily with maleic anhydride 
to give an adduct, m.p. 63.5-G4.5" alone and mixed with the adduct of a-eleostearic acid (14). 

Oil of Vale~ianel la olitoria Poll. had negligible ~~l t raviole t  absorption in the conjugated triene region. 

Cotia cl~estnz~t 
I<ernels of the cotia chestnut were extracted, yielding 61y0 of oil. The oil had A,,, 261, 270, 283 mp in 

isooctane; absorptivity equivalent to about 24y0 of conjugated triene fatty acid; v,,!,, 957 (w), 986 (s) cm-I. 
The triene acid was concentrated by crystallization but  retained some s a t ~ ~ r a t e d  fatty acid. The concentrate 
was allol\.ed to react with maleic anhydride, giving an adduct, m.p. 63-G4" alone and mixed with the adduct 
of a-eleostearic acid. 

P r z ~ n z ~ s  n~alzaleb 
IVhole seeds of P. nza7zaleb L. yielded 15y0 of oil. The oil had A,,,,, 261, 370, 282 m p  in isooctane and 

absorptivity eq~~ iva len t  to a b o ~ ~ t  29% of conjugated triene fatty acid. The mixed methyl esters of the fatty 
acids had infrared maxima a t  960 (w) and 988 (vs) cm-1. A concentrate of the triene acid was prepared and a 
portion was converted to its maleic anhydride adduct. The adduct melted a t  63-64', alone and mixed with 
the aclduct of a-eleostearic acid. Another portion was isomerized by iodine in pentane solution to the all-trans 
form, m.p. and mixed m.p, with p-eleostearic acid, 70-71". 
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ABSTRACT 

Sescluitcrpene compounds \\!ere effectively separated by gas chrotnatography and identified 
by infrared spectrophotometry. Examples given include the recovery and characterization 
of 8-caryophyllene and 8-humulene from oil of baliatn copaiba, of a -  and B-veti\.one froin oil 
of vetiver, and of a -  and 8-santalol from oil of sandaiwood. 

INTRODUCTION 

Gas-liquid partition chromatography has become a technique of choice for the investi- 
gation of volatile substances, particularly essential oils and related products. A11 increasing 
number of researches are being published dealing with its application to  the characteriza- 
tion and estimation of major as  well as  minor constituents in natural and synthetic 
products used by the essential oils, flavor, cosmetic, and perfume industry. Recently, 
preparative columns have enabled investigators to collect effluent fractions in quantities 
sufficient for further physicocl~emical analysis by infrared and ultraviolet spectroscopy 
as well as the formation of characteristic derivatives. 

h/Iost efforts have, however, been directed toward the examination of monoterpene 
compounds (1, 2, 3,  4). Corresponding studies of sesquiterpenes are lacking, although 
sonle notable contributions have been made ( 5 ,  G , 7 ,  8, 9, 10, 11). Paucity of systematized 
data  may, in part ,  be clue to the low vapor pressure of these compounds-a property 
that  restricts the choice of stationary phases permitting reasonable retention times- 
combined with a rather delicate nature, rendering tllem prone to  degradation when kept 
a t  elevated temperature on potentially catalytic surfaces for some length of time. 

Experiments can-ied out in the authors' laboratory showed that  these compounds can 
be resolved effectively by gas chromatography within less than 30 nlinutes under relatively 
mild conclitiol~s. I t  is the purpose of this paper to report the separation of typical sesquiter- 
penoid mixtures occurring in balsam copaiba, vetiver, and sandalwood oil. 

EXPERIMENTAL RESULTS AND DISCUSSION 

i1ppa~aLz~s.-Gas chromatograph. Burrell ICromo-Tog I<-2 equipped with thermal conductivity detector 
cell and separate heating baths for column and detector, respectively. 

Colt~~nz~t.-Glass tubing, 0.6 cm inside diameter, 215 cm long. 
Packii~g.-Reoplex 400 (20 parts) deposited from ethanolic solutio~i on GO- to 80-mesh, acid-\\~ashed 

Chrolnosorb \\' (80 parts). Length of packed colurnn, 200 cm. 
Carrier Gas.-I-leliurn, inlet pressure 1.1 a t ~ n ;  outlet pressure 1.0 atm. 
Recorder.-0 to 1 mv full scale deflection; 1 second. 
Churl Speed.-0.5 inch per minute. 
Analytical procedures were previously described (12, 13). 
Infrared spectra of the eluates collected were charted by a Perltin-Elmer Model 221 spectrophotometer 

operated with fivefold ordinate scale expailsion and their identity confirmed through reference to literature 
data (14). 

Ca~,~ophyllene FracLion of Oil of Bnlsanz Copaiba 
Oil of balsarn copaiba is 1;nown to contain a number of sesquiterpene hydrocarbons. a -  and 8-Caryophyllene 

were isolated in 1892 (15) and 1-cadinene was detected in 1910 (16). a-Caryophyllene, later identified as 

'ATaLio~Lnl Resen~cl~ COZL~LCI'L of Canada Postdo~toral Fellow, 1961-62. 

Canaclia~~ Journal of Chemistry. Volume 40 (1962) 
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hun~ulene, is now itself considered to  be composed of two isomers, a- and p-humulene. Separation of 6- 
caryopl~~llene-humulene mixtures has been accomplished by careful distillation and repurification of the  
isolates via extensive column chromatography (17, 18). 

Figure 1 shows the chromatogram of a fraction, b.p. 116-125' C/10 mm, obtained by vacuum distillation 
of a genuine Brasilian oil and the infrared spectra of the eluates, p-caryophyllene and p-humulene, collected 

P-CARYOPHYLLENE 

O I L  Of BALSAM COPAIBA 

Fraction B.P. 116-125-C 110mm 

TEMP. : 150'C 

HEL IUM : 7 5  ml /m i"  

SAMPLE : 2 1  
- 

- 

8 -  HUMULENE - 
A I R  

I I 1 I 
2 4 6 8 10 12 14 16 18 

T I M E  (MINUTES) 

0 

I 8 0 0  1700  1600  1500 1400 1300 1200 1100 1 0 0 0  9 0 0  8 0 0  7 0 0  

WAVENUMBER (CM-') 

FIG. 1. Gas chromatographic separation and infrared spectra of sesquiterpenes. 8-Caryophyllene: isolate 
from 10-X saimple injection esainined with livefold ordinate scale espansion; 0-humulene: isolate from 
3 X8-X sample injection examined with fivcfold ordinate scale expansion. 

for analysis. The identity of three other sesquiterpene cornpou~lds present and li1;ewise well resolved is being 
established. 

A columll of SAIB (19) operated a t  170' C was found to separate the hydrocarbons with equal efficiency. 

Vetivone-enriched Fractio?r of Vetiver Oil 
a- and p-Vetivone, two stereoisomeric sesquiterpene ketones differing only in the spatial configuration 

\ 

about their asymmetric 'CH-~113  group, are the major ketones present in oil of vetiver and considered 
/ 
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NIGAM A N D  LEVI: SESQUITERPENE COMPOUKDS 2085 

responsible for its characteristic odor. Their isolation has been achieved by treatment of the oil with Girard 
T reagent, conversion of the complexes formed to semicarbazones, and decomposition of the  derivatives 
with phthalic anhydride following repeated fractional recrystallizations, or by careful distillation of the oil, 
reaction of the ketone fraction with semicarbazide, and analogous treatment of the  isolated semicarbazones. 
Each method involves tedious and time-consuming operations and yields are poor (20, 21, 22, 23). 

Figure 2 shows the chrolnatogram of a vetivone-enriched fraction obtained by column chrornatography 
of a sample of RCunion Island vetiver oil and the infrared spectra of the well-separated isomers collected for 
examination. Characterization of other sesquiterpene ketones present and effectively resolved is underway. 

FIG. 2. Gas chrornotographic separation and infrared spectra of sesquiterpene ketones. a -  and 8-!'etivone 
isolates from S-X sample injection examined (a )  without and ( b )  with fivefold ortlinate scale expanslon. 

- 
1 6 -  - 

+ L 
'3 1 2 -  
W 
L 

East Indian Sa~rdalwood Oil 
East Indian sandalwood oil contains more than 90% of sat~talol, a high-boiling sesquiterpene alcohol 

occurring as an  a- and &isomer, respectively. Official methods of analysis based on acetylation and saponifica- 
tion reactions lack selectivity (24, 25, 26) XII infrared procedure utilizing measurementsof specific extinction 
coefficients observed throughout the 3.2-3.9 ant1 9.8-10.0 p regions, respectively, has also been reported. 
Considered to be characteristic of cyclopropane ring compounds present, it provides an index of total cyclo- 
propyl content inclutling, in addition to a-santalol, such constituents as  a-santalene, teresa!ltalic acid, 
teresantalol, and ~~ortricycloel;asantalane, but leaving 6-santalol unacco~inted for (27). 

Y 

6 W 8 -  
a 

4 

2 4 6 8 10  12 14 16 18 2 0  2 2  2d 

T IME (MINUTES) 

COLUMN : REOPLEX 4 0 0  on Chrarnolorb W 

- 
I H E L I U M  : 1 5  rnl I r n i n  

S ~ M P L E  : 2 1  

8-VETIVONE 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2086 CAN-ADIAS JOLRKAL O F  CHEMISTRY. I'OL. 10. 1962 

Figure 3 shows the chroniatogram of this oil and the infrared spectra of both isomers collected from a single 
8 - X  sample injection. Req~~i r ing  only microamounts of products for analysis the method described should 
prove of general value to workers in the field. 

CLILVMN : REOPLLX 400 a Chlonolo ib  W 

H L L i U U  : 15 m l  l m i n  , SAMPLE : P i  

T I M E  I M I N U T E S I  

WAVENUMBER (CM-'1 

FIG. 3. Gas chromatographic separation and infrared spectra of sesquiterpene alcohols. cu-Santalol: 
isolate from 8 - X  sample injection examined (a) without and (b) with fivefolcl ordinate scale expansion; 
8-santalol: isolate from 8 - X  sarnple injection examined with livefold ordinate scale cspansion. 

Application of the technique to the esamination and recognition of sandalwood oils of dirferent geo- 
graphical origins and further illustrations of sesquiterpene analyses by gas-liquid partition chromatography 
will be reported in forthcoming publications. 
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ABSTRACT 

The alkaloids of Lycopodiunz clauatunz var. ?negastaclzyon have been examined and two 
hitherto unreported all<aloids, lycoclavine and acetyllycoclavine, were isolated and their 
structures determined. The nuclear magnetic resonance spectra of these and related compounds 
are discussed in terins of the confor~nation of ring B in these allraloids. 

The alltaloids of Lycopodizlm clavatum Linn. have been examined extensively (1-4) and 
a total of 16 different allraloids isolated. We have now investigated the alkaloidal content 
of L. clavatc~m var. megastachyon Fern. and Bissel ( 5 ) ,  and two closely related, but hitherto 
unreported, allraloids have been isolated ancl their structures established. I n  addition, 
four other alkaloids of lrnown collstitutioll were isolated, along with a sinall anlouilt of a 
base of undetermined constitution. 

The total crude alltaloid of L. clavatz~m var. megastachyon, obtained by ~nethanol 
extraction, amounted to approximately 0.1270 of the dry weight of the plant. Separation 
of the alltaloids, achieved mainly by chro~natographic techniques (see Experimental), 
yielded the following compounds: (i) lycopodine (30% of the total basic material); (ii) 
clavolonine ( l l%) ;2  (iii) a compound, Cl8H29O3N, 111.p. 212-213' (7.5y0), which appears 
to be new and which we have named lycoclavine; (iv) a compound, C20H310,K, 111.p. 
144-145" ( l lyo) ,  which proved to  be the 0-acetyl derivative of lycoclavi~le; (v) a sub- 
stance, Cd2H52O3N3, 111.p. 213-214O (l.5%), which was sllown to be a 1: l  molecular 
complex of dihydrolycopodine (CI6HziON) and flabelliformine (C16H2502K).3 I n  addition 
to the above-mentioned alltaloids, a slllall amount of an apparently new alkaloid, m.p. 
2G1-263', analyzing best for C16H25-2i02N, was also isolated but has not yet been further 
characterized. 

The structures of lycopocline (6), dihydrolycopodine (6), flabelliformine ('7),4 and clavo- 
lonine (8) are known. Furthermore, a comparisoll of the infrared spectrum of clavolonine 
with that of allraloid L.34, first isolated by h/Ianslte in 1953 from LycoPodi~Lm d e n s ~ l m  
Labill. (9), revealed their identity.5 The composition of the molecular complex ~nentioned 
in (v) above was establishecl in the followil~g manner. Attempts to separate the complex 
by fractional crystallization and by  chromatograph^ were ~~nsuccessful. However, treat- 
ment of the complex with chromium trioxide in pyricline oxidized the dihydrol>-copodine 
to lycopodine and left the flabelliformine unchanged. The two components were then 
easily separable by chromatography. Finally, combination of equimolar quantities of 
dihydrolycopodine and flabelliformine gave a high yield of the Cs2 co,nple.i, identical in 

'Part  111: W .  A. Ayer and G. G. Iuerach. Tetral~edron Letters, No. 3 ,  87 (1062). 
?Identical i n  all respects with a n  autlaentic sa?nple kindly furnislzed by Dr. R. FI. Bzlrnell, L-niversity of tlae 

West Indies, Jamaica. 
3We wisla to thank Dr. D .  4. JIacLean, McMaster U?ciuersily, for the conaparison of our material mitla nutlaetatic 

fEabellifornzine. 
' W e  wislz to tlaank Dr. ~l[acLeatz for a preprint of this paper. 
SWe wisla to tlaank Dr. iManske for a savzple of alkaloid L.34. 

Canadian Journal of Cl~emistry. Volume -10 (1962) 
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.4YEK A N D  LAW: LYCOCLXVINE 2089 

all respects with that obtained from the plant. I t  is interesting to note that flabellifor~uille 
also fornls stable 1 : l  molecular complexes with both lycopodille and lycodoline, although 
these latter are readily separable by cl~romatography (10). 

Turning now to the determination of the structure of lycoclavine, C ~ S H ~ ~ O ~ N ,  the 
presence of a hydroxyl group and an acetoxyl group was established by the following 

I 

observations. The infrared spectrum (in dilute CCIS showed a concentration-independent 
peak a t  3600 cm-l, with a shoulder a t  3620 cnl-l, indicative (11) of an intramolecularly 
hydrogen-bonded hydroxyl group. Pealts a t  1736 cm-I and 1240 cm-l in the infrared, 
and a t  7.93 T (3 H) in the n.m.r. suggested the presence of an 0-acetyl group and this 
was confirmed by hydrolysis to acetic acid and a diol, C16H2i02N, henceforth called 
desacetyllycoclavine. The secondary nature of these functional groups was indicated by 
the n.m.r. spectra of lycoclavine, which showed one-proton pealts a t  5.11 T (doublet, 

splitting 6.9 c.p.s., \CHOAC) and 6.40 T (singlet, \CHOH). Acetyllycoclavine, pre- 
/ / 

pared by acetylation of lycoclavine with acetic anhydride - pyridine, showed similar 
pealts a t  4.92 T (doublet, splitting 6.8 c.p.s.) and 5.32 T (singlet), the latter peak being 
attributed to the proton on the carbon bearing the hydroxyl group in the unacetylated 
compound. The n.m.r. spectra also revealed the presence of a secondary C-methyl group 
(doublets a t  9.09 T and 9.08 T ,  splitting ca. 6 c.p.s., in lycoclavine and acetyllycoclavine, 
respectively). Lack of NH absorption in the infrared spectra of lycoclavine and its acetyl 
derivative indicated the tertiary nature of the amino nitrogen. Since lycoclavine could 
not be reduced catalytically and showed no olefinic protons in the n.m.r., it appeared 
to be tetracyclic. 

Oxidation of lycoclavine with chromic acid in acetic acid, followed by chromatography 
over alumina, yielded a basic compound, C18H?7O2N, 1n.p. 174-175i0, which showed peaks 
in the infrared a t  1751 cm-I (0-acetyl) and 1724 cn-I (cyclohexanone), and in the 
ultraviolet at  282 n ~ p  (log E ,  2.56). Hydrolysis of this Itetone, which we shall refer to 
as "lycoclavinone", with dilute sodium hydroxide yielded an anlphoteric compound, 
C16H2302N, wllicll had the properties of a diosphenol. In particular, the ultraviolet 
spectrum showed a maximum a t  282 mp (log E ,  3.99) in neutral solution, shifted to 
327 mp in dilute base, and to 248 mp on acetylation. These values are indicative of the 

0 OH - 
I I /L 

presence of the grouping -C-C=C (12). The formation of the enolic a-dilcetone 
\c 

indicated that lycoclavinone was an a-acetoxy ketone, the a-diltetone arising from aerial 
oxidation of the initially formed a-ketol. The susceptibility of a-ketols to aerial oxidation 
in allialine solution is well authenticated (13) and it was founcl that the rate of formation 
of the diketone (as determined by the rate of increase of the E value a t  327 mp) was 
substantially reduced when the reaction was carried out in a nitrogen atmosphere and 
accelerated when oxygen was bubbled through the hydrolysis solution. Hydrolysis of 
lycoclavinone with aqueous acid yielded the a-lietol, which underwent aerial oxidation 
to the diosphenol in alkaline solution. These results demonstrate the presence of the 
grouping -CHOH-CHOAc-, flanlted on a t  least one side by a methine group, in 
lycoclavine. 

The presence of the above-mentioned grouping, a >CHCH~ group, and a tertiary 

nitrogen, together with the fact that lycoclavine occurs along with lycopodine (I) and 
several other alltaloids having a lycopodine slteleton, and that all Lycopodiz~m alkaloids 
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I 

of ltnown co~lstitution bear an  oxygen or its biogenetic equivalent (i.e. unsaturation or 
nitrogen) a t  C-5, suggested structure I1 (without stereochemical implications) as  a 
possibility for lycoclavine, and hence I11 for the enolic a-di1;etone. Indeed, oxidation 
of lycopodine with 1 moleG of SeOz in refluxing dioxane gave, in addition to unchanged 
lycopodine, the enolic diltetone I11 (%yo yield), identical in all respects with tha t  pre- 

I pared fro111 lycoclavine. Compound I11 has also been prepared by hydrolysis of bromo- 
lycopodine in the presence of air (14). 

16 C H 3  H 

10 

9 
0 N O A c  

Since both the relative (15) and absolute (16) stereochemistry of lycopodine are 
ltno1i711 these results sho\v tllat lycoclavine is represented by  11, the only remaining 
points to be determined being the relative positions of the hydroxyl and acetoxyl groups 
anel the s te reoche~~~is t ry  a t  C-4, C-5, and C-6.7 I11 order to simplify the discussion, the 
hydrogen a t  C-4 will now be placed trans to the C-7, C-13 bridge as  in structures IV-VII. 
Tha t  this is incleed the correct orientation a t  C-4 will be demonstrated later. 

On the basis of the 1l.m.r. da ta  presented earlier, structure IV (R = Ac, R' = I-I) was 
first favored for lycoclavi~~e, since in this structure the axial proton on C-5 is flanlted 
by an axial proton on C-4 which could lead to the observed splitting (ca. 7 c.p.s.), whereas 
the equatorial proton 011 C-6 is flanlted by gauche protons on C-5 and C-7 and might 
be expectecl to  be weakly coupled, resulting in the broadened singlet (half-height \vidth 
about 3.5 c.p.s.) actually observed (17). Several facts, however, were not in agreement 
with this fornlulation. Thus, although lycoclavine showed weak intranlolecular hydrogen 
bonding in the infrared, the correspo~~cling diol, desacetyllycoclavine, obtained by alltaline 
hydrolysis or, better, by LiAlHl reduction of lycoclavine, sho\ved a single OH stretching 
vibration a t  3620 cm-l. The diol was also resistant to oxidation with periodic acid. Both 
these facts speak against the cis relationship of the two groups. Furthermore, hydrolysis 
of acetyllycoclavine with refluxing 10yo aqueous HCl for 13 hours gave lycoclavine in 
better than goy0 yield. If IV ( R  = Ac, R' = Ac) were indeed the correct formulation 
for the cliacetate, the retention of the relatively unhindered equatorial acetosyl a t  C-5 
while the hinderecl axial acetoxyl group a t  C-6 was hydrolyzed would not be expected. 

Structure V would also be expected to lead to a diol which would show intramolecular 
hydrogen bonding and react with periodic acid. Since i t  was felt that  the oxygenated 
ring nlight be considerably distorted fro111 the chair form (see below) structures VI and 
VII remained for consideration. 

GUse of excess SeO? led to the fo~niat ion of co7npozlnd(s) absorbil~g at 306,  340,  and 380 nzp i n  the z~ltraoiolet. 
' T h e  7 ~ 1 ~ n i b e r i n ~  systenz nsed (see strzlctzlre I )  i s  that suggested by K. Wiesner (16(b)). 
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H 

R'O & 

V I I  V I I I  I X 

The position of the acetoxpl group was determined in the following manner. Lyco- 
clavinone, mentioned above, could be assigned structure VIII (R = Ac) on the following 
basis. The optical rotatory dispersion curve showed a positive Cotton effect \vitli extrema 
a t  308 111p and 2'71 mp and an amplitude of 23,000". Lycopodine (VIII,  RO replaced by 
H) under the same conditions also shows a positive Cottoll effect with extrema a t  306 mp 
and 271 mp, amplitude 1'7,000'. The octant rule (18) predicts a positive Cotton effect 
i f  the lx to  group is a t  C-5 (as in VIII) and a negative Cottoll effect if it is a t  C-6 (as 
in IX). The equatorial nature of the acetoxyl group is indicated both by the position 
of the extrema in the optical rotatory dispersion spectrum (19) and by the position 
(282 mp, lycopodine 285 mp) of the lietonic maximum in the ultraviolet (20). The fact 
that tlie a-lietol obtained by acid hydrolysis of the acetosy lietone was reconverted by 
acetic anhydride - pyridine to the same acetoxy lietone is also consistent with structure 
VIII, since under these equilibrating conditions lieto1 VIII (R = H),  in which the serious 
non-bonded interaction between C-15 and C-5 is minimized, should be favored over 
lietol I S  (R = H). The fact that the hydroxyl group in tlie lieto1 is i~~tra~nolecularly 
hydrogen bonded (concentration-independent band a t  3500 cm-l in the infrared) is 
corlsistent with the assigned equatorial position. 

Pyrolysis of VIII (R = -4c) a t  240' for 8 minutes led to a good yield of the a,p-un- 
saturated ketone X, which had previously been prepared from bromolycopodine (14). 
Presumably this facile elimination of acetic acid proceeds via the en01 form of the ketone, 
as formulated below, with the reacting material acting as its own base. 

I t  was now inlportant to deterliline whether lycoclavi~lone (VIII, R = Xc), \vhicli is 
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presumably the tl~ermodynarnically more stable of the four possible C-5, C-6 acetoxy- 
ketones, was actually the first product of the oxidation of lycoclavine. I t  was found that  
if the acetic acid oxidation solution was first diluted with CHC13 and then ice-cold 
ammonium hl~droxide added, evaporation of the CHC13 extract and crystallization fro111 
n-hexane gave, instead of lycoclavinone, the a-acetoxyketone XI, 111.p. 115-118'. I f  the 
oxidation solution was first made basic by addition of ammonium hydroxide, then ex- 
tracted with CHC13 and filtered rapidly through alumina, the ketone IX (R = Ac), m.p. 
143", was obtained. Both I X  (R = Ac) and X I  were isomerized to  VIII (R = Ac) 
when adsorbed on basic alurnina for any extended length of time. Similar isomerizations 
of steroidal a-acetoxyketones have been reported (21). Acid hydrolysis of I X  (R = Ac) 
gave the a-ketol VIII (R = H). The  structural assignments are based mainly on optical 
 rotator^^ dispersion and ultraviolet measurements. Both I X  and X I  showed negative 
Cotton effect curves, as  predicted by  the octant rule (see above). The  extrenla for I X  
(R = Ac) were a t  312 mp and 280 mp (amplitude --2300°), for X I  a t  334 mp and 297 mp 
(amplitude --11,300°), indicative (19) of equatorial and axial a-acetoxy groups, respec- 
tively. The ultraviolet maxima were a t  286 mp for IX and 308 mp for XI .  The fact 
that X I  shows a more negative Cotton effect than does I X  no doubt reflects the distortion 
of the ketone-containing ring from a n  ideal chair (see below). Similar observations have 
been made with a-acetoxy 11- and 12-ketosteroids (23). 

The formation of lycoclavinone I thus proceeds via the sequence 

CrOa-HOAc NH.,OH or AlrOe 
lycoclavine + XI -- IX - VII I  

A1203 

and hence the acetoxyl group in lycoclavine is.located on C-5 cis to  the C-7, C-13 bridge, 
in agreement with structure VI (R = Ac, R' = H) but  not with structure VII. 

Further evidence for the diaxial orientation of the substituents a t  C-5 and C-6 and 
for the configuration a t  C-4 was obtained by a study of the reduction products obtained 
from the various isomeric a-ketols and a-acetoxyll;etones now available to  us. I t  has 
been shown (8) that  lithium aluminum hydride reduction of lycopodine (I) leads to  the 
axial alcohol dihydrolycopodine (XII ,  R = OH,  R' = H), whereas dissolving metal 
reduction gives the equatorial alcohol a-dihydrolycopodine (XII ,  R = H,  R' = OH). We 
have independently arrived a t  this same c o n c l u ~ i o n , ~  and,  furthern~ore, have shown that  

8Since the previozls workers (8) l~aoe ?tot ~epor ted  physical colzstants or experintental details for the preparation 
of a -d i l zyd~o l~~copod ine ,  this i s  included i n  the experimental section. 
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AYER A N D  LAW: LYCOCLAVINE 

2-cF:3 H5 H4 

I 

the methiodide of the xanthate (XII ,  R = H,  R' = 0CS2CH3),  derived froin a-dihydro- 
l~~copocline, yielcls ai~l~ydrodil~ydrolycopodine (XIII)  011 pyrolysis, confirming the cis 
arrangement of the hydroxyl and the C-4 hydrogen. 

Reduction of all~aloicl L.20 (XIV, R = I-I), in which the coilfiguratioil a t  C-4 is ltnown (1-1-), 
with lithiuin aluminum hydride in ether yielded the diol VI (R = R' = H) identical in 
all respects with desacetyll~~coclavii~e. The s t r u c t ~ ~ r e  VI (R = R' = H)  was assigned on 
the assumptioi~ that the approach of the reducing agent would be on the side opposite 
to the C-'7, C-13 bridge, as is the case with lycopodine. This assumption is supported 
by the results obtained on reductioil of ketones VIII and IX. Reduction of the lcetol 
VIII (R = H) with LiAlHl gave a new diol, 111.p. 230-3431', assigned structure V 
(R = R' = H) on the basis of its inode of formation. Litl~ium-ai~~monia-methanol 
reduction of ltetol VIII yielded a third diol, 111.p. 209-210°, assigned the diequatorial 
structure VII (R = R' = H),  again 011 the basis of its inode of forination. Attempts to  
prepare the fourth diol (IV, R = R' = H)  by dissolving metal reduction of alltaloid L.20 
were unsuccessful, leading only to  reductive removal of the C-G hydroxyl (14). However, 
reduction of I X  (R = Ac) with LiAlHl led to a diol, 1n.p. 23-1--23.j0, differing froin the 
other three, and therefore assigned structure IV (R = R' = H). All four diols showed 
different infrared spectra, single spots on paper chromatograpl~y, and depression of nlixed 
melting points, lvllere appropriate. I t  is interesting to note that hydride reduction of I X  
(R = Ac) involves approach of the reducing species froin the same side as the C-7, C-13 
bridge. Presumably in this case approach to the opposite side is hindered by the C-12 
metllylene group. Since each of the latter three diols must have a t  least one equatoriaI 
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hydroxyl group, the 115-dride reduction procluct of alltaloid L.20, ancl hence desacetyl- 
lycoclavine, is the diasial diol VI (R = R' = H), and lycoclavine itself is VI (R  = Ac, 
R' = EI). 

As noted above, lycoclavine sho~irs intramolecular hydrogen bonding but the corre- 
sponcling cliol does not. To  account for this, it must be assumed that the oxygenated ring 
is severely distorted toward the half-chail-, i.e., the dihedral angle between the two 
groups must approach 120". I t  is Itnown, for instance, that trans-1,2-pentanediol does 
not show intramolecular hydrogen bonding, but that the corresponding mo~~oacetyl  
derivative does (23). Measuren~ents on Drieding moclels indicate an internuclear distance 
of ca. 1 between the C-5 oxygen and the C-15 hydrogen in Iycoclavine. The sum of 
the van der LVaals radii is 2.6 A, so that a distortion of ring B (and pres~umably also ring 
D)  is to be expected. 

A more quantitative estimate of this clistortion can be obtained by a consicleration of 
the i1.m.r. spectra (Table I)  ol some of the compounds mentioned earlier. I t  is well 

TABLE I 
Nuclear magnetic resonance data for lycoclavi~>e and related compountls 

Chemical shifts" (sp1itting)t 

Compound C-5 C-6 -OCOCH3 C-16 

VI (R = Ac, R' = H)  5.11 ( 6 )  6.40 (3.3): 7.93 0.09 (6.0) 
VI (R = R' = Ac) - l .92(6 .8 )  5.:32(3.2): 7.!)2,7.93 9 .06(6 .0 )  
VIII (R = .Ac) 4.60 (5.5) 7.83 9.17 (5.5) 
I S  (R = Ac) 4.73 (11.5) 7 .83 8.96 (5.8) 
XI 4.61 (9.0) 7.89 9.03 (6.0) 
S I V  (R = Ac) 5.11 (3.5) 7.94 9.16 (4.5) 
I 9.14 (5.0) 
XI1 (R = R' = 1-1) 9.13 (6.0) 
XI1 (R = OAc, R' = 1-1) 4.901 7.96 9.08 (6.0) 
XI1 (R = 1-1. R ' =  Ac) 4.985 7.95 9.09 (5.7) 

*r-Values. 
tin c.p.s. units. 
W i d t h  a t  half height. 
SApprosi~nate center of multiplet. 

known (17) that  the coupling constant between vicinal hydrogens is related to their 
dihedral angle. In the particular case of a-acetoxycyclol~exi~~ioi~es in fused-ring systems, 
the following relationships have been found (24) to apply: 

In compound XI the coupling constant between the protons on C-4 and C-5 (J45) is 
9 c.p.s. Using the Johnson expression given above this indicates a dihedral angle of about 
IS0, indicating a considerable distortion from the normal GO0 angle. This is illustrated in 
the Newman projection XV. Compound I S  (R = Ac) shows a similar clistortion (J46 = 

11.5 c.p.s., 4 = 142" instead ol 180'). In the C-5 ltetone VIII  (R = Ac), where the C-5, 
C-15 interaction is minin~ized because of the trigonal nature of C-5, the calculated angle 
is 42" (J67 = 5.5 c.p.s.). The acetyl derivative of XIV gave a broadened singlet (width 
a t  half height about 3.5 c.p.s.), indicative of an angle of about GO0. Thus it appears 
that in the C-G ltetone series the non-bonded interaction between C-5 and C-15 is relieved, 
a t  least in part, by a distortion of ring B from an ideal chair towards the half-chair. This 
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strain could also be relievecl i f  ring D assumed the boat conformation, but as has been 
pointed out previously (15), this introcluces a serious bowsprit-flagpole i~zteraction 
between C-12 and C-16. 'The n.m.r. results obtainecl with the C-5 lcetones indicate a 
si~nilar, but smaller, distortion of ring B in this series. Such a flattening of the B ring 
nlould increase the angle bet\veen C-4 and C-G and account lor the unusually low 
(1700 cm-I) (6) carbonyl stretching frequency of lycopocline (27). 

The 1l.m.r. spectra ol lycoclavine and its acetyl derivative (Table I)  are in good agree- 
ment with the proposed structure if we make the reaso~lable assumption that ring B is 
distorted to a t  least the same extent as in the C-6 lcetones. Applying the Icarplus-Conroy 
correlation (17) (the Johnson expression applies only to six-membered rings containing 
a trigonal carbon atom acljacent to the bonds under consicleration (24)) a H4-C--C-Hj 
diheclral angle of 20" would leacl to a coupli~zg constant Jq5 01 7 C.P.S. (observed, (i.8 and 
6.9 c.p.s.). J6G and J G 7  ~voulcl be expected to be small (both angles approach 90-100" in 
the distortecl chair), explaining the fact that C-Hj is not further split and C-HF is 
a somewhat broadened singlet. 

Inspection of Table I suggests a possible relationship between the chemical shift of 
the C-16 met11j.l group and the presence or absence of a carbonyl group a t  C-5. Thus 
those compounds with a C-5 lceto group show the C-methyl resonance a t  8.1-1-0.17 T, 
while, with one exception, those without a carbonyl group in ring B show this peal; a t  
9.08-9.08 T. The exception is compound XI1 (R = R' = H) ,  not previously mentio~led 
but readily available by Wolff-Kish~ler recluctioll of lycopodine, which has the C-methyl 
doublet centered a t  9.13. The differences noted are possibly due to the long-range shielcling 
effect of the carbonyl group (25). Inspection of ~lzodels reveals that in the C-G lcetones 
the C-methyl group no longer lies in the shielding region of the carbonyl and may in 
fact be deshielded by it. In agreement with this view, the two C-G ketones absorb a t  
8.9G T and 9.03 T. 

In  view of the fact that acetyllycoclavine is hydrolyzed by hot dilute mineral acid 
to lycoclavine, the possibilit)~ arose that the lycoclavine isolated was act~lalljr formecl 
during the isolation process. Although this possibility cannot be conlpletely excluded, 
it seems unlikely, since lycoclavine can also be isolated in good yield by percolation 
of the ground plant with colcl dilute acetic acid and immediate extraction of the all<aloids 
into chloroform. 

EXPERIMENTAL 

Ultraviolet spectra were measured in D5Gjo ethanol and, ~ ~ n l e s s  otherwise specihecl, infrared spectra in 
carbon tetrachloride. For hydrogen-bonding studies, spectra were determined on 0.1, 0.05, and 0.025 ill 
solutions in CCla using a Perkin-Elnier h,lodel 221 spectrophotorneter. Xuclear magnetic resonance spectra 
were measured on ca. l0y0 w/v solutions in chloroform using a Varian Associates hlIodel A-GO spectrometer. 
Internal tetra~nethylsilane \\.as used as  a standard. Sorne of the optical rotatory dispersion curves were 
obtained by Dr. IvI. R/I. Marsh, Eli Lilly, Indianapolis, to  whom we extend our best thanks; the others 
were determined by Mr. R. N. SwindIehurst of these laboratories using a Rudolph Automatic Recording 
Spectropolarirneter. Melting points were determined on a hot stage and are uncorrected. Alumina, unless 
otherwise specified, means basic alumina, of activity 111. Sltellysolve B refers to  Slcelly Oil Company light 
petroleum, b.p. 62-70'. hilicroanalyses are by Pascher NIiltroanalytisches Laboratorium, Bonn, West 
Germany, and C. Daesslii, h,Iontreal, Quebec. 

Isolation of the Alkaloids 
Dried, powdered L. Clavatz~nz var. megastaclcyon (15.5 kg) was Soshlet-extracted for 24 hours with 

methanol. Most of the methanol was removed by distillation and the residue treated with ice-cold 1% 
hydrochloric acid (5 I.). The acid solution was filtered (celite) from insoluble material. The insoluble material 
was then vigorously stirred with cold 1% HC1 (5 1.) for several hours, and the mixture again filtered. T h e  
combined acid solutions were basified (NHIOH, ice) and extracted hve tinles with chloroform. The chloro- 
form was removed by distillatioil and the oily residue dissolved in ice-cold lYo HCI (5 1.) and washed three 
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times with ether to  remove neutral material. The  aqueous solution was then basified (ice-cold NH.IOM) 
and extracted four times with chloroform. Evaporation of the chloroform left 18.2 g of basic material as a 
dark bro\\rn gum. 

Pz~rij5catiolt of the Alkaloids  
The  crude alltaloicl was placed on a column of alumina (1 lb) in ether and eluted in four fractions: A, 

9.01 g,  3 1. ether;  B, 1.88g, 6 1. ether;  C, 8.50g, G I .  CHCI,; D, 3.32g, 11. MeOH. 
Fraction B was crystallized froin acetone to  give the clil~ydrolycopodine-flabellifor~~~i~~e complex, 111.p. 

213-214" (0.3 g). Calc. for C3?1-15?03?\i:: C, 75.00; I-I, 10.16; 0 ,  9.37; N ,  5.47%. Found: C, 74.78; I-I, 10.16; 
0 ,  9.82; N, 5.44%. Infrared spectru111: v,,,, (nujol) 3300-2600 (broad OH superimposed on C-H), 1710 cm-I 
(C=O) . 

Fraction C crystallized from acetone to  given clavolonine, m.p. 233-234" (1.53 g ) ,  identical with an  
authentic sample furnished by Dr. R. FI. Burnell. 

Fraction D was chromatographed over alumina and yielded further clavolonine (0.50 g) when eluted 
with CHC13. Elution with CI-ICI3-hlIeOI-I (99:l) and crystallization from methanol-ether yielded 70 111g 
colorless needles, m.p. 261-263". Found: C, 72.36, 72.48; 14, 9.36, 9.58; N, 5.6070. The  infrared spectrum 
( n ~ ~ j o l )  showed strong -OH absorption (3400 cm-I) but no carbonyl absorption. This compound has not 
been further investigated. 

Fraction A ancl the residues from fractions B and C were combined ancl carefully chromatographed over 
alumina (1 Ib). Elution with benzene (5 1.) yielded lycopodine (5.36 g),  identical with an  authentic sample. 
Elution with ether (5 I.) and crystallization from Slcellysolve B gave acetyl lycoclavi~~e,  lll.p. 144-145" 
(2.03g). Calc. for CaoHslO.lN: C ,  68.74; H,  8.94; 0 ,  18.31; N, 4.0176. Found: C, 68.74, 68.54; H ,  8.69, 
9.15; 0 ,  19.03; N, 3.557;. Infrared spectrum: v,,, 1745, 1225 c~n-I (OCOCI-13). 

Elution with chloroform and crystallization of the eluates from acetone yielded lyi:oi.laui?~c (1.32 g).  The 
analytical sample, m.p. 212-213", [ a ] ~  -9" (95% ethanol), was prepared by several recrystallizations 
from acetone. Calc. for C I ~ H Y ~ O ~ N :  C, 70.32; H ,  9.51; X, 4.54; 0 ,  15.57%. Found: C,  70.11, 70.19; H ,  9.43, 
9.48; N, 4.57; 0 ,  15.717,. pic, (5070 i\iIeOH) 9.6. Infrared spectru~il: v,,, 3620 (sh), 3G00, 1736, 1240 cm-I. 
'The methiodide melted a t  314', the perchlorate a t  283-28G0, and the hydrochloride a t  281-285". 

Further sinall quantities of crystalline material could be obtained by chromatography of the mother 
l i q ~ ~ o r s  from the above operations. 

Proof of Corriposition of iMoleczrlar Coi?tplcx 114.9. 213-214" 
Dihydrolycopodine (10.6 ~ n g )  ant1 flabelliformine (11.2 mg) were combined in hot acetone. The solution 

deposited colorless crystals (15.2 I I I ~ ) ,  1n.p. 204-206'. 'The infrared spectrum (nujol) \\.as identical with 
that  of the material isolated from the plant, and the mixed melting point (206-210") sho\ved no depression. 

Oxidation of the complex with GO3-pyridine and alumina chro~natography of the resulting product 
yielded lycopodine (el~cted \\.it11 benzene) and flabelliforniine (eluted with ether). 

Desacetyllycoclavinc ( V I ,  R = R' = $1) 

( a )  B y  Alkall:?~c Hydrolysis of Lyroclaai?ze 
Lycoclavine (0.109 g) was relluxecl for 1 hour with 274 NaOH in 80% methanol. Renioval of most of 

the methanol, dilution with water, and extraction with chloroform gave, after removal of solvents, a colorless 
foam (0.09 g). Crystallization from a small volume of acetone yielded elongated pl.isms (40 nlg), 111.p. 
207-208". The colnpound was difficult to crystallize in good yield and was sublimed for analysis. Calc. for 
CleI-12jOaS: C,  72.41; I-I, 10.25; N, 5.28%. Found: C, 72.28, 72.48; H, 10.30, 10.34; N, 5.4554. 'The infrared 
spectrum showecl a co~~centration-illdependent band a t  3620 cm-I and 110 carbonyl absorption. 

The perchlorate, prepared by neutralization of an  acetone solution of the base with 50% perchloric 
acid and crystallization from either acetone-ether or methanol-ether, exists in two crystalline forms, one 
melting a t  230-238' and the other a t  276-278'. The  two forms have different infrared spectra (n~ljol mulls) 
but  are readily interconverted by seeding. 

( b )  B y  L i A I H l  Redz~ct ion of Acetyllycoclavi?te 
Acetyllycoclavirle (VI, I< = I<' = Ac) (0.20 g) ill ether (50 1111) was refluxed for 2; hours with lithium 

alumii~um hydride (0.25 g),  then worked up using the method of ?vIiCoviC and MihailoviC (26). Subli~natioil 
of the crude product gave the diol (0.148 g), m.p. 203-20G0, identical with that  obtained above. Similar 
reduction of lycoclavine also gave the diol in good yield. 

( c )  B y  Acid Ilydrolysis of Acetyllycoclavine 
Acetyllycoclavine (60 ~ n g )  was refluxed for 16 hours in 30% aqueous 13C1 (30 ml), then the solution 

neutralized with sodium bicarbonate and continuously extracted with ether. Evaporation of the dried 
ether extract gave a colorless solid which on sublimation affords desacetyllycoclavine (32 mg), m.p. 201-206'. 

( d )  B y  LiA11T4 Redz~ct ion of Alkaloid L .20  
Alkaloid L.20 (XIV, R = H) (38 mg) was added to  a slurry of LiAIH4 (0.102 g) in ether (50 inl), and 

the mixture refluxed for 12 hours, then worlced up as in part (b).  Sublimation of the colorless semisolid 
remaining after removal of the solvents gave a colorless solid (32 mg), m.p. 191-19G0, whose infrared 
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spectrum was virtually identical with that  of authentic desacetyllycoclaviile. T h e  perchlorate, prepared 
from the sublimed material, was identical in all respects (melting point, mixed melting point, infrared 
spectrum) with the perchlorate of desacetyllycoclavine. 

Acetylation of Lycoclavine 
Lycoclavine (87 ing) was kept for 18 hours in acetic anhydride (4 ml) - pyridine (2 ml). The  sol~ition 

was then diluted with chlorofornl and shaken with ice-cold dilute ammonium hydroxide. The chloroforn~ 
layer was separated, washed with water, dried, and evaporated. The off-white solid obtained was chroma- 
tographed on alumina (5 g). Elution with ether yielded a colorless solid (8G mg). Crystalli~ation from 
Sl;ellysolve B gave actyllyloclauine, 111.p. 144-145", identical in all respects with the naturally occurring 
compound described above. 

Si~nilar treatment of desacetyllycoclavine also gave acetyllycoclavine in high yield. 

Lycoclavine fro7n Acetyllycoclavi?ze 
Hcetyllycoclavine (0.87 g) was refluxed for 14 hours with 10% aqueous HCI, then the solution was 

neutralized with sodium bicarbonate and continuously extracted with ether. Evaporation of the ether 
and crystallization of the residue from acetone gave lycoclavine (0.71 g),  m.p. 211-213", identical with 
the ilat~iral material. 

"Lycoclavinone" (VI I I ,  R = Ac) 
Lycoclavine (68 mg) was dissolved in 987; acetic acid (20 ~ n l )  containing chromium trioxide (70 mg) 

and the resulting solution kept a t  room temperature for 18 hours, then made basic with cold dilute ammoniu~n 
hydroxide and extracted six times with chloroforn~. Evaporation of the chloroform gave a colorless semisolid 
(GI) mg), which was chromatographed over alumina (5 g). Elution with ether gave "lycoclavinone" (40 mg). 
Elution with chloroform yielded unreacted lycoclavine (15 mg). Lycoclavinone, after recrystallization fro111 
Sl;ellysolve B, melted a t  174-175'. Calc. for C18H?iO3N: C, 70.79; H, 8.92; 0 ,  15.72%. Found: C, 70.39, 
70.64; H, 9.11, 9.06; 0 ,  15.73%. Infrared spectrum: v,,, 1751, 1245 (OCOCHB), 1724 cm-I (C=O). Ultra- 
violet spectrum: A,,, 282 mp (log E 2.56). Rotatory dispersion in ~nethanol (c 0.023): [+],on +290°, [+]aos 
+8,300°, [+]?,I - 1 5,400°, [+]?GO -7,500°. 

Iceto1 V I I I  (R = H) 
Lycoclavinone (VIII, R = Ac) (45 mg) was dissolved in 10% aqueous HCI and the solution refluxed 

for 2 hours, then cooled, basified with sodiu~n bicarbonate, and extracted four times with chloroform. 
Evaporation of the chloroform and sublimation of the residue gave a colorless solid (23 mg), m.p. 127-132". 
Four recrystallizations from Skellysolve-B gave a~lalytically pure material, m.p. 135-136". Occasionally, a 
second crystalline form, 111.p. 122-123", was obtained. The two forms had different infrared spectra in 
nujol mull, but identical sol~ition spectra. Calc. for C16H2jO?N: C, 72.96; H ,  9.57; N, 5.32%. F O L I I I ~ :  C, 
72.88, 73.00; I-I, '3.62, 9.76; N, 5.26y0. Infrared spectrum: v,,, 3510 (bonded OH), 1710 cm-I (C==O). Ultra- 
violet spectrum: A,,, 280 mp (log E 1.95). Rotatory dispersion in methanol (c 0.11): [+1400 0120° ,  [+1301 
+6,400°, [+]?sa -19,100°, [+]?so -19,000°. 

Hcetylation of the lcetol VlII  with pyridine - acetic anhydride a t  roo111 te~nperature gave lycoclavinone 
in high yield. 

Diospltenol 111 

(a) F ~ o i n  Lycoclavtnone 
Lycoclavinone (VIII,  R = Ac) (53 mg) was stirred a t  room temperature for 12 hours with 2% NaOH 

in 20% methanol (30 ml). The solution was then adjusted to pH 7.5 with dilute acetic acid and extracted 
with four 30-1111 portions of chloroform. Evaporation of the chloroform gave a colorless solid which did 
not crystallize readily and was purified by subliniation. The  analytical sample melted a t  185-18Go, iLxID 
-45" (0.5 in ethanol). Calc. for C ~ G H ~ ~ O ~ N :  C, 73.53; 13, 8.87; 0 ,  12.24; N, 5.36%. Found: C, 73.41; H, 
8.95; 0, 12.12; N, 5.33%. Infrared spectrum: v,,,, 3440 (bonded OH),  1672 (C=O), 1648c1n-~ (C=C). 
Ultraviolet spectrum: A,,, 252 mp (log e 3.99) shifted to  327 rnp in etha~lolic NaOH. 

When the reaction was carried out in an  atmosphere of nitrogen the peak a t  327 mp developed a t  about 
one seventh the rate in air. When oxygen was bubbled through the reaction solution the rate of formation 
of diketone was about 1: times that  in air. 

Acetylation of the diosphenol 111 with acetic anhydride - pyridine gave an oily product which showed 
a nlaxi~num a t  248 mp in the ultraviolet. 

(b) From Lycopodine 
A solution of lycopodine (I)  (0.83 g) in dioxane (70 ml) was refluxed for 18 hours with selenium dioxide 

(0.37 g). The dark brown solution was then filtered from seleniuin and the dioxane removed a t  the pump. 
The resulting red-brown resin was dissolved in water, the pH adjusted to 7.5 with bicarbonate, and the 
solution extracted six times with chloroforn~. The  reddish-brown oil (0.63 g) obtained by removal of the 
chlorofor~n was chromatographed over alumina (12 g). Elution with ether gave a pale yellow solid (0.30 g) 
which proved to be mainly lycopodine. Elutioil with chloroform-methanol (49:l) yielded a dark brown 
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semisolid (0.22 g) which on sublimation furnished fairly pure diosphenol 111, m.p. 183-185", identical 
(infrared spectrum, ultraviolet spectrum, mixed melting point, rotation) with that prepared fro111 IYCO- 
clavinone. 

Pyrolysis of Lycoclauinone 
Lycoclavinone (28 nlg) was heated a t  240' in a nitrogen atmosphere for 8 minutes, then cooled to  120' 

and tlistilled (0.1 mm). The distillate, a pale yellow oil, was chromatographed over alumina. Elution with 
ether gave a coloriess oil (13 ~ n g )  which showed a maxim~nn in the ultraviolet a t  244 mp (log E, 3.9) and 
bands in the infrared a t  1680 and 1610 cm-1. Treatment of an  acetone so l~~ t ion  of the oil with methyl 
iodide yielded a solid rnethiodide mhich melted, after recrystallization from methanol-ether, a t  273-274'. 
The methiodide was identical with an  authentic sample (14) of the niethiodicle of S. 

dccto.~yketorze X I  
!\ s o l u t i o ~ ~  of lycoclavine (0.47 g) and c h r o m i ~ ~ ~ n  triosicle (0.47 g) in 98y0 acetic acid (20 ml) was lccpt 

a t  room temperature for 18 hours, then diluted with chloroform (50 ml), and the res~ilting solution mashed 
with enough dilute ice-cold ammonium hydroxide to  neutralize the acetic acid. The chloroform layer was 
separated, washed with water, and evaporated to  leave a colorless oil (0.41 g) .  Crystallization from Slcelly- 
solve B gave compound X I  (234 mg), m.p. 115-118'. Calc. for C1~I-I?703N: C, 70.79; H, 8.92; N, 4.597,. 
Found: C, 71.03, 70.91; 11, 8.88, 8.94; N ,  4.63%. Infrared spectrum (nujol): v,,,, 1747, 1260 (OCOCIls), 
1712 cm-I (C=O). Ultraviolet spectrum: A,,, 308 mp (log e 1.85). Rotatory dispersion in methanol (c 
0.11): [+]jsg -200°, [+]so0 -500°, [+I333 -5060°, [+]?og +6100°, [+]?so + l l O O O .  

Isoii~erisation of X I  to V I I I  (R = Ac) 
The  acetosy1;etone X I  (50 mg) was adsorbed on alumina (5 g) in ether and eluted (ether) after 2 hours. 

Crystallization of the product fro111 Slcellysolve-B gave lycoclavinone (32 mg), m.p. 172-174", identical 
with an authentic sample. The infrared spectrum of the mother liquors from the crystallization indicated 
a mixture of acetoxyketones VIII and I S .  

Acetoxyketo~te I X  (R = Ac) 
A solution of lycoclavi~le (0.39 g) and chron~iurn trioxide (0.39 g) in 98% acetic acid (40 1111) was kept 

a t  room temperature for 20 hours, then made basic with cold dilute ammonium hydroxide and extracted 
four times with chloroform. Evaporation of the chloroform left a tall-colored oil (0.4 g),  which was dissolved 
in ether and filtered rapidly through alumina (5 g) to give a colorless oil (0.30 g) which crystallized (0.22 g) 
from Skellysolve-B. The analytical sample, prepared by two recrystallizations from Slzellysolve-B followed 
by sublimation, melted a t  143'. Calc. for C18H2703N: C,  70.79; H ,  8.93; N, 4.59%. Found: C, 70.96; 13, 
8.77; N, 4.36%. Infrared spectrum (nujol): 1752, 1238 (OAc), 1720 cm-I (C=O). Ultraviolet spectrum: 
A,,, 286 111p (log E 1.79). Iiotatory dispersion in methanol (c 0.1): [+]sgo -SOo, [+]roo -315', [+1312 -2135', 
[+I280 +1.90°, [+1?6~ -10OOo. 

Isolllerization to VIII (R = Ac) was carried out 011 an alumina column as  described above for Icetone 
XI .  I-Iydrolysis of I X  (R = Ac) with 107, HCI (as described above for VIII (R = Ac)) gave lcetol VIII 
in 859; yield. 

~u-Dihydrolycopodine (XII ,  R = H,  R' = OH) 
Lithium metal (0.9 g) was added in small portions over a period of 30 minutes to a solution of lycopodine 

(0.76 g) in methanol (40 nil) -liquid anlmonia (200 nil). After 11iost of the alnmonia had evaporated, 
water (200 ml) was added and the mixture extracted four times with chloroform. Evaporation of the 
chloroform left a colorless glass (0.77 g) which crystallized from ether in colorless needles (0.63 g).  The 
analytically pure material, obtained by recrystallizatio~l from ether, melted a t  133-134'. Calc. for CL6H270N: 
C, 77.06; H ,  10.91; N, 5.627,. Found: C, 76.93; H, 11.00; N ,  4.69%. Infrared spectrum: v ,,:,, 3620 cm-I. 

The perchlorate, after recrystallization from acetone-ether, nielted a t  245-246'. Calc. for C16H270N. 
13CI04: C, 54.94; H, 8.01; N, 4.017,. Found: C, 55.31; H,  8.24; N ,  4.44%. 

Acetylation with pyridine - acetic anhydride a t  room temperature gave acetyl-or-dihydrolpcopodine as 
a colorless oil (no OH in infrared) in almost quantitative yield. The  perchlorate, after recrystallization 
from acetone-ether, melted a t  276-278' (decamp.). Calc. for ClaH?002N.I-IC10.1: C, 55.24; H, 7.67; N, 
3.58y0. Found: C, 55.17; H ,  7.68; N, 4.157,. Infrared spectrum (nujol): 3120 (+NH), 1730, and 1250 cm-I 
(OAc). The  free base, liberated fro111 the perchlorate, solidified, and after distillation nielted a t  74-76'. 

Anhydrodikydrolycopodine (XI I I )  front or-Diltydrolycopodine 
Treatment of or-dihydrolycopodine with phosphorus oxychloride in pyridine gave the chloro compound 

XI1 (R or R' = CI), characterized as  the perchlorate, m.p. 230-23l0, in good yield. However, heating 
the xanthate ( S I I ,  R = H,  R' = 0CS2CH3) niethiodide (0.12 g) a t  265' for 20 iilinutes followed by dis- 
tillation (0.1 mm,  140') gave anhydrodihydrolycopodine (XIII )  (0.04 g), identified as  the  perchlorate, 
m.p. 238-239". The  xanthate was prepared by refluxing a n  ethereal solution of a-dihydrolycopodine (0.48 g) 
with sodium (0.06 g) for 60 hours, then adding carbon disulphide (1 ml) and refluxing for a further 24 
hours. Addition of methyl iodide and further heating caused a white precipitate to  separate. The  precipitate 
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was filtered and recrystallized from ethanol to give the santhate methiodide (0.54 g),  m.p. 280-282" 
(decamp.). Calc. for Cl~H?90S2hi.CM31: C, 47.39; H,  6.70; S, 13.32; N, 2.91; I ,  26.36(r/d. Found: C, 47.40, 
47.69; H, 6.85, 6.66; S ,  13.22; N, 3.07; I ,  26.41%. 

Diol v (R = R' = FI) 
'The ketol VIII (R = I-I) (86 mg) was reflused for 3 hours with a s l ~ ~ r r y  of LifSII-1.1 (0.15 g) in ether 

(50 mi). 1Vorlcing up in the usual manner gave a colorless solid (84 mg), 111.p. 217-222". The analytical 
sample, m.p. 230-23l0, was prepared by r e~r~s ta l l i za t io~ l  from acetone follo\ved by sublimation. Calc. for 
ClcH?iO?S: C, 72.41; H,  10.25; N, 5.28y0. Found: C, 71.78; I-I, 10.20; N, 5.440;/,. The infrared spectrum 
(nujol) showed a sharp band a t  3500 cm-I and broad -01-1 absorption a t  2600-3300 cm-1. 

Diol V I I  (R = R' = H )  
i\ solution of the Icetol VIII (R = H )  (85 mg) in methanol (10 ml) was added to licl~~id ammonia (150 ml). 

The solution was stirred vigorously and lithium (0.2 g) added in small pieces over 10 minutes, then the 
ammonia was evaporated and water (100 ~ n l )  added. Continuous ether estraction yielded a yellow oil 
which, on distillation (0.1 mm, l5Oo), afforded a colorless oil that solidified on scratching. Four recrystal- 
lizations from acetone gave small, colorless ~leedles of diol V I I ,  111.p. 209-210". Calc. for ClGH170?N: C, 
72-41; 13, 10.25; N, 5.28%. Found (sublimecl sample): C, 72.38, 72.21; 10.52, 10.55; N ,  4.9454. Analysis of 
unsublimed material suggested that it was a monohydrate (fo~und: C, 67.84; H,  0.31%,). The infrared 
spectrum ( n ~ ~ j o l )  showed 01-1 stretching vibrations a t  3580 (sharp) and 3080 (broad) cm-l. The perchlorate 
melted a t  243-24Z0. The mixed ~nelting point with diol VI (1n.p. 207-208") was 176-184". 

Diol IV (R = R' = H) 
AcetoxyBetone I); (27 mg) was r e f l~~sed  with LiAIIHd (0.1 g) in ether (30 ml) for 6 l~ours,  then wor1;ed 

up in the usual manner to give a colorless solid (22 mg), 1n.p. 219-226". Recrystallization from acetone 
raised the melting point to  234-235'. The compou~~d ,  even after sublimation, analyzed as  a hemihydrate. 
Calc. for CIGI-I.;O?N.:I-I?O: C, 70.03; H, 10.28; N ,  5.10°//0. Found: C, 70.38, 70.04; H, 10.40, 10.32; N, 
5.70%. The mised ~nelting point with diol V (111.p. 230-231") was 223-230". 

T.Bo(ff-Iiislttte~ Redzlction of Lycopodine 
Sodiuln (0.10 g) in diethylene glycol (40 ml) was heated to 180° and a ~ ~ h y d r o u s  hydraz i~~e  added until 

the solution reflused freely a t  180°. The solution was then cooled and lycopodine (0.63 g) added and refluxed 
for 17 hours. The temperature was then raised to  210' by distilling off excess hydrazine and refluxing was 
colitinued a t  this temperature for 24 hours. The cooled solution was dilutecl with water, acidified with 
hydrochloric acid, and continuously estracted with ethcr for 24 hours to remove diethylene glycol. Basifica- 
tion of the aqueous layer and further estraction with ether yield a colorless semisolid (0.5 g) which could 
not be recrystallized, but which was purified as  the perchlorate, 1n.p. 224-225" (from ethanol-ether). Calc. 
for CIGH~jN~I-ICIO.,:  C, 57.56; I-I, 8.45; N, 4.20%. Found: C, 57.38, 57.32; I-I, 8.73, 8.40; N, 4.71%. The  
free base, rege~lerated fro111 the perchlorate, showed no absorption in the 3000-3600 cm-' or 1500-1800 cm-I 
regions in the infrared. The methiodide ~nelted a t  288-289O after recrystallization from ethanol-ether. 
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ABSTRACT 

The controlled periodate degradation of the synthetic xylan resulted in the formation of 
ethylene glycol, glycerol, xylose, and a t  least eight non-reducing oligosaccharides. The com- 
position, approxi~nate D.P., periodate oxidation, and possible structure of these oligosaccharides 
are reported and discussed. 

In a previous communication ( I ) ,  some preli~ninary structural investigations of the 
xylan (2) used in this study were reported. These studies indicated that the xylan pos- 
sessed a complex structure and evidence was obtained for the possible esisteilce of sonle 
open-chain xylose residues. This communication is concerned with the application of the 
Smith periodate degradation (3) to the synthetic xylan. This structural analysis has been 
applied with considerable success and interesting consequences to a number of naturally 
occurring pol~rsaccharides (3-6) and by the authors (7) to a synthetic glucan (8). Although 
it may be difficult to separate or resolve the various types of fragments that  are fornled 
when this degradation is applied to solne polymers, i t  can be most useful in determining 
the fine structure of certain polysaccharides. 

The controlled periodate degradation of the synthetic syla11 gave ethj-lene glj~col (from 
the non-reducing sylopyranose end units), glycerol (from internal xylose and non- 
reducing x> lofuranose end units), xylose (from readily hydrolyzable x> lofuranoside 
structural units), and a t  least eight different non-reducing oligosaccharides with R,,l,,, 
values ranging from 2.32 to  0.17, see Table I.  

Component 2 was identified as 1'-0-glyceryl-~-xylofuranoside by the followi~lg re- 
actions. H)-drolysis gave xylose and glycerol in a 1 : l  ratio. Periodate oxidation gave 1 
~nole of formaldehyde and borohydride reduction of the trialdehyde followed by hydrol- 
ysis gave ethylene glycol and glycerol in a 1: l  ratio. Component 6 was treated similarly 
and gave xylose and glycerol in a 1 : l  ratio but only ethylene glycol was obtained from 
the periodated and reduced material. Thus component 6 must be l'-0-glji~er~.l-D-xyl0- 
pyranoside. The isolation of these two components thus indicates the existence in the 
xylan of xylofuranosyl 1 + 5 xylose units and xj-lopyranosyl 1 + 5 xylose units. 

The other oligosaccharides apparently possessed progressively more complex structures. 
Components 4 and 7 were primarily composed of 1'-0-glyceryl xylobioside units. In each 
molecule, apparently one xylose unit was substituted a t  either Cz or C j  to render it 
immune to periodate attack. Since the formaldehyde involved in the periodate oxidation 
suggested an approsinlate D.P. of 3, the ethylene glycol arose fro111 the glycel-yl residues 
linlted through Cl whereas glj,cerol then must have originated primarily from sylofurailose 
end units. Component S was apparently conlposed mainly of 1'-0-glyceryl xylotrioside 
residues, although, in this case, a proportionately lesser amount of fonnaldehyde was 
produced and indicated a D.P. of 4.7 or approxi~nately 5. This observation suggested 

'Present address: Departnze7zt of P l a ~ z t  Science, Unioerszty of Manitoba, T.t.'innipeg, ilfanitoba. 
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tliat some of the molecules mere terminated by 2'-0-glyceryl struct~ii-es. Ethyle~ie glycol 
priinnrily originated from 1'-0-glyceryl structures while glycerol probably arose ~iiostly 
irom x!-lofuranose e~icl units. The 1 :1.2:l.S5 ethylene gljlcol:glycerol:xylose ratio suggested 
tliat a few internal 1,4-li1lkecl x\-lopyranose and 1,s-xylof~~ranose units mould, 1ioweve1-, 
also furnish glycerol; consequently tlie observecl ratio of the three compoi~ents cannot 
by itself be used to suggest branching or other glycerol-producin,rrcerol-rodciig structures in the 
periodate clegradation. 

Although the structure of coi~iponents 9 and 10 was generally coiiipamble to tliat of 
component 8, even less-specific details could be clecl~~cecl. In  both cases forninldeliyde 
~~ndoub ted l j~  arose fi-om 1'-0-glyceryl structures and a comparable n~nount  of ethylene 
glycol ~voulcl be expected. Soi~ie ethylene glycol could also have arisen froin xylopj-ranose 
end units. 4 comparison of the xylose:glycerol ratios of tlie undegraded oligosaccharides 
(approximately 4:l  and 6:l for components 9 and 10, respectively) with the D.P. estimated 
from tlie formaldeliycle produced upon perioclate oxiclation (6.2 and 9.9 for components 
9 ancl 10, respectively) indicates that some molecules are tei-minated by 2'-0-glyceryl 
structures and hence some of the glycerol in the subsequent hydrolysis would originate 
from such a structural feature. Some of the glycerol probably arose i ron  sylofuranose end 
units although internal 1 -, 4 li~llted x~~lop\~ranose units ~voulcl also furnish glycerol. 
Although it was suspected tliat some branchecl molecules were probably present, further 
investigations n~ould be necessary to establish this possibility. I n  this connection methyl- 
ation of the oligosaccliaride fragments and the in\c.tigation of their hydrolytic proclucts 
by vapor phase chromatography would be most ~~se fu l .  

The results presented here confirin the existence of xylofuranose units ill the xylail 
and further demonstrate the utility of the Smith degrad a t ' ion. 

EXPERIMENTAL 

Chro~~~atographic  separations were carried out using the descending technique. 1Vhatman S o .  1 filter 
paper was used throughout unless otherwise stated. Solvent systerlls employed were (A) ethyl acetate:acetic 
acid:\vater (8:2:2), (B) ethyl acetate:pyridine:water (9:2:2), and (C) butanone:water azeotrope. .Inlmoniacal 
sill-er nitrate and p-anisidine trichloroacetate spray reagents were used for detection of compounds on paper 
chromatograms. 

Evaporations were carried out under reduccd pressure a t  bath temperatures of 40 to  45O C. Optical 
rotations are equilibrium values a t  213~2 '  C. Melting points are uncorrectcd. 

Periodate 0.vidatiox of Xyla?z 
Some details of the periodate oxidations of the synthetic xylan were reported in a previous con~rnunication 

(6). Xylan (2.50 g) dissolved in cold water (160 ml) was treated with periodic acid (40 ml 0.5 ilJ) and the 
oxidation followed by the usual arse~lite titration technique. After 18 hours' standing a t  5' C, 0.905 mole of 
periodatc had been consu~ned per xylose unit and 0.910 mole of perioclate was consumed per monomer unit 
after 28 hours. The solution was neutralized (BaC03), a solution (40 1111) of sodium borohydride added 
(2.0 g),  and the reduction allowed to proceed a t  room temperature for 24 hours. .+fter ne~~tralization with 
acetic acid, the solution was evaporated to  dryness and borate removed by addition of ~nethanol containing 
2% hydrogen chloride followed by evaporation under vacuum a t  25-%'C. The residue was dissolved in 
0.1 N hydrochloric acid (90 ml) and left a t  room temperature for 4 hours. The solution was neutralized 
(PbC03), evaporated to  a thiclc syrup, and chromatographed. The  mixture was resolved using sheets of 
Whatman KO. 1 paper and solvent A. The mobilities and quantities of the components are recorded in 
Table I. 

Characterizatio?~ of Compone?~ts 
Component 1.-37.5 mg, originating from xylopyranose end units, was treated with a 15% molar excess 

of p-nitrobenzoyl chloride in pyridine (3 ml) and the mixture heated a t  70° for 45 minutes. .After addition 
of saturated sodium bicarbonate solution, the insoluble di-p-nitrobenzoate of ethylene glycol was recrystal- 
lized from acetone-ethanol, m.p. and mixed m.p. 138-140" C. 

Co?~zpo?ae?~t 2.-98 mg, [ a ] ~ ? ?  10.2" (c, 1.0 in water) was hydrolyzed in part (39 mg) in iV sulphuric acid 
(steam bath, 14 hours). The solution was neutralized (BaCO?), evaporated, and chrornatographed. Glycerol 
and xylosc were identified. The  ratio of the two compounds was determined chromatographically using the 
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DUTTON AND UNRtlU: PERIODATE DEGR:lD.-ITIO;'; 

'TABLE I 

Smith degradation of synthetic sylan 

Rxylonc 

Co~nponent So .  - 
1 (ethylene glycol) 
L 
3 (glycerol) 
4 

Solvent I\ 

3.48 
2 .38  

Solvent B 

3 .18 
32 

Yield (mg) 

37.5 
98. 0 
93 .3  

120.1 
113.0 
75. 8 
88 .2  

105.7 
14:3. 8 
291.7 

periodate - chrolnatropic acid technique (9) for the polyols and the phenol - sulphuric acid method (10) 
for the sugar. In a typical analysis of the mixture, 128.3 nlg or 1.395 pmoles glycerol and 232 mg or 1.545 
pmoles xylose was found on a paper chromatogram. The ratio of xylose:glycerol was about 1:l. To  an 
aliq~iot (49 mg) of the substance in \\later (5 ml) was added (2 ml) periodic acid solution (0.5 M) and the 
mixture left in the dark a t  5O C. After 48 and 72 hours, formaldehyde was determined (9) and a t  these inter- 
vals 6.48 and 6.58 mg forillaldehyde had been evolved. Using an average inolecular weight of sylose and 
glycerol, and assuming that 1 mole of formaldehyde was formed from the glyceryl xyloside, the D.P. was 
calculated to be approsilnately 2. After 72 hours, the above mixture was neutralized (BaCO;) and to the 
solution \vas added sodium borohydride (50 mg). The reduction was allowed to  proceed a t  room tein- 
peratlire for approximately 20 hours after which time the solution was acidilied, boiled for 3 hours, de- 
ionized, and evaporated to give a small quantity of syrupy material. Chromatographic examination using 
solvents A,  B, and C revealed the presence of glycerol and ethylene glycol. In a typical analysis, 1.01 pmoles 
glycerol and 1.13 pinoles ethylene glycol were found on a chroniatogram or the ratio of the two alcohols 
was about 1:l. 

Co?npo?~e?zt 3.-93.3 mg, was optically inactive and had a chromatographic inability in solvents A, B, and 
C identical with that of glycerol. Treatment of the oily nlaterial ivith 9-nitrobenzoyl chloride as described 
for ethylene glycol gave glycerol tri-p-nitrobenzoate, m.p. and mixed 111.p. 189-191" C. 

Co?il'pone?zt 4.-120 mg, [~]D?"G~ (c, 1.2 in water), was analyzed as described for component 2. I-Iydrolysis 
of a portion (48 ing) gave ttvo components identihed by paper chromatography as sylose and glycerol. The 
ratio of xy1ose:glycerol mas found to be about 2:l. Periodate oxidation of a sarl~ple (60 mg) gave 4.65 and 
4.71 111g formaldehyde after 48 and 72 hours, which corresponded to an approsi~nate D.P. of 3. Reduction 
(NaBI-I,,) and hydrolysis gave rise to ethylene glycol, glycerol, and sylose in a ratio of 1:1.3:1.2. 

Co?rzpo~ze~zt 5 . ~ 1 1 3  mg, [CZ]D2? 17.5' (6, 1.1 in water), had a mobility identical with that of xylose in solvents 
A, B, and C. The substance reacted with p-anisidine trichloroacetate, hence was reducing. Upon standing, 
the sugar cr)-stallizecl, 111.p. and inisecl 111.p. 143-145". 

Co?iapo?tetzt 6.-75.8 mg, [CZ]D" 29" (c, 0.8 in water), gave, upon hyclrolysis of a sample (30 mg), sylose and 
glycerol in an approximate ratio of 1:l. Periodate degradation of a portion (40 ing) gave, after 48 and 72 
hours, 4.45 and 4.58 ing formaldehyde. The estimated approsimate D.P. was 2. Reduction (SaBHa) and 
hydrolysis gave ethylene glycol and a trace of glycerol and xylose. 

Co~npo?ze?zt 7.-88 mg, [ff]D2? 32' (c, 0.9 in water), gave, upon llydrolysis of a portion (35 mg), sylose and 
glycerol in an approxiinate ratio of 2:l. Periodate oxidation of a sa~nple (44 rng) gave, after 48 and 72 
hours, 2.91 and 3.16 mg formaldehyde, which corresponded to a D.P. of 3.4. Reduction (NaBI-Id) and hydrol- 
ysis gave ethylene glycol, glycerol, and xylose in approsilnately eq~ii~nolar proportions. 

Co?npo?ze?zt 8.-106 mg, [CZ]D" 30" (c, 1.1 in water) gave, upon hydrolysis of a portion (4'2 mg), sylose and 
glycerol in a ratio of 3.3:l or approximately 3:l. Periodate osidation of a sample (53 mg) gave, after 48 and 
72 hours, 2.07 and 2.16 mg formaldehyde, which corresponded to  a D.P. of 4.7 or about 5 .  Reductioil and 
hydrolysis gave ethylene glycol, glycerol, and xylose in a ratio of 1:1.2:1.85. 

Conzpolzerzt 9.-144 ing, [CZ]D2? 33.S0 (c, 1.4 in water), gave, upon hydrolysis of a sample (58 nlg), xylose 
and glycerol in ratio of 4.5:l. Periodate osidation (72 rng) gave, after 48 and 72 hours, 2.10 and 2.12 rng 
forinaldehyde, which corresponded to a D.P. of 6.3. Reduction and hydrolysis gave ethylene glycol, glycerol, 
and xylose in a ratio of 1:3.2:2.2. 

Conzpo?zerzt 10.-292 mg, 24" (c, 1.45 in water), yieldecl, upon hydrolysis of a sample (58 mg), xylose 
and glycerol in a 6:l ratio. Periodate oxidation (73 ing) gave, after 48 and 72 hours, 2.69 and 2.68 mg for- 
nlaldehyde, which corresponded to a D.P. of 9.9. Red~iction and hydrolysis gave ethylene glycol, glycerol, and 
xylose in a ratio of 1:2.8:5.1. 
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Identification of Conzponents i n  Hydrolyzates 
The hydrolyzates of the above oligosaccharides were combined and resolved by paper chromatography 

using solvent C. The xylose and glycerol areas were eluted and the solutions evaporated to a syrup. D-Xylose, 
the syrup, had   or]^?^ 17.7" (c, 1.3 in water) and crystallized upon standing, m.p. and mixed m.p. 144-145' C. 
Glycerol gave, upon treatment with p-nitrobenzoyl chloride in pyridine in the usual manner, the corresponding 
tri-p-nitrobenzoate, m.p. and mixed m.p. 188-191' C. 

Idelttificatiolt of PeGodate Deg~adation Prodz~cts of tlte Oligosaccharides 
The hydrolyzates from the different polyalcohols were combined and the components resolved by paper 

chronlatography as described in the previous section. Ethylelte glycol, treatment of the oily residue with 
p-nitrobenzoyl chloride in pyridine gave the di-p-nitrobenzoate, m.p. and mixed m.p. 139-142' C. Glycerol, 
similarly, converted to the tri-p-nitrobenzoate, m.p. and mixed 111.p. 188-191' C. D-Xylose, the syrup, 
had   or]^^^ 1'7.3" (c ,  1.2 in water) and upon standing crystallized. Recrystallization from acetronitrile gave 
D - x ~ I o S ~ ,  m.p. 142-146' C. 
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ABSTRACT 
Hydrolysis of the fully ~nethylated xylan gave a coniplex mixture of sugars indicating the 

highly branched nature of the polysaccharide. At least 27% of the internal xylose units were 
furanose ancl 38y0 of the terminal units mere also furanose. 

An earlier paper (1) has described the general properties of a synthetic xylan made by 
polymerizing D-xylose a t  120' in the presence of phosphorous acid (2). The present paper 
is an attempt to investigate the structure of this synthetic xylan by the methylation 
technique. Previous workers (3, 4) have commented on the difficulty of completely 
n~ethylating synthetic glucans and we have experiellced similar trouble in the present 
study. Only after repeated treatments using the lllethods of Haworth (5), Kuhn (B), and 
Purdie (7) was a lnethylated xylan obtained which showed no hydroxyl absorption in the 
infrared and had a methoxyl content of 39.1%. The fully methylated polysaccharide 
showed  unusual solubility properties in being soluble in petroleum ether (30-GO0) con- 
taining as little as 5% chloroform. In  this respect it resenlbled a methylated synthetic 
glucan (8). 

Hydrolysis of the lnethylated xylan under conditions reported (9) to  minimize de- 
methylation gave tri-, di-, and mono-0-~nethyl-D-xyloses together with D-xylose in the 
ratio of 31:33:19:5 as determined by the phenol - sulphuric acid method (10). Many of 
the meth>.l ethers were positively identified as crystalline derivatives but because of the 
complexity of the hydrolysis products some were only identified by their chromatographic 
and electrophoretic mobilities. Separations were carried out on a cellulose-hydrocellulose 
column (11) using butanone-water azeotrope (12). 

From the optical rotation of the tri-0-methyl-D-xylose fraction, i t  was calculated that  
2,3,5-tri-0-metl1yl-~-x~~lose con~prised 38% of the mixture, the remainder being the 
2,3,4-tri-0-methyl isomer. The ease of methyl furauoside formation of the former was 
employed so that the water-insoluble 2,3,4-tri-0-methyl-D-xylose-1-p-nitrobezoate could 
be obtained. 'The water-soluble trimethyl furanoside was subsequently hydrolyzed, 
reduced (SaBH4) to the corresponding xylitol, and characterized as the crystalline 
di-p-nitrobenzoate. The above experimental result definitely showed that some of the 
terlllinal uon-reducing xylose units were present in the polymer in the furanose form. 

The different di-0-methyl xylose ethers were eventually separated by column chromatog- 
raphy and paper electrophoresis. By column chromatography, three fractions were 
obtained. The fastest-migrating fraction (XI 0.63) was shown by electrophoresis to  be 
composed of 3,;- and 2,s-di-0-methyl-D-xyloses. The next fraction (XI 0.55) was shown 
by electrophoresis to be composed of 2,3- and 3,4-di-0-methyl-D-xyloses. The slowest- 
moving dimethyl xylose (XI 0.45) was obtained crystalline and was 2,4-di-0-methyl-D- 
xylose. The ratio of 2,5- plus 3,5:2,3- plus 3,4-:2,4-di-0-methyl-D-xylose was approxilnately 

IPresented at the &tlt Cl~enzical Instilute of Clzewzistry Conference, M a y  1962, Edmonton, Alberta. 
?Present address: Departnzent of Plant  Science, University of ikfanitoba, Winnipeg,  Manitoba. 

Canadian J o ~ r r ~ ~ a l  of Chemistry. Volume 40 (1962) 
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1.7:3.6:1. Approximately 27% of the internal xylose resiclues \yere thus shown to exist in 
the polymer in the furanose form. This value does not include the 2,3-di-O-iiietl1yl-~- 
xylose residues, which may also have existed in the furnnose form in the original methyl- 
ated xylan. Although 2,s- and 3,5-di-0-methyl-D-xylose have very different electroplioretic 
mobilities (borate bufier), the recovery of the sugars from tlie borate-impregnated paper 
was extremely poor. Similarly, a very low recovery was experienced when 2,:3- ancl 
3,4-di-0-methyl-D-xyloses were separated. 

The various di-0-methyl sugars were identified as follo\vs: 3,s-di-0-il~ethyl-D-sylose as 
the 9-broiiioplie~~~~losazone; 2,5-di-0-methyl-D-qlose was oxidized t o  the acicl and tlie 
derived a~n ide  shown to  give a negative Weerman test (18) and the corresponcling xylitol 
failed to give formaldehyde on periodate oxidation; 3,4-di-0-methyl-D-xylose on osidation 
gave a positive Weer~nan test, the xylitol gave 1 inole of forinaldehyde 011 periodate oxida- 
tion and the sugar gave the p-brornophenylosazone; ~ ,3 -d i -O-methy l -D-x~l0~e  011 osidation 
gave a negative Weerman test, the xylitol gave 1 Inole of formaldehyde on periodate 
oxidation but  the N-pl~enj71gl~~cosylalnine was only obti~ined as a sirup. 

The mono-0-methyl ethers of xylose were identified by electrophoresis. The apparent 
absence of 5-0-methyl-D-xylose i~ldicated that  the highly branched xylose residues 
existed in the pyraiiose form or, alternatively, those existing in the furanose form \yere also 
substituted a t  Cj. 

The  significant yield (5.2%) of D - X Y ~ O S ~  considering the hydrolysis conditions used (9) 
indicated that some xylose units were fully substituted. 

These results confirm the earlier findings (1) based on periodate oxidation that this 
synthetic xylan contains an appreciable proportion of D-sylofuranose units. I t  is in- 
teresting to  compare these findings with those of Bishop (13), who esaulined a s>-Ian of 
low D.P. obtained by poly~nerizing D - X J ~ ~ O S ~  a t  room temperature in the presence of 
concentrated hydrochloric acid. In  this case (13) there was no evidence for any  D-SS;]O- 
furanose units. 

In our previous paper (I) we commented on the rapicl liberation of formaldeli,.de when 
the xylan was oxidized with periodate aalld suggesteel the possible esistence of ~-nldt?11,ydo- 
xylose residues with the formaldehyde coming froin a C.l-j glycol system. This would 
require that amongst the hydrolysis products ol the metliylatecl polysaccharide there 
s h o ~ ~ l d  be a t  least 4,s-di-0-methyl-D-xylose. This was not detected but  may have been 
missed in the rather comples di-0-methyl ether fraction. 

Paper chronlatographic separations were carried out using the descending technique and butanone:water 
azeotrope as the developing solvent. Whatman No. 1 filter paper was employed and sugars were detected 
with the p-anisidine trichloroacetate spray reagent (1-1). 

Evaporations were carried out under reduced pressure a t  a bath temperature of 40-45" C. Optical rotations 
recorded are equilibrium values a t  21&2' C. Melting points quoted are uncorrected. 

iMethylation of the Xylaz 
Polyxylose (4.5 g) was methylated once by the Haworth procedure. The product, which was insol~rble in 

water, was subsequently methylated by dissolving it in di~nethylfor~na~ilide and adding excess sil\-er oxide 
and methyl iodide (3) and raising the temperature to the reflux temperature of methyl iodide. The lnisture 
was continuously stirred by means of a magnetic stirrer. The product, a yellow, brittle glass, sho\v-ed a 
small but  delinite OH absorption band in the infrared spectrum, consequently it was dissolved in  methyl 
iodide, silver oxide was added, ancl the mixture boiled in a flask fitted with an efficient condenser on a steam 
bath for a t  least '36 hours before re-isolation. This treatnient was repeated f o ~ ~ r  times ~ ~ n t i l  finally no OH 
band was found in the infrared spectrum. The yellow, resinous product contained 39.1% metho~y l  and was 
soluble in petroleum ether (30-60") containing 4% chloroform. Tlie final yield of ~iiethylated p r o d ~ ~ c t  \\;as 
4.24 g and had [ff]~'' 45.2" (c, 8.1 in CHC13). 
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Hydrolysis of ~VIetlzylated X y l a n  
The bull; (4.05 g) of the methylated xylan was dissolved in 72y0 sulphuric acid (9) ; the sirupy and rather 

dark mixture was diluted with cold water until the acid was 2 iV. The solution was boiled for 12 hours after 
which time the acid was neutralized (BaC03),  decolorized with charcoal, and filtered. Evaporation of the 
filtrate gave a sirup which, upon chromatography, \ \as apparently composed of xylose, and mono-, di-, and 
tri-methyl syloses. The ratio of the four classes of sugars was determined paper chron~atographically using 
the phenol - sulphuric acid inethod (10) and the standard curve for xylose. The  result of the analysis is 
recorded below. 

Components fig on paper Molar ratio 

Xylose 5 . 0  5 
Mono-0-methyl 18 .8  19 
Di-0-methyl 31. 6 32 
Tri-0-methyl 31.3  31 

Resolutio?~ of IlIixture by Celll~lose Cltromatograpl~y (11) 
The  mixture of sugars (4.05 g) was placed on a cellulose-hydrocellulose columil in about four equal 

portions and the column irrigated with butanone:\vater azeotrope. The effluent was collected in tubes a t  
6-minute intervals for the tri- and di-methyl xyloses and a t  30-minute intervals for the   no no methyl xyloses 
and xylose. By chromatographic examination of the tubes containing the dimethyl xyloses, three quite 
distinct components were obtained after the colurnn separation. The yield of the different components, 
their Rf values, and their probable identity are summarized in Table I. 

TABLE I 

Hydrolysis products of methylated xylan 

Compoilent Descriptio~l Weight (g) R/ 

1 Trimethyl (2,3,4 and 2,3,5) 1.265 0 .  80 
2 Tri- and di-methyl mixture 0.050 
3 Dimethyl (2,5 and 3 3 )  0.344 0.63 
4 Dimethvl mixture 0 .070 

Dirnethi.1 (2,3 and 3,4) 0.736 0 .55 
Dimethyl mixtlirc 0 ,065 
Dimethyl (crystalline) (2,4) 0 .  205 0 .45  

10 Sylose 

Identificntio?~ of Co?npone?tts 
Co?l~po?ze~~t  1 had [a]~ '?  22.2" in water. Reported rotatioil for 2,3,5-tri-0-rnethyl-n-xylose is 29.5" and tha t  

for 2,3,4-tri-0-methyl-n-xylose is 18.0" (15). The component is therefore a mixture containing 37.5y0 of 
2,3,5-tri-0-methyl-D-xylose or approximately 470 mg. The two isomers were identified in the following man- 
ner. The sirup was dissolved in dry methanol containing ly0 hydrogen chloride and the solutioil left a t  room 
temperature until no further change in the rotation could be observed. The solution was neutralized (Ag2C03) 
and evaporated to  a sirup. The product was dissolved in pyridine (6 ml) an excess quantity of p-nitrobenzoyl 
chloride \\.as added (570 molar excess assun~ing all material was 2,3,4-tri-0-methyl-n-xylose) and the mixture 
was heated a t  GOo C for about 45 minutes, then left overnight a t  roo111 temperature. Saturated sodium 
bicarbonate was added and the insoluble p-nitrobenzoate removed. The 2,3,4-tri-0-il1eth):l-~-xylose-l-p- 
nitrobenzoate \\-as recrystallized from a misture of acetone and ether, m.p. 133-135' C, [a]~~"75.2" (c, 1.5 in 
CHCI3), lit. m.p. 136O, [a]n -76' in CEICIR (16). The filtrate, which presumably contained the methyl 
2,3,5-tri-0-methyl-D-xyloside, \\.as evaporated to  remove pyridine and a n  aqueous solution of the residue 
extracted with chloroform. The product (375 mg) was boiled in 0.5 iVsulphuric acid (15 ml) for 3 hours after 
which time the solution was neutralized (BaC03) and evaporated to  a sirup, [a]~2? 28.9' (c, 2.5 in water). 
The sugar in water (20 ml) \\-as reduced with sodiuil~ borohydride (350 mg) a t  room temperature for 48 hours. 
The  solution was neutralized (HCI) and evaporated and an aqueous solution of the residue extracted with 
chloroform. E\;aporation of the solvent gave a sirupy product (335 mg) which did not react with Tollens 
reagent. The alcohol \\,as treated with p-nitrobenzoyl chloride in the usual way to  give 2,3,5-tri-0-methyl- 
1,4-di-p-nitrobenzoyl-n-sylitol, which, after recrystallizatioll from acetone, had n1.p. and mixed m.p. 
147-150" C, [ a ] ~ ? ?  '7.1" (c, 1.8 in pyridine). An authentic sample was prepared froill methyl ap-D-xylofurano- 
side. Calculated for C??I-I?.jN?Olo: X,  5.9; OCHJ, 19.5y0. Found: N, 5.6; OCH3, 19.2y0. 
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Co?~tponent 3 showed [ f f ] ~ "  33" (c, 2.5 in water). Electrophoresis using 0.05 Adborate bulfer, I I 'ha t r~~an No. 1 
paper, 1000 volts, 35 milliamperes for 45 minutes revealed the presence of two co~nponents x i th  (migration 
relative ~OD-glucose) values 0.0 and 0.88. A trace of material had 1% 0.16. The substance with &Ig 0.88 corre- 
sponded to 3,s-di-0-methyl-D-xylose whereas 2,5-di-0-methyl-D-xylose would not be expected to migrate and 
was presumed to be the substance with ME 0.00. The ratio of the two sugars was determined by the phenol - 
sulphuric acid method and found to  be about 1:l. The mixture was resolved using IVhatman 3 i\IM paper 
and the above specified conditions. The recovery of the sugars was extremely low. 3,S-Di-O-7,zethyl-~-rylose, 
12 mg, [ff]D2"3.5" (c, 0.55 in water), 10.3" (c, 0.55 in CHCl,), was dissolved in 80% aqueous ethanol (5 ml) and 
a 5% nmolar excess of p-bromophenylhydrazine in ethanol (20 n ~ l )  added. The mixture was heated on a steam 
bath for 45 minutes and, upon cooling, the p-bromophenylosazone of 3,5-di-O-nlethyl-~-s).lose separated. 
The product was collected on a filter paper, dried with ether and petroleum ether, and had m.p. 103-105" C,  
lit. m.p. 107-108" (17). 2,5-Di-0-nzethyl-~-.rylose, 18.8 nlg, [C2]D2' 43" (6, 0.38 in water), 15.5' (c, 0.94 in 
ethanol). A small portion (3 mg approx.) was oxidized with bromine and the \Veerman test (18) applied. 
The test was negative, indicating that  Cp was blocked by methoxyl. The remainder was reduced with sodium 
borohydride in the usual manner and the 2,5-di-0-methyl-D-xylitol obtained as a sirup. Oxidation of a small 
portion (about 2.5 mg) gave no formaldehyde. The alcohol was treated with p-nitrobenzoyl chloride in the 
usual manner to give the insoluble p-nitrobenzoate, which was not obtained crystalline. 

Conzpound 6, 830 rng, showed [ff]D2' 21" (c, 4.2 in water). Electrophoretic examination of the sirup as de- 
scribed for component 3 showed that  two compounds were present, one with an  M, value of 0.26 and 
corresponding to that  of 3,4-di-0-methyl xylose, the other with an  1% of 0.0 was 2,3-di-0-methyl xylose. 
The electrophoretic behavior in conjunction with the R, of 0.55 for the mixture indicated that  the two sugars 
were 3,4- and 2,3-di-0-methyl-D-xylose. The components were separated by electrophoresis using IVhatn~an 
3 M M  paper and the conditions described previously except that  the time was increased to 105 minutes. 
The recovery of material was extremely poor, approximately 15%. S,C-Di-0-methyl-D-xylose, 82 mg, showed 
[ f f ] ~ ' ~  19.8' (c, 1.64 in water), 39" (c, 1.64 in CHC11). About 5 mg was oxidized and the Weerman test (18) 
applied to the derived amide. The test gave positive results, hence the Cc-hydroxyl was not substituted. 
Similarly, 5 mg of the sugar was reduced (NaBH4) to the corresponding xylitol and after removal of borate, 
the alcohol was oxidized with periodate and the amount of formaldehyde liberated was determined (19). 
Approximately 0.835 mg formaldehyde or almost 1 molar proportion of the aldehyde was formed. The 
remainder (about 70 mg) was dissolved in 75% aqueous ethanol (15 rnl), a 5% molar excess of p-bromo- 
phenylhydrazine in ethanol (30 ml) added, and the solution refluxed. Upon cooling, the osazone separated 
and was collected by centrifugation. After drying in a vacuum desiccator, the compound had n1.p. 130-134' C. 
2,s-Di-0-ntethyl-D-rylose, 28 mg, showed [ff]DZ? 22' (6, 1.4 in water). The sirupy material did not crystallize. 
A small portion (3 mg) was oxidized with bromine and after conversion to the amide a negative Weerman 
test (18) was obtained, showing that  the Ce-hydroxyl was substituted. Another small portion (3 mg) was 
reduced (I\;aBH4) and the alcohol subsequently oxidized with periodate as described previously. .Approxi- 
mately 0.490 mg formaldehyde or 1 molar proportion of the aldehyde was liberated. The remaining material 
(about 20 mg) was dissolved in absolute ethanol (5 ml), freshly distilled aniline (2 drops) was added, and 
the mixture refluxed for 1 hour. Evaporation of the solvent under vacuum gave a sirupy product, [ cu ]~?~  170' 
in ethyl acetate having the characteristically high rotation of 2,3-di-0-methyl-N-phenylxylosylamine but  
which failed to crystallize. 2,C-Di-0-nzetkyl-D-rylose, 205 mg, showed [ff]D2? 21" (c, 1.5 in water), -24.5" 
(c, 1.5 in CHC13). The sirup crystallized upon standing. IVhen it was washed with cold ether and petroleum 
ether and dried on a porous plate, the compound had melting point 109-112' C,  lit. (20, 21) m.p. 11l0,  
114-116" C. Mixed m.p. 110-112° C. The crystalline compound mutarotated in water, [ff]Dp? -28" + f 22". 
The physical constants obtained show that  the sugar was 2,4-di-0-methyl-D-xylose. 

Component 8, 35 mg, had an  M, value of 0.05 upon electrophoresis. The sirup was boiled in iV sulphuric 
acid (10 ml) for 6 hours. The solution was neutralized (BaC03) and evaporated, and the residue chromato- 
graphed. Con~pounds were observed corresponding to  tri-, di-, and mono-0-methylxyloses and xylose. 

Component 9, 615 mg, was found to be composed of three different mono-0-methyl xyloses, with ~ 1 1 ~  values 
of 0.82 (3-0-methyl-D-xylose), 0.25 (2-0-methyl-D-xylose), and 0.16 (4-0-methyl-D-xylose). No 5-0-methyl-D- 
xylose was apparently present. The ratio of 3-, 2-, and 4-0-methyl-D-xylose, determined by the phellol- sul- 
phuric acid method was about 3:4:1. 

Component 10, D-xylose, 200 mg, showed [C2]Dcc 17.8" in water. The sirup crystallized upon standing. 
Recrystallization from hot ethanol gave D-xylose, m.p. and mixed m.p. 143-145' C. 
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ABSTRACT 

An investigation has been carried out on the infrared spectra of 3-~nercapto-4-n~ethyl-5- 
ethyl-1,2,4-triazole and 2-mercaptothiazoline, both in solution and in the crystalline form. 
The spectra of the deuterated compounds and the silver salts have also been examined. The 
results allow some assignment of bands to be made. 'The spectra of these compounds adsorbed 
on silver iodide were then examined. I t  would appear that  in the concentration range examined 
physical aclsorption occurs. 

INTRODUCTION 

Althougl~ many studies have been made of the adsorption of various t l~pes of organic 
molecules on silver halide particles, little direct evidence is available as to the actual 
state of the molecule on the surface. In many cases the material adsorbecl was an organic 
ion and the adsorption was electrostatic in nature (1); in such cases little change in struc- 
ture of the ion would be expected. However, there are a number of organic compounds 
which are of great importance in flotation processes and in the photographic industry 
which contain the -N-C- grouping; these are often added to s~~spensions a t  a pH 

l l  
S 

where they exist inainly as unionized molecules. Cornpounds such as 3-mercapto-4- 
meth~l-5-etl~yl-1,2,1-triazole flocculate silver halides a t  neutral pH and are also found 
to influence the crl-stal shapes of silver iodide when crystallization is carried out in their 
presence (2). The latter behavior appeared to be due to the preferential adsorption of 
this material onto certain cr).stal faces of silver ioclide. The exact mode of adsorptioil 
was not easy to determine but it appeared highly probable that  perturbation of the 
-N-C- group would occur in the adsorbecl state ancl that  this would be detectable 

H I '  

4 
by infrared spectroscopy. 

The infrared spectroscopic tech~lique has proved invaluable in the elucidation of the 
structures ol adsorbed molecules in many systelns but there is considerable limitation 
to its application, o~ving to the loss of radiation, by absorption and scattering, in the solid 
substrate upon which the molec~~les are adsorbecl. The difficulties inherent in the tech- 
nique have been discussed by Eischens ancl Plisltin (3) for adsorption a t  the gas-solid 
interface. 

lIsszled as N.R.  C. 1%. 6965. 
2Present address: Departn~etzt of Cheiizistry, University of Western A z ~ s t ~ a l i a ,  hTedlands, W. A~lstral ia.  

Canadian Journal of Cl~emistry. Vol~une 40 (1SG2) 
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Two further problellls nlay arise when adsorption is studied a t  the liquid-solid interface. 
Firstly, the molecules studied in these systems are invariably larger than those studied 
a t  the gas-solid interface and consequently a t  high co~lcentrations of adsorbate, multi- 
layer aclsorptio~l may occur. I n  such cases it may not be possible to  distinguish the first 
layer, which interacts with the substrate, from subsequent overlaying deposits. Secondly, 
adsorption of solvent may conlpete with that of the adsorbate under investigation and 
wide spectral regions may be excluded from study if the solve~lt absorption is intense. I n  
the present system investigation was confitled to regions considerably below completion 
of a mono1a~;er of adsorbate and no problems were encountered due to  retention of water 
by the solid. 

Silver halides, moreover, form suitable adsorbents since they do not have absorption 
bands of their own in the regions to be studied. By using finely divided sols a relatively 
large surface area can be obtained and thus sufficient adsorbed material call be i~lcluded 
in the sample to  yield a spectrum of moderate intensity. Further, with such finely divided 
materials, radiation losses by scattering are not large, especially a t  frequencies below ca. 
2000 cm-l. 

E S P E R I  hlENTAL 
d[aterials 

A11 inorganic chemicals used were of A.R. grade. 
3-Mercapto-4-methyl-5-ethyl-1,'2,4-triaoIe ( I ,  11) was Icindly supplied by h'lessrs. Ilford Ltd.," and 

2-mercaptothiazoline (111, I\/) by Messrs. I.C.I. L~CI. '~ These compounds are referred to as M C T  and 
MCTEI respecti\:ely. 

Prepar.atio?i and Flocc7rlation of Sols 
Two methods may be employed to study the flocc~~lation of sols by a specific reagent. Either the reagent 

may be added to a preformed sol (4) or alternatively the sol may be formed in the presence of the reagent 
(5). In the latter case the effect of the reagent on the nucleation and the crystal growth process inay also 
be investigated. Both methods have been utilized in the present studies. All silver iodide sols and suspensio~is 
were employed a t  p1 = 4 to  ensure a negative charge on the particles (4). 

Preparatiolz of Silaer Iodide  Sols in tlte Prese?lce of MCT 
Silver nitrate (0.16 ml, 0.0155 iV) was added with stirring to  5 in1 of a solution composed of 0.5 1111 0.0207 N 

potassiu~n iodide, 0.9 ml 0.1303 &I MCT, and 3.6 in1 distilled water. Flocculation of the sol occurred rapidly 
under these conditions and the whitish fluffy floccules settled out in a few hours. 'The suspension mas then 
centrifuged, the supernatant decanted, and the floccules washed several times with distilled water follo~ved 
by centrifugation; it appeared unlilrely that  a strongly adsorbed film ~vould be removed by this washing 
procedure. After removal of as much supernatant as  possible the remaining nvater was pumped off. The driecl 
material was then ground up in a small volume of nujol and examined in this state in the spectrometer. 
Nujol and hesachlorobutadiene were used as  mulling agents to  provide complete coverage of the spectrum 
between 4000 and 650 cm-I. Spectra were recorded on a Perkin-Elmer 21 spectrophotometcr fitted with a 
calcium fluoride or a sodium chloride prism. 

These conditions were employed since it has been shown that  it is a t  this conceiitration of M C T  that  
flocc~ilation occurs; this point also corresponds with the zero point of charge as  measured by microelectro- 
phoresis ( 6 ) .  From experiments with other systems it has been found that  this point usually corresponds 
to  ca. 30% of a nionolayer (4). The silver iodide particles forined under these conditions do not have the 
usual hexagonal or tetrahedral shapes but  form long rotls, s~~ggest ing the strong adsorption of the h ICT 
onto certain crystal faccs (2). Microelectron diffraction patterns indicated tha t  the crystals were silver 
iodide; spots due to  silver ~nercaptotriazole were not detected, suggesting tha t  coprecipitation had not 
occurred. 

* W e  w i s h  to  erpress our  tha7lks to these orga~tizntio?zs for. gifts of ntaterial. 
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Experili7ents w i th  Prefornjed S i h e r  Iodide  Sols  
Concentrated sil\.er iodide sols with an average particle diameter of 500 A were prepared in the manner 

described by Harmsen, van Schooten, and Overbeelc (7). MCT solutio11 (1.5 ml, 0.1038 M) was added to 
1.5 ml of the concentrated sol (ca. 40% 'ov/v). Instantaneous flocculation of the sol occurred and the particles 
were then spun do\vn and treated as previously described. In this manner a sample of large specilic surface 
was obtained. 

r\lternatively, po\vdered silver iodide having a specific surface of 0.7 m2/g was employed (2). 'To 0.5 g of 
this powder 1.25 n ~ l  of 0.1038 111 M C T  solution \\,as added. The suspension was agitated for 4 hours and then 
treated as described above. 

Preparat ion of Dezrterated MCT 
To assist in the assignment of vibrational bands a study was also made of the spectrum of dei~terated MCT. 
hlCT (70 mg) was sealed in a glass ampoule with 4 ml of heavy water. The ampoule was heated to 70' C 

until all the M C T  had dissolved and was then allowed to stand for 24 hours a t  room temperature. The solvent 
was then pumped off and the sample stored .in racuo. This treatment gave about joy0 deuteration, so a 
further sample \\as treated \\,it11 successive arnounts of D20. Co~nplete deuteration was still not achieved, 
suggesting that very stringent precautions are necessary to prevent exchange with at~nospheric \\later 
vapor. Preparation of samples for infrared purposes was carried out in a dry bos. 

Preparat ion of Silver AICT 
The silver salt of MCT \\.as prepared for spectral comparison with MCT adsorbed on silver iodide. The 

preparation nras carried out by adding excess silver nitrate solution to an MCT solution, centrifuging off 
the precipitate, n~ashing with water, and then drying. 

Experivzents w i t h  U C T H  
Experiments and preparations parallel to those described above for MCT were carried out with MCTN. 

The infrared spectru~n of h,ICTM, while similar in some respects to that of MCT, \\,as generally much 
simpler and \\,as of assistance in assigning bands in the MCT spectrum. 

RESULTS A S D  DISCUSSION 

Infrared Spectra of IVCT a n d  MCTH 
Absorpt ion in tlze Region 3500-2000 cm-L 
Cyclic secondary thioainides such as MCT have been studied previously (8, 9) but 

since certain difficulties are associated with their spectra some discussion is warranted 
before the spectra of films adsorbecl on silver iodide are considered. I t  has been sho\vn 
that such compounds exist in the thiolactam form (I ,  111) rather than in the mercapto 
form (11, IV). Figure 1 shows the spectrum of MCT in the solid state and in solution in 
chloroform. SH- absorption is apparently absent whilst bands due to  the -N-H 
stretching vibration, a t  ca. 3100 cm-' (solid) and 3410 cm-I (solution), are intense. 
There are some very weak bands a t  2550 and 2480 cm-' in the spectrum of solid MCT, 
a t  2450 cm-I in the spectrum of the chloroform solution, and a t  2450 cm-I in the spectrum 
of MCTH in carbon tetrachloride solution. This is the region lvl~ere S-H groups might 
be expected to absorb (10). However, any S-H group in the solid material would be 
hydrogen bonded and would probably absorb a t  frequencies below that found for the 
solutions in carbon tetrachloride and chloroform. I t  is possible that these weak bands are 
overtones of bands a t  lower frequencies. The N-H groups are all hydrogen boilded ill 
the crystalline material, possibly as dimers. 

The spectrum of MCT was examined in solution in carbon tetrachloride, carboil 
disulpliide, and in chloroform. The molecules again exist largely, if not entirely, i l l  the 
N-1-1 foi-111 rather than in the S-H form. However, in solution there is large proportion 
of N-H groups not involved in 11ydroge11 boilding and hence a mixture exists of free 
molecules with dimers or higher combinations. Similarly MCTH exists in the thiolactan~ 
form rather than in the mercapto form. 

Absorpkion i n  the Reg ion  6000-650 cm-I 
One of the most prominent features of the spectra of MCT and RIICTH is the intense 

band a t  1500-1520 cm-'. Siiice these compounds are secondary thioamides it is expected 
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( t i  I I I I I I I I 
3 0 0 0  2 0 0 0  1800 1600 1400 1200 1000 8 0 0  

WAVE NUMBERS (crn-'1 

FIG. 1. Infrared spectra of (A) M C T  solution in chloroform, (B) MCT mull, (C) MCT (partly deu- 
terated) mull,  (D and E) silver N I C T    null. 

that a band will appear in this region of the spectrum similar to that classified as the amide 
I1 band (10). Collsiderable coiltroversy has surrounded the assignment of this band and 
it has been variously atti-ibuted to the K-H in-plane deformation vibration and to the 
C-X stretching vibration of the ainide group. The frequency is higher than that normally 
associated with the C-N single bond, but this fact is attributed to the partial double- 
bond character of the band in the thiorumide structure. 

Previous deuteration studies (10) have favored the assignment of the 1500-1550 cln-' 
band to the in-plane X-H deformation mode, since, on substitution of deuterium for 
hydrogen, the band disappears and a new band appears a t  about 1120 CIII-I. The frequency 
displacement is that expected for substitution of H by D (12). In the present study 
deuteration of MCT and MCTH was accompanied by a decrease in intensity of the 
1500-1520 cin-I band and the appearance of a new band a t  1110-1120 cnl-l (Figs. 1 and 
2). With more complete deuteration of the MCT than that shown in Fig. l C ,  the band 
a t  1502 cm-1 almost entirely disappeared. 
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WAVE NUMBERS (crn-'1 

FIG. 2. Infrared spectra of (A) WICTI-I m~111, (B) deuterated MCTI-I mull, (C) sil\er RIC'TI-I mull. 

When MCT was dissolved in chloroform the 1502 cm-' band was displaced to 1480 
cm-I. In carbon tetrachloride the frequency of the 1520 cm-' band of MCTH was dis- 
placed to 1490 cm-'. The direction of displacen~ent is that expected if the band was due to 
a defornlation mode, since hydrogen bonding in the crystal would stiffen the N-H group 
against defornlation and increase the frequency of the vibration. 

However, the spectra of silver MCT and silver MCTH do not support the latter 
conclusion. When the silver salts are formed the N-H stretching band disappears com- 
pletely, as indicated by the spectra (Figs. 1 and 2), thus proving the conlplete replacement 
of hydrogen by silver. The frequency of the 1520 cm-' band of MCTH, whose assignment 
is in question, was merely displaced upwards by 10 cm-' and the intensity was unaffected 
on forlnation of the silver salt. The situation was not so well defined in the case of the 
silver salt of MCT, but the 1500 cm-' band still remained, being either displaced upwards 
in frequency to 1540 cl-il-' or downward to 1485 cm-', as discussed below. The displace- 
ment of this band from 1500 cm-' in solid MCT to 1485 cm-' in cl~loroform solution was 
mentioned earlier. The 1500-1520 cnl-I band cannot, therefore, be due to the S-H 
deformation inode and n u s t  largely be due to the C - N  stretching of the thiolactam 
group. 

The band which appeared a t  3440 cm-l in the spectru~n of the silver salt of MCT 
(Fig. ID)  is not due to a N-H stretching vibration. The frequency and half \vidth of 
this band show that it belongs to a hydrogen-bonded 0-H stretching vibration. This 
must be due to adsorbed water on the silver salt and the assign~nent is confirmed by the 
presence of the 0-H deformation band of water a t  lG30 cm-I. 

Chatt, Duncanson, and Vinanzi (11) found an intense band a t  1480-1530 cm-l in the 
spectrum of N,N-dialkylditl~iocarbamates. No N-H group occurred in these co~llpounds 
and this band was assigned to the stretching vibration of the C-N group, \vhich has 
partial double-bond character. They found that the frequency of the 1500 cm-l band of 
methyl N,N-dimethyldithiocarbamate and of several metal N,N-dialkyldithiocarbarnates 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LITTLE A N D  OTTEWILL: ADSORPTION ON h g I  2115 

was decreased when the solid inaterial was dissolved in solve~lts. These results are in 
agreement with those mentioned above for MCT and again suggest that the 1500 cm-I 
bancl cannot be assigned to the N-H deformation vibration. 

I t  would appear that,  in the spectra of cleuterated MCT and MCTH, the bancl which 
appears a t  1115 cm-I is due to the N-D in-plane deformation vibration. Altl~ougl~ the 
1500 cm-I band decreased on cleuteration, a new intense band appearecl a t  1450 cm-l, 
superimposed on existing bands of MCT. This suggests that the band did not disappear 
completely, but was displaced to a lower frequency. For MCTH the 1520 cm-I is the 
strongest band in this region and it can readily be seen that the corresponding band in 
cleuteratecl MCTH occurs a t  1492 cm-l. This band must be due to C-N stretching. 
The sensitivity of the C-N band to the replacement of hydrogen by cleuterium must 
mean that the K-H in-plane deformation mock contributes to the C-N stretching 
mode. HadZi (12) has concludecl that the two vibrations are strongly coupled in secondary 
thioamides. In  the absence of a sepal-ate band, which may be assignecl to the N-H 
in-plane deformatio~l mode in the spectra of NICT ancl MCTH, it must be concluded 
that the cleformation mode is strongly coupled with the C-K stretching mode, which 
absorbs a t  1500-1520 cm-' in the solid. 

The intense band a t  1570 cm-' in the spectrum of MCT was due to the 3,4 C=N 
stretching vibration. The 3,4 bond is saturatecl in MCTH and consequentl~~ the band 
does not appear in the spectrum of this compound. 

Two possible explanations [nay be advanced for the changes which occur in the region 
1450-1600 cm-I when silver 3ICT is formed. Firstly, the 1502 cm-L band due to the C--N 
stretching mode is displaced downward i n  frequency to 1430-1480 cm-I and the X,4 C=N 
stretching mocle is displaced from 1575 cm-I to 1545 cm-'. The snlall remaining band a t  
1575 c~n-I in the silver MCT spectrunl must then belong to some unreacted MCT. 
Secondly, with the for~nation of the silver salt the frequency of the 1502 cm-' band of 
solid MCT is raised to 1345 cm-' and the 1575 cm-I band suffers a ver). great intensity 
decrease. 111 favor of the second explanation is the observation that the C--N stretching 
frequency of MCTH is raised 10 cm-I 011 forming the silver salt of this compound. There 
seems no reason to expect the intensity of the 3,4 C=N stretching vibration of MCT to 
be affected so greatly by silver salt formation, although it is possible that the C=N 
group is rendered less polar by the replace~nent of the thioamide hydrogen atom with 
silver, and as a result the intensity of the C=N stretching vibration is decreasecl. 

I n  other instances, the C-N band frequency has shown variations over a range 
similar to that considered for MCT and silver MCT, i.e. 1502-1545 cm-'. Thus the fre- 
quency of the C = N  band of metal N,N-diall~yldithiocarbamates was founcl to range 
from 1480 to 1530 cm-I as the metal was varied (11). However, the systems are not 
completely similar since in the latter compounds the metal is attached to the sulphur 
atom, whereas in silver MCTH, and probably in silver MCT,  the silver atoll1 replaces 
hydrogen fro111 the nitrogen. This is shown by the appearance of the C=S stretching 
band with nornlal frequency and intensity in the silver MCTH spectrum (Fig. 2). 

A band appearing a t  1050 cm-' in the MCTH spectrum has been assigned by fiiIecl<e et 
al. (13) to the C=S stretching mode of the thioamide group. The band is one of the most 
intense in the spectrum of MCTH (Fig. 2). With the formation of the silver salt the fre- 
quenq7 of this band was displaced downward by about 20 cm-l. 

Although several moderately intense bands occur in this region in the spectrum of 
MCT, no band appears which may be assigned with certainty to the C=S stretching 
vibration of this compou~~d.  The two compounds k lCT and MCTH differ in that the 
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former has a double bond in the 3,4 position. Should the interpretation of the 1500-1520 
cm-I band assignment be correct, in so far as the C-N bond in the 1,2 position has double- 
bond character, then conjugation may occur between the two double bonds in MCT and 
be responsible for the difference between its spectrum and that of hICTH. I t  is of interest 
to consider that in the case of MCT conjugation effects may cause the structure to lie 
somewhere between V and VI. 

According to the nlagilitude of the contribution of VI to  the structure, the carbon- 
sulphur stretching vibration may not absorb as a normal C=S mode. MCTH, without 
the opportunity for conjugation, 1na17 exist more as a structure of type V, i.e. the carbon- 
sulphur bond preserves essentially double-bond character as in VII. Gingras et al. (14) 
consider froin chemical evidence that ,  for tl~iosemicarbazones, the polar for111 

contributes to the overall structure because of stabilization by conjugation. 
If the zwitterion form VI contributes more to the structure of MCT than to that of 

MCTH, it would be expected that this effect should be reflected in different frequencies 
for the K-H stretching modes for these compounds. However, this is not supported by 
the spectral evidence. The frequencies of the N-H stretching modes are identical in 
solution and the value for solid IMCT is only slightly below that for solid A'ICTH. 

+ 
Refn (15) considers that the N-H stretching inode of =NH- in pyrazol-5-ones 

absorbs a t  about 1500-2400 cm-I due to strong hydrogen bonding of the zwitterion 
form. This is well below the frequencies found in the present work but stronger bonding 

+ - + - 
should be expected in the system N-H - - - 0- than in N-H - - - S-. 

The study of solvent effects on the C=S stretching vibration led Bellamy and Rogasch 
(16) to develop a technique for the assignment of this vibration. However, they found 
that mercaptobei~zothiazole, which exists in the C - S  form, did not show the expected 
solvent-induced frequency displacements. This was attributed to  the n~olecules existing 
as diiners in solution. None of the bands a t  1350, 1275, 1140, 1090, 985, or 965 clllrl in 
the spectrum of MCT follow the solvent frequency pattern expected for normal C=S 
stretching bands ill carbon tetrachloride, carbon disulphide, and chloroform, although a 
considerable proportion of the molecules exists as single species in these solutions (see 
discussioll above). A band in the 1200 cm-I region was obscured by strong solvent absorp- 
tion in chloroform and in carbon tetrachloride. However, this band occurred a t  1206 cm-I 
in the spectrum of solid MCT and a t  1201 cin-I in carbon disulphide solution, a result 
which is not expected for a C=S stretching mode. MCTH was too illsoluble for a complete 
investig a t ' 1011. 
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LITTLE AND OTTEWILL: ADSORPTION ON As1 2117 

Assignment of the 770 cnl-I band in the spectrum of MCT to the out-of-plane S-H 
defor~nation mode was confirmed by deuteration studies. The spectra were measured 
with a cesiunl bronlide prism. The only change in the spectrun~ between 800 and 300 
cm-l, on deuteration, was the replacement of the 770 cm-I band by one a t  550 cm-I. 
This band is normally referred to as the amide V band (10). 

The band a t  1275 cm-I in the MCTH spectrum and a t  1297 cm-I in that of MCTH 
iliust be the one normally classified as the amide I11 band (10). When the anlide I1 band 
is attributed to the N-H in-plane deformation this band is associated with the C-?J 
stretching vibration (10). However, its origin is u~lcertain when the amide I1 bancl is 
largely due to C=N stretching. The band is little affected by the various environments 
show11 in Figs. 1-5. 

WAVE NUMBERS (crn") 

FIG. 3. Infrared spectra of (A, 13, C) MCT adsorbed on preformed silver iodide sol, (D) MC'T adsorbed 
on silver iodide powder. 

:ldsorptio7z S t ~ i d i e s  

i ldsorp t ion  of ;14C1' o n  S i h e r  Iodide 
The spectra (Figs. 3 and 4) show that MCT aclsorbecl on silver iodide has a si~llilar 

structure to that of the material in bull; or in solution. This appears to be independent 
of whether the NICT was used to coagulate a preformed sol or whether the sol was forinecl 
in its presence. Titration stuclies have shown that MCT behaves as a weak acid with a 
pk' of ca. 8.5 (17). This llleans that a t  the pH of the coagulation, ca. 5.0, the MCT would 
be present in aqueous solution nlainly in the non-ionized form. On this basis the spectra 
would be consistent with adsorptioil of the MCT molecule in the neutral form. 
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WAVE NUMBERS (crn-') 

FIG. 4. Infrared spectra obtained from silver iodidc formed in the presence of MCT. 

MCT may ionize by two possible mechanisms to give either a negative nitrogen or a 
negative sulphur, or Inore probably a mesomeric anion: 

The close resemblance between the titration curves of benztriazole and MCT would infer 
that it is the NH group which is the group involved in ionization. This is supported by 
the spectra of the silver salt, since the N-H stretching frequency (3100-3140 cm-1) 
disappears and the C=S band remains unchanged, a t  least in the case of MCTH, where a 
definite C=S ;~ssignment has been made. Results of ultraviolet spectra also suggested 
that the thione form HN-C=S is the stable one (18-20). 

I t  is attractive to consider that adsorption of MCT on the surface of silver iodide 
occurs via an ion-exchange mechanism, viz. replacement by the NICT anion of the I- 
on the surface, but this does not seen1 to be supported by the pI< value or the spectra. 
For instance, from Fig. 4 it  can be seen that in the case of silver iodide formed in the 
presence of MCT the N-H stretching vibration is retained. The particle size in this 
case was very small. Hence the scatter was slllall and good spectra were obtained in the 

~ 1 0 1 1 .  3000 cnl-' re,' 
I11 the case of preformed silver iodide sols coagulated by MCT, precise study of the 

region 3000 -4000 cm-I was not possible owing to scatter by the larger particles. However, 
the spectra appear to indicate that in this case the NH group is also retained. In this 
case many features of the spectra in the region 1480-1600 cm-I have little reselnblance 
to those of silver MCT, and it seems unliltely that the adsorbed species is an adsorbed 
silver MCT molecule. 

Figure 1 shows that in solid MCT all N-H groups are involved in hydrogen bonding. 
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WAVE NUMBERS (crn-'1 
FIG. 5. Infrared spectra of (A) MCTI-I adsorbed OII sil\:er iodide powder, (B) silver iodide forllled in 

thc presence of MCTI-I, (C) MCTH adsorbed on preforlllecl silver iodide sol. 

However, in the case of silver iodide formed in the presence of MCT the greater proportion 
of the molec~~les appears to be aclsorbed with free NH groups. Thus the strong sharp band 
a t  3460 cm-L (Fig. 4) is due to the stretching of free N-H groups on the surface. This 
~voulcl infer, therefore, that  adsorption of the molecules responsible for this band cannot 
occur via the K-I-I group, for es:uuple, by hyclrogen bonding of the N-H to the potential- 
cletermining iodicle ion. In Fig. 4 the presence of aclsorbed water is shown by the H-0-H 
cleformation band a t  ca. 1650 cm-l. The broad 0-I-I stretching band acconlpanying this 
inust lie beneath the sllarp X-H band a t  3-160 cnl-'. The bands a t  3300, 3200, and 
3070 cm-I are clue to the stretching modes of N-H groups in var)-ing degrees of hydrogen 
boncling, or to combination bands whose intensities have been increased by Fermi 
resonance with the N-I-I vibration. From the relative intensities of the free and hyclrogen- 
bondecl N-H groups there is clearly a high proportion of free N--I-I groups since the 
intrinsic intensity of the bonded N-H stretching band is far greater than that of the free. 
Althougl~ in very dilute solutions of NICT, in polar and non-polar solvents, there is a 
considerable amount of NI-I ~vl~ich  is free from hyclrogen bonding (Fig. IA), the proportion 
of free groupings is even greater for material in the aclsorbed state (Fig. 4). 

One other possibility is that the MCT lnolecule is adsorbed to  the silver iodide 
surface by means of the polarizable C=S bond. Unfortunately, it is not clear whether a 
definite bancl can be associated with the C=S bond in RlICT. Bands between 800 and 1280 
cnl-' do not seem to  be greatly different for MCT,  silver MCT,  or RilCT aclsorbecl on 
silver iodide particles. Since the C=S stretching mode would be expected to occur in 
the region 800-1300 cm-I (16), the suggestion is tha t  no great change has occurred in this 
mode. 

In the spectral region 1300-1600 c111-~, several bands which appear single in the MCT 
and silver R?CT spectra (Fig. 1) are doubled in the spectrum of MCT adsorbed on silver 
ioclide (Figs. 3 and 4). This splitting may be due to the heterogeneous nature of the surface 
of the silver iodide perturbing the molecular vibrations to varying degrees. 
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The spectra of the preformecl sols coagulated with J4CT are mas1;ed b). scattering in 
the region 3000-4000 cm-' but it does appear that NH groups are present and that most 
of these are hydrogen bonded; a broad band appears between 3200 and 3300 cm-' (Fig. 3 ) .  
If this assignment is correct, hydrogen bonding in these samples is not as strong as in 
ci-ystalline MCT, where the frequency is displaced to 3050-3090 cin-I. In Fig 3 D  the 
band a t  3200-3280 cm-' due to wealtly hydrogen-bonded molecules is more readily 
observed because of the lower scatter for this particular sample. The band a t  3500 cm-' 
may well be due to adsorbed water on the sample rather than to  adsorbecl molecules 
with free N-H groups. 

Other differences also occur in the region 1450-1600 cin-' of the spectra of the sol 
coagulated with MCT and that formed in the presence of R'ICT. In the foi-mer case the 
3,4 C=N stretching band appears a t  the iior~llal positioii (1575 cm-') found for MCT 
crystals, for R'ICT in solution in organic solvents, and for deuterated MCT (Fig. 1). 
However, the C-N stretching band of the thiolactai-n group was displaced fro111 1500 
cm-I to ca. 1480 cm-' when MCT was used to coagulate a silver iodide sol. This is rather 
similar to the shift caused by deuteration or by solution in chloroform. 

I11 the case of silver iodide fornled in the presence of R'ICT the spectrum is considerably 
different in the region 1450-1600 cm-' to that of MCT in the solid state or in solution. 
The double band a t  1526 and 1536 cm-' (Fig. 4) probably is that which occurs a t  15-45 
cnl-' in the spectrum of silver MCT;  two possibilities were considered for the inter- 
pretation of this band. If the band a t  1545 cnl-' in the spectrum of silver NICT is due 
to the 3,4 C=N stretching inode (the weak band a t  1580 cm-' was ascribed to a small 
amount of unchanged MCT) then two forms of adsorbed iVICT would occur when silver 
iodide is formed in the presence of MCT, one form with the 3,4 C=N stretching mode 
a t  1575 cm-', as in the case of MCT adsorbed on preformed silver iodide particles, and 
the other lorn1 having the 3,4 C=N stretching band a t  1326-1536 cm-', as in the case 
of silver MCT. The bands a t  1471-1482 cm-I and, perhaps, a t  1428-1447 cm-', which 
appear abnormally strong, are then the C-N stretching bands of the two forms. 

The alternative explanation assigned the 1580 cm-' band of t l ~ e  silver RICT spectrum 
to the 3,4 C=N stretching mode, whose intensity was weakened by replacement of hydro- 
gen by silver. The 154.5 cm-' band was then clue to the C--S stretching mode. On this 
basis only one form of RiICT neecl be considered when silver iodide is formed in the 
presence of the organic compound. 

A weak but distinct band appears a t  1530-1540 cm-' in the spectrum of the preformed 
sol coagulated with MCT (Fig. 3). Thus in this system there is a sl~iall amount of surface 
material sinlilar to that adsorbed on silver iodide formed in the presence of MCT. 

I t  would appear that in the concentration range investigated MCT is physically 
adsorbed onto the surface of silver iodide. No evidence has been found that adsorptioil 
proceeds via formation of silver MCT on the surface, or that adsorptioil is preceded by 
formation of silver MCT in the liquid phase. Solubility conditions would in any case be 
unfavorable for the latter situation to occur. I t  would appear from the spectra, however, 
that the adsorptioil process is connected with the 3,4 C=N and the C=N group in the 
I\/ICT molecule, since bands corresponding to the stretching motions of these groups 
are nlost strongly affected by adsorption; this would be consistent with physical adsorption 
via the C=S with consequent polarization of the bond. The high proportion of free NH 
groups (non-hydrogen-bonded) inay be an indication that this grouping is directed away 
from the surface. 
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The laclr of evidence for a cl~emisorption process involving either the breaking of the 
-NH or C=S bond is surprising in view of the fact that MCT will reverse the charge of 

silver iodide a t  a concentration of ca. M ,  and above 10-I J/T the silver iodide appears 
to dissolve to give a silver MCT complex. The nature of these complexes, however, does 
not appear to have been completely investigated. Certain1~-, from infrared spectra there 

appears little evidence for the formation of a chemisorbed colnplex on the surface of 
silver iodide and it seems ~~nlilrely that if a chemisorbed layer had been forlned it would 
be removed easily by washing. 

Adsorp t ion  of MCTH o?z Silver Iodide 
The spectrum of MCTH adsorbed on silver iodide is very sinlilar to  that of the material 

in the bull; phase (cf. Figs. 2 and 5). 

The frequency of the N-H stretching vibration of the thiolactam group in the adsorbed 
material (3350 cm-l) is below that of MCTH in dilute solution in organic solvents (3430 
cm-I), showing that wealr hydrogen bonding occurs in the fornler state. However, as in 

the case of adsorbed MCT considered above, the adsorbed NICTH is not as strongly 
hydrogen bonded as in the crystalline material, where the N-H stretching frequency is 
between 3050 and 3150 cm-l. 

The spectrum in the N-H stretching region of MCT adsorbed on a preformed silver 
iodide sol was different to that of silver iodide fornled in the presence of AlICT. In the 
case of MCTH, bands occurred a t  3350 cm-I, for both methods of sample preparation, 

suggesting that hydrogen bonding occurred with -NH but to  a lesser extent than in the 
crystal of MCTH. Figures 5B and 5C indicate that there is Inore hydrogen bonding in 
the case of adsorption on a preformed sol than in the case of silver iodide formed in the 

presence of NICTH. 
Only very slight changes were observed in other regions of the spectrum of adsorbed 

MCTH compared to that of the bulk material. The C=N stretching vibration (1520 

cm-l) is PI-actically unaffected by adsorption. The C=S stretching frequency in the ad- 
sorbed state (10-1-0 cm-') is slightly below that of MCTH in the solid (1050 cm-') but the 
effect is slnall and less than that accompanying the silver salt formation. I t  is clear that 

there has been little perturbation of the rnolecule by adsorption onto silver iodide. 
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THE NUCLEAR MAGNETIC RESONANCE SPECTRA OF 
PARA-SUBSTITUTED PHENOLS1 
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Departnrel~t  of Chemis try ,  U ~ ~ i v e r s i t y  of Alber ta ,  Edmon ton ,  Alberta 
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ABSTRACT 
The nuclear magnetic resonance spectra of a nurnber of para-substituted phenols have been 

examined. The -OH cheniical shifts, extrapolated to  infinite dilutio11 in benzene and in 
carbon tetrachloride, were fou~ld to  be almost independent of the nature of the ring sub- 
stituent. Approxi~nately linear relationships were observed between the internal chemical 
shift of the ring protons and other physical properties. 

ISTRODGCTION 

Nuclear magnetic resonance spectroscopy has been used extensively in the study of 
intermolecular hydrogen bonding in phenols (1-12). I-Iowever, in nearly all instances, 
measurements were not extended to regions of very low concentration. The results quoted 
in the present paper indicate that caution should be take11 in the extrapolatioil of chemical 
shift data to infiilite dilution. The electric field theory of Buc1;ingham (13) has been 
applied to para-substituted pheilols and the predictions of the theory with regard to 
internal ring protoil shifts have beell qualitatively verified. 

ESPERIMENTAI,  
The nuclear magnetic resonance spectra were obtained a t  approximately 40' C on a Varian A-60 analytical 

r1.m.r. spectrometer operating a t  60 Mc/sec. The line positions were measured by the usual audio-frequency 
side-band technique (14) using a Hewlett-Paclcarcl Model 200AB audio-oscillator and a Hewlett-Pacltard 
Model 521C frequency courlter. 

.-Ill the phenols \\.ere of reagent gratle cIllality or better and were dried over a suitable desiccant before 
use. Small amounts of spectroscopic grade cyclohexane (mole fraction 0.01 or less) were ~ised as  internal 
reference ancl were talcen into accourlt in the calculation of mole fraction. Carbon tctrachloricle, benzene, 
ancl acetone were dried by shaking repeatedly with anhydrous 31gS04, folio\\-ed by distillation in a protected 
atmosphere.  middle cut was collected. The ~noisture content of the solvents was negligible, as  indicated 
by their infrared spectra recorded a t  high gain. Due to the high noise level in the n.m.r. spectra of very dilute 
solutions, and also to  the uncertainties involved in  the  extrapolation of data  to  infinite dilution, a con- 
siderable error is quoted for the chemical shift measurements listed in Table I .  

01-1 chernical shifts in para-substituted phenols 

Solute 
-OH shift a t  

Solvent infinite dilution" 

cc1; 
CCl, 
cc1.i 
CoHo 
CoHo 
CoH R 

"Expressed in p.p.m. t o  low field from cyclohexane as internal reference. 
thleasured as 2.8 in reference 2. 
IMeasured as 3.3 in reference 2 .  

lAbstiacted in p a i t f i o , n  the B.Sc. Research Report  of N. R. T i p m a n ,  Ut~i-dersity of Alber ta ,  1962. 
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IiESGLTS AND DISCUSSIOX 

T h e  variation of -01-1 chemical shift with concentration for solutions of several para- 
substituted phenols in carbon tetrachloride aitd in benzene is shown in Figs. I and 2. 

PARA SUBSTITUENT 

B, o 

d - 3.1 
F 
LL 
1 3.2 
U) 

PARA SUBSTITUENT 

2.2 8, o - 
1 .--- 

2.3 

2.4 

3 . 5  ' ' X I  
0 ,002 ,004 ,006 ,008 ,010 ,012 ,014 ,016 

2.5 '1 
0 .002 ,004 ,006 ,008 ,010 ,012 ,014 

MOLE FRACTION PHENOL MOLE FRACTION PHENOL 

FIG. 1. Variation of -011 shift (in p.p.m. t o  lo\\- field from C6HI2 as  internal reference) of para-sub- 
st i tuted phenols \ \~ i th  concentration in CCl!. 

FIG 2. Variation of -OH shift (in p.p.rn. t o  Ion field from C G H ~ ?  as  internal reference) of para-sub- 
st i tuted phenols \\.ith concentration in CGHG. 

T h e  -OH chemical shift a t  infinite dilution in a particillar solvent appears to be almost 
independent of the nature of the ring substituent. T h e  da ta  are summarizecl in Table I .  

T h e  value of 2.84 p.p.m. for phenol in CC14 is in satisfactory agreement ulith the  value 
of 2.8 p.p.m. reported by I-Iuggins et al. (2), but their value of 3.3 p.p.111. for p-chloropl~enol 
is in disagreeinent with the value of 2.90 p.p.111. in Table I .  Their measurements on 
p-chloropl~enol were not extended below 0.025 mole fraction, so their extrapolation is 
perhaps somewhat uncertain. I-Iuggins et al. also reported the slopes a t  infinite dilution 
of the chemical shift vs. concentration curve. For phenol and fi-chloropl~enol, the limiting 
slopes differed b), a factor of 2 ,  which yielded 13f 7 and 9&4, respectively, as the values 
of the dimerization equilibrium constant. In  the present work (Fig. I ) ,  it was found tha t  
the slopes were nearly the same. On the basis of infrared measurements, i\laguire and 
West (1.5) reported recently tha t  the dimerization equilibrium constants for phenol and 
p-chloropl~enol were 7.22 and 6.24, respectively. These inore accurate measurements 
substantiate the da ta  reported in Table I and Figs. 1 and 2 .  

Due to the similarity of the extrapolated -Of-I shift values in a given solvent, a coiu- 
parison of these data  with I-Iammett or Taf t  substituent constants (lG, 17) is unji~stified. 
T h e  shifts of the -01-1 signal to high field and low field observed in benzene and in acetone 
respectively, relative to  tha t  in carbon tetrachloride, are in the  directions predicted by 
the well-lrnown ailisotropies of the benzene ring and the carbonyl group (18). 

T h e  i1.m.r. spectra of the ring protons of para-substituted phenols in dilute acetone 
solution (approximately 3y0 by weight) consist, to a good approximation, of two super- 
imposed AB spectra (19, 20). T h e  intramolecular ring shifts and coupling constants of 
some para-substituted phenols are summarized in Table 11. T h e  ring shifts were compared 
with other data.  No correlation was found with group electronegativity (21), suggesting 
tha t  the ring shifts are due both to inductive and to resonance effects (20). T h e  variation 
of ring shift with the I-Iammett substituent constant a, (16) is shown in Fig. 3. Although 
the points are widely scattered, a definite trend is apparent. No significant iinproveille~lt 
in the plot was obtained with the modified constants proposed by T a f t  (17, 22). 
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TABLE I1 

Ring proton shifts and coupling constants in para-s~ibstit~ited phenols 

Para Ring shift J&%iho 

substituent (p.p.nl.)* (cycles/sec) t 

*Chemical shift  between ortllo ring protons. Error estimated a s  h0.005 p.p.m. 
tEr ror  estimated as h O . l  cycle/sec. 
tRpfrrrnre R T.. -. . . . . . . - - . 
$Measorecl as 0.261 p.p.m. in reference 11. 
IlMeasured as 8.5 cycles/sec in reference 11. 

FIG. 3. Variation of internal ortho ring proton shift with Hain~net t  s~ibstituent co~lstant u, (16, 26). 
The numbering of points corresponds wit11 that of Table 11. The ring shift of p-XI1ZCGtI~OH fits the 
correlation regardless of its sign. 

FIG. 4. Conlparison of observed ortho ring proton shift with the calculated contribution 6 to this shift 
from the polarity of the para-substituent. The numbering of the points corresponds with that of Table 11. 

A theory proposed recently by Bucltingham (13) indicates that the electric field E a t  a 
particular proton due to polar groups in other parts of the molecule can give rise to 
chemical shifts in the n.m.r. spectrum proportional to the first power of the electric field 
strength. The change Aa in the proton screening constant under these conditions is given 
by 

[ I 1  A,, = -2 X 10-12E - 10-18E" 

where E,  is the component of E in the bond direction. Forinulae were given by Buclting- 
ham for the calculation of E ,  and E2 a t  various positions in the ring and also for the 
differential ring shifts caused by the reaction field of the solvent. For phenol itself, a 
calculation such as that described above predicts a differential ring shift of 0.05 p.p.m., 
while the observed shift is 0.16 p.p.m. (Table 11). In the case of p-nitrophenol, the car- 
culated shift of 0.18 p.p.111. compares very poorly with the observed shift of 1.15 p.p.111. 
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S imi la r ly ,  Buclcingham (13) ca lcu la ted  t h a t  t h e  r ing  s h i f t  be tween  p r o t o n s  o r t h o  and 
n l e t a  to  t h e  n i t r o  g r o u p  in  n i t robenzene  should  be 0.29 p.p.m. in  a in ix tu re  of e q u a l  vol- 
u m e s  of cyc lohexane  a n d  n i t robenzene ,  while  t h e  observed  s h i f t  w a s  a c t u a l l y  0.67 p.p.m. 
(23). Anomal ies  of t h i s  k ind  h a v e  been  asc r ibed  to a specific associat ion be tween  s o l u t e  

a n d  s o l v e n t  (13). I-Iowever, if in t h e  ser ies  9-XCsI-1401-1, t h e  solute-solvent ii l teractioil  

a n d  t h e  r e a c t i o ~ l  field f r o m  t h e  polar ized solvei l t  r e m a i n  a p p r o x i m a t e l y  c o n s t a n t ,  t h e n  

t h e r e  shou ld  be a l inear  correlat ion b e t w e e n  t h e  observed  r i n g  s h i f t  and t h e  ca lcu la ted  

c o ~ l t r i b u t i o l l  to t h i s  s h i f t  fro111 t h e  p o l a r i t y  of X. T h e  resu l t s  plotted in Fig. 4 s u g g e s t  

t h a t  t h i s  i s  qua l i t a t ive ly  t r u e .  Dipo le  inornen t  data were  talteil frorn references 2 4  and 25. 

T h i s  worl i  w a s  s u p p o r t e d  in  part b y  the N a t i o n a l  Research  Couilcil  of C a n a d a ,  w h o s e  

fillailcia1 ass i s tance  is g r e a t l y  apprec ia ted .  The a u t h o r s  wish to express t h e i r  than l t s  to 
M r .  R. S w i n d l e h u r s t  and Miss G. B. S t a y u r a ,  w h o  m e a s u r e d  illally of t h e  s p e c t r a ,  and to 
D r .  R. J .  Crawford  for helpful  discussion. 
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N-MUSTARD DERIVATIVES OF ESTROGENS 

THOMAS KOGRADY,' KITTY M. VAGI, AND VINCENT W. ADAMICIEWICZ 
Depnrti,7ent of Physiology,  Uni-dersity of ~Woontreal, ; l I o ~ ~ t r e a l ,  Qz~e .  

Received iVIarc11 14, 1963 

N-k1irstard urethanes of estrone and stilbestrol, as well as an  S -m~rs ta rd -p l~osp l~ora~~~ida te  
of stilbestrol, \\.ere synthesized. Only the estrone derivati\.e proved to be sliglltly active 
against an  adenocarcinoma. 

Efforts to influence the transport characteristics of nitrogen mustards resulted in the 
synthesis of a large number of compounds (I) ,  several ainong them bearing steroid 
carriers (2-6). AlIost of the steroids used were, however, pl~ysiologically inactive in them- 
selves, e.g. cholesteile, ergostatriene, and stigmastadiene. 30-[Bis-(0-chloroethy1)-amino- 
ethyl]-A5-cholestene (4) was reported to bc inactive; 3-cholesteryl-N-[4'-N-bis-(0-chloro- 
ethyl)-aminopl~e~lyl]-carbamate (5) and 3-cholesteryl-[4'-N-bis-(~-chloroethyl)-amii1o- 
phenyll-sulpl~onate (6) were found to be nontoxic, but possessed a slight activity only. 
Steroid l~or~nones were used as carriers by Burstein and Ringold (7) as well as by Rao and 
Price (8). 

We prepared a few N-mustard derivatives of estrone and diethylstilbestrol, hoping to 
be able to influence estrogen-dependent tilinors more selectively. 

3-Esteryl-bis-(P-cl~loroet11~~1)-carbanlate (I) was obtained from estroile and chloro- 
forinyl-bis-(p-chloroethyl) amine: 

0 0 S-NI I-CO-CI-12 
1 1  A~A I I C1': SO 

o-(?/p --, h h / l  
I p-4:J 

C=O C=O CI- 

Due to its water insolubility, it was diflicult to administer colnpouild I to experimental 
animals. Therefore a water-soluble but amorphous hydrazoile (11) with Girard's P reagent 
was also prepared. 

The sallle urethane-type lniistard (IV) (ci. ref. 0) was also synthesized from diethyl- 
stilbestrol, in the i~sual way. 

Siilbestrol-phosphate is reported (10) to have a beneficial effect on prostate tumors, 
because the high phosphatase activity of prostatic tissue liberates stilbestrol selectively 
from the ester. I t  seemed, therefore, interesting to see a N-mustard-pllospl~ate boulld to 
stilbestrol. I t  was expected that a double selectivity should result: first, the selective 

lI 'reset~t address: Dcpar t~ i l e r~ t  of Clre~ilistry,  L o ~ ~ o l a  College, A I o ~ ~ t r e a l  28, Qlle. 
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acculnulatioll of the compound in prostatic or mammary tissue, due to the carrier, and 
secondly, the preferential splitting of the  phosphate bond a t  the sites of high phosphatase 
activity. ;\/Ioreover, the "hidden" N-mustard group sl~oulcl be nontoxic a t  sites of low 
phosphatase activity, thus decreasing the general toxicity. 

T o  test this hypothesis, the diethylstilbesteryl-phospl~oramidic1ic cl~loride (V) was 
prepared, according to the method of Friedlilall and Seligman (11). Fronl this, we wished 
to prepare either the free phosphoric acid or an  amide. After lengthy esperimentation, i t  

was found that only the cyclohexyl amide (VI) could be obtained as  a crystalline solid. 
The  free acid and alllides with aniline, piperidine, or morpholine were oily. 

Pharmacological Res~dts  
Screened on mammary adellocarci~loma BN/10232, the estrone urethane (I)  showed a 

30y0 inhibition a t  a dosage level of 5 mg per day  per mouse for 14 days, with a 15yo 
mortality. Interestingly, the allalogous stilbestroi derivative (IV) proved inactive a t  the 
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same dosage level, with a 5y0 mortality. Tested under similar circumstances, the stil- 
bestrol-phosphoran~idate (VI) was inactive too. 

9-Esteryl-bis-(~-cltlo,.oetl~yl)-car6a~ate ( I )  
Ten grams of estrone (USP grade) ancl 7.8 g chloroforniyl-bis-(8-chloroethyl)amine in 37 ml pyridine 

solution stood for 4 days a t  room temperature. \\'hen the solution \vas poured into ice water a solid crystal- 
lized out. The precipitate was filtered off, washed with water and methanol, and recrystalli~ed from 250 ml 
isopropanol, yielding 10.02 g (52.4y0) of colorless crystals, 1n.p. 143-1-15'. [o r ]~?~+109 .5~  (c 2, chloroform). 
Anal. Calc. for C ? . I H ? ~ C I ~ S O ~ :  C, 63.01; 11, 6.67; 3, 3.20. Found: C, 63.2; H ,  6.9; i\j, 3.3. 

I3~ldrasone with Girard's P Rengeitt ( I I )  
Compound I (0.4-1 g) and Girard's P reagent (0.19 g) mere reflilxecl in a mixture of 10 ml ethanol and 1 rnl 

acetic acid, for 1 hour. On evaporation, the solution left a colorless water-soluble syrup which solidified to 
an amorphous precipitate when it \vas triturated with diisopropyl ether. In a fe\v nionths it t~lrliecl brown. 
Anal. Calc. for C30H37C13N403: Cl, 17.5. FOLIIIC~: C1, 17.1. 

Dietltylstil6esteryI bis-[di-(~-clzloroetltyl)]-ca~Oan7ate ( I  V )  
The solution of 3.14 g diethylstilbestrol (111) and 4.28 g (3.12 1111) of chloroforniyl-bis-(8-chloroethy1)- 

anline in 10 ml dry pyridine stood a t  room temperature for 4 days. The solution was clecantecl from the 
precipitatecl pyridine hydrochloride, evaporated under reduced pressure, and the semisolid mass freed from 
the last traces of pyridine by azeotropic distillation with toluene. Recrystallized from methanol, it yielded 
2.94 g (48.8y0) colorless crystals, 111.p. 139-140'. Anal. Calc. for C?SH~.~CI.I.'\'?O.~: C, 55.65; H ,  5.67; X, 4.67. 
Foimd: C ,  55.5; H, 5.9; N, 4.7. 

Dietl~~lstilbeste,yl bis-[di-(~-cltloroctlt~~l)-p1tos~lto~~iidi clzloride] ( V )  
Diethylstilbestrol (1.57 g),  bis-(8-chloroethy1)-phosphoraniidic dichloride (2.60 g) ,  and triethylamine 

(1.4 ml) were rellt~sed and stirred in 25 ml dry benzene for 13 hours. After the reaction mixture \\.as chilled, 
the separated triethylamine hydrochloride was filtered off (!)5.G5; of the theoretical amount),  and the 
benzene solution evaporated. The  resulting colorless syrup (3.07 g, 86.1%) was used for further esperinients. 
Anal. Calc. for C2GE13.,Cl~N20.~I'~: N, 3.93. Found: N, 3.78. 

Dietltylst.il6esteryl bis-[iV-di-(~-cltloroetlt~~l)-N'-cyrloltexyl-ltos1toodat-idtte] ( V I )  
'I'he pliospliora~nidic chloride (V) prepared from 7.6 g dictliylstill~estrol was refluxecl and stirred with 

11.0 ml cyclohesylamine in 150 1111 dry toluene for 4 hours, until neutral. The  separated cyclohesylamine 
hydrochloride was filtered of1 from the hot reaction mixture. On cooling, the solution deposited 9.85 g of 
colorless crystals, which was recrystallized from 135 ml isopropanol, yielcling 7.87 g (38.69;) of compound 
VI, melting a t  206-208'. Anal. Calc. for CasHssCl.iS.1O.;P?: C, 54.16; I-I, 6.94; Cl, 16.38; S ,  6.65. Found: C, 
54.3; H ,  7.0; CI, 16.2; X ,  6.7. 
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KINETIC STUDY OF THE ISOMERIZATION OF n-BUTENES 
ON CHROMIA-ALUMINA:' 

Y. AMENOLIIYX AND R.  J. CVET~INOVIC 
Jlivisiol~ of Applied Ciien~istry, rl'atiot~al Resen~ci~ Co~~?zcil, Ottawa, Canada 

Received July 17, 1962 

ABSTRACT 

hZIutnal i~lterconversions of the three ti-butenes on a chromia-alumina catalyst have bccn 
st~~diccl in a t empcra t~~re  range between 210 and 2G0° C and in a pressure rangc from about 
10 to about 100 mnl. Depenclence of initial rates on the initial pressures of the reactants was 
clctermi~~ed expcrimei~tallp. The initial rates of isolnerization could be, in each case, expressed 
ernpiricall); b?. a rate ecluation conforming to the Langmuir-I-linsl~el\\~ood form~rla. I t  was 
possible to explain thc experimental results by assunling the existence of three din'erent 
aclsorbecl species for the thrcc 71-butene iso~~lers and their surface intercor~versions as the 
rate-cleterrninir~g step. 

Catalytic isomerization of butenes has been extensively investigated in attempts to 
contribute to the understanding of the mechanism of the catalytic isomerization of 
olefins. I t  is well known that the presence of hydrogen is necessary for the olefin isom- 
erization on some ~netallic catalysts (1-G), while the reaction occurs in the absence of 
hydrogen on metal oxide, alkali, and acid catalysts (6-20). Several kinetic studies have 
been carried out on inetallic catalysts and the mechanism of olefill isomerization has 
been discussed in conjunction with the mechanism of hydrogenation (2-3). On the other 
hand, relatively few kinetic studies of olefin iso~nerizations on oxide catalysts are avaiI- 
able (12, 13, 18, 21). 

Carbonium ions and carbanions have been postulated by many investigators as inter- 
mediates in the catalytic reactions of olefins ancl have been also recently invoked to 
explain the stereoselectivity in the catalytic isomerization of butenes (6, 15). I t  is felt, 
]lowever, that further lcinetic studies of these reactions, on catalytic materials of various 
types, are necessary, and the present work has, therefore, been carried out with the 
object of obtaining kinetic information on butene isomerization on a chromia-alumina 
catalyst. This catalyst is used commercially as a dehydl-o-isomerization catalyst. 

Catalyst 
Chrornia-alumina catalyst was prepared by mixing and grinding a l u m i n ~ ~ m  hydroxide and chrorni~~m 

hydroxide, both of which were spearately precipitated by adding ammonium hydroxide to the solutions of 
the respective nitrates. The composition of the cataIyst was about 20% Cr?Os and 80% A1?03 by weight, as 
calculated from the loss on ignition of the two hydroxides. The catalyst was heated a t  500' C for 1 hour, 
a;lcl crushecl into pieces of convenient size. The sarne catalyst sample, weighing 0.0038 g, was used in all 
kinetic measurements. The surface area of the catalyst, determined by the B.E.T. method with nitrogen, - 

was 100.5 m2/g. 
Research grade butenes of Phillips Petroleum Co. were used as reactants. They \\.ere twice condensed in 

liouid nitrocen t ram follo\ved bv evacuation, and were kept in a 3-1. reservoir. The irnpuritics in 1-butene - 
and cis-butene were negligibly small, but  tra7bs-butene contained a small amount of cis-butenc, which \\.as 
subtracted from the amount of cis-butene produced. 

Appn~a tz~s  
'The apparatus used consisted of a plunger-type glass c i rc~~la t ing pump and a spiral-type reactor, as sho\vn 

in Fig. 1. The reactants in the reaction system were circulated to  prevent the reaction from becorning 

"Issz~ed as N.R.C. No. 7016. 
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AMENOMIY.4 A N D  C V E T A N O V I ~ :  ?r-BUTENE ISOMERIZATION 

BUTENES 

VACUUM 
PUMP 

GAS 
CHROMATOGRAPH 

FIG.  1. Apparatus. 

controlled by the diffusion of the reactant. Prior to the liinetic measurements lack of difiusion control was 
verihed; it was observed that reaction rates were proportio~lal t o  the amount of the catalyst up to 0.03 g a t  
the pumping speed used subsequently in the kinetic measurements with 0.0038 g of the catalyst. 

The reactor was provided with a spiral preheater made of quartz tubing about 160 cnl in length, which 
assured only a very small drop in the catalyst temperature when the reactants were circulated through the 
reactor. This was checked by placing a ther~nocouple in place of the catalyst under conditions similar t o  
those used in kinetic ~neasure~iients. The reactor was placed in a stainless steel block furnace, the temperature 
of which was regulated to +O.5" C. The total volun~e of the reaction system was about 560 cc, of which about 
90 cc was kept a t  the reaction temperature. A temperature range between 210 and 260" C was employed 
and the pressure of butenes was varied from 10 to 100 mm. The circulation pump was found to be sufficiently 
effective to homogenize the gases in the reaction system \vithin 30 seconds. 

Procedrcre 
Before use the catalyst was heated up to  700" C and treated with 680 mrn of circulating air a t  the same 

temperature for 2 hours, then evacuated for 1 hour a t  700' C a t  a pressure below mm and cooled to the 
reaction temperature i 7 t  vacuo. The same treatment was repeated before each run in orcler to maintain the 
catalyst activity constant. Occasional experiments were carried out under the same conditions to check 
the constancy of catalyst activity (expts. 175, 176, 196, and 259). They showed that the activity of the cata- 
lyst remained constant in the course of 127 runs performed. 

The reaction was started by opening the taps A and B (Fig. 1) after the circulating pump had been 
turned on. Gaseous samples were withdrawn into the small samplers S by expansion a t  intervals of several 
min~ites (usually el-ery 2-3 minutes), and were analyzed by gas chromatography. The change in total pressure 
resulting from the \vithdrawal of a sample was within lye, and this effect on the rate of reaction in a run 
was neglected. Unless samples \\.ere talcen, no pressure change \ilas observed on the manometer M during the 
reaction (at  least up to 30 minutes), and no hydrocarbons lower than C4 were observed chromatographically. 
Therefore neither polymerization nor cracking appeared to take place to any appreciable extent. 

A71alysis 
The products of the reactions of 1-butene and cis-butene were analyzed gas chromatographically on a 

11-nl column of dimethyl sulpholane on activated alumina, and those of tva7zs-butene were analvzed on a 
10-m column of propylene carbonate on firebrick. Correction factors for peal;-area responses were obtained 
from standard samples. 

RESULTS AND DISCUSSIOSS 

A trace of 1,3-butadiene was observed a t  reaction temperatures higher than 250" C, 
but the amount was so small (less than O.lyo) that  the for~llatio~l of this compound 
was neglected. No detectable amounts of n-butane, isobutane, or isobutene were observed, - 
indicating that no hydroge~latio~l or skeletal isomerization had occurred. 
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The results obtained are summarized in Tables I, 11, and 111. The pressure changes 
of each of the three butene isomers in the course of a run, obtained fro111 gas chromato- 

TABLE I 
Isomerization of butene-1 

(Amount of catalyst 0.0038 g) 

Initial Initial rate 
Reaction pressure Reaction Fina! (mm/mi~l) 

temp. Expt. of butene-1 time co~~verslon Ratio of 
("c) No. (mm) (min) (%) -dpl/dt dpt/dt dp,/dt tralts/cis 

259 133 77.5 7 4.62 2.00 1 . 2  1.02 1.11 
134 27.8 7 20.01 1.20 0.72 0.48 1.17 
135 42.1 7 14.63 1.43 0.74 0.69 1 11 

*These experiments were carried out in order to  check the constancy of catalyst activity. 

graphic analysis, have been plotted against reaction time, as shown, for esample, in 
Fig. 2. The pressure decrease of the reactant and pressure increase of the products in 

REACTION T IME ( r n i n  ) 

FIG. 2. Pressure changes as a function of reaction time (expt. 154, temp. 230" C, initial pressure of 
butene-l 80.6 mm, catalyst 0.0038 g). 

the first rninute are talren as the respective initial rates. These are listed in the sixth 
to eighth columns of the tables as dpl/dt, dp,/dt, and dp,/dt, where PI, pt, and p, repre- 
sent the partial pressures of 1-butene, trans-butene, and cis-butene, respectivel3-. 

The ratios of the products given in the last column of the tables Xvere obtained by 
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AMENOMIYA AND CVETANOVIC: n-BUTENE 1SOMERIZ.ATION 

TABLE I1 

Isomerization of cis-butene-2 
(Amount of catalyst 0.0038 g) 

Initial Initial rate 
Reaction pressure of Reaction Final, (mm/min) 

temp. Expt. cis-butene time collverslon Ratio of 
( "c )  No. ( m ~ n )  (min) (%) -dp,/dt d p ~ / d t  dpt/dt l/trans 

TrIBLE I11 

Isomerization of trans-butene-2 
( A m o ~ ~ n t  of catalyst 0.0038 g) 

Initial Initial rate 
Iteaction pressure of Reaction Final (mm/min) 

temp. Espt .  trans-butene time conversion Ratio of 
("c)  Yo. (111111) (~n in )  (%) -dPt/dt &/dt dpl/dt cis/l 

extrapolating to  zero conversion. These extrapolations are only approsimate; as all 
example, the ratios of trans- to cis-butene-2 formed in the  isomerization of I-butene are  
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shown in Fig. 3, which contai~ls  all the  experimental points talien i~ ldepe~lde~l t ly  of the  
pressure of butene-1 used. T h e  good linearity in the  figure of the  plots of the  product 

+ 

a 
0.9 5 10 15 

CONVERSION OF BUTENE - I ( % I  

FIG. 3. Ratio of trans-butene-2/cis-butene-2 produced from butene-1 as a function of conversion. 

ratio against conversion suggests t h a t  the  reactions forming the two products are parallel 
rather than being consecutive. 

In  Fig. 4 the initial rates are plotted against the initial pressure of the  reactant. From 
the shape of these curves the  reaction orders of the reactant-consuming and the  product- 
forming reactions seem t o  be between 1 and  0. 

I N I T I A L  P R E S S U R E  O F  R E A C T A N T  ( r n r n  ) 

FIG. 4. Dependence of the initial rates on the initial pressure of the reactants. (Catalyst weight 0.0038 g.  
The rates of product formation a t  230" C only are plotted.) 
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AMENOMIYA AND CVETANOVI~': ,r-BUTENE ISOMERIZATION 2135 

The mechanism shown in Fig. 5 is based on the assumption that there are three different 
adsorbed species for the three n-butene isomers. If i t  is assumed that  the interconversions 

trans-butene 

(trans-butene). 

b u t e n e - l S ( b u t e n e - 1 1 ,  ( c i s - b u t e n e l ,  ;c cis-butene 
k Y 

FIG. 5. The proposed mechanism of isomerization. (Subscript "a" denotes an adsorbed state.) 

of the three n-butenes on the chromia-alumina catalyst proceed by this mechanism and 
that the rate-determining steps of these reactions are the respective surface reactions 
of the adsorbed molecules, the rates of the isomerization reactions are given by the 
equations 

[2I -dpc/dt = (d~ l /d t )  + (dptldt) = k&cPc(l +KcPC) +kbfKcpc/(l +KcPC) 
(from cis-butene) , 

131 -dpt/dt = (dpc/dt) + (dpl/dt) = k&tpt/(l+Ktpt) +kafKtpt/(l+KtPt) 
(from trans-butene), 

where p stands for the partial pressures, K for the equilibrium constants of adsorption 
(simplified in the following to  "adsorption constants") of the respective butenes, and k 
and k' for the rate constants of the respective surface reactions, as illustrated in Fig. 5 .  I t  
is also assumed that the adsorption of the products is negligible because of their very 
small partial pressures in the initial stages of the reaction. In accord with the above 
equations, plots of the reciprocal initial rates against the reciprocal reactant pressure 
should be linear, and their intercepts and slopes should provide the various rate and 
adsorption constants. Such plots have been obtained in Fig. G by replotting the curves 
of Fig. 4. I t  is evident that  the observed initial rates agree well with the above equations. 

FIG. 6. Plots of the reciprocal initial rates vs. reciprocal pressures. 
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In the figures the rates of product formation are plotted as well as the rates of reactant 
consumption (the overall reaction). From the latter the adsorption constailts can be 
obtained separately and should be identical with the values obtained from the rates of 
product formation. 

The values obtained are shown in Table IV. I t  is seen in Table IV(i) that  there is a 
fair agreement between the adsorption constants for butene-1 (K1). The Arrhenius plot 

TABLE IV 

Values of the rate and adsorption constants* 

(i) Isomerization of butene-1 

K 1  obtained from the plot of: 
Temp. KI, 

("C) dP t l d t  dPcldt - d P ~ / d t  111ean k, kv' 

Heat of adsorption 3 . 6  
Activation energy 7 . 9  5 .0  

(ii) Isomerization of cis-butene 

Temp. 
("C) K c  ks' 

250 0.0117 1.770 
230 0.0222 0.893 
210 0.0257 0.649 
Heat of adsorption 10.4 

Activation energy 1% 6 

(iii) Isomerization of trans-butene 

K t  obtained from the plot of: 
Temp. K t ,  

("c)  d p l l d t  df ic ldt  -dPtldt  nlean k,' ks 

250 0.0098 0.0082 0.0096 0.0002 0.571 1.562 
230 0.0124 0.0098 0.0083 0.0102 0.408 1.020 
210 0.0020 0.0025 0.0042 1.15 2.13 

*The units are: k ,  mm/min; K, l/mrn; heat of adsorption and activation energy, kcal/mole. 
tThese values were obtained from the plots in Figs. 7 and 8. 

of the nleail value of K1 is show11 in Fig. 7, from which the heat of adsorption of butene-1 
was found to be 3.6 lical/mole. The Arrhenius plots of the rate coilstants k ,  and k,' of 
the two surface reactions are given in Fig. 8. The activation energies are, respectively, 
7.9 and 5.0 kcal/mole, as listed in the table. 

The values of Ii, calculated from the dpl/dt plot are 0.0188, 0.0288, and 0.0296 a t  
210, 230, and 250' C, respectively, i.e., they show an increase rather than a decrease 
with temperature. I-Iowever, the equilibrium composition of butene-1 in n-butenes is 
only about 10% a t  these temperatures and i t  might therefore be necessary in this case 
to consider the reverse reaction (butene-1 -+ cis-butene) as well. The values Kc and kB' 
calculated fro111 the dp,/dt plot are shown in Table IV(ii), and their Arrhenius plots 
in Figs. 7 and 8, from which the heat of adsorption and the activation energy were 
found to be 10.4 and 12.6 kcal/mole respectively. 
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AMENOMIYA AND CVETANOVI~ :  71-BUTENE ISOMERIZATION 2137 

FIG. 7. Arrhenius plots of adsorption constants. 
FIG. 8. Arrhenius plots of the rate constants. 

I t  is seen in Table IV(iii) that  the three K t  values obtained agree reasonably well 
with each other a t  250 and 230" C, but  a t  210" C Kt ,  k,', and kD show abnormal values. 
The following discussion will be first confined to the values of constants a t  250 and 
230" C, ignoring for the moment the abnormality a t  210' C. 

When butene-1, trans-butene-2, and cis-butene-2 are equilibrated in the presence of 
the catalyst, the forward rates of surface reactions must be equal to their respective 
reverse reactions, that  is, 

and therefore 

where (p,/pl),, etc. are the equilibrium ratios of each  air of two isomers and are denoted 
by I<,, etc. These values are listed in Table V. In the above equations, values of kaK1 

TABLE V 
Eq~~ i l i b r i um constants* 

- 
*Caiculated from the data in "Selected Values of Physical and Thermo- 

dynamic Properties of Hydrocarbons and Related Substances" by F. D. Rossini 
(Carnegie Press, Pittsburgh. 1953). 
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and kpKt can be calculated from Tables IV(i) and IV(iii), respectively, and can be 
compared with kalK,/I( ,  and kp l l< , /Kp ,  which are calculated from the data in Tables 
IV(iii), IV(ii), and V. The results obtained are shown in Table VI. In agreement with 

TABLE VI 

Comparison of the vaIues of the constants based on the proposed mechanism (Fig. 5 )  

Temp. 
("C) kalK t K ,  k a ' ~ t / K a *  kaKlt kP1Kc Kp kplKe/Kpf. kpKt$ 

*Calculated from Tables I V  (iii) and V. 

1 Calculated from Table IV(i). 
Calculated from Tables IV(ii) and V. 

$Calculated from Table IV(iii). 

equations [4] and [5], excellent agreement. is seen between kaK1 and k a l K t / K a  and between 
k p K t  and k p 1 K , / K p ,  all of which were obtained from independent reactions. This fact,  
as  well as the linearity of plots in Fig. 6, indicates that  the mechallism and the rate- 
determining steps assumed are consistent with the present results. 

The  abnormal values of K t ,  k,', and kp a t  210' cannot be explained in the same manner. 
They may have been caused partly by increased analytical uncertainties, since trans- 
butene is the predominant isomer under these conditions. I t  is also possible tha t  a t  
the lower temperature a change in the type of the rate-determining step might begin to 
occur. 

Other mechanisms and rate-determining steps also considered but found to be incon- 
sistent with the experime~ltal results were: (1) only one adsorbed species conunon to 
the three isomers; (2) two different adsorbed species, one of which corresponds to butene-1, 
the other common to  the two 2-butenes; (3) desorption of the products as the alternative 
rate-determining step in the mechanism of Fig. 5 .  

The formal kinetic treatment discussed here does not provide information on the 
nature of the three adsorbed species and these could be adsorbed organic ions as is 
frequently postulated. Equally well they could be physically adsorbed butene molecules, 
in which case the rate-determining step (k,,  kp ,  k,, . . . , in Fig. 5 )  is their interaction 
with the active catalytic sites. Brouwer (21) has recently shown that the lltrans ratio 
formed from cis-butene on 7-alumina varies greatly as the catalyst is poisoned with 
water or other substances. He has suggested that the catalytic surface has to meet 
different requirements for the double-bond shift and cis-trans isomerization. The  double- 
bond shift is assumed to occur by the concerted "lzydrogen switch" mechanism of Turkevich 
and Smith (11), while cis-trans isomerization proceeds by carboniunl ion mechanism. 
Foster and CvetalloviC (6, 20) had similarly considered dual fullction of the catalyst 
surface in the isonlerization of n-butenes, with cis-trans isonlerizatioll involving pre- 
dolni~lantly the carbollium ion or the "associative" radical mechanism, and double-bond 
migration predominantly the carbanion, the "dissociative" radical, or the hydrogen 
switch mechanism, depending on the type of catalyst. All these processes could involve 
a slow interaction of a physically adsorbed olefin molecule with the active sites of the 
catalyst. Stereoselectivity in the catalytic isolnerization of n-butenes is also found in the 
present work, as shown, for example, by initial formation from butene-1 of the thermo- 
dynamically less stable cis-butene in greater anlounts than trans-butene-2. This is evident 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



from the da ta  in Tables I ,  11, and 111. I n  the present instance the stereoselectivity is 
associated with the magnitudes of the rate consta~zts of the surface reactions. These are  
likely to depend OII the acid properties of the surface of the catalyst, although no generali- 
zations appear possible on the basis of the present results without additional experi~lleiltal 
information. 
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ABSTRACT 

A general method is developed for the evaluation of the three-center integrals which occur 
in the application of the Hellmann-Feynman theorem to the study of molecular binding. 
The method employs Gegenbauer polynomials for the series expansion of the radial dependence 
of the electric field. I t  is also shown that  the same expansion greatly simplifies the evaluation 
of the two-center electrostatic penetration integrals. General formulae are presented for these 
latter integrals for all nonvanishing combinations of s. p, and d atomic orbitals for all principal 
quantum numbers. 

I. INTRODUCTION 

The Hellmann-Feynman theorem enables one to calculate the forces acting on a nucleus 
in a molecule if the electron density function is known. The integrals which occur in such 
calculations fall into three general classes when the electron density is expressed in terms 
of atomic orbitals. All three classes of integrals are of the general form 

where ga, is the x-component of the electric field produced by a unit charge at  nucleus a 

and 4 i  and are atomic orbitals. I t  is the positioning of the two.atoinic orbitals with 
respect to atom a which distinguishes the three classes of integrals. 

(a) When 4 ,  and 4, are both situated on the same atom but not on atom a ,  the integral 
(I) represents the force exerted on nucleus a by the charge density on some other atom 0. 
These are labelled penetration integrals. The penetration integrals may be evaluated 
by the method usually employed for two-center molecular integrals, i.e. expressing them 
in terins of spheroidal coordinates. However, in these cases a second coordinate trans- 
formation is necessary, to an orthogonal set obtained by a rotation of the X and p axes of 
the spheroidal set. The method is long and cumbersome and takes no advantage of the 
inherent symmetry of the integrals. We report here a new method which allows for their 
evaluation in ternls of a few simple integrations about one center only. This method 
greatly reduces both the labor iilvolved and the possibility of comrnittiilg errors. 

(b) When + i  and are situated on different atoms neither of which is atom a ,  the 
result is a three-center integral. Hurley (1) has pointed out that this type of three-center 
one-electron integral is the most complicated type that can arise in the application of 
the Hellma1111-Feyninan theorem to polyatomic molecules. We describe in this paper a 
general method for the evaluation of such three-center integrals. 

(c) When 4 ,  is situated on atom a and 4 j  on some other atom, the integral ( I )  represents 
the force exerted on nucleus a by the charge density arising from the overlap of 4i(a,+j(sl.  
These integrals may be evaluated by expressing them in terms of spheroidal coordinates. 
The methods described in this paper offer no advantages in the evaluation of this third 
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BADER: EVALU.ATION OF TWO- AND THREE-CENTER INTEGRALS 2141 

type of integral. Coulson (2) and Bader and Jones (3) have given analytical expression 
for many of these integrals. 

The basis of the present method is in the use of the Gegenbauer polynomials for the 
expailsion of the radial dependence of the electric field about another atomic center. In 
both the two- and three-center integrals, gaz and gau are expanded about center f i  (see 
Fig. 1 ) :  

cos 8, 1 
a = o  P 

sin 8, cos + 1 
[a] gaU = -- = -, (r sin 8 cos 4) = (r sin e cos 4) 

7, ra a = o  P 

FIG. 1. The coordinate system for the two- and three-center integrals. The bond distance is designated 
by p and the bond angle by 5. 

(Both [I]  and [2] are written for p > r ;  p and 7 are interchanged in the expressions when 
r > p.) The Cau(cos 8) are Gegenbauer polynomials of the first kind. These particular 
polynomials permit the expansion of any inverse power of the distance. The Neumann 
expansion of r-I in terms of Legendre polynomials is a special case of the more general 
expansioil of r-2v in terms of the Gegenbauer polynomials, as  the Cav (cos 8) reduce to  
the Pk (cos 8) when v = 1/2. The properties of the Ctv are well described by Whittaker 
and Watson (4), Magnus and Oberhettinger ( 5 ) ,  and Prigogine (6). The CkV(cos 8) may 
be related to  the associated Legendre polyno~llials Pkm(cos 8) for any value of v (5). 
Specifically, the relationship for v = 3/2 is 

C;/~(COS e) = 2 P:,, (COS 8). 
sin 8 

11. EVALUATION OF T H E  PENETRATION INTEGRALS 

We shall consider first those integrals expressing the force directed along the bond 
axis : 

PI, = J %z+its,+,ts,d.r. 

The + i  are Slater atomic orbitals and may be expressed as 

+j(n,l,m) = AT,, exp ( -ar)r7'-'8 (cos 8) *,, (4) , 

where 
e , 7 1 1 ( ~ ~ ~  8) = [{(21+1)/2) {(l-m)!/(l+m)!)]1/2P,'n(~~~e) 

are the normalized associated Legendre polynomials, and 
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When equation [I]  is substituted for %, in PII (Pl10 = Pll/i1T71iV,r )the result is 

where zc = n+nl (when n = n', u = 2n); K = a+b, the suin of the orbital expoileilts of 
+ i  and 4,; and the A , ( K , ~ )  and B z ( ~ , p )  are the incomplete galnilla functions defined by 

Equation [3] terminates after the first few terlns in any particular case due to  the orthog- 
onality and recurrence relationships of the Legeitdre polynomials. In Table I we have 
listed the resultiilg general formulae for all of the nonvanishing penetration integrals 
involving s, P, and d atomic orbitals of ally principal quantum number. 

TABLE I 
Formulae* for the penetration integrals P I ,  = J (cos e,/r,2) .~8(n,l,m)~o(n',l',n~')d~ 

-- 
nlm ~ ' Z ' I I Z '  PO = PII/~V,,N,,' 

- - - - 

*Formulae for some  articular cases (71  = 71' = 1. 2;  1 = I' = 0, 1 and 71 = 71' = 2; 1 = 0. I' = 1) have been siven previously (3). 

The manner in which equation [3] reduces in a particular case will be illustrated for 
nFf n', I = I' = 1 ,  and rn = nz' = 0. Consider first the two integrations over 0 in equation 
[3]. IiVhen 1 = I' = 1 the first integral is zero u~lless k is an even integer and the second 
is zero unless k is odd. Thus equation [3] may be written 

From the definition of P17i"cos 8) in terms of Pl(cos 0) and the recurrence relationship 
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where the prime denotes (d/dz), one can show tha t  

[il. 1 S COS? do = S cos3 e do- (k+2) S sin e COS? e Pk+?de. 

The  last integral in equation [a] is different from zero only fork = 0, when it has the value of 
8/15. This result terminates the expansion after k = 2, and for k = 2 only A(u+2) remains. 
All succeeding terms are cancelled out,  the B ' s  within the same k tern1 and the A's  b y  
the term which follows. The  result is the expression listed in Table I for npu, n'pu. 

We shall consider next the penetration integrals determining the force perpendicular t o  
the bond axis: 

PI = S g a v + i ( b )  d'j(p)d~. 

These integrals arise in the calculation of the forces operative in polyatomic molecules 
and play an important role in determining the equilibriuln bond angles in such n~olecules. 
Substitution of equation [2] for ga, into P, gives (again dividing out  the normalizing 
factors) 

m 

pI0 = C ( P-('+~)A (u+,:+l) + P ~ C D ( ~ ~ - ~ - ~ )  J . J 0 l,n"~:+l sin e de J cos + +,+,.d+. 
R = O  

The  general formulae for all the nonvanishing P, integrals for s, p, and d orbital combina- 
tions are listed in Table 11. 

TABLE I1 
Formulae for the penetration integrals P, = J (sin 8, cos +/r,Z)+~(n,1,?tz)+8(i~',1',1)l))d~ 

?LSU n ' p r  ( ~ / v ' ~ ) [ P - ~ A ( U + I )  +B(u-a1 
wpu n ' p r  (3/5)  [pP4A A"+?) +pRctz-3)1 
n d u  n ' p r  ( l /v '15)[  - P - ~ A ( ~ + I )  + (18/7)p-'A(u+3) -B(,,-?)+ (l8/7)pZB(,,-o1 
?ZSU n ' d r  (V '3/~ '5)[p-"A !,,+r, +PB(~-,)I 
n p u  n ' d r  ( ~ / V ' ~ ) [ P - ~ A ( ~ + I )  + (12/7)p-'A(u+3) +B<,-z) + (l2/7)p2B(u-r)l 
r ~ d u  n ' d r  ( V ' ~ / ~ ) [ P - ~ A ( ~ L + ? )  f (10/3)p-'A (,+,I +pB(,,-3) 4- (10/3)p3B(,t-s)] 

111. EVALUATION OF T H E  THREE-CEXFrEII INTEGRALS 

The  integrals are of the for111 (see Fig. 1 )  

The technique employed in their evaluation is t o  expand both ga, (or 9,") and +j(y)  about  
center p. This is analogous t o  the method developed by Coulson (7, 8) for three-center 
integrals of the somewhat silnpler form 

In  the molecular integrals arising fro111 the Hellmann-Feynmlan theorem, one must 
contend with the term rap3 from gaz as opposed to  the ra-I considered previously. ga, is 
again expanded in terms of the Gegenbauer polynomials as given by equation [2] (or [3] 
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for z,). The orbital 4,(,, is also expanded about center 0 using the nlethod developed by 
Coulson (7, 8) : 

The {m,n are functions of c, r, and p and are fully described by Coulson and Barnett (8). 
The result of making these two substitutions is to tra~lsfornl the integral into a product 
of two integrals, one over the radial dependence and the other over the angular factors, 

a Ions are \\rhich involves products of Gegenbauer and Legendre polynomials. Both integr t '  
over but one center and are therefore, easily effected. 

An exanlple of such a three-center integral arises in the calculation of the forces which 
determine the bond angle in 1-120 and in NI-13. One is interested in determining the force 
operative on one of the hydrogen nuclei (center a )  due to  the charge density arising from 
the overlap of a 2 p ~  orbital on the oxygen atom (center 0) and the 1s orbital on another 
hydrogen atom. The integral is 

sin em cos2 4 
I = S  rsinBexp(-br-cr,)dr. 

?'a 

On making the above-mentioned substitutions for gm, and e-"v one obtains, upon some 
reduction, 

(the y , , ( l , t ;~)  are products of Bessel functions of imaginary argument, t = cr, K = b/c, 
and T = cp), and where 

Qkn, = IT L 2 s i n 2  e ~ ~ " ( c o s  ~)P,(cos e1)coi2 4 sin 0 de d+ 

The P,,(cos 0') may be expressed in terms of P,"(cos 0) and P7L71L(cos ,$) by means of the 
well-known addition theorem for Legendre polynomials. Because of the Q,,,,, integral a 
large nunlber of terms in the double sum vanish, the only terms remaining besides n = k = 

0 and 1 being those where k = n or n-2. Thus after the integrations over 0 and 4,  each 
Rk,(r) is multiplied by some ilumerical constant and a trigonometric function of ,$. The 
advantage of this method is tha t  a variation of the bond angle ,$ entails no further work 
beyond loolring up new sine and cosine values for this angle. When ,$ goes to zero in the 
present example (0 = 8') the integral is transformed into a two-center one of type (c) 
described in the introduction. This case of ,$ = 0 can be put into an independent analytical 
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BADER: EVALUATION OF TWO- A N D  THREE-CENTER INTEGRALS 2145 

form and thus provides a valuable checlt of the method reported here. When ,$ = 0, . 

recurrence and orthogonality relationships give 

(+ when k = n,  - when k = n-2) 

The analytical expression for the case ,$ = 0 gives a value of 0.02907 for the integral. 
After 12 terms in the expa~lsion the present method yields an answer of 0.02909. (The 
slight difference in the final figure is due t o  round off error.) I t  should be pointed out tha t  
the case of ,$ = 0 is in no ways a special one as the same expansions are employed a s  
when ,$ # 0. From these two results it is evident tha t  the present method is capable of 
giving reliable answers for the three-center integrals which arise in applications of the 
I-Iellmann-Feynl~lan theorem. 

The  author wishes to  acltno~vledge helpful discussions of the three-center problem 
with Miss G. A. Jones, Professor V. Linis, and Dr.  J. L. Howland. He  also thanks Miss V. 
Zahradnitzlty for checlting the numerical work. 
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ABSTRACT 

Treatment of 2,6-dirnethyl-4-pyro11e with hydroxylamine gives 4-hydroxyamino-~6- lu t id i~e  
1-oxide. Under the influence of light or in weakly basic media this is converted in the presence 
of air to 4,4'-azosydi-2,6-lutidine l,lt-dioxide. In  a strongly basic medium it is converted to 
4,4'-azodi-2,6-lutidine l,lt-dioxide. Similar results are obtained in the case of 2,6-diethyl-4- 
pyrone. 

On treatment with hydroxylamine, 4-pyrones usually fail to give oximes (I). In  some 
cases, no reaction occurs; this lack of reactivity can be attributed to the quasi-aromatic 
nature of the 4-pyrone ring systenl (I) (1, 2). In other cases, reaction proceeds via opening 

of the pyrone ring; for example, the methyl ether of comenic acid (11) forms the 4-hydroxy- 
pyridine-1-oxide derivative I11 (or its tautomer) (3). The reaction of 2,G-dimethyl-3,s- 

dicarboethoxy-4-pyrone (IV) with hydroxylamine also must involve initial ring opening, 
but the intermediate in this case recloses to give an isoxazole derivative (V) (4). The 
following route seems probable: 

' T o  whonz ,i?zqzriries nzay be addressed at the Uwizlersity of Toronto, Toronto, Ontario. 
2N.I.H. Fellow, 1957-58. 

Canadian Journal of Cllernistry. Volume 40 (19G2) 
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YATES ET :\L.: 4-PYRONE-HYDROSYLAMINE RE:\CTIONS 2147 

Related co~llplexities often attend the reactions of 4-pyrones with other arnines; thus, 
Ainsworth and Jones (5) have observed that 2,6-dialkg~l-4-pyrones (VI) give pyrazole 
derivatives (VII) with phenylhydrazine and its derivatives. 

In co~lnectio~l with studies on the oxi~nes of the photodi~ners of 4-pyrones (6) we have 
had occasio~l to exa~lli~le the reactions of hydroxylamine with 2,6-dimethyl- and 2,6- 
diethy-4-pyrone and have found that here too si~nple derivative forrnatio~l does not occur. 

Treatment of 2,6-dimethyl-4-pyrone with an excess of hydroxylamine hydrochloride 
and pyridine in boiling ethanol gives two crystalline products. \iVhen pure these are color- 
less, but in the presence of traces of bases or of light they rapidly assulne a yellow or pink 
color. Their elemental compositio~l corresponds to the empirical formulae C,IH,,N,O, 
and C7HloN20e.HCI. The latter co~llpound was demonstrated to be the l~ydrocl~loride 
of the former by the interconversion of the two products under mild conditions. 

The ultraviolet spectrunl 280 mp (log E 4.31), 215 mp (shoulder, log E 4.27)) of 
the free base, C7HI0N202, closely resembles that of 4-amino-2,6-1utidine 1-oxide (VI I IU)~  

Et OH 
(A,,, 275 mp (log E 4.23), 210 1 1 1 ~  (apparent, log E 4.21)). Its infrared spectrum (Nujol) 
shows strong bands a t  3.10, 6.10, and 8.37 p. This product is therefore assigned structure 
IXa, whose for~nation involves, in undetermined order, ring opening, reclosure, and oxinle 
fornlation by the pyrone. This formulation is preferred to the tauto~lleric structure X on 
the basis of the presence of a very strong band a t  8.37 p in the infrared spectrum of the 
compound, which may be assigned to the Nt-0-group (9), and of a~lalogy to the case 
of 4-aminopyridine-1-oxide (VIIIb) (10). 

,Prepared by  hydrogenation of 4-nitro-2,6-lz~tidi?ze 1-oxide (7); th is  conzpotlnd has been prepared independent ly  
in s imi lar  fashion by  otlter workers (8). 
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The ultraviolet spectrum of the hydrochloride, C7I-IloN20?.I-ICl, is very sinlilar to that 
of the parent base, and its infrared spectrum (xEU,~' 3.20, 3.65 (sh), 3.80 (sh), 6.10 p) 
shows only lnediuin illtensity absorption in the 7.5- to 8.5-p region. This product is there- 
fore considered to have structure XIa, rather than that derived by protonation of the 
nitrogen atom of the hydroxyamino group in IXa. The observed position of protonation 
is in accord with expectation based on theoretical consideratio~ls and on analogy with the 
case of VIIIb (10, 11). 

When either IXa or XIa is treated with aqueous 10y0 sodium hydroxide, a deep red 
coloration ilninediately occurs and an orange-red crystalline product, C14H16N402, is 
formed. The source and color of this compound suggested that it is the azo coinpound 
XIIa. This view is supported by the close correspoildence of its ultraviolet spectrum 

X I I a ,  R = CH3 
S I I b ,  R = H 
X I I c ,  R = C2H5 

X I I I a ,  R = CH3 
X I I I b ,  R = H 
S I I I c ,  R = C2Hj 

to that of 4,4'-azodipyridine l,lr-dioxide (XIIb) (Table I). An independent synthesis of 
XIIa was therefore carried out by the reduction of 4-nitro-2,6-lutidine 1-oxide with sodium 
nitrite and base (12):4 the product was shown to be identical with that obtained from 
IXa or XIa. 

TABLE I 

Ultraviolet spectra 

AEtPH (mP) log E 

4,4'-Azodi-2,6-Illtidine 1,l'-dioxide ( X I I a )  

1,4'-Xzodi-2,6-diethylpyridine 1,11-dioxide ( X I I c )  408 4.59 
260 4.16 

4,4'-Azosydippridine 1,11-dioxide (SIII b)* 395 4.4 
250 4.1 

4,4'-Xzoxydi-2,G-lutidine 1,11-dioxide ( X I I I a )  393 4.39 
249 4.05 

~L,4'-Azoxydi-2,6-diethylpyridi11e 1,11-dioxide ( X I I I c )  390 4.40 
252 4.04 

"H. J. den 1-lertog. C. H. I-Ienkens, and J. I-I. van Roon. Rec. Trav. Chim. 71. 1145 (1952). 

'Al ter  this pliase of our investigation had bee?z completed, a report (8 )  became available to us which describes 
the preparation o j  X I I a  and X I I I a  front 4-fsitro-2,6-lz~tidine 1-oxide by lizethods silnilar to those described here. 
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YXTES ET AL.: 4-PYRONE-HYDROXYLAMINE REACTIONS 21-19 

Exposure of aqueous solutions of IXa or XIa to light leads to the for~nation of a yellow 
crystalline product, C141-116b!.403. The same product is obtained much Inore rapidly when 
these con~pounds are treated with dilute aqueous ammonia or with aqueous sodium 
bicarbonate. Its ultraviolet spectrum (Table I)  and infrared spectrum are similar to those 
of XIIa.  I t  was established to  be the azoxy compound XII Ia  by its independent synthesis 
by the reduction of 4-nitro-2,G-lutidine 1-oxide with zinc (l2)." 

The fornlation of the azoxy compound XII Ia  fro111 the hydroxylamine derivative IXa 
is analogous to the formation of azoxybenzene from N-phenylhpdroxyla~ni~~e. One route 
for the latter reaction has been found to illvolve oxidation of the hydroxylamine wit11 
atmospheric oxygen (13). This has been shown also to be the case for the present reaction, 
since it was found that X la  is not converted to the azoxy compound by the action of 
light nor by aqueous sodium bicarbonate when air is rigidly excluded fro111 the reaction 
system. 'he formation of the azoxy compoulld can then be suggested to occur by the fol- 
lowing route, analogous to that proposed for the formation of azoxybenzene (1.3(a), 14): 

I X a  X I V  

The photochemically induced oxidation of the hydroxyarnino compound IXa to the 
nitroso co~npound XIV may be a~lalogous to other autoxidation reactions, which are 
accelerated by light (15). The formation of XII Ia  in  the presence of either aqueous 
alnmonia or sodium bicarbonate (pH 7-9) proceeds in the absence of light. The pH of 
the reaction solution plays a critical role in the dark reaction, for a t  pH 5-6 no azoxy 
compound is formed, while a t  pH 12-13 (aqueous sodium hydroxide) only the azo com- 
pound XIIa is formed; however, the data  available a t  present do not per~nit  the designa- 
tion of the function of the basic reagents in the formation of the azoxy co~npound.~  

The formation of the azo cornpound a t  pH 12-13 was found to proceed in the absence 
of both air and light.6 I t  is possible that this reaction i~lvolves proton abstraction from 
IXa by hydroxide ion to form XV. Formation of the azo co~npound XIIa  could then 
occur either by a-elimination to give XVI followed by reaction of this with unchanged 
hydroxyalnino compound IXa (route A) or by hydride transfer to IXn to give the dis- 
proportionation products XIV and VIIIa followed by condensation of these (route B). 
The fact that no azoxy compound is formed under the strongly basic conditions militates 
against, but does not exclude, the intermediacy of the nitroso compound XIV in this 
case; route A is therefore preferred. 

The reaction of 2,G-diethyl-4-pyrone with hydroxylalnine hydrochloride and pyridine 
follows a similar course to that of the 2,6-dimethyl co~npound, giving the hydroxyami~lo 
compound IXb. Treatment of this product with aqueous 10% sodiuln hydroxide yields 
the azo colnpound XIIc. In the case of IXb, unlilce that of IXa, treatment with con- 
centrated aqueous ammonia in the presence of air yields a mixture of azoxy co~npourld 

=Bases have also been found to accelerate the oxidation of N-phe7zyllzydroxylanzine by air (13). The  injuence 
of p H  on the az~toxidation of amines i s  known to be complex (16). 

the absence of air, iV-phenylhydroxylamine gives azoxybenzene and aniline when treated with aqueous 
sodium hyd~ox ide ,  while on treatnzent with ethanolic hydroxide i t  gives azobenzene as the sole product (1S(b)). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAL OF CHEMISTRY. VOL. 40, 1063 

A 

A 

I X a  

I I 
0- 0- 

X I V  171 I In 

(XIIIc) and azo compound (XIIc) in coinparable quantities. However, the azoxy co111- 
pouild is the sole product when an aqueous solution of ISb is irradiated. The structures 
XIIc and XIIIc are assigned to these products on the basis of their origin and elemental 
analyses and the correspondellce of their infrared and ultraviolet spectra (Table I) to 
those of the azo and azoxy compouilds obtained in  the 2,G-dimethyl ~ e r i e s . ~  

EXPERII\/IEN'TAL8 

Reaction of 2,6-Dij~tetl~yl-4-pyrone with Hydrosylamine. Fornzakion of I X n  n?td X I a 9  
A inixture of 2,G-dimethyl-4-pyrone (20.0 g,  0.1G mole), hydrosylailline hydrochloride (20.0 g, 0.28 mole), 

dry pyridine (120 ml), and ethanol (120 ml) mas boiled under reflux for 6 hours. The ethanol was then re- 
nloved a t  room temperature under reduced pressure and the remaining solution was treated with water 
(50 1111) and cooled a t  0' for 72 hours. The yellow solid (14.0 g) which separated was crystallized from a 
~ n i s t i ~ r e  of aqueous ethanol and chloroform to give I S a  as pale yellow plates (2.7 g, 117;). ']:his was re- 
crystallized five tinles from ~nethanoI/acetone, giving colorless plates. The product did not melt sharply: 
when heated above 100" it turned ycllow and a slow transition to a red-colored product occurred between 
100' and 200°, followed by ~nelting a t  ca. 200'. 

Anal. Calc. for C7HI~?J20?: C, 54.53; H,  6.54; N, 18.17. Found: C, 54.54; H,  6.66; N, 18.40. 
X2;jo'3.85 (w), 3.10 (sh), 6.10 (vs), 8.3'7 (vs) p ;  x~~~~ 315 rnp (sh, log E 4.27), 280 rnp (log E 4.31). 
Ethanol and chloroform were re~noved a t  roo111 temperature ~ ~ n d e r  reduced pressure from the mother 

liquor fro111 the first crystallization of I S a .  The remaining yellow aqueous solution \vas treated with acetone 
and cooled a t  0' for several days to give );la as pale yellow plates (2.2 g,  9yc). This was recr),stallized seven 
times from aqueous acetone, giving colorless plates whose behavior on heating was siinilar to that of I X a .  

Anal. Calc. for C~HIICINIO?: C, 44.09; M, 5.82; CI, 18.63; N, 14.70. Found: C,  44.04; H,  6.15; CI, 18.35; 
N, 14.65. 

XNuio l  3.20 (vs), 3.65 (sh), 3.80 (sh), 6.10 (vs), 8.30 (in), 8.45 (111); x E ~ ? ~  218 mp (log E 4.13), 280 n1p 

(log E 4.27). 

Reastio?~ of X I ~ L  with Pyridine.  Forination of I X a  
A mixture of X I a  (0.15 g) and dry pyridine (2 1111) was stirred u~i t i l  solution was conlplete (4-5 n ~ i n ~ ~ t e s ) .  

Most of the pyridine was removed under reduced pressure and the residue nras dissolvecl in water (10 ml). 
'The sol~rtion was treated with chloroforn~ (70 ml) and the misture was cooled a t  0' for several hours, when a 
solid (0.072 g) separated. This was shown to be identical with I X a  by infrared spectral comparison. 

Reaction of I X a  with Hydrochloric Acid.  Forntation of X I a  
A so l~~ t ion  of I S a  (0.10 g) in dilute hydrochloric acid (1:lO; 10 ml) \\.as treated with acetone (70 ml). The 

solution was cooled a t  ODfor several days, \\,hen a solid (0.044 g) separated, which was shown to be identical 
with X I a  by infrared spectral co1i1parison.l~ 

'A f t er  this n~unz~scr ip t  had been conzpleted, Dr. A. R .  Katrcteky, Cavrbridge Uniuersity, k indly  drew ozrr 
nttention to the fact that related results have recently been reported for tlce case of 4-pyrone (17). 

81Melting points are zrncorrected. 
9These prodzrcts were fozrnd to be very sensitive to light and bases (uide injra); their preparation and purification 

were carried ozrt i n  acid-waslced glassware i n  the dark or i n  subdzred light. 
IOFor storage, i t  was fozrnd aduantageozrs to conuert I X a  to the hydrochloride. 
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4-iln2i710-2,6-l~~t~id~i71e 1-0.x-ide ( VIIIa)  
A solution of 4-nitro-2,6-lutidine 1-oxide (7) (0.51 g) in ethanol (75 ml) \\?as hydrogenated over 5% pal- 

ladium-charcoal (0.053 g). After l hour 3 molar equiv. of hydrogen had been absorbed. The solution \\,as 
then filtered ant1 the ethanol \\,as removed under reduced pressure. The  residue was recrystallized from 
ethanol/benzene to give VI l l a  as white needles, 1n.p. 265' decomp. (lit. (8) m.p. 264-266"); x:$"~ 2.80, 
3.00,5.90 (sh), (3.05, 8.35, 8.45 p; 275 mp (log a 4.23), 210 mp (apparent, log E 4.21). 

Reactio?~ of S I a  with Aqz~eo.c~s Bases" 
(i) pFI 12-19. Forfrzation of X I I a  
A solution of S I a  (0.30 g) in water (20 ml) \\.as brought to pH 12-13 \vith aqueous 10% sodium hydroxide. 

The resulting dark red solution i~nrnediately deposited a fluffy, orange-red solid (0.20 g, go?&). Crystallization 
from aclueous ethanol afforded S I I a  as  orange-red needles, m.p. 257-259" decotnp. 

Anal. Calc. for CI(HI~N1O?:  C, 61.75; EI, 5.92; S, 20.58. Found: C, 61.50; H,  5.91; 3,  20.31. 
x$~~'" .o  (w), 4.1 (w), 6.18, 6.-10, 6.86, 7.28, 8.S2 p. 
When this experiment was performed with the rigid exclusio~l of oxygen, S I I a  was again obtained in 8OY0 

yield. The sarlle product nras also obtained when the reaction was carried out in the dark. 
The azosy compound S I I I a  was recovered unchanged after treatment with aqueous 10% sodiuln 

hydroxide. 
(ii) p H  7-9. For~~zation of X I I I a  
A solution of S I a  (0.055 g) in water (10 ml) was brought to pEI 7-8 with aqueous 10% sodi~1111 bicarbonate. 

During 30 minutes a yellow solid (0.037 g, 857;) was deposited. Crystallization from aqueous ethanol gave 
S I I I a  as yellow needles, m.p. 248-250" decornp. 

Anal. Calc. for C~.IIH~GI\:,~Oa: C, 58.32; I-I, 5.59; N ,  10.44. Found: C, 58.22; 13, 5.56; S,  19.31. 
X:,y:',C'13 3.0 (w),  -4.1 (w), 6.19, 6.45, 6.71, 7.26, 8.75, 9.12 p. 
The azo compound S I I a  was recovered unchanged after subjection to the conditions of this experilncnt. 
When S l a  was trcated with aclueous 10yo sodium bicarbonate with the esclusion of oxygen, no reaction 

occurred. 
Treatment of an aqueous solution of S I a  with dilute aqueous ammonia a t  pH 8-9 in the presence of air 

also gave S I I I a  (70%); the reaction proceeclcd in both the presence and absence of light. Concentration 
of the aqueous mother liquor in this case gavc further S I I I a  and a trace of the azo compound S I I a ,  identified 
by infrared spectral comparison and mixture melting point. 

Effect of Light O)I XIa." Forrrzation of S I I I a  
\\hen an aqueous solution of XIa  (pIH 5-6) mas exposed to daylight it turncd yellow and slo\\.ly deposited 

yello\v needles of S I I I a ,  identified by infrarecl spectral comparison and melting point. IVhen oxygen was 
rigidly esclucled from the solution, no reaction occurred. 

4,/t '-Azodi-B,6-lr~tid~i71~ 1,l'-Dioxide (XIIa)  
An authentic san~ple  of this con~pouncl was prepared by the reduction of 4-nitro-2,6-lutidine 1-osicle (7) 

with aqueous s o d i ~ ~ ~ n  nitrite and sodium hydroxide according to the mcthod used by Ochiai (12) for the 
preparation of 4,4'-azodipyritline 1,l'-dioxide from 4-nitropyrirline 1-oxide. The  product crystallized from 
ethanol as  orange-red needles, m.p. 257-25'3" decomp. (lit. (8) m.p. 248" clecomp.).l? This was shown by 
infrared spectral comparison and a mixture melting point determination to be idcntical with the product, 
m.p. 257-259" decomp., obtained from S l a .  

/t,4'-.4zn.x-ydi-2,6-111tidi?re 1,l'-Dioxide ( X I I I a )  
An authentic sample of this compound was prepared by the reduction of 4-nitro-2,6-lutidiI1e 1-osirle (7) 

in a q ~ ~ e o u s  solution with zinc according to the methocl used by Ochiai (12) for the preparation of 44'-  
azoxydipyridine 1,l'-dioxidc from 4-nitrop)~idine 1-oxide. The  prod~ict cr);stallized from ethanol as  );ello\v 
needles, m.p. 248-250" decomp. (lit. (8) m.p. 233' decomp.).'? This was shown by infrared spectral com- 
parison and a mixture melting point determination to I J ~  identical with thc product, n1.p. 248-250" decomp., 
obtained from S I a .  

Rea::tio?~ of 2,6-Diethyl-4-pyrom zvitlz Ilydrosyla?rri~re. Fornzation of IXb  
:\ solution of 2,6-diethyl-4-pyro11e (5 g, 0.033 mole) and hyclroxylamine hydrochloride (5 g, 0.072 mole) 

in ethanol (30 ml) and pyridine (30 rnl) was boiled ~lnder  reflux for 6 hours. The  reaction n~ixture was freed 
from solvent uncler reduced pressure. The  brown oily residue was dissolved in \\later (20 ml) and cooled a t  
0" for 72 hours, when a viscous oil separated. The  aqueous solution was decanted and cooled a t  0' for a 
further 48 hours, giving a yellon, solid deposit (1.2 g, 20%). Several crystallizations frorn ethanol/acetone 
gave 1 x 6  as colorless flakes. This product did not rnelt sharply; \\.hen heated a t  135' i t  t ~ ~ r r l e d  yellow and 
~nelted with decomposition a t  ca. 170'. 

LLSzn~ilar results ulere obtained with the />arezt con~pos~?~d, IXa .  
L27'lze ?r~eltifzg points of the azo a?zd azosy conzpos~rrds are very sensitive to the rate of heati~zg; we Izazje also 

obtained  welting />oi?~ts similar to those reported earlier (8). 
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Anal. Calc. for C9Hl,,N?02: C, 59.32; 11, 7.74; N, 15.38. Found: C, 59.06; H,  7.79; N, 15.41. 
X,Ei$"' 3.2 (sh), 3.75 (sh), 6.12 (s), 8.45 (m),  8.56 (m)  p. 

Reactiotz of I X b  with Aqueozrs Bases 
( i )  pH 12-13. Fornzation of X I I c  
H solution of IXb (0.10 g) in water (4 ml) was brought to pH 12-13 with aqueous 10% sodium hydroxide. 

The azo compound XIIc (0.0GO g, 65y0) precipitated rapidly and after crystallization from aqueous ethanol 
was obtained as red needles, m.p. 176-177'. 

Anal. Calc. for C1~H?IN40?: C, 65.83; H ,  7.37; N, 17.07. Found: C, 65.54; H, 7.46; N, 16.97. 
X:::l3 2.95 (w), 4.1 (w), 6.20, 6.41, 6.83, 8.82 p. 

( i i )  pH 7-9. Formation of X I I c  and X I I I c  
When aqueous solutions of I S b  were brought to pH 7-9 with either aqueous 10% sodium bicarbonate or 

dilute aqueous anltnonia, an orange-colored product was deposited which was shown to be a mixture of the 
azo compound XIIc and the azoxy compound XIIIc  by infrared spectral comparison. 

Irradiatiotz of IXb. Forwaation of X I I I c  
A solution of IXb (0.10 g) in water (10 ~ n l )  was irradiated with a fluorescent lamp for 60 hours. H red 

crystalline solid (0.055 g) separated. The aqueous nlother liquor was extracted with ethyl acetate and the 
extract was dried and freed of solvent under reduced pressure, giving an orange solid (0.021 g). The conl- 
bined solid material (80%) was crystallized three times from aqueous ethanol and once froin petroleun~ 
ether (b.p. 60-70') to give XIIIc as  orange needles, m.p. 127-128'. 

Anal. Calc. for C18H?4N403: C, 62.77; H,  7.02; N, 16.27. Found: C, 62.61; H, 7.09; N, 16.11. 
A:?~'J 2.95 (w), 4.1 (w), 6.18, 6.46, 6.75, 8.76, 9.05 p. 
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STEROIDS AND RELATED PRODUCTS 
X1X.l THE SYNTHESIS OF 3,9,12,20-TETRAOXYGENATED 9,12-seco STEROIDS. PART 

11-AZA STEROIDS. PART 13 

CH. R. ENGEL AND S. R . ~ K H I T ~  
Department of Chemistry, Lava1 University, Qzrebec, Qzie. 

Received July 9, 1962 

ABSTRACT 
The smooth conversion of 38-acetoxy-5a-pregnane-12,20-dione (IV),  readily available from 

hecogenin (I) ,  to  A9(11)-3p,20p-diacetoxy-5~-pregnan-12-one (VIII)  is reported. Ozonolysis 
of this product in ethyl acetate gave, in almost 90% yield, 3~-hydroxy-20p-acetoxy-9-oxo- 
9,12-seco-11-nor-5a-pregnan-12-oic acid (XI) ,  further characterized by its ester derivatives 
X I a  and XIb. The conversion of the seco acid X I  to  As("-30-hydroxy-20p-acetoxy-9-amino- 
9,12-seco-1l-nor-5a-pregnen-12-oic acid lactam (12 --t 9) (XII)  and thence to  A8(g)-N-acetyl- 
3@,20p-diacetoxy-11-aza-5a-pregnene (XIVa),  the first 11-aza steroids to be known, is de- 
scribed. On the other hand, A9(")-3p,20~-diacetoxy-5a-pregnen-12-oie (VIII)  is readily trans- 
formed to the 9a,lla-glycol VII with osmium tetroxide and thence, with periodic acid, t o  
3~,9a-dihydroxy-20~-acetoxy-ll-oxo-ll,l2-seco-5a-pregnan-l2-oic acid (X) ,  characterized a s  
the methyl ester Xa and diacetoxy methyl ester Xb, and easily converted to  the acetoxy 
hydroxy keto dicarboxylic seco acid XIII .  In the course of this work i t  is shotvn that,  whereas 
lietalization of the saturated 12,20-diketone IV with ethylene glycol and boron trifluoride 
etherate gives a good yield of the 12-monoketal (in accordance with the reports of the literature), 
treatment of the analogous 16-unsaturated 12,20-diketone with the same reagents ~ ~ n d e r  the 
same conditions leads not to  lietal formation but  to  addition of ethylene glycol in position 16. 

In Part I1 of this study (2) we showed that the opening of ring C of the steroid molecule, 
by ozonolysis of a 9,ll-unsaturated 12-ketone, proceeded with sigilificantly better yields 
in the case of a trans fusion of rings A and B than in the case of a cis fusion of these 
rings (cf. also ref. 3). We were thus able to  prepare 3~,20a-dihydroxy-9-oxo-9,12-sec0-11- 
nor-5a-pregnan-12-oic acid, the 20-epimer of the sapoilification product of X I ,  in 17% 
yield, from the corresponding Ag(I1)-12-ketone. 

We intended to use 3,20-dioxygenated 9-0x0-9,12-seco-12-pregnanoic acids as  starting 
materials for the synthesis of 11-aza steroids. The investigation of such con~pouilds 
appears attractive not only in view of the chemical and biological interest of natural 
steroid alltaloids but also in consideration of the possible biological importance of certain 
aza derivatives of steroid hormones. Among the great number of aza derivatives of steroid 
hormones, the synthesis of which can be contemplated, we regard of greatest interest 
those in which the nitrogen function occupies a position of established biological impor- 
tance. Such coinpouilds should not only be investigated for their hormone-like activities 
but also for their hormone-antagonistic properties. T o  date no true 11-aza steroids, with 
an uilexpanded C-ring, have been described, in spite of the biological significance of the 
11-position, primarily with respect to gluco-corticoid activity. This, however, is not sur- 
prising since such 11-aza steroids cannot be obtained by a simple Becltmann rearrange- 
ment of readily available steroids and because of the difficulty of the synthesis of ring 
C-seco derivatives suitable for further transformations to  11-aza  derivative^.^ 

'For the previous paper of this series, see ref. 1. 
?For Part I I  of this series, see ref. 8 .  
3Some of the reszrlts reported i n  this paper were presented i n  comnzzinications before the X X I X t h  and X X X t h  

Co?zgvesses of the French Canadian Associatiolt for the Advanceme?zt of Science, Ottawa, October 1961, and 
Montreal, Novembev 1968. 

4National Research Council of Canada Postdoctorate Fellow, 1960-1968. Present address: Wovcester Founda- 
t ion for Experimental Biology, Shrewsbury, Mass., U.S.A. 

Valuable lists of references on aza steroids are contained i n  the article by iWazur (4)  on  12a-aza-C-homo steroids 
and i n  that by Jacobs and Brownfield (6) on 6-aza steroids. 

Canadian Journal of Chemistry. Volume 40 (1963) 
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Under the circumstances, a reinvestigation and improvement of the synthesis of 
3,20-dioxygenated 9-oxo-9,12-seco-12-pregnanoic acids seemed called for. At first, the 
yields of the actual opening of ring C, by ozoilolysis of a 9,l l-unsaturated 12-ketone, were, 
even in the X/B-trans series, still not very satisfactory. Furthermore, our previous syn- 
thesis inacle use of a somewhat tedious partial acetylation, in positions 3P ancl 20a, of 
5a-pregnane-3P,l2P,2Oa-triol (2). As we endeavor to  show in this paper, we have now 
surmountecl both these difficulties and we were also able to introduce, with concomitant 
recyclization, a nitrogen function in lieu of the 11-carbon atom. 

As in our previous experiments, 3P-acetoxy-ja-preg1lane-12,2O-dione (IV), readily 
available from hecogenin (I)  t l~rough the A1G-12,20-diltetone 11, served as  starting material. 
Insteacl of reducing this product to  a 3,12,20-triol, protecting the alcohol fu~lctioils in 
positions 3 and 20 by partial esterification, and reoxidizing the unprotected 12-hydroxy 
group to  a 12-ketone (2), we protected the 12-ltetone by preferential ketalization with 
ethylene glycol and the boron trifluoride ether complex (6, 7) ,  reduced the 12-inonolcetal V 
with lithium aluminum hydride or with sodiuill borohydride to  the 3P120P-dihydroxy 
ltetal VI (7), reilloved the 12-ketal protection by an exchange reaction with acetone in 
the presence of p-toluenesulpl~onic acid (cf. ref. 8), and acetylated the thus-obtained 
3P,2OP-dihydroxy 12-ltetone I X  (cf. ref. 7) to  the diacetate IXa  (7). Be effecting the 
ltetalizatioil reaction in a homogeneous medium we were able to  raise the yield of this 
step fro111 the 37%, obtained by following the procedure of Petrow's group (7), to  
74%. The British authors did not establish the coilfiguratio~l of the 20-hydroxy functioil 
of compounds VI ,  I X ,  and IXa ,  formed by metal hydride reduction of the ltetone V ;  with 
the help of illolecular rotational clifferences, we can, however, assign without hesitation 
the P-configuration to  this hydroxyl function. Indeed, acetylation of the 20-hydroxy 
group results in an increment of molecular rotation of 145" (cf. ref. 7) ,  which is in excellent 
agreement with a P-configuration, but which conti-asts with the results obtained upon 
acetylation of a 20a-hyclroxy group (9). Thus, the reduction of a 20-ltetone with metal 
hydrides, in the presence of a 12-etl~ylenediox)~ substituent, takes the same stereocl~emical 
course as  in the presence of a 12a-acetoxy function (8) but differs stereochenlically froin 
the reduction of a 20-ltetone in the presence of a l2a-hydroxy or a 12-keto function (2, 10). 
We consicler these findings of interest ancl we shall discuss them in connection with their 
implications on the conformation of the methyl ltetone sicle chain in the following paper 
of this series (11). 

We also investigated the possibility of partial 1;etalization of the 16-unsaturated 
12,20-diltetone 11. Since a$-unsaturated ltetones are lietalized less readily than the 
corresponding saturated ketones, one could consider the possibility of increasing the 
selectivity of lietalization in position 12 by using the unsaturated diltetone I1 a s  the 
substrate. I-Iowever, since the AIG-20-lteto nloiety of the cliketone I1 assumes predomi- 
nantly a s-trans conformation (cf. ref. 12),G the 12-lteto functioil is marltedly hindered; i t  
is therefore not surprising tha t  under the previously described reaction conditions, the 
12-ltetone is not attaclced. I t  is furthermore unclerstandable that no lcetalization in position 
20 occurs. We found that ,  uncler the circumstances, ethylene glycol is added to  the AIG- 
double bond (compare 111); the spectra of the reaction product and of its acetate, I I Ia ,  
show the absence of the AIG-20-lteto chromopl~ore and agree in every respect with the 

= A s  a matter o f f a c t ,  the a,p-zr?asatz~rated diketone 11 does not exzst wholly i g z  the s-trans confonnatzo?~, as  
iqzdicated by  the ratio of the integrated band intensities of tlte 20-C=O and 16,lT-C=C stretclting vibrations 
i n  the inbared  (5.18; for values of fixed s-cisoid and fixed s-tra?tsoid systems, see ref. 1 3 )  and by the extinction 
coeficient of the zrltraviolet absorption band of the A16-20-keto ~t toie ty  (8150; for mean  oalzres of s-czsoid and 
s-transoid sys t en~s ,  compare refs. 1 3  atzd 14) .  
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proposed structure. The analytical data of the adduct I I Ia ,  iilcludi~lg an acetyl deter- 
mination, are in excellent agreement with the assigned constitution; the tetranitronzethane 
test indicates the absence of a double bond; furthermore, even prolonged and vigorous 
treatment of the acetylated reaction product (compare IIIa)  with acetone and p-toluene- 
sulphonic acid does not restore the chromophore of the a,/3-unsaturated ketone, which also 
demonstrates that the absence of this chromophore in the adducts I11 and IIIa  is not due to  
ketalization of the 20-ketone. By ailalogy with the findings of Mattox (15) and Gould et al. 
(IG), who described the acid-catalyzed addition of monohydric alcohols to  A16-20-ketones, we 
can assume that the 16-hydroxyalkyl moiety of compound 111 occupies thea-c~nfigurat ion.~ 

We now reverted to the maill pathway of our synthesis and introduced, as previously 
(2, 3), the AHu)-double bond into the diacetoxy ketone IXa,  with seleilium dioxide (19), 
achieving a yield of 85%. Ozonolysis of the resulting unsaturated diacetoxy ketone, VII I ,  
under conditions analogous to those employed in the previous experiments of the series 
(2, 3), in ethyl acetate - acetic acid, gave a 67.5% yield of crystalline 3/3-hydroxy-20/3- 
acetoxy-9-oxo-9,12-seco-ll-nor-~-pregiai-l2-oic acid (XI),  further characterized by its 
methyl ester derivative, XIa ,  and its diacetoxy methyl ester, XIb. We were able to  raise 
the yield of the ozonolysis reaction further, to  almost goy0, by performing the reaction 
in ethyl acetate without the addition of acetic acid. We have thus solved the problem of 
synthesizing in high yield, by a simple route, a 3,20-dioxygenated 9,12-seco-9-keto-12- 
pregnanoic acid suitable for transformations to  11-aza steroids. 

As a matter of interest, we wished to study the possibility of applying the osmium 
tetroxide - periodate fission of double bonds, discovered by Pappo et al. (20), to  the 
transformation of A9(1"-12-keto steroids to  ring C-seco derivatives. However, this pro- 
cedure gave unsatisfactory results and no well-defined reaction product could be isolated 
from the obtained mixture apart froin appreciable amounts of starting material. We 
therefore prepared and isolated the diacetoxy keto glycol VII ,  employing the usual 
osmium tetroxide oxidatioil in pyridine, under the conditions described by Baran (21). 
We assign the 9a,11a-configuration to  the glycol VII ,  since attack from the a-side is 
much less hindered than attack from the /3-side; Hirschmann et al. (22) have attributed 
the same configuration to  a glycol obtained by osmium tetroxide oxidation of a 9,ll-double 
bond. Treatment of glycol VII with periodic acid in dioxane-water gave an amorphous 
aldehydo acid to  which we assign the structure of 3/3,9a-dihydroxy-20P-acetoxy-11- 
oxo-11,12-seco-5a-pregi~ai~-l2-oic acid (X). The product gave with diazomethane a 
crystalline inethyl ester, Xa ,  which afforded upon treatment with acetic anhydride in 
pyridine, a t  room temperature, the 3/3,20/3-diacetoxy methyl ester Xb; oxidatioil of the 
amorphous dihydroxy acetoxy aldehydo acid X with chromic acid, in acetone and sul- 
phuric acid, gave the crystalliile 20/3-acetoxy-9a-l~ydroxy-3-oxo-ll,12-seco-5a-pregnai~e- 
11,12-dioic acid (XIII) .  When the oxidatioil of glycol VII was carried out in methanol- 
water, an appreciable part of the reactioil product coilsisted of methyl ester Xu. 

Although the seco aldehydo acid X and the seco dicarboxylic acid XI11 present con- 
siderable interest as iilterinediates for the synthesis of 11-aza steroids, we decided t o  
study first, as originally planned, the transformation of 9-0~0-9,12-sec0-12-pregi~ai~oic 
acids of type X I  to  11-aza pregnane derivatives. Since we had found (23) that even i l l  

the A/B-trans series the 9-keto furlctiorl of 9-keto-9,12-seco-12-acids of type X I  was 
extremely resistant to oxiiile format io i~ ,~  we attempted to  transform the seco keto acid 

?Adurns  et a l .  ( 1 7 )  reported tltat i n  the presence of a 12-ketone tlte bnse-cntnlyeed a d d i t ~ o n  of n~e thano l  to  
A1G-20-ketones (c f .  ref. 1 8 )  i s  nznrkedly facilitated. 

8Wieland and  Posternak ( 2 4 )  reported already i n  1031 that a n  analogo~is  3,bO-non-oxygenated seco keto acid 
of tlte A / B - c i s  series d id  not yield a n  orinte.  
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CHI & & 
HO A AcO 

I - 

/ 
II 

J 

AcO 

YH3 

HO-C-H 

HO * 

- 
X, R = R , = H  

- g, R =  R,: H - El 
g ,  R : H j R,= CH, - Xla, R = H ; R, = CH3 
Xb, R = AC j R, = CH3 - nb, R = Ac; R, = CH, I 

1 TH3 
RO-C-H 

& RO 

- m, R = H  
ma, R = Ac 

XI to the unsaturated lactan1 XII ,  by treatment with alcoholic ainnlonia in a sealed tube 
(cf. ref. 5). The lactan1 XI1 was indeed formed in very good yield (77.5%) and could be 
reduced by prolonged treatment with lithium aluininuln hydride in boiling tetrahydro- 
furan to A8(9)-3~,20~-dihydroxy-ll-aza-5~-pregnei~e (XIV), characterized as the N-acetyl- 
3P,20P-diacetate XIVa. The spectral and analytical data of the compounds XI1 and 
XIVa, which represent the first known ll-aza steroids with an  z~nexpanded C-ring, fully 
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corroborate the assigned structures. In subsequent papers of this series we shall describe 
other reactions of the 9-keto-9,12-seco-12-acid X I ,  the reduction of the unsaturated 
11-aza steroids XI1 and XIVa, and the preparation of further 11-aza derivatives. 

ESPER1i\~IENTALg,lQp l1 

Sp-~cetoxy-16a-(d-acetosyet~~oxy)-5a-pre~?tane-12,2o-dione ( I I I a )  
A suspension of 530 mg of 41~3p-acetosy-5a-pregnene-12,20-dione (11) (13, 25; cf. also refs. 2 and 26), 

n1.p. 178-18O0, in 4 cc of freshly distilled ethylene glycol and 0.7 cc of boron trifluoride etherate, was shalien 
a t  roorn temperature for 72 hours. Subsequently, the dark brown solution was stirred into a cold sodiurn 
bicarbonate solution and the precipitate lvas extracted with ether. The organic layer was washed with 
water and was dried over sodium sulphate. Removal of the solvent afforded the crude amorphous product of 
the addition of ethylene glycol to the A16-double bond (compare 111) which showed no ultraviolet absorption 
typical of an  a,p-unsaturated ketor~e, and the infrared spectrum of which revealed the hydrolysis of the 3- 
acetate; 3430 cn-l (broad dihydrosy band),  1706 cm-I (broad 12,20-dilceto band), 1066 and 1045 
cm-I (comples hydroxy and ether bands). The crude product was acetylated with 2 cc of acetic anhydride 
in 4 cc of pyridine, a t  room temperature, for 16 hours. The usual working LIP yielded 435 rng of a yellow 
amorphous product which, upon crystallization from ether, gave 200 mg of the diacetylated addition product 
( I l Ia) ,  1n.p. 121-122". The mother l i q ~ ~ o r s  were dissolved in petroleum ether- benzene (4:l) and absorbed on 
10 g of alunlin~um oside, activity 111. Elutions with petroleum ether-benzene mixtures (1:l and 1:4) yielded 
another 155 Ing of crystalline diacetate I1 Ia, 1n.p. 120-121" (total yield 60%). A sample was recrystallized three 
times from ether-hesane for analysis. Colorless needles; m.p. 124.5-125.5"; [cr]n2' 42" (c ,  1.000 in CI-ICI,); 
v:::; 1745 cm-I (diacetate), 1705 cnl-I (I2,2O-dilretone), 1245 an-' (broad diacetate band), 1040 cnl-I 
(16-ether band);  tetranitromethane test negative; no ultraviolet absorption band between 225 and 260 InM. 
Anal. Calc. for C26H3~07: C,  67.51; N, 8.28; saponihable CH3C0,  18.6. Found: C,  67.53; H,  8.38; saponifiable 
CH3CO (after 90 minutes alcoholic 1 N ICOI-I), 17.24. 

Hydrolysis 
A portion of 110 mg of the 16-ether deri\.ative I I Ia  was dissolved in 12.5 cc of absolute acetone and treated 

for 18 hours, a t  room temperature, with 40 mg of p-toluenesulphonic acid. Subsequently, the mixture was 
refluxed for 2 hours with exclusioil of moisture and was worlced up in the usual fashion. The resulting product 
(97 mg) showed no ultraviolet absorption typical of an  a,p-unsaturated lietone and consisted of crude starting 
material, 1110, fro111 wllich the pure product was isolated by chromatography on aluminu~n oxide. 

S~-.4cetosy-I2-ethylenedioxy-5a-pr.eg?ta~z-dO-o~ze ( V )  (cf. Ref. 7 )  
( a )  I<etalizntio?a witlzozlt Solae~zt 
According to the procedure of ICirIc et al. (i), a suspension of 530 n ~ g  of 3p-a~etosy-5a-prcgnane-12~20-dioiie 

(IV) (12, cf. also ref. 2),  m.p. 180-182", in 3.4 cc of freshly distilled ethyler~e glycol and 0.7 cc of boron 
trifluoride etherate was shaken a t  room temperature for 72 hours. The inixti~re was poured into ice water 
and the solid precipitate was estracted with dichloromethane. 'The organic solution was washed with sodium 
bicarbonate solution a r ~ d  with water and was dried over soditurn sulphate. Rernoval of the solvent yielded 
540 mg of a yellolv amorphous product, the infrared spectrum of which indicated that partial hydrolysis in 
position 3 had occurred. The material n.as acetylated in the usual fashion with 2 cc of acetic anhydride in 
5 cc of pyridine a t  room temperature. Thus,  550 nlg of a yellow amorphous product was obtained. Crystalliza- 
tion fro111 ether gave 50 mg of 3~-acetosy-12-ethyle11ediosy-5a-pregn-2O-oiie (V),  n1.p. 157-156". The 
mother liquors mere chrornatographed on 45 g of aluminum oside, activity 111. Elutions with petroleum 
ether - benzene (1:1) yielded 330 mg of crude monolcetal V, 111.p. 145-14g0, which, upon crystallization from 
ether, gave 290 11ig of pure ~nonoketal, 111.p. 158-159" (total yield 57%). A sarnple was recrystallized twice 
fro111 ether-hesane for analysis. Small prisms; 1n.p. 158-160'; [a]u?j 09.8' (c ,  0.850 in CHCI,) ; vjh:: 1735 and 
1245 C I I ~ - ~  (acetate), 1701 cm-I (20-l;etone), 1060 cm-' (12-lietal). Anal. Calc. for C?jI-13s05: C,  71.74; H,  
9.18. Found: C,  71.80; H ,  9.01. 

(6 )  Ketalieation i n  Dichloro~~let/~a?le Solution 
.A solution of 530 111g of 3@-acetos>~-5a-preg11a1le-12,20-dione (IV), 111.p. 180-182", in 2 cc of absolute 

dichloro~ilethane was stored a t  room temperature, for 72 hours, with 3.4 cc of freshly distilled ethylene glycol 
and 0.7 cc of boron trifluoride etherate. Large quantities of water and dichloromethane were added and the 
mixture was worked up as described under ( a ) .  The resulting product was reacetylated as described above 
and gave 590 ing of a yellow amorphous product which yielded, upon crystallization fro111 ether, 420 mg of 
3p-acetosy-12-eth~~le11ediosy-jol-pregna1i-2O-one (V), 1n.p. 155-157". The mother liquors were chromato- 

" l ~ e  ?~zel t l?z~ points were taken i?t eoacualed capillaries and the te?taperatlrres were corrected. 
loWe are indebted to Dr. C. Daesslb, ~VIontreal, Que., Canada, a d  to Mr .  A. Bernlzardt, ~Mzdlzeivz, Gen~zany ,  

for the nzicroanalyses, and we extend to thenz ozLr sincere appreciation. 
llIf not otherzuise stated, non-alkaline alzrminzcnt oxide Woelnz and Daoison's silica gel No. 923 were used for 

cRronzatogmplty. 
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graphed on 6 g  of alutninum oxide, activity 111. Elutions with petroleun~ ether - benzene (1:l) yielded another 
30 mg of ~nonoketal V (total yield 74y0). The twice-recrystallized product melted a t  158-160°, [ff]D2" 100.2' 
(c, 0.850 in CHCI,). The melting point was not depressed upon admixture of a sample of the ketal prepared 
as described under (a) and the infrared spectra of both products were identical. 

Sp,2O~-Dilzydrory-12-ethyle?zedioxy-5a-pregnane (VI) (7) 
(a) Reduction witlz Sodiui~z Borolzydride 
According to the procedure of Kirk et al. (7), 250 mg of 3~-acetoxy-12-ethylenedioxy-5a-pregnan-20-one 

(V), m.p. 155-157', was reduced with sodium borohydride, in methanol, in the presence of sodium hydroxide 
(conlpound V dissolved in 30 cc of methanol, 150 mg of sodium hydroxide, and 60 mg of s o d i ~ ~ m  borohydride 
in 6 cc of 50% methanol). The usual working up afforded 205 mg (98% yield) of crystalline dihydroxy ketal 
VI, m.p. 195-196"; no carbonyl absorption in the infrared. A sample was recrystallized twice from methanol- 
ether for analysis. Small prisms; m.p. 198-200"; [CY]D~~ 39.6' (c, 1.000 in CHC13); vz?: 3485 and 3410 cm-1 
(3,20-dihydrosy groups), 1058 cm-' (12-ketal). Anal. Calc. for C23H3804: C,  72.97; H ,  10.12. Found: C,  
72.88; H ,  10.11. 

(b) Reduction with Lithizr+tz Aluminum Hydride 
A solution of 3.7 g of 3j3-acetoxy-12-ethylenedioxy-5~~-pregnan-2O-one (V), m.p. 155-157O, in 250 cc of 

absolute tetrahydrofuran, was added over a period of 25 minutes and with vigorous stirring to a slurry of 
1.9 g of lithium aluminum hydride in 300 cc of absolute tetrahydrofuran. While the stirring was continued, 
the mixture was refluxed for 1 hour and was subsequently stored a t  room temperature for another 16 hours. 
The excess reagent was deconlposed by addition of moist ethyl acetate and, subsequently, of ice water. A 
cold solution of ammonium chloride was added and the organic layer was washed with cold water until 
neutral. The solution was dried over sodium sulphate and the solvent was removed. There was obtained 
3.26 g (98y0) of crystalline 3p,20p-dihydrosy-12-ethylenedioxy-5a-pregnane (VI), 1n.p. 196-198'. The 
melting point was not depressed upon admixture of the sample prepared as described under (a) and the in- 
frared spectra of both products were identical. 

3p,20p-Dihydroxy-5a-pregltan-12-o?ze ( IX)  (7) 
A solution of 3.6 g of 3p,20,8-dihydroxy-12-ethylenedioxy-5a-pregnane (VI), m.p. 196-198", in 155 cc of 

absolute acetone was refluxed, for 40 minutes, with 450 nlg of p-toluenesulphonic acid. The volume of the 
solution was reduced in  vacuo to approximately 50 cc and the product was poured into an iced sodium 
bicarbonate solution. The precipitate was extracted with dichloromethane and the organic layer was washed 
with water and was dried over sodium sulphate. Removal of the solvent afforded 3.24 g of a yellow amorphous 
material which gave, up011 crystallization from acetone, 2.24 g of crystalline 3p,20p-dihydroxy-5a-pregnan- 
12-one ( I S ) ,  n1.p. 232-233". The mother liquors were chromatographed on 30 g of aluminum oxide, activity 
111. Elutions with benzene-ether (4:l)  afforded 500 mg of the dihydrosy ketone IX,  m.p. 231-233" (total 
yield 86.5%). A sample was recrystallized twice from dichloromethane-acetone for analysis. Plates; m.p. 
232.5-234"; [ a ] ~ ~ " 8 . 5 ~  (c, 0.867 in CHCI,); vgz; 3450 and 3400 cm-' (3,20-dihydroxy groi~ps),  1692 cm-1 
(hydrogen-bonded 12-ketone). Anal. Calc. for C21H3403: C,  75.41; M, 10.24. Found: C ,  75.30; H ,  10.06. 

Diacetate IXa  (cf. Ref. 7) 
A solution of 18.9 g of 3p,20p-dihydroxy-5cu-pregnan-12-one ( IX) ,  n1.p. 231-233", in 60 cc of pyridine 

and 40 cc of acetic anhydride was heated, for 16 hours, to 100'. After cooling, 100 cc of methanol was slowly 
added while the flask was shaken in an ice bath. The product was poured into 1.5 liters of cold water and 
the precipitate was extracted with ether. The ethereal solution was washed ~v i th  cold 2 N hydrochloric acid, 
with water, cold sodium bicarbonate solution, and again with water and was dried over sodiu~n sulphate. 
Upon removal of the solvent, 21.9 g of a yellowish a~norphous product was obtained. Crystallization from 
ether-hexane afforded 16 g of 3p,20p-diacetoxy-5a-pregnan-12-one ( ISa ) ,  m.p. 135-136'. The mother liquors 
(5.35 g) were absorbed on 150 g of aluminum oxide, activity 111. Elutions with petroleum ether - benzene 
mixtures (1:l and 1:4) and with pure benzene yielded another 4.5 g of diacetate IXa, m.p. 134-136' (total 
yield goy0). A sample was recrystallized twice from ether-hesane for analysis. Needles; m.p. 135-136"; 
[aID2' 98.5" (c, 1.000 in CHCI?);  vzj;': 1740 cn-I (3,2O-diacetate band),  1715 cm-I (12-ketone), 1255 cm-1 
(3,2O-diacetate band). Anal. Calc. for C25H380j: C,  71.75; N, 9.15. Found: C,  71.85; H ,  9.04. 

A9(~)-Sp,20p-Diacetowy-5a-pregnelt-l2-one (VI I I )  
T o  a solution of 16 g of 3,8,20p-diacetoxy-5a-pregnan-12-one (IXa), m.p. 135-136", in 140 cc of a 0.0006 N 

hydrogen chloride solution in acetic acid, 12 g of selenium dioxide was added. The mixture was refluxed for 
20 hours, cooled, and diluted with 1.5 liters of ether. The prodilct was filtered over sodium sulphate and celite 
and the filtrate was washed with water, iced dilute hydrochloric acid, cold sodii~m carbonate solution, and 
again with water, and was dried over sodium sulphate. Upon renloval of the solvent, 15.7 g of a yello\\r 
amorphous product was obtained, which was absorbed on 450 g of alunlinum oxide, activity 111. Elutiolls 
with petroleum ether - benzene yielded 13.85 g (86.9%) of crystalline A'(")-38,20p-diacetoxy-5cr-prepen-12- 
one (VIII) ,  m.p. 128-132". Recrystallization from ether afforded 13.71 g (86%) of the pure unsaturated 
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diacetoxy Icetone VIII ,  m.p. 132-133". A sample was recrystallized twice from ether for analysis. Xeedles; 
1n.p. 133-134"; [o l ]~ '~  69" (c, 1.000 in CI3C13); x::,'? 238 nip (log ~ 4 . 1 9 )  ; v E ;  1735 cm-I (3,2O:diacetate band), 
1682 and 1602 cm-I (A"1'L)-12-l;eto doublet), 1250 and 1240 cm-I (3,20-diacetate). Anal. Calc. for C"IHs6Oj: 
C, 72.08; H,  8.71. Found: C,  72.07; H ,  8.80. 

3~-Hydro~y-20~-acetory-~9-oso-9,l~-seco-ll-~tor-5ol-preg~~a~~-12-oic Acid (XI) 
(a) By Oxo?tolysis I n  Ethyl ilcetate - Acetic Acid 
At - loo,  a strearn of oxygen containing 5.1y0 of ozone was passed a t  a rate of 180 cc per minute, for a 

period of 3 hours, through a solution of 800 mg of A~c')-3~,20p-diacetoxy-501-preg~1en-12-o~~e (\ j lII) ,  111.p. 
132-133", in 25 cc of ethyl acetate and 25 cc of acetic acid. T o  the product there were added 0.7 cc of a 30y0 
hydrogen peroxide solution and 1 cc of water, and the mixture was shaken repeatedly and was stored a t  room 
temperature for 16 hours. \\'ater and ether were added and the organic product was extracted with ether. 
The ethereal solution was washed with water, then six tirnes with cold 2 iV sodium hydroxide solution, and 
again with water. The solution was dried over sodiu~n sulphate and the solvent was removed. Thus 
200 mg of neutral material was obtained. The sodium hydroxide washings were combined with the first 
water washings following the sodium hydroxide extraction and the solution \\,as acidified with cold 2 N 
sulphuric acid to the Congo-blue reaction. The organic product was extracted with ether, the ethereal 
solution was washed repeatedly with water and was dried over s o d i ~ ~ m  sulphate. Remo\.al of the solvent 
afforded 510 mg (67.5y0) of crystalline 3$-hydroxy-20$-acetoxy-9-oxo-9,12-seco-ll-nor-5ol-pregnan-12-oic acid 
(XI) ,  m.p. 210-212". -4 sa~iiple was recrystallized three times from dichloromethane-ether for analysis. 
Plates; m.p. 211-212"; [ a ] ~ ? ~ 3 0 . 6 "  (c, 1.000 in CHC13) ; x:!!?~ 290 lnp (log t 1.48) ; 3400 cm-' (brcad, 
associated OH bands), 1725 cm-' (acetate), 1708 (shoulder) and 1700 ~111- I  (9-keto-12-acid bands), 1245 
cm-I (acetate). Anal. Calc. for C~J - I~ .~OG:  C,  66.98; H,  8.69. Found: C,  66.69; H ,  8.53. 

(b) By 030?tolysis in Pure Ethyl Acetate 
Two batches of 3 g each of A~c'L)-3~,20~-diacetoxy-ja-preg~~e~~-12-o~e (Vl l I ) ,  m.p. 132-133", were dis- 

solved in 60 cc of ethyl acetate each. Both batches were ozonized separately as described under (a),  a t  -loo, 
with an oxygen stream containing 5y0 of ozone and flowing a t  a rate of 170 cc per minute, for 3 hours. 
Each batch \\.as treated with 2 cc of a 30% hydrogen peroxide solution and with 4 cc of water and was left 
a t  roo111 temperature for 16 hours. The reaction products were worked up as described under (a).  The com- 
bined neutral fractions of both batches amounted to 55 mg and the combined acid fractions to 5.75 g .Re- 
crystallization of the acidic material fro111 dichloronletha~~e gave 5 g (87.5% yield) of the seco acid X I ,  
m.p. 212-214". The identity of this product with the material prepared as described under (a) was established 
by a ~iiixed ~nelting point and by comparison of the infrared spectra. 

iVIethyl Ester X I a  
At 0". 10 cc of a 2% ethereal diazomethane solution was added slowlv to a solution of 310 me of seco acid , - - 

X I ,  1n.p. 212-214", in 14 cc of absolute ether and 6 cc of absolute methanol, and the resulting mixture 
was allowed to warm to room temperature. After 14 hours, the excess reagent was destroyecl with a few 
drops of acetic acid and the solution was talcen to dryness in zlaczlo. T ~ L I S ,  320 mg of crystalline methylester 
S I a ,  m.p. 137-139", was obtained (quantitative yieltl). A portion was recrystallized three times from ether- 
hexane for analysis. Needles; m.p. 139-141"; [ a ] ~ ? ~  -40.5' (c, 1.000 in CHCls); v!;% 3520 c~n-' (3-hydroxy 
band), 1730 cm-I (broad, ~ n ~ ~ l t i p l e  acetate and methyl ester band), 1712 CIII-' (9-ketone), 1250cm-I (l:roacl, 
rnultiple ester bands). Anal. Calc. for C?:J3300~: C ,  6'7.49; M, 8.87. Found: C, 67.51; H, 8.94. 

Diacetoxy ibIetltyl Ester X I b  
A portion of 290 mg of methyl ester XIa  was acetylated in the usual fashion with 2 cc of acetic anhydride 

in 5 cc of pyridine, a t  room temperature, for 16 hours. TIILIS there was obtained 300 mg (94% yield) of 
crystalline diacetoxy '~nethyl  ester XIb, m.p. 101-102". A sample was recrystallized thrcc tilnes from 
ether-hexane for analysis. Needles; m.p.  105-106"; [a]u2j -45.1" ( c ,  0.950 in CI-ICln); vl$;: 1730 cm-' (1;road 
acetate and methyl ester bands), 1715 cm-I (shoulder, 9-ketone), 1252 and 1260 cm-' (broad ester and acetate 
bands). Anal. Calc. for CZaHa8Oi: C, 66.64; H,  8.50. Found: C, 66.52; H, 8.32. 

3 ~ , 2 0 ~ - D i a c e t 0 s y - ~ 9 a , 1 1 a - d i l ~ ~ d r o . ~ y - 5 ~  (VII)  
T o  a solution of 5 g of ~~(~~)-3~,20~-diacetoxy-jol-preg1ie11-12-01ie (VI 1 I) ,  m.p. 132-133", in 85 cc uf pyridine, 

a solution of 5 g of O S I ~ ~ C  acid in 9 cc of pyridine was added. The mixture was stored in the dark, a t  room 
temperature, for 6 days, and subsequently a so l~~ t ion  of 10 g of sodiu~n sulphite in 150 cc of water was added 
(cf. ref. 21); the resulting ratio of pyridine - water - sod i~~rn  sulphite amounted to 35:30:2. 'I'he ~n ix t~ r re  was 
stored for 1 hour, by which tinie the color t l~rned from dark brown to orange. The product was extracted 
with chloroform, the chloroforni solution was washed with cold dilute hydrochloric acid, water, cold sodium 
bicarbonate solution, and again with water and was dried over sodiun~ sulphate. Removal of the solvent 
afforded 5.35 g of an a~norphous material, which was crystallized from acetone-ether to give 4.35 g of 
3 ~ , 2 0 ~ - d i a c e t o x ~ ~ - ' 3 a , 1 1 a - d i h y d r o x y - 5 ~ 1 - 1 2 - o  (VII), 1n.p. 185-186". The mother liquors (1 g) 
were absorbed on 30 g of alurninlun oxide, activity 111. Elutions with petroleum ether - benzene (1:l and 
1:4), pure benzene, and benzene-ether (4:l) afforded 960 mg of crystalline VII ,  m.p. 179-183'; one re- 
crystallization fro111 acetone-ether gave 800 mg of pure glycol V11, m.p. 185-186" (total yield 95.5%). A 
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sample was recrystallized twice from ether-acetone for analysis. Rods; 1n.p. 186-187"; [ c r ] ~ ? S  60" (c, 1.000 in 
CHCI?); v$,9: 3520 and 3475 cm-I (9,ll-diol), 1720 cm-I (broad diacetate band), 1715 cm-1 (shoulder, 
12-ketone), 12GO and 1250 cm-I (3,20-diacetate). rlnal. Calc. for CyjHayOi: C,  66.84; H, 8.50. Found: C,  
G7.15; H, 8.G2. 

20~-Ace~oxy-S~,Dor-di~zydroxy-ll-oxo-ll,l2-seco-5or-pregna11-12-oic Acid (X) 
(a) By Periodic Acid Oxidalion of Glycol 1711 i n  ~l[elhanol-Waler 
To a solution of 2 g of 3P,20P-diacetoxy-9cr,llor-dihydroxy-5or-pregnan-12-011e (VII),  m.p. 185-18G0, 

in 150 cc of methanol, a solution of 5 g of periodic acid dihydrate in 20 cc of water was added, with stirring. 
The mixture was stirred a t  room temperature and in the dark for 20 hours and was neutralized with a sodium 
carbonate solution. After concentration in  vaczio the product was acidified with 2 N hydrochloric acid to 
the Congo-blue reaction and the resulting mixture was extracted with ether. The ethereal solution was ex- 
tracted six times with a 2 N sodium hydroxide solution and was the11 washed until neutral ant1 dried over 
sodium sulphate. Re~uoval of the solvent afforded 1.015 g of an  an~orphous neutral product showing 110 

ultraviolet absorption maximum typical of an  or#-unsaturated ketone and representing crude dihydroxy 
aceloxy nldelzydo nzelhyl esler Xn bide infra). The first water washings of the neutral ethereal solution were 
combined with the soclium hydroxide extracts and acidified with cold 2 N hydrochloric acid to the Congo- 
blue reaction. The product was extracted with ether and the ethereal solution was washed repeatedly with 
water and was dried over sodium sulphate. Removal of the solvent afforded 855 mg (43Yc) of cr l~de acid A' 
which resisted all attempts of crystallization. 

(b) By Periodic Acid Oxidation i n  Dioxane-Water 
A solution of 200 mg of periodic acid dihydrate in 5 cc of water was added, with stirring, to a solution of 

300 mg of 3P,20P-diacetosy-9or,l lor-diI~ydroxy-5or-preg11a11-12-one (VlI), 111.p. 185-186", in 50 cc of dioxane. 
The m i s t ~ ~ r e  was stored a t  roolu temperature, in the dark, for 18 hours and was worl;ed up as described 
under (a). 'Thus 5 mg of an  amorphous neutral product and 280 mg (99% yield) of amorphous aldehydo 
acid S were obtained; positive Tollens reaction; v:::; 3520 and 3430 cm-I (very broad, ~ n ~ ~ l t i p l e ,  highly 
associated hydroxyl bands), 1735 cnl-I (20-acetate), 1721 and 1716 cm-I (broad double band of 11-aldehyde 
and 12-acid), 1245 cm-' (acetate); a comparison of the infrared spectra of the sa~nples prepared as de- 
scribed ~ ~ n d e r  (a) and (11) revealed the identity of the products. 

~l~ellzyl Esler A'a 
T o  a solution of 225 mcr of the above-described dih\~clroxv acetoxv alclehvclo acid S in 35 cc of absolute - 2 2 

ether and 15 cc of absolute ~nethanol, 15 cc of a 1.5% ethereal diazomethane solution was addecl, a t  0'. 
, . 1 he temperature of the reaction m i x t ~ ~ r e  was allowed to rise to 25' ant1 the product was stored for allother 
14 l l o ~ ~ r s  a t  this temperature. 'The excess reagent was destroyed with acetic acid and the solvent was retnovecl 
i l z  aaczio. Thus, 240 ~ n g  of a semicr).stalli~le residue was obtained. Crystallization from ether ga\.e 85 ~ n g  of 
pure methyl ester S a ,  m.p. 140-150". :A sample was recrystallized once from ether-acetone for anal>.sis. 
Seedles; m.p. 151-152";  or]^?^ -12' (L:, 1.000 in CHCla);  ~ 5 % ~  295 1np (log e 1.6); v::; 3560 cm-I (hyclrosyl 
groups), 1740-1735 ~ 1 1 1 - I  (acetate and methyl ester), 1718 cm-I (shoulder, 11-aldehyde), 1255 and 1245 
cm-' (ester groups). ilnal. Calc. for C?JHaaOr.CH3COCI-Id: C, G5.2!); I-I, 8.91. Fo~~nc l :  C, G5.19; I-I, 8.89. 

Diacelo.cy il[ell~yl Esler A'b 
(a) A portion of 1GO mg of the mother liquors of the crystallization of lnethyl ester S a  was acetylated in 

the 11sual fashion with 1 cc of acetic anhydride in 2 cc of pyricline, a t  room temperature. The resulting 185 
mg of anlorpho~~s product was crystallized from ether and afforded 1GO mg of the diacetox! methyl ester 
S b ,  m.p. 185-187". A further recrystallization from ether yielded 140 mg of pure product melting a t  191- 
192'. 'The product showed a positive Tollens reaction. A sample was recrystallized from ether-hesanc for 
analysis. Scedles; m.p. 190-192";  iff]^?^ -15' (6, 1.000 in CHC13); v::; 3520 cm-I (hydroxy group), 2750 
cnl-I (C-1-1 stretching of aldehyde), 1730-1720 cm-I (broad, multiple 11-aldehyde, acetate, and methyl 
ester bands), 1245 cm-I (broad, mul t i~ l e  ester bands). Anal. Calc. for C?,jtI~oOb: C, G4.98: H ,  8.39. Fo~und: 
C,  G4.58; I-I, 8.31. 

(b) 'The neutral product (1.01 g) obtained during the periodic acid oxidation of glycol VII in rnethanol- 
water (oidc s~ rbm) .  \\,as dissolvcd in 5 cc of absolute ~ v r i d i n c  and acetvlated with 2 cc of acetic anhvdricle. - . .  . - 
a t  room temperature, for 16 hours. The usual worliing LIP afforded 1.1 g of amorphous product which, upon 
crystallization from ether, gave 300 mg of authentic crystalline diacetosy methyl ester S b ,  m.p. 185-18yo, 
identified by the co~nparison of the infrared spectra and by a mixed melting point with the product prepared 
as described ~lnder  (a). Recrystallization raised the melting point to 190-192'. The n~other  liquors of the 
first crystallization failecl to give a well-defined product upon chromatography on aluminum oxide. 

20~-Acetoxy-Bcr-1~ydr.o.vy-S-oxo-ll,l2-seco-6-pegnaze-ll,l2-dioic Acid ( X I I I )  
T o  a solution of 280 mg of the crude, amorphous dihydrosy acetoxy alclehydo acid S (obtained by periodic 

acid oxidation of glycol V I I  in dioxane-water) in 15 cc of absolute acetone, 1 cc of an  8 iV chromic acid 
solution in sulphuric acid (cf. ref. 27) was added and the mixture was stored a t  room telnperature for 10 
minutes. The excess chromic acid was decomposed by addition of lnethanol and the product was poured 
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into ice water. The precipitate was extracted with dichloromethane, the organic solution was washed with 
water and was dried over sodium sulphate. Re~noval of the solvent afforded 270 mg of a se~nicrystalline 
material which gave, upon crystallization from dichloromethane-ether, 150 mg of the crystalline hydroxy 
acetoxy keto dicarboxylic acid XIII ,  m.p. 193-194". A sample was recrystallized once from dichloromethane- 
ether for analysis. Needles; m.p. 194-195"; [ol]D2"18" (c, 1.000 in CNCIB). Anal. Calc. for C?rH3407: C, 
65.38; H ,  8.11. Found: C, 65.49; H ,  8.24. 

~~~a~-3p-lfydro.t.y-~-a~eto~y-9-a~~~itto-9,12-~e~o-11-nor-5ol-prcnez-12-oc Acid Lacta~ii (12 + 9 )  ( X I I )  
Through a solution of 1.65 g of 3~-hydrosy-20~-acetoxy-9-oso-9,12-seco-ll-nor-5-pregnan-l2-oic acid 

(XI) ,  m.p. 212-214", in 35 cc of ethanol, ammonia gas was passed for a period of 1 hour, a t  0'. Subsequently, 
the solution was heated in a sealed tube a t  145", for 15 hours. The product was talien to dryness in anczio and 
the dark brown amorphous residue (1.G g) was talcen up in a ~ n i s t ~ ~ r e  (4:l) of benzene -ethyl acetate and 
was absorbed on 160 g of silica gel, deactivated by addition of 10yo water. Elutions with benzene - ethyl 
acetate mistures (70:30 and 50:50) afforded 1.2 g (77.5y0) of the crystalline   in saturated lactam S I I ,  m.p. 
161-163". A sa~nple was recrystallized three times From acetone-hexane for analysis. Small plates; 111.p. 
165-16i0; [ol]D2' 205O (c, 0.800 in CI-1CI3); X:kGH 254 mp (log a 3.95); v!::: 3350 cm-I (hydrosy group), 
3250 cm-1 (X-H stretching), 1665 and 1653 cm-I (lactam), 1630 cm-I (double bond), 1'340 cln-l (acetate). 
Anal. Calc. for C22H33S0,, :  C, 70.36; H ,  8.86; N ,  3.74. Found: C, 70.64; H,  8.70; N, 3.89. 

A8(q)-3p,20jj-Diaceto~y-11-azc~-lV-acetyl-5cu-pregtzene ( X I V a )  
A solution of 500 mg of the ~~nsa tu ra t ed  lactarn S I I ,  m.p. 161-163', ill 100 cc of absolute tetrahydrofuran 

was added with stirring and with the exclusion of moisture to a slurry of 1 g of lithiuim aluminum hydride 
in 200 cc of allsolute tetrahydrofuran. The mixture was relluxed with stirring for 18 hours and \\,as subse- 
quently cooled; the excess reagent was decolnposcd by careful addition of ice. The inorganic salts were 
filtered oFf and washed several times with tetrahydrofuran. The organic filtrate and the washings were com- 
bined a11tl dried over sodium sulphate. Removal of the solvent afforded 400 mg of a yellow amorphous 
inaterial which resisted crystallization and \vhich represented crude As("-11-aza preg?tenc-3P,20(3-d.iol ( X I  V) .  
The product was dissolved in 4 cc of pyridine and treated with 4 cc of acetic anhycIl.ide a t  100°, for 16 
hours. 'The excess acetic anhydride was decomposed by addition of methanol and the solvents were removed 
under reduced pressure. The tlarlc brown residue was talcen up ill ethyl acetate, the solutio~l was washed 
with cold water, cold S O ~ ~ L I I I I  bicarbonate solution, and again with water and was dried over socli~~m sulphate. 
Removal of the solvent gave 450 mg of a dark brown oil. The p r o d ~ ~ c t  was dissolved in a petroleurli ether - 
benzene (1:l) mixture and was absorbed on 12 g of aluminum oxide, activity 111. Elutions with petroleum 
ether - benzene (1:4) ant1 pure benzene gave 135 mg of A8(q~-3~,20~-diaccto.vy-N-ucct~~l-1l-~za-5~-~~~cg~z~~ze 
( X I V a ) ,  1n.p. 223-228". A sample was recrystallized three times from ether-dichlorometl~ane for analysis. 
Small prisms; 1n.p. 235-237"; [ cu ]~?~  64.2' (c, 0.700 in CHC13); v!:${ 1745 cm-I (acetate bands), 16-15 cm-1 
(an~ide) ,  1245-1240 cm-I (broad acetate bands). Anal. Calc. for C?lt13BN06: C, 70.08; H,  8.82; N, 3.14. 
1:ound: C, 69.90; H ,  8.91; N, 3.38. 
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TI-IE CoNFOR3,IATIONS OF THE 20-KETO SIDE CHAIN OF C?l-STEROIDSl 

A nuiiiber of iinportant steroid hormones, such as progesterone, the mineralo-corticoids, 
and the gluco-corticoids, possess a two-carbon lieto side chain. Whereas progesterone has 
:L simple 21-methyl-20-lteto side chain, the corticoicls all bear a h~idroxyl substituent a t  
position 21. 'The biological activity of such steroids is n1arl;edly influenced by substituents 
oil the carbon atoms adjacent to the 20-carbonyl group, for instance, by the presence of 
ZLIL additional hydroxy function in position 17, the point of origin of the side chain. I t  is 
well ltl10\~11 that  C21-stei-oids exhibit marlced hormonal activity only if  the side chain 
occupies the P-configuration. The study of models, particulai-ly of the Stuart type, sho\vs 
clearly that  the methyl Iceto side chain, or the clerivecl 1;etol side chain, cannot rotate 
completely freely around the C17-C20 siiigle bond and that  there exist four preferred 
conformations, ~v l~ i ch  lve desigilate as ill, A?, Ul, and B2 (compai-e Fig. I)." These con- 
formatioi~s can readily be subjected to  small rotational transfoi-mations but are separated 
from each other by energy barriers (the conversions Al  i+ B1 and 4 2  s H ?  are achieved 
with greater ease than the conversions A1 3 A2 aiicl B1 F? H?.  

B, B, 
I 1 Preferred conformations o f  t h e  20-keto side chain o f  Cpl-steroids 

1 T h ~ s  L O I I L I I I ~ L I L ~ C ~ ~ ~ O ? ~  represe?~ts paper X X  L I L  ozrr series orr Steroids a d  Related Prodzicts (for Paper XI,\-, 
see ref. 1). The 7tzaitz aspects of the problenzs discz~ssed 271 this ,rote were related i n  a cotnmzitzrcatiotz p~eseuted 
before the S X I X t k  Cotzgress of the Frelzch Calzadia?~ Assocrntzo?tjor the Adval~ccn~etzt of Scietrce, Ottawa, Octobef 
1361. 

2iVational Research Corilzcil of Calzada postdocto~ate .felloza, 1060-1962. Preserzt address: Worcester Fo~itrda- 
ti071 for E.xperilne?ztal Biology, Shrewsbziry, il[ass., U.S.11. 

3Correspo?tde?tce sltozrld be addressed to this az~thor. 
"Tlre drawi~tgs oj'ri?tg D are o~zly approrintatio~zs; it1 this paper rue do not i?ztettd to take issrre with the pioblei~z 

of the actzral co?zfornzatio?z of rizg D of i?zdiuidr~al steroids (cf. ref. 2).  

Canadian Jour~lal of Chemistry. Volume 40 (1'362) 
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T h e  question in which of these main conformations individual Czl-20-lieto steroids 
PI-~dorninant l>~ exist merits attention, both as  a matter of stereochemical interest anel 
because of the biochemical ancl biological implications of the problem. T h e  20-keto 
f ~ ~ n c t i o n  of C21-hormoizes s e e m  indeed t o  play an important role in their biological action 
ancl it is therefore logical to  assume tha t  the geometry of this group sho~ild be of biological 
significance. T h e  contact or interaction of this function with a receptor shoulcl be influenced 
by its position in space, its distances from other centers, a i ~ d  its "avai1:tbility" or  "inavail- 
ability" for biochemical actions. 

As we have alreacly briefllr indicated in a previous pub l ica t io~~  (3), the stereocl~ennical 
course of inetal hyclride reductions, particularly of lithium a l u ~ n i n ~ ~ m  hyclricle reduction, 
of 20-lceto steroids can shecl some light on the conformation of the side chain. Jus t  ancl 
Nagarajan (4) reported recently that  the reduction of :3a,l2a-clil1yclrosypregnan-20-one 
with lithium a lu~ninum hyclricle gives a high yielcl of the 2Oa-hyclrox)~ clerivative (58.5?, 
in tetrahyclrofuran, (i;J.8y0 iin diethyl ether), in contraclistinction t o  the recluction of the 
corresponding :Sa,l2a-cliacetate, which gives predominantly the 2OP-alcohol (5), in contra- 
d i s t i ~ i c t i o ~ ~  also to  the stereochemical course of metal hydricle reductio~is of the majority 
of 20-lieto steroids (ct'. ref. 6,  pp. 568 and  622 and the pertiiient referelices therein). As x i  

expla~iation, J L I S ~  a~icl Nasal-ajan put  forwarcl the h\.pothesis t h a t  in the coui-se of the 
recluction of the l2a-lnyclrox)~-2O-lietone there is fornlecl all inter~necliate alumiiiuiin 
complex which linlis tlie oxygeii functions i l l  positions 12 ancl 20 in a briclge-lilic fashio~i 

I I 
I 

I 

(-C1.-0-AI. . .O=Czo-). In  01-cler to  malie such a link possible, the 20-keto side chain 
I I 

must assuline a co~iforniation which shoulcl induce, accorcli~ig to  Crniii's rule (7), the pre- 
tlominant forniation of a 20a-alcohol upon lithium aluminum hyclricle reduction. This 
assunzption was further corroboratecl by our ow11 experinlcnts. W e  were able t o  show that  
l i th iun~ aluminuin hyclricle recluction of a 12,20-clilietone leads, practically esclusively, to  
a 1B/3,2Oa-cliol (3), whereas the recluction of n 12-etli~le1ieclioxy-2O-Iieto1ie :~fforcls in high 
yielcl the 200-alcohol (1) .  This fits well Jus t  ailcl Xagarajan's theory, since a 12,20- 
clilietone slno~~lcl le~icl itself renclily t o  the formation of a n  intermediate comples of the 
aluminum species with the oxygen atonis in positions 13 and 20 ancl should hence be 
cxpectecl to  yielcl predominantly a 2Oa-alcohol; on the other h;uncl, the formation of such 
a complex is not likely with a 12-ethyleneclioxy group and,  coiisccl~~entlj., the methg-l 
lieto~ie side chaiii should, in this instance, not be forcecl into a co~iforn~at ion i ~ ~ c l ~ ~ c i v e  to  
the lormation of a Boa-alcohol." Furtlicrnlore, if the alu~iiiiiuni hyclriclc reagent were to  
form two elistinct complexes with the ox),gen functions in positions 1Laiicl 30, tlie steric 
repulsion between these two complescs woulcl result in a sicle-chain coniormatio~i i~lclucive 
to recluction t o  a 20P-alcohol. -4s a mattel- of fact, the high stereospecificity of the rccluctio~i 
of a 12-ethylenedioxy-20-lieto~ie with lithium alumi~ium Inydricle coulcl be accountecl for 
by the steric repulsion between the 12-lietal group ancl the complex formed between the 
aluniinum liyclricle ancl tlie 20-lietone. 

Jus t  and Nagarajan had already poi~ltecl out  t h a t  their theory proviclecl all explanation 
for the finding that  17a-liyclrosy-20-keto~ies are reducecl b\. lithium alumin~ini hydricle 
~)reclo~uinantly t o  2Oa-alcohols (8, 9, cf. also ref. 10). As we c~ideavor  to  show in this 

"l'lze great slereospecijii:ity a/ the redrlction ctf the 12,ZO-diketol~e as  co~rrprrred to that the redllctio~z of (111 

12a-hydroxy-ZO-keto?1e i s  zi?zdersta~zdable i/ o m  cottsiders that the geo~rretry of the C=O botrd of a 12-ketotle 
awd,  especially,  of a 120- l~ydrosy  derivative (predo~rzinnntly fornred b y  nretal hydride redzlcliorl of a 1 .9-kelo~~e)  
l ends  itself better to the fortnatiotz of a bridge corrrples w i th  the 20-o.vyge~r at0111 t h ~ r ~ r  tlre geo~~retry  of  tile C-0 
bozd of (1 Ida-lzydro.vy der iuc~ t i e .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



NOTES 2165 

paper, the axis of the carbonyl group of 17a-hydroxy-21-methyl-20-lieto steroids is 
almost coplanar with the C-0 link of the l7a-hydroxy function. If an a lun~inum hydride 
linli between the 17a-hydroxy group and the 20-carbonyl function is to be forined in the 
course of lithium aluminum hydride reduction, the side chain must undergo a rotation 
around the Cli--C>a bond in order to  accon~n~oda te  the aluminum species between the 
two oxygen functions. In this instance the formation of two distinct complexes of alumi- 
nuin hydride with the oxygen functions in positions 17 and 20 would have the same result: 
the repulsion between these two coillplexes would drive the side chain into another con- 
formation. T h e  rotation of the side chain should occur towards conformation Az, since 
the passage to conformation B1 would require the clearing of a higher energy barrier. 
EIydride attack on a complex of the aluminum species with the 20-carbon)7l function in 
conformation Az, should afford predo~ninantly the 20a-alcohol, which corresponds indeed 
to  the experimental facts. 

The  stereochemical course of lithium aluminu~n hydride reduction of AIG-20-keto steroids 
can also be explained readily by the consideration of the conformation of the side chain. 
i\Iueller et al. (11) showed tha t  this conformation is of the s-trans type (cf, also ref. 1).G 

T h e  conformation of the inethyl lcetone side chain of AIG-20-lceto steroids thus resembles 
conformation A2 of the saturated products and should result in the predominant forination 
of 20a-alcohols upon reduction with aluminum hydrides, which is indeed the case (cf. 
ref. 12).7 

As a corollary of these considerations it can be concluded tha t  if the molecule does not 
contain groups which, by the formation of interinediate complexes or by other compelling 
steric factors, force the side chain out  of its "normal" conforination, the hydride a t tack 
will occur on a conlplex having a conformation sinlilar to tha t  of the original 20-Iceto side 
chain. Thus, the stereochemical analysis of the  lithium alumii~um hydride reduction 
products of such 20-lietones should allow one to draw direct conclusions on the pre- 
doininant conformation of the original side chain. In the absence of "interfering" oxygeil 
functions (such as 12-hydroxy and 12-lieto groups, a 17a-hydroxy function, or a 1G,17- 
unsaturation) lithium aluminum hydride reduction yields predominantly 2OP-alcohols; 
according to Cram's rule this is only possible if the intermediate complex of the carbonyl 

6111 the absence of a 12-keto or 12-acetoxy fz~7zction and  conseqz~ently i n  the absence of r epr~ l s io~ t  betroeen suclz 
groz~ps  and  the 20-keto f i ~ n c t i o ~ r ,  the rat io  of s-trafzs co t~ forma t io~z  to s-cis c o ~ z f o r n ~ a t i o ~ ~  i s  even higher. T1121s, the 
ratio of the integrated band inte?tsilies of the 20-C=O and  16,17-C=C stretching vibrations i s  6.63 i n  the case 
of A16-Sa-aceto.vyp~egltene-11,20-dio~ze, as  co?npared to 5.18 in the  case of A16-Sg-aceto.vy-5a-pregne~te-12,20- 
dzone;  the ex t i nc t i o~ l  coeficient of the zrltraviolet absorption n zax i rnun~  of the z~nsatz~rated ketone of 416-Sa- 
c~ceto.vypreg1lene-l1,2O-dio1le i s  9050 ,  that  of A1"-preg?ze~te-S,20-dione 9800 ,  a s  conzpared to 8510  for A16-38- 
acetoxy-5a-pre,atte1te-12,9O-dione (our  o w n  z~npubl ished results,  cf. also footnote 6 of ref. 1 ) .  

7Shapiro et a l .  ( 1 2 )  suggested that  the  predominant  forntation of 20a-alcohols Z L ~ O I L  litJtit171~ ~ ~ I L I I Z ~ ~ Z L ~ I L  hydride 
redz~ct io~z  of 16 - z~~ t sa t t~ra t ed  20-ketones i s  d u e  to a lesser h indera~rce  of the 20-carbony1 f r~nc t ion  of s z ~ c h  products 
a s  co7rrpared to that  of the  saturated compoz~nds .  I72 fact,  in the s-trans confor~nat ion the z~nsatz~rated ketones are  
considerably hindered, which seems to be borne out b y  chen~ ica l  eoide~rce (c f .  ref. 1) ;  however, i t  i s  possible that  
the ( s fna l l )  portio72 of the ketone which occz~pies the s-cis co1~fori17atio?t reacts rapidly  w i t h  l i th iunl  a l z ~ 7 t ~ i n t ~ n ~  
hydride, that the eqzrilibrizrnz between the s-cis and s-trans f o r ~ n s  i s  co?tstantly restored, and  that conseqr~e~l t ly  
the whole reaction takes  place n s  i f  the side cha in  would occz~py  the s-cis co1?for~)zatio7z. Our  own  explanat ion 
would m a k e  s7rcl~ a72 ass~r7llptio1l sz~per$uorts, since i t  rationalizes the predoi~zinatzt f o r ~ ~ z a t i o n  of the 2 0 a - e p i n ~ e r  
withorlt pos l rda t i~~g  a shift  to the s-cis confonnatio7l. 
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group with the alurninuin hydride species exists predo~ni~lantly in either conformation 
B1 or B2. As just pointed out, we can assume that  in these instances the conformation of 
the original 20-lteto side chain will be similar. In other words, the fact that,  in the absence 
of groups which interfere with the geometry of internlediate complexes, lithium alun~inilm 
hydride reduction of 20-lteto steroids yields predoillinantly 20P-alcohols allows us to 
conclude that the conformation of the original 20-lteto side chain of such compounds must 
be, predominantly, either of type B1 or Bz. A choice between these two conformations 
can, however, not be made on the basis of the stereocheillical analysis of the reduction 
products, since both conformations should be inducive to  the formation of 2 0 ~ - a l ~ o h o l s . ~ ~  

Physical data are in agreement with our conclusioi~s. Thus Djerassi ct al. (14) have 
shown, by the application of the "axial halo keto rule" ( I s ) ,  that  Ira-bronzo- and 170- 
chloro-20-keto steroids (cf. partial formula I )  exist in a conforination of tjrpe B, in contra- 

distinction to 18-nor-20-keto steroids, the general conforination of which appears to be 
of type A (16, 17, cf. also ref. 18).1° Djerassi et al. do not discuss specifically the two con- 
formations B1 and Bz; however, in this instance an assignnlent can be made readily on 
the grounds of spectral evidence. Indeed, if 17a-halo-20-ltetones were to exist in con- 
formation Bz, the Cl-X and (220-0 bonds would be almost coplanar and, as in the case 
of cyclic equatorial a-halo ketones, the resulting dipole interaction should be noticeable 
in the infrared (cf. refs. 20 and 21). I-Iowever, the carbonyl frequency of the 20-lieto group 
is hardly changed by the introduction of a 17a-halo substituent (cf. for instance ref. 20). 
We can thus conclude that  the actual conformation of 17a-halo-20-keto pregnanes is of 
type B1. 

In a recent publication, Allinger and DaRooge (22) established, with the help of dipole 
moment illeasuren~ents, that  even in the absence of a l7a-halogen substitilent the 21- 
methyl-20-keto side chain of the progesterone type (compare partial formula 11) occupies 
the general conforinatioil B. These authors briefly considered the choice between the two 

8 A n  inspection of models dentonstrates that  con for~na t ion  B2 shoz~ld be particularly favorable for the r e d ~ ~ c t i o n  
to  a 208-alcohol, the inter?~tediate conrp1e.v being particularly l i t t le hindered; but  th is  does i n  9 1 0  w a y  ?lzean that  
confor?~~atio?z 1 3 2  represents tlte ac tz~al  co?~ forn~a t ion  of the ?najority of 20-keto steroids. 

q . 1 2  con?~ection w i t h  their work o n  18-oxygenated 20-keto preguane derivatives, fIeusler and  LjVettsteiir arrived 
, indepel~deut ly  a t  so?ne.iul~at siltlilar conclz~sions, wh ich  they  pz~blished in a n  article ( 1 3 )  w l ~ i c k  appeared after 
our  presentation before the Congress of the Canad ian  Associat ion for the Advancenzent of Science. Iir their 
disczrssion, tlte Sw i s s  o l~ thor s  do 1101 c071sider conformation Bu. 

1°In th is  co~ i r~ec t io t~  i t  seept~s oJ itlterest to point o ? ~ t  that  16-nor- and  16,19-bis-?lor-progestemzes sl1o.ii' oitly 
l o w  progestationul actir*ity (18 ,  1.9). 
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possible conformations B1 and Bz, but dismissed, almost perfunctorily, the possibility of 
conformation B2. Quite correctly, they point out that in this confor~nation the geometry 
of the C18- and CJ1-methyl groups resembles that of 1,3-cliaxial methyl groups on a cycle- 
llexane ring, an arrangement with a high energy content (cf. ref. 23). While we tend to 
agree that conformation B1 is probably e~ler~etically more favored than c o ~ l f o r n ~ a t i ~ ~  
B2, the difference between the energy contents of the two co~lfor~nations seellls less 
drastic than it would appear from Allinger's and DaRooge's article. Indeed, while the 
geometry of the C18- and Crl-methyl groups of conformation B2 is similar to that of a 
diaxial 1,3-dimethyl cyclohexane, it is by no means identical. As can be seen quite readily 
by inspection of models, particularly of the Stuart type, the i~lteractio~l between the 
C18- and Czl-methyl groups of couformation B2 is definitely less severe than that of diaxial 
1,3-dimethyl cyclohexane substituents (compare Fig. 2). Furthermore, in the alterllative 

FIG. 2. Stuart nlodels of 20-keto Czl-steroids: (a)  confor~~iation B1; (b) conformation B2. 

conformation, B1, there also exists an iilteraction between the hydrogen atoms of the two 
methyl groups (although it is smaller than in the case of conformation B2) and an inter- 
action between the 21-methyl group and the 12P-hydrogen atom; and there exists a 
marked interaction between the oxygen atom of the cal-bo~~yl group and the 1GP-hydrogen 
atom (cf. Fig. 2). We can readily see that the last-mentioned interaction should not be 
~~eglected if we consider that a somewhat similar (although more severe) interaction 
between the 20-oxygen function and the C18-meth3-1 group must be responsible for the 
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fact tha t  21-methyl-20-ketones of the natural series (with an angular Cl*-nlethyl sub- 
stituent) do not generally exist in conformation Al. ( In  the case of conformati011 A2,  
another factor of thermodynamic instability has to  be considered: an interaction between 
the 21-methyl group and the 16S-hydrogen atom.) As long as  we are not in possession of 
further experimental evidence, our dismissal of conformation B2 for 21-~netl~yl-20-ketoi~es 
should, therefore, be formulated with solne caution.ll 

On the other hand, i t  seems logical to  admit tha t  17a-hydroxy-2l-methyl-2O-keto?zes (of 
the type of 17a-l~ydroxjiprogesterone, cf. partial forinula 111) exist to a considerable extent 
i n  conformation B?. This is indeed the only conformation which allows for the marlted 

hydrogen bonding which can be observed between the l7a-hydroxy group and the 20- 
carbonyl function (27). Since lithium aluminum hydride reduction of 17a-hydroxy-21- 
methyl-20-ltetones affords predominantly 20a-alcohols and since conformation B2 is 
inducive to the formation of 20P-alcohols, we must coilclude that  during the reduction 
shift a to  conformation A2 occurs. We have already discussed this point above. 

The case of 12P-hydroxy-21-methyl-20-keto steroids is sornew11,at similar: the marlted 
hydrogen bonding between the 12-hydroxy function and the 20-lceto group (cf. refs. 28, 
29) allows only for one predominant conformation: conformation A?. 

I t  is interesting that  while the preferred conformation of l7a-hydroxy-21-methyl- 
20-lteto steroids seems to  be conformation B?, co~npounds with a dihydroxyacetone side 
chain,  i.e. with an additional hydroxy substituent in position 21 (cf. partial iorinula IV), as  

well as  21-acetate derivatives of such products, exist predominantly in a different confor- 
mation, namely B1. If products of this structure were to  occur in conformation B2, their 
infrared spectra should reveal, as in the case of the 21-unsubstituted 17a-hydroxy-"i0- 
ketones, pronounced hydrogen bonding between the 20-carbonyl function and the 17a- 
hydroxy group. This is not the case (27). On the other hand, lithium alunlinum hydride 

" I f  biological data corlld be used as evidence i n  the deter?)zination of the exact co?zforn~atio?z of the side chain 
of 17-1r71~1~bstit1rted 21-1)zethyl-20-keto~es, they wozrld speak ilz favor of conforlizatiolz B I .  Bzrlky 17m-substitrrents, 
which sho~fld defi?ritely ?lot faoor cotzfornlation B? ,  increase i n  gelzeral progestatioizal activity (cf. ref. 24); thzrs 
Ire-broit~oprogesteroze i s  a highly active lzrteoid (25), whereas 17m-hydronyprogestero~ze, which occurs to a con- 
siderable este71t i n  co?zfor?izatio?r B.1 (aide infra) ,  i s  almost inactive (26). I t  wonrld not be r~n~easonable to assrrnze 
that progesterone, the actzral horn~onc of the corpzrs lzrtezrnr, should also exist i n  confortizatio?z B 1 ,  i n  which parti- 
czrlarly active corizpoi~nds occzrr, and not in confor?i~atio7~ B? ,  i n  which the alri7ost inactive 17m-hydroxy~~roges t e ro~~e  
predo?i~ina?~tly exists. i\Teedless to e?l~plzasize, this argnrii~en,t has only lirnited valzre since the activating a?zd de- 
activating actio?~s of rariozrs szrbstitlrents are generally due to a rwzrltitzrde of disti?zct factors. 
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reduction of compounds of type IVa yields predominantly 200-alcohols (30-33), which 
indicates that the general conformation of the side chain is of type B. Since theconformation 
cannot be of type B2, we must assume that, in contradistinction to the 21-desoxy com- 
pounds, products of the type of cortisol and cortisone exist mainly in conformation B1.l" 

By analogy, we can assume that the conforination of 17-unsubstituted 21-hydroxy-20- 
keto steroids, such as desoxycorticosterone, is of the general type B, probably of type 
B1.12. 13 

We may sunzmarize the preferred conformations of various types of 20-keto C21-steroids 
in Table I.14- l5 

TABLE I 

Subst i tuents  
Preferred 

13 13 16 17a 2 1 conformation 

H P  CH 3 H? B r o r C I  H 3 B1 
H? CH 3 H P  H HJ  B (B1?) 
H? CH 3 Ha OH H3 B P 

1%-H 
12p-OH) CH3 H 2 H HJ  AZ 

P CH3 Hz OH OH, H ?  B1 
H? CH3 Hz H OH, H2 

416.17 ale,ll 
B ( B i ? )  

H? CH 3 H3 A? 
H P H H 2 H H3 X 

In conclusion, it might be of interest to point out that the predominant side-chain 
conformation of products which exhibit marlted hormonal activity always seeins to be 
of the general type B, probably of the particular type B1.lG LIThereas a coincidental relation- 
ship cannot be ruled out, we believe that the geometry of a group biologically as significant 
as the 20-lteto side chain of Czl-steroids should be a factor of some consequence with 
respect to biological activity. One might be tempted to consider that conformations of 
the general type B, and in particular of type B1, are favorable for horinollal action. 
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' ? I n  a recent oral co~~z~n~in ica t ion  (cf. ref. 94), presented after the preparation of this nranzrscript, B i r n ~ i n g h a ? ~ ~ ,  
W a r d ,  and Traikov advanced that the study of the near-infrared spectra of 17a,21-dilzydro.vy-20-ketolres and 
of 21-acetoxy-17a-ltydroxy-20-ketones szrggests sonze hydrogen bonding between the 17a-lzydro.~y group and the 
20-carbony1 fir?zction. This  wozlld nzean that such co?~~pon?zds exist to son~e extent i n  confornzation Bz. 

13Szrch a n  asszr?nptio?z i s  relatively safe. Indeed, i f  not evelz a l?a-hydro.cy szrbstitzrent can induce, by hydrogen 
bonding, the ketol side chain to asszivze conforn~cltio?z B?, ketols without this 17a-szrbstitzrent should have even 
less reason to exist i n  this co?zfornzatio?z. One could stretch this argunzent even firrther i n  favor of a ?nore definite 
establishnzent of conforn~atio~z B l  for 20-ketones zrnstrbstitzrted i n  both the 17 and 21 positions; howeuer, tlre 
sitziatio~z i s  not conzpletely analogozrs because a dl-liydroxy or a dl-acetoxy slibstitzie?zt exercises, as we have 
seen, a nzarked injzience 012 the co?zformation of tlze side chain. 

l 'We have not disczissed the co?zfor?~zation of 16a,17a-epory-20-keto steroids. Their reduction with l i thium 
al.rr?~zinz~nr Izydride leads to a nzi~tzire of 20-alcohols i n  which the P-epinzer predonzinates, bzit to a lesser extent 
than i n  the absence of the epoxy group ($1). Th is  i s  not szirpYisi?zg since a 17a-hydro.vy deriz'c~tive i s  fornzed 
dziring the reduction. Fzirtherl?zore, tlre geometry of the side chain .is not the sanze as i n  tlze case of ring-D-satiirated 
steroids. The available eoidence points to confornzation B for 16,17-epoxy-$0-steroids; for obvious steric reasons 
co?zfor?nation B 1  seenzs ntore probable. Likewise, one has to be cazitioris when interpreting the predonzinant 
redtiction to a 20a-alcohol of Ira-aceto.vy-20-keto steroids (9); one has to consider that dziring the reduction a n  
alzi?rzinunz hydride conzp1e.v with a Ira-oxygen ftinction i s  fornied; me have seen that i n  the presence of slich a 
szibstitzient the ?nuin redziction product i s  a 2Oa-c~lcohol. 

151n this article we are not disczissing the side-chain confornzatio?zs of 18-o.cygenated steroids. For certain 
aspects we refer to the already cited article by Hefisler a?zd Wettstein (13) and to their preceding article ($5). 

lGWe refer only to products belonging to the grofips disczissed i n  Table I .  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.5

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



2170 C A N A D I A S  JOLRKAL OF CHEMISTRY. VOL. -10. 1962 

1. CH. R. ENGEL and S. RAGHIT. Can. J. Chem. This issue. 
2. F. \I. BRUTCHEI~, JR., and \\-. BAUEI~ ,  JR .  J .  AIII. Chem. Soc. 84, 2236 (1962). 
3. CH. R. ENGEL, S. RAKIIIT, and \V. \V. HUCGLAIC. Can. J .  Chem. 40, 921 (1962). 
4. G. JUST and R. NAGARAJAS. Can. J .  Chem. 39, 548 (1961). 
5. CH. R. ENGEL and W. \\I. HUCULAIC. Can. J. Chem. 37, 2031 (1959). 
6. L. F. I~ IESER and &I. FIESER. Steroids. Reinhold Publishing Corp., New York, and Chapman and 

Hall, Ltd., London. 1960. 
7. D. J.  CRA\I and F. :i. ii. ELHAFEZ. J.  Am. Chem. Soc. 74, 5828 (1952). 
8. I-I. HIRSH~IANS and 1:. B. HII~SHJIAXS. J. Biol. Chem. 187, 137 (1950). 
9. R. B. TURNER. J. Am. Chem. Soc. 75, 3489 (1953). 

10. D. I<. FUICUSHI~IA and E. D. M E Y E I ~ .  J. Org. Chem. 23, 174 (19.58). 
11. G. P. ~ ~ I G E L L E R ,  R. E.  STODAGGH, and R. S. \ \~INNIFOI~D.  J .  Am. Chem. Soc. 75, 4866 (1953). 
12. E. L. SAAPII~O, D. GOULD, and E.  B. HERSHDERG. J .  Am. Chem. Soc. 77, 2912 (1955). 
13. I<. HEUSLEI~ and A. \\JETTSTEIS. Helv. Chim. .%eta, 45, 347 (1962). 
14. C. DJERASSI, I. FORNAGUER~,  and 0. I\/IAXCEI~A. J.  Am. Chem. Soc. 81, 2383 (1959). 
15. C. DJERASSI and W. I<LYKE. J. XIII. Chem. Soc. 79, 1506 (1957). 
16. C. DJEIUSSI, L. A. W I I T S C H ~ ,  and B. J. ~ I ITSCHER.  J. Am. Chem. Soc. 81, 947 (1959). 
17. C. D j E ~ ~ l s s r .  Private com~~~i~n ica t ion .  
18. G. S T O I ~ I ~ ,  H. N. I<HASTGII~, and A. J.  SOLO. J .  Am. Chem. Soc. 80, 6457 (1956). 
19. R. - ~ S L I K E R ,  MI. TV~ULLEI~,  b1. PEI~ELJIAS, J. \\IOHLFAI~T, and H. HEUSSEI~. I-Ielv. Chim. Acta, 42, 

1071 (1959). 
20. R. N. JOXES, D. A. RAMSAY, F. HERLING, and I<. D o n ~ t ~ r e ~ t .  J .  Am. Chcm. Soc. 74, 2828 (1952). 
21. E. J.  Corny. J. Am. Chem. Soc. 75, 2301 (1953). 
22. N. L. XLLISGER and &I. A. DAROOGE. J.  Am. Chem. Soc. 83, 4256 (1961). 
23. N. L. .ALLINGEI~ and hI. A. &III.LER. J. Am. Chem. Soc. 83, 2145 (1961). 
24. CH. R. ESGEL. Abstracts, 1st Internat~onal Congress of Endocrinology, Copenhagen. 1960. p. 913. 
25. CII. R. EXGEL and H.  J.~HSICE. Can. J.  Biochem. Phpsiol. 35, 1047 (1957). 
26. J.  FRIED, \\:. R. ICESSLBI~, ailcl ;\. BOI~JIAK. An11. S .Y.  Acad. Sci. 71, 494 (1956). 
27. R. N. JOKES, P. HUJIPIII~IES, I;. HEI~LING, and I<. Donn~sElt.  J. Am. Chem. Soc. 74, 2820 (1952). 
26. &I. E. \\'ALL and S. SEI~O.TA. Tetrahedron, 10, 238 (1960). 
29. R. NAGAI~AJAN and G. JUST. Can. J .  Chem. 39, 1274 (1961). 
30. I,. H. SAI~ETT, IvI. FHUI~ER,  and I<. I;o~r;e~ts. J. Am. Chem. Soc. 73, 1777 (1951). 
31. P. L. JULIAN, E. \\i. ~/IEYEII ,  \V. J .  I<AI~PEL, and I\'. COLE. J .  .An]. Chem. Soc. 73, 19X2 (1951). 
32. C. DJERASSI, G. ~IOSENICI~ASZ, J.  PATAI~I ,  and S. I<l~ur ;>rax~.  J .  Biol. Chem, 194, 115 (1952). 
33. R. ANTOSUCCI, S.  BERNSTEIN, hI. I-IELLEI~, R. LESIIAI~D, R. LITTELL, and J. H. \\IILLIA.\IS. J. Org. 

Chenl. 18, 70 (1953). 
34. h'I. I<. B I ~ ~ ~ I I S ~ I I A ~ ,  P. J .  \\'-..RD, and I-I. '~'R.\IICO\~. Proc. Can. Federation Biol. Soc. 5, 14 (1962). 
35. J. SCH~IIDLIK and I\. ~VETTSTEIX. EIelv. Chim. Acta, 45, 331 (1962). 

RECEIX-ED JULY 16, 1962. 
DEPAI~T~IBST OF CHE~IISTRY, 
 lava^ LSIVEI~SI,IY, 
QUEUEC, Que. 

THE PURIFICATION OF SOLVENTS FOR ULTRAVIOLET 
ABSORPTION SPECTROSCOPY 

T h e  pur i f icat ion of h ~ ~ c l r o c a r b o n s  for use  as s o l v e n t s  in  u l t r av io le t  a b s o r p t i o n  spectros- 
c o p y  is  usua l ly  a c h i e v e d  t h r o u g h  r e p e a t e d  a n d  p ro longed  shalc ing w i t h  c o n c e n t r a t e d  

s u l p h u r i c  a c i d  or s u l p h u r i c  a c i d  - n i t r i c  a c i d  m i x t u r e ,  w a s h i n g  w i t h  w a t e r ,  and fil lally 

dis t i l la t io i l  o r  passage t h r o u g h  a c o l u m n  of s u i t a b l e  a d s o r b e n t  s u c h  as alulll i l la o r  s i l ica  

gel (1-4). In  t h e  c o u r s e  of the pur i f icat ion of a la rge  n u m b e r  of h y d r o c a r b o n s  r a n g i n g  

from p e n t a n e  to  tetradecane a n d  c y c l o p e n t a n e  to c y c l o o c t a n e ,  for use  i n  5 to 10 cm 
thic l tnesses  in t h e  2500-2600 A reg ion ,  t h e  fol lowing p r o c e d u r e  was f o u n d  to be not o n l y  

t h o r o u g h  b u t  also quiclc a n d  c o n v e n i e n t .  A b o u t  200-300 ml of t h e  h y d r o c a r b o n  was 
sha l t en  i n  a 500-1111 s e p a r a t o r y  f u n n e l  w i t h  about 100 1111 of a 1:l b y  volul l le  m i x t u r e  of 

Carlaclian Jour~~al of Chemistry. Volume -10 (1862) 
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RECEIX-ED JULY 16, 1962. 
DEPAI~T~IBST OF CHE~IISTRY, 
 lava^ LSIVEI~SI,IY, 
QUEUEC, Que. 

THE PURIFICATION OF SOLVENTS FOR ULTRAVIOLET 
ABSORPTION SPECTROSCOPY 

T h e  pur i f icat ion of h ~ ~ c l r o c a r b o n s  for use  as s o l v e n t s  in  u l t r av io le t  a b s o r p t i o n  spectros- 
c o p y  is  usua l ly  a c h i e v e d  t h r o u g h  r e p e a t e d  a n d  p ro longed  shalc ing w i t h  c o n c e n t r a t e d  

s u l p h u r i c  a c i d  or s u l p h u r i c  a c i d  - n i t r i c  a c i d  m i x t u r e ,  w a s h i n g  w i t h  w a t e r ,  and fil lally 

dis t i l la t io i l  o r  passage t h r o u g h  a c o l u m n  of s u i t a b l e  a d s o r b e n t  s u c h  as alulll i l la o r  s i l ica  

gel (1-4). In  t h e  c o u r s e  of the pur i f icat ion of a la rge  n u m b e r  of h y d r o c a r b o n s  r a n g i n g  

from p e n t a n e  to  tetradecane a n d  c y c l o p e n t a n e  to c y c l o o c t a n e ,  for use  i n  5 to 10 cm 
thic l tnesses  in t h e  2500-2600 A reg ion ,  t h e  fol lowing p r o c e d u r e  was f o u n d  to be not o n l y  

t h o r o u g h  b u t  also quiclc a n d  c o n v e n i e n t .  A b o u t  200-300 ml of t h e  h y d r o c a r b o n  was 
sha l t en  i n  a 500-1111 s e p a r a t o r y  f u n n e l  w i t h  about 100 1111 of a 1:l b y  volul l le  m i x t u r e  of 

Carlaclian Jour~~al of Chemistry. Volume -10 (1862) 
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concentrated nitric and sulphuric acids, twice, for 30 seconds each time, then shaken 
two or three times for 15 seconds with 100 1111 concentrated sulphuric acid, washed three 
times with distilled water, dried over anhydrous calcium sulphate, and passed through 
ca. 60 c111 of silica gel (Davison grade 12, mesh size 60-200) packed in an ordinary 50-ml 
burette. This amount of silica gel was sufficient for the purification of 200-300 ml of 
hydrocarbon; it usually was possible to observe visually the progress of the adsorbed, 
slightly j-ello~~~ish impurities down the column. In the case of the low-boiling hydro- 
carbons it  was found best to chill the mixture before shalting because of the large amount 
of heat evolved. I t  was observed that in most cases shalting with co~lce~ltrated sulphuric 
acid (unless very lengthy) and (or) passage through a silica gel column did not result in 
sufficient improvement in the transmission of the hydrocarbons in the 2500 A region. 
Prolonged shalcing (> 1 ~ninute) with the acid mixture was found to be superfluous for 
our purposes. I t  may be necessary perhaps in cases where the best possible transmission 
is desired a t  wavelengths down to 2100 A. 

Figure 1 shows some typical results obtained with the method described above. The 
con~pounds used were reagent gracle or had a stipulated purity of better than 99 moleyo. 

FIG. 1. The spectra of some ultraviolet solvents: (a)  n-hexane, 5 cm; (6) n-tetradecane, 2 cm; (c) 
cyclohesane, 5 cnl; (d) FC-75, 5 cln. - original solvent; -- - p ~ ~ r i h e d  solvent. 

The h>.drocarbons thus purified were a t  least as good as or better than the available and 
1nuch lllore expensive Eastman Kodali or Matheson, Coleman and Bell spectrograde 
solvents. FC-75 is a mixture of iso~uers of the perfluorinated cyclic ether CBF160 available 
com~llercially from R/Iinnesota Mining and Manufacturing Conlpany. 
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In conclusion, it should be noted that the limiting factor with respect to the time re- 
quired by the procedure is the rate of passage of the solvelit through the silica gel colui~iii. 

1. G. HESE and H. SCHILDKNECHT. Angew. Chem. 67, 737 (1955). 
2. \V. J. POTTS, J R .  J. Chem. Phys. 30, 809 (1952). 
3. A. WEISSBERGER and E. S. PROSKAUER. Technique of organic chemistry. Vol. VII. 2nd ed. Inter- 

science Publishers Inc. 1955. 
4. I<. B. WIBERG. Laboratory technique in organic chemistry. McGraw-Hill Boolr Co. 1960. 

THE FRANCK-CONDON PRINCIPLE AND THE IONIZATION OF MOLECULES 

Ionizatioii potentials obtained by electron impact or photon impact are generally 
discussed with reference to the Franck-Condon principle for both ground and ionic 
states concerned. By doing so it is admitted that the interaction time of the ionizing 
particle and the molecule, and the time necessary for the electron to leave the interested 
bond region of the molecule, were short, compared to the time of a complete vibration, 
considering only here diatomics. 

In a recent paper, Stevenson (1) indicated that the particularly well-knoivn case of 
hydrogen seemed to be in conflict with the Franck-Condon principle; this conclusion 
was based on a careful consideration of potential curves and observed ionization poten- 
tials. I t  was shown that, although the Franck-Condon principle would predict the 
highest probability for the transition to the vibrationally excited v = 2 state of the 
ion, the experi~nental data gave the 0-0 transition. This was later explained, thanlts to 
the beautiful worlc of NIarmet and I<erwin, who showed that it was mainly a matter 
of sensitivity of the detecting device (2). 

The H-H bond being strong and the atoms light, the fundamental frequency is very 
high: 4276 ci~i-~.  This is thus a case where lion-applicability of the Franck-Condon 
principle might be encountered, but Marmet and Kerwin's work lead to the theoretically 
expected relative cross sections for the 0-0, 0-1, 0-2 transitions. 

In the case of heavier molecules, particularly the halogens having low fundamental 
frequencies, differences between electron or photon impact ionization potentials and 
those obtained by ultraviolet spectroscopy should be increasing, a t  least if there is an 
importallt modification of internuclear distance in the ion. This is indeed found experi- 
mentally. 

Very few experimental data on vibrational quantum levels of ionic states of simple 
molecules are known. They have been summarized in Table I ,  where vibrational fre- 
quencies, ionization potentials, equilibrium distances, inost probable ionization-calculated 
transitions, and most probable experimental values are given. Vibratio~lal overlap 
integrals estimations, admitting the harmonic approximation, have been used for the 
calculated transition probabilities (3-6). I t  is interesting to compare the most probable 
theoretical transitions with those deduced from the experimental ionization potentials 
deternlined by mass spectronietry or photoionization: 

Canadian Journal of Chemistry. Volume 40 (1962) 
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bond region of the molecule, were short, compared to the time of a complete vibration, 
considering only here diatomics. 
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hydrogen seemed to be in conflict with the Franck-Condon principle; this conclusion 
was based on a careful consideration of potential curves and observed ionization poten- 
tials. I t  was shown that, although the Franck-Condon principle would predict the 
highest probability for the transition to the vibrationally excited v = 2 state of the 
ion, the experi~nental data gave the 0-0 transition. This was later explained, thanlts to 
the beautiful worlc of NIarmet and I<erwin, who showed that it was mainly a matter 
of sensitivity of the detecting device (2). 

The H-H bond being strong and the atoms light, the fundamental frequency is very 
high: 4276 ci~i-~.  This is thus a case where lion-applicability of the Franck-Condon 
principle might be encountered, but Marmet and Kerwin's work lead to the theoretically 
expected relative cross sections for the 0-0, 0-1, 0-2 transitions. 

In the case of heavier molecules, particularly the halogens having low fundamental 
frequencies, differences between electron or photon impact ionization potentials and 
those obtained by ultraviolet spectroscopy should be increasing, a t  least if there is an 
importallt modification of internuclear distance in the ion. This is indeed found experi- 
mentally. 

Very few experimental data on vibrational quantum levels of ionic states of simple 
molecules are known. They have been summarized in Table I ,  where vibrational fre- 
quencies, ionization potentials, equilibrium distances, inost probable ionization-calculated 
transitions, and most probable experimental values are given. Vibratio~lal overlap 
integrals estimations, admitting the harmonic approximation, have been used for the 
calculated transition probabilities (3-6). I t  is interesting to compare the most probable 
theoretical transitions with those deduced from the experimental ionization potentials 
deternlined by mass spectronietry or photoionization: 
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TABLE I 

Transition 

v (cIII-~)* v+ (cIII-~)* ro* * It* (ev) It*+ (ev) EIt  PI? SPt AI Az Calc. Expt. 

Hz 4276 2297 0.749 1.06 0.53 0.27 15.49 15.427 15.427 0.06-0.05 0.06-0.05 0-2 0-0 
15 37 

- 
F P  892 - - - - 16.16 15.7 - 0.11 0.46 - - 0-4 ? 5 

15.83 0.13 -I 0-1 ? 
CI2 565 645 1.983 1.89 0.07 0.081 11.65 11.48 11.32 0.17 0.33 0-2 0-4 ? 

- . - .  

HF 4141 - 0.916 - 0.51 - 15.97 - - - - - 0-0 ! 
HCI 2860 2675 1.277 1.315 0.344 0.331 12.62 12.74 (12.90) -0.12 - - 0-0 

(13.75) 

NOTE: ro andro+ are in angstroms; EI  (electron impact). P I  (pl~oton impact), and SP (spectroscopic) are ill ev; A1 and A2 are tlle differellces (EI-PI) and (EI-SP); the calc. and expt. 
transitions represent the most probable calculated and experimentally observed vibrational transitions (see text); and vC, hv+, rof refer to the ionic state. 

*Reference 8. 
tReference 9. 
$Reference 7. C
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Vibrational transition probability 

Lowest Most probable 
Theoretical experi~~iental  ex~er imenta l  

At first glance, the experimental and theoretical results coincide only in two cases: 
Nz and CO. In one other case, Clz, one gets experimentally too high a value, and in 
three cases, 0 2 ,  Hz, NO, too low a value. The H z  low value appears to correspond to  the 
0-0 transition, which h i s  a non-negligible probability (4/10 of the most probable 0-2 
transition), as I<erwin and Marmet have shown. A similar situation exists for KO and 
was exaxnilled by Cloutier and Schiff (4). For C12, the discrepancy is serious and un- 
expected indeed. The 0-2 transition is theoretically the most probable, but the 0-0 
transition is quite probable too (3/4 that for 0-2) and the same situation as in hydrogen 
is found. On the contrary the experimental evidence corresponds to  a higher transition. 
The vibrational quantum is quite small (0.081~) however, and one or two vibratioilal 
jumps might have been missed, due to experimental errors, although the reproducibility 
of the measurements is good and the same results have been found by different authors. 
Thus simple application of the Franclr-Condon principle appears difficult. I t  should be 
noted that  the ionic state Clz+ has an equilibrium distance considerably shorter than 
tha t  for the molecular ground state,  the difference being of the order of 5%. 

For fluorine, the lack of experimental data on vibrational frequencies for ionic states 
does not allow a safe discussion. Assuming a variation similar to that for chlorine, how- 
ever, it seems that the most probable transition is the 0-1 one. 

The case of Brz, as well as of Iz ,  is similar, but it  beco~nes difficult to discuss the 
ionization potential differences, the vibrational quanta being of the order of magnitude 
of the thermal energy of the molecules. The experilnental data, however, seem always 
to indicate a transition to a higher vibrationally excited state of the ion; apparently, 
as in Clz+, the nuclear distance is shorter in the ion. 

For the corresponding hydracids, the 0-0 transition appears to  be the   no st probable, 
although, a t  least for HCl, the nuclear distance has undergone a variation of 3.5y0. The 
spectroscopic ionization potential, however, is not very well lrnown and the interpre- 
tation must be considered as tentative. For the variation of the distances in the ion, the 
following may be observed. In all cases where the 0-0 transition is observed and the 
ionic nuclear distance is ltnown the variation in nuclear separation from the molecule 
to  the ion is not greater than 3%. When there is a transition mainly to  an excited vibra- 
tional state of the ion and when the nuclear distances are lrnown, the variation of the 
latter has been found to be 30, 9, 8, and 4.5% respectively for Hz, 0 3 ,  XO, and C12, the 
case of hydrogen being an extreme one. These facts may be used to estimate the nuclear 
distances in the lnolecular ions when no spectroscopic data are available, which is the 
case for Fz, Br2, 12, I-IF, HBr, and HI.  I t  may be anticipated that  in Fz+, Br2+ (perhaps 
also I?+) the nuclear distance in the ion is considerably shorter than that in the lnolecule 
itself. On the contrary, in the acids I-IF, HBr, and 1-11, it  may be expected that the 
nuclear distances are much the same in the n~olecule and in the ~nolecular ion. 

On the basis of experimental data ,  we also calculated the dissociation energies of the 
molecular ion, D(A-B+), and we obtained the values given in Table 11. 
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NOTES 

TABLE I1 

Dissociation energies (Ircal/mole) 

D(A-B) D(A-B);+ Transition 

H F 135 158 0-0 
HCI 102 108 0-0 
MBr 87 93 0-0 
1-1 I 71 74-58 n-n 

I t  is obvious that D(A-B):+, leading to B+, is inuch higher tllan D(A-B) in the 
halogens themselves, whereas for the hydracids, one gets very much the same value for 
both molecular and ionic states. This is precisely the case when the 0-0 transition is 
positively observed, as was expected since there must not be important changes in 
nuclear distances. On the contrary, for the halogens the coilsiderable increase of the 
dissociation energy in the ion should result in a considerable shortening of the bond 
distance. I t  is then expected that the transition to vibrationally excited states will have 
a greater probability. 

If one thus taltes these considerations into account, it seems that the Franc1;-Condon 
principle is fairly well respected and discrepallcies between accurately deterinined 
ionization potentials obtained by electron in~pact or pl~otoionization and spectroscopic 
ionization potentials inight be tal;en as a means of evaluating the modification of inter- 
nuclear distances in the ions when no better means are available. 

1. D. P. STEVENSON. J. Ani. Chem. Soc. 82, 5961 (19GO). 
2. P. Mal<hla~ and L. I<EKWIN. Can. J .  Phys. 38, 952 (1960). 
3. J .  MOJIIGNY. Unpublished data. 
4. G. G. CLOUTIE~< and 1-1. I. SCI-IIBF. J. Chem. Ph1.s. 31, 793 (1959). 
5. L. I<ERWIN, I-'. Mal<>la.r, and G. G. CLARI<E. Mass Spectrometry Conference, Oxford. 1961. 
6. hI. I<RAUSS. J .  Chem. Phys. 26, 1776 (1957). 
7. D. C. 1:rtos~ and C. A. MCDOWELL. Can. J .  Chem. 38, 407 (1960). 
8. G. Hr:l<znenc. Spectra of diatomic molecules. Van Nostrand. 
9. I<. \\JATAXABE, 'T. N~ic~~aer.4, and J .  MOTTL. Final rept. on ionization potentials. Contract DA-04- 

200-ORD480 and 737.1959. R. W. I<ISEII. Tables of ionization potentials. I<ansas State University. 
1960. 

THE SYNTHESIS OF LIGNIN MODEL SUBSTANCES: 5-HYDROXYVANILLIN AND 
5-HYDROXYACETOGUAIACONE 

S. I<. BANERJEE, M. MXNOLOPOULO, AND J. NI. PEPPER 

In connection with studies on the oxidation of lignin it became necessary to prepare 
various lignin model substances, one of which was 5-hydroxyvanillin (11). 

(I) R = R' = H (IV) R = H, R' = CH3 

(11) R = OH, R' = H (\I) R = OH, R' = CH3 

R = R =  (VI )R=I ,R1=CHs  

Canadian Journal of Cl~emistry. Volume 40 (1962) 
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An examination of the reported syntheses (1, 2, 3, 4) indicated that no simple method 
was available other than those requiring heated autoclaves. A study was made, therefore, 
of the most promising procedure, which involved the copper-catalyzed hydrolysis of 
5-halovanillin. I t  was early shown that 5-iodovanillin (111) underwent reaction much 
more readily than either the 5-broino- or 5-chloro-derivatives. A satisfactory synthesis 
of I1 could indeed be obtained under reflux conditions, thus avoiding the need for reactions 
under pressure as had been reco~nmended by previous workers. Of importance was 
the recognition that both the effectiveness of the catalyst as well as the nature of the 
products obtained were ~narliedly dependent on the particular copper that was used. 
The authors maintained that only if a reproducible catalyst could be described would 
a synthetic procedure be of real value. This desire was achieved by the discovery that 
the addition of cupric ions provided the necessary catalytic activity for this alltaline 
hydrolysis reaction. 

A study of the ratio of reactants, and the time and tenlperature of the reaction, resulted 
in a procedure whereby complete conversion of 5-iodovanillin (111) was achieved. The 
major product was 5-hydroxyvanillin (11) but in all cases a minor amount of the reductive 
dehalogenation product, vanillin (I), was also formed. The separation and identification 
of these products was made using both paper and gas-liquid chromatography. Separation 
and purification of the required I1 was readily achieved by recrystallization fro111 benzene. 
The yield of purified product was 65-70y0 based on 111. 

This ready conversion of vanillin to 5-hydroxyvanillin pronlpted the attempt to si~ni- 
larly convert another lignin oxidation product, acetoguaiacone (IV) (also linown as 
acetovanillone), to the previously unreported 5-hydroxyacetoguaiacone (V). No difficulty 
was experienced in this synthesis. The only modification involved an increase in the time 
of reflux froin 4.5 to 6.5 hours in order to coiivert all the 5-iodoacetoguaiacone (VI). As 
expected, the only other product to accompany the major product (V), but in much less 
amount, was the reductive dehalogenation compound, acetoguaiacone (IV). The structure 
of V was col~firn~ed by analyses, absorption spectra, and conversion, by methylation, to 
the previously known 3,4,5-trimethoxyphe~~yl methyl lietone. The yield of recrystallized 
product was 45550%. 

A more complete discussion of the significance of the role of the copper catalyst and of 
the mechanism of formation of the products in such copper-catalyzed alltaline dehalo- 
genation reactions is being prepared. 

EXPERIMENTAL 

Melting points are uncorrected. The infrared spectrum was measured using a Perkin-Elmer Model 21 
instrument with sodium chloride optics. 

Paper CIwontatography 
5-I-Iydroxyvanillin, vanillin, and 5-iodovanillin were separated by descending chro~natography using 

Whatman No. 1 paper and the solvent system of n-butanol saturated with 2% ammonia. A saturated 
solutioll of 2,4-dinitrophenylhydrazine in 1 N hydrochloric acid was the spray reagent. For these compounds 
the R, values were 0.38, 0.50, and 0.48 respectively. 

Gas-Liqziid CI~ronzatograpI~y 
A Beclilnan GC-2 chromatograph, with a thermal conductivity detector unit, was used after some 

modification to  place the injection system as close as possible to  one end of the column, and to  make i t  
more comparable electronically to  the GC-2A. The column was made from 3 f tX1/4  in. I.D. copper tubing 
and packed with Apiezon N grease on Fluoropak 80 (lVil1iens Instrument and Research Inc.) in the ratio 
of 3 to  17. The chron~atographic separations were effected a t  230' using 30 p s i .  heliu~n carrier gas a t  a 
flow rate of 0.9 cc/second. Under these conditions the retention times for vanillin, 5-hydrosyvanillin, and 
5-iodovanillin were 2.35, 4.7, and 12.0 minutes respectively, and for acetoguaiacone, 5-hydroxyaceto- 
guaiacone, and 5-iodoacetoguaiacone they were 3.0, 6.7, and 19.5 minutes respectively. 
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NOTES 2177 

5-Hydroryuanillin 
5-Iodovanillin (2.8 g), hydrated cupric sulphate (1.6 g), and 4 IV sodium hydroxide (76 ml) were refluxed 

(105") for 4.5 hours with continuous stirring under nitrogen. After cooling to 60-70°, the mixture was filtered 
under suction and the residue washed with hot water ( 3 x 1 0  1111). The alkaline solution was cooled to 10' 
and acidified to pH 3-4, by the clropwise addition of concentrated hydrochloric acid. During this addition 
the nlixture was stirred continuously and the temperature rnaintailled below 25". 

The resulting mixture, which contained a s~llall amount of precipitate, was extracted continuously with 
ether for 16 hours. After being dried over anhydrous magnesium sulphate, the ether was removed (60-65') 
to leave a dark gray product, 1.5 g. ill1 but 0.10 g was dissolved in hot benzene, from which, after con- 
centration to 75 ml, 5-hydroxyvanillin crystallized (1.15 g, 68%), 1n.p. 128-129". Recrystalli~ation from 
benzene, with charcoaling, gave a chrol~~atographically pure product, 111.p. 133-134'; reported 133-134" (2). 
ii'ith the exception of traces of 5-hydroxyvanillin the mother liquors contained only vanillin as indicated 
by gas-liquid chromatography. 

5-fIydroryacelo,ot~aic~co?1e 
5-Iodoacetoguaiacone (2.9 g) (5), hydrated copper sulphate (1.6 g), and 4 N sodium hydroxide (76 ml) 

were refluxed (105") for 6.5 hours with continuous stirring under nitrogen. i l s  a result of a procedure similar 
to that used for the isolation of 11, an ether extract (1.3 g) was obtained. Of this, 0.3 g was sparingly soluble 
in boiling benzcne but the remainder crystallized on cooling of the benzene solution to yield crude 5-hydroxy- 
acetoguaiacone (0.8 g, 44%), m.p. 162-166". A sample recrystallized from n-hexane-ethanol (5:l) nlelted 
a t  166-167". Calc. for CgMlaOl: C,  59.33; H ,  5.53%. Found: C, 58.99; H ,  5.64%. Infrared spectrum (KBr 
dislc) (111ain peaks only) : 3500-3300 (s), 1657 (m), lG00 (s), 1528 (III), 1470 (III), 1357 (s), 1320 (s), 1200 (s), 
870 CIII-' (111). Methylation with allcaline dimethylsulphate gave 3,4,5-trimethoxyphenyl methyl ketone, 
1n.p. 77-78"; mixed m.p. with an  authentic sample, 77-78". The infrared spectrum was identical with that  
of the authentic sample. 

Grateful acltnowledgment is made of the financial assistance provided by the National 
Research Council. 
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THE p-BROMOPHENYLOSAZONES OF 3- AND 5-0-METHYL-D-XYLOSE 
AND AN APPLICATION OF THIN-LAYER CHROMATOGRAPHY 

In connection with our study of the monornethyl ethers produced in the partial 
lnethylation of D-xylose diethyl dithioacetal (1) it was necessary to prepare crystalline 
derivatives of the 3- and 5-0-methyl ethers. The only derivative reported (2) for the latter 
cornpound is the p-bromophenylosazo~~e and the preparation of this osazone fro111 both 
ethers has been described by Levene and Raymond (3). These authors reported that 
3-0-methyl-D-xylose p-bromophenylosazone melted a t  153-155" C with darltening and 
softening a t  142-143' and that 5-0-methyl-D-xylose p-bromophenylosazo~le melted a t  
170-171" C and had [a],  -50" -+ -30" (24 hours). We are in agreement with the figures 
quoted but find that the data for the two isomers have inadvertently been transposed in 
the original article. 

Canadian Journal of Chemistry. Volun~e 40 (19G3) 
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The formation of p-bromophenylosazones was found to  be rapid; the relatively long 
heating periods used earlier (3) are disadvantageous, promoting tar  formation. Thin-layer 
chromatography was fouild to be ideally suited to  determining the optimum reaction 
conditions. A variety of sugars was tested, and it is concluded that a 5-10 minute reactioil 
period of the free base and the sugar in acetic acid is opti~nal for preparation of these 
derivatives. I t  is likely that  phenylhydrazine and other substituted phenylhydrazines 
behave similarly. 

EXPERIMENTAL 

3-0-dFetlzyl-D-xylose 
This was prepared from 3-0-methyl-1,2-0-isopropylidene-D-glucose by a reported procedure (4). The  

compound had 1n.p. and mixed m.p. 101" and [CY]D'~ 16' with an RI in butanone-water azeotrope of 0.23. 
p-Bromophenylhydrazine (85 mg) and 3-0-111ethyl-~-xylose (25 nlg) were dissolved in glacial acetic acid 
(0.75 ml) and the solution diluted with water (0.5 ml). When the solution was heated on the steam bath for 
5 minutes, then cooled to  room temperature, a mass of orange-yellow crystals separated. After it was washed 
with aqueous acetic acid, the osazone was recrystallized from ethyl acetate -petroleum ether (30-60"). 
3-0-Methyl-D-xylose p-bromophe~~ylosazone had 1n.p. 174-175" and [cY]o?~ -55" --r -27" (c, 0.5 in pyridine- 
ethanol, 2:3) (24 hours). Anal. calc. for ClsH?oN403Br?: C, 43.2; H, 4.0; N, 11.2%. Found: C, 43.44; I-I, 
3.97; N, 11.0%. 

6-O-hfetlzyl-~-xylose 
This was prepared from 3,5-anhydro-1,2-0-isopropylidene-D-xylo by reaction with sodium methoxide 

as  previously described (3). 1,2-0-Isopropylide11e-5-0-methyl-~-xylose (m.p. 85") was hydrolyzed with 
sulphuric acid (1 N) on the steam bath for 1 hour and the solution deionized with Duolite A4 resin. Chroma- 
tographic examination of the resulting sirup showed four components havingRl values 0.32 (VS), 0.19 (W), 
0.09 (W), and 0.04 (CV). Separation on a cellulose-hydrocellulose column gave 5-0-methyl-D-xylose as  a 
chromatographically pure sirup with Rl 0.32 in butanone-water. 5-0-Methyl-D-xylose (293 mg), p-bromo- 
phenylhydrazine hydrocloride (1.2 g), and anhydrous sodium acetate (0.5 g) were dissolved in water and the 
solution heated for 3 hours on the steam bath. On cooling, the p-bromophenylosazone was obtained in 
poor yield and was recrystallized from ethanol-water, m.p. 152-154" C with softening a t  about 140" C. 
When the osazone was purified on a column of florisil and recrystallized from benzene - petroleun~ ether 
(30-60") the m.p. was 153-155" C. 

General Procedure 
p-Bromophenylosazones were prepared from the following representative sugars: D-glucose, D-galactose, 

D-mannose, D-xylose, L-arabinose, maltose, 3-0-1nethyl-~-glucose (5), 6-0-methyl-D-galactose (6), 3,4-di-0- 
methyl-L-xylose (7) as  follows. The sugar (25 mg) and p-bromophenylhydrazine (85 mg) were dissolved in 
glacial acetic acid (0.75 1111) and the solution diluted with water (0.5 ml). The reaction misture was heated 
on the steam bath and samples were spotted on a thin plate of silica gel with calciunl sulphate binder (Camag. 
apparatus) a t  zero time, 5, 1 0 . .  . minutes and the plates developed once in benzene-methanol (9:l v/v) 
(about 40 minutes). Unchanged reagent, after aerial oxidation, showed as  a brown spot having an Rl of 
about 0.75 and the p-bromophenylosazones as  bright yellow spots. Approxi~nate Rl values for the osazones 
were pentoses 0.10, hexoses 0.04, monomethylpentoses 0.24, monomethylhexoses 0.18, di~nethylpentoses 0.29. 

The  derivative from maltose had Rl 0.00 and further heating gave a faster yellow component streaking 
to an Rl of 0.10, presun~ably due to  hydrolysis. 

Glucose and mannose formed a pale yellow precipitate in the cold and this was replaced by a bright 
yellow precipitate which separated from the hot solution. For other sugars it was necessary to  cool the solu- 
tion before the product separated. I11 all cases crystalline solids were obtained and although these were not 
further examined they were judged to  be the p-bromophenylosazones from their color and chromatographic 
behavior. 

ACKNOWLEDGMENTS 

We gratefully acknowledge the financial support of The Research Corporation and the 
Pioneering Research Program of The Institute of Paper Chemistry. One of us (Y. T.) 
thanks the National Research Council for the award of a studentship and we are indebted 
to i\/Irs. A. Aldridge for the analyses. 

1. G. G. S. DUTTON and Y. TANAKA. T O  be published. 
2. G. G. MAHER. I n  Advances in carbohydrate chemistry. Vol. 10. Academic Press, New York. 1955. 

p. 258. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 2179 

3. P. -A. LEVEKE and A. L. RAYJIOND. J. Biol. Chern. 102, 331 (1933). 
4. G. \IT. HUFFJIAX, B. -4. LEWIS, F. SJIITH, and D. R. SPR~ESTERSB~ZCK. J. Am. Chem. Soc. 77,4346 (1955). 
5 .  W. L. GLEXN, G. S. MYERS, and G. A. GRANT. J. Chem. Soc. 2568 (1951). 
6. I<. FREUDEXBERG a1:d I<. S>IEYI<I\L. Ber. 59, 100 (1926). 
7. G. G. S. DCTTOX and K. J. PIERRE. To be published. 

RECEIVED JUNE 21, 1962. 
DEPARTMENT OF CHEMISTRY, 
UNIVERSITY OF BRITISH COLUMBIA, 
VANCOGVER, B.C. 

SOME EXAMPLES OF THE USE OF OXYGEN AS A DIAGNOSTIC TEST 
FOR THE TRIPLET STATE IN CHEMICAL REACTIONS'r2 

D. W. SETSER,~ D. Mi. P L ~ C Z E K , ~  R. J. CVETANOVI~ ,~  AND B. S. RXBINOVITCI-I"~ 

I t  is known that oxygen in the gas phase may reinove triplet-state species and may do 
this by both chemical and physical quenching (1, 2). Indeed, it is commonly believed 
that oxygen interacts efficiently with the triplet-state molecules, as  is clefinitely known 
in sorne cases (1-4), and has been used in photochemical systems as a diagnostic test 
(see, for example, ref. 5 )  for the presence of triplet-state species. 

This note describes sonle experiments on the application of oxygen as a scavenger of 
triplet-state species. These are the excited molecules of sollle olefins and of cyclopropane 
produced by inercury photosensitization. Vibrationally excited lowest electronically 
excited triplet states of these molecules are presumably formed in these reactions. The 
results show that infornlation of considerable value is gained by scavenging with oxygen, 
but a cautionary remark nlust also be made, namely, that even relatively very large 
amounts of oxygen should not be expected to scavenge triplet biradical intermediates 
in a manner coi-rlparable to the well-l;nown efficiency of small an~ounts  of oxygen for 
removing alliyl radicals and for inhibiting formation of their conventional products. 

Isomerization of Cyclopropane 
The Hg(3P1) photosensitized geometric ison~erization of cyclopropane-d, is believed to  

proceed via the formation of the triplet state (6). Added amounts of ox\~gen up to 14% 
(expt. a ,  b,  c, Table I)  have obviously not quenched reaction, particularly when cogni- 
zance is talien of the high relative quenching cross section of 0 2  (7) (c\.clopropane:02 
= 1.1:13.2). The present result can be due simply to rapid internal conversion of the 
excited (isomerized) cyclopropane to the ground singlet state, or to similar collision-in- 
duced transitions in which the cyclopropane reactant, which is present in larger amount, 
acts preponderantly as the deactivating inert gas. 

Isornerization of trans-Ethylene-d2 
The Hg(3P1) photosensitized decoinposition of ethylene-d2 to acetylene (8) and its 

geo~netric and structural isonlerization (9) is believed to  proceed via the biradical triplet 
state and with collisional inert gas inhibition of the decomposition (8, 9).6 

'Issued as N.R.C. No. 6959. 
2SzibPorted i n  a r t  b y  the National Science Foundation, U.S.A. 
3~;rzaersi t~ of ' ~ a s h & z g t o n ,  Seattle, Waslriagton. 
'Applied Chenfistry Division, National Research Coz~ncil, Ottawa, Ontario. 
5 Visiting Scientist, Applied Chemistry Division, National Research Council, Ottawa. John Sinzon Gz~ggelrkeinr 

ilIenloria1 Fellow, 1961-62, and International Award Fellow, Petroleunr Research Fund, American Clren~ical 
Society, 1961-62. 

GIt i s  interesting to note that trijlet acetylene i s  the initial prodz6r.t in the interpretation nzade i n  ref. 8, 

Canadian Journal of Chemistry. Volume 40 (1962) 
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TABLE I 

Products 

Reactor Gas pressure (atm) Polym. or 
1 X r  Time* cis- A-dz osygen prods.1 

Exut. (mm) (hr) tram-A-d? O? (%) (%I 
- - - 

a 3 5 X 3 . 7  8  1 . 3  25 38 
b 3 5 X 3 . 7  8  1 . 3  0 .2  17 28 
c 2 3 X 3 . 7  10 2 . 0  0 . 1  15 .8  101 

Products 

CzH?Dz 
Reactor Gas pressure (atm) 

1 X r  Time" Cis Asym. Acetylene Polym. etc.1 
Expt. (mm) (hr) trans-C?HzD? N? 0 s  (%) (%) (%) (%I 

n 98X0 .57  12 5 18 < 1  - - Extensive 

*Period of irradiation under conditions of constant light intensity for each set oi experiments under comparison in the text. 
?Defined as  the percentage loss of cyclopropane or of ethylene plus acetylene, as  appropriate. 
$A decline of percentage polymerization with rise of total pressure is charact~rist ic of the reaction even in the absence of oxygen 

(see ref. 6). 
§Believed to be unreliable value. 

The following scheme (9) is largely (10) adequate: 

H g ( 3 P ~ )  
trans - - cis + trans 

khf 
E* - asym + cis + trans 
\ 
' y 

k~ 
A* - acetylene (+ HZ, HD,  or D?) 

where T *  is believed t o  be the T state  of ethylene, E" is another triplet species such as  
ethylidine, and A'Vs a triplet acetylene product n~olecule. 

The isomerization reactions are particularly useful: although added 0 2  inhibits acetylene 
forination by quenching triplet intermediates by both physical or cliemical (reaction) 
mechanisn~s, the cis and asylnnietric isolnerization products can be inhibited below 
normal yields only by chemical quenching and not by physical deactivation of the 
intermediate triplet states by the "inert" gas. In short, the rate laws for the formation 
of decomposition and iso~nerization products differ in their dependence on total quench- 
ing (11). However, if a triplet acetylene product is also chelnically quenched by Oz after 
formation, then all the products might behave siniilarly with respect to  effects due 
t o  0 2 .  

In practice, low percentages of oxygen appear to  have only negligible effect on decom- 
position and isolnerization in this system (runs d and e, Table I). The experiments were 
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TABLE I 1  
Products from trans-C?HzD? in absence and presence of 0 2  

Pressure (cm) Products (%) Products (reduced$) Difference $(%) 
% - Time 

R u n  reaction" C?I-12D2 0. Cellt ( ~ n i r ~ )  Cis Asym. Acet. Cis Asym. Acet. Cis Asym. Acet. Max.11 

*Percentage of lvarrs-CIHZD? converted in tlle reaction to (isolated) 2X cis, asyn~,  and acetylene groducts. Ospserlated products were not analyzed. 
?A: 210 mnl long. 9 nim radius, 5-1 cc; R :  I90 mni long. 4 ninl radius. 9.5 cc; C: a s  A but different ogtical geonletry; D: 4.5 cc. 
SCorrected for quenching of rnercury by 02, assun~ing C O ~ / L T C ~ ~ , ,  = 13:24. 
§Percentage decline in the qrlantnm yields (after correctioti for quencl~ing of nlercilry by 02). 
Maximum possible decline in quautuni yields if O? is conigletely efficient a s  a cllenlical quet~cher. 
T h e  first row is con~pared to run 14, the seconcl to r u n  19. 
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conducted in the manner previously described (6) with the following important modi- 
fication. The light from the 2537 A resonance lamp transmitted thro~~gh the reaction 
cell (used in a constant-geometry arrangement) was monitored by a photomultiplier 
cell. The light intensity was constant and remained so during each run for all com- 
parable series of pure ethylene and ethylene-02 experiments. This signifies that there 
was no mercury depletion by reaction with oxygen species such that less light was 
absorbed in the cell for 0 0  runs. There was therefore a constant light energy input to 
the system for all runs of a series. 

Polymerization (runs f ,  g ,  and h,  Table I) is enhanced considerably (compare ref. 5 )  
in the presence of high percentages of 0 s  a t  high pressures. At least part of the poly- 
merization may occur due to the presence of 0 2 : '  or due to 0-atom formation rather 
than, or in addition to, attack of 0 2  on the triplet species. I t  is of interest to note, how- 
ever, that very extensive isomerization is still found even a t  high percentages of oxygen 
(runs i and j ,  k and I), in amounts which, i f  not subjected to (or not accessible to) quanti- 
tative scrutiny, might (erroneously) lend themselves to the qualitative interpretation 
that O2 has little effect and that reaction is somewhat reduced, mainly insofar as part 
of the excited mercury is quenched by 02. 

Runs m and 72, and also e, f ,  and g ,  illustrate that the isomerization which is still 
found in the presence of 0 2  does not apparently arise via an excited oxygen molecule 
or oxygen at0111 (12) catalysis process. Thus, all of the above results presumably signify 
an efficiency of less than unity for oxygen inhibition of triplet-intermediate processes in 
the sense that these are not extinguished by large proportions of 0 2  in the way that alkyl 
radical products are by sillaller amounts of 02. 

The most unequivocal data for quantitative interpretation of the role of 0 2  were those 
obtained a t  lower pressures and summarized in Table 11. The relative ail~ounts of the 
decomposition and isoinerization products are given in Table 111, taking in each case 

TABLE 111 
Relative amounts of products in absence and presence of 0 2  (cis-C?HzD? taken as unity) 

Pressure (cm) Products 

Run Total C?H2D? 0 2 Cis Asym. Acetylene 

cis-C2H2D? as unity. Apart from the large experimental error, it is evident that the 
relative procluct fractioi~s of asym, cis, and of acetylene are grossly unalterecl by the 
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presence of 0 2 ,  relative to  runs a t  the same total pressure of pure ethylene. This nieails 
either that  chemical deactivation of T" and E'Qy 0 2  cannot be occurring significantly, 
since the cis- plus asym-ethylene product percentages should then decline relatively, or 
that  if cis ancl asymmetric production is inhibited by 0 2  then the acetylene product A'!: 
is similarly destroyed. Tliat  tlie latter explanatioii is required is evident from Table 11. 
The percentage difference of the nornlalized yields of products in the presence of oxygen 
froiii those obtained under comparable conditions witli pure ethylene should be com- 
pared witli the calculated ~naxiniui l~ possible difference in tlie last column. The latter 
has been obtained by correcting for tlie quenching of the excited mercury atolns by 0 2  

(with use of the ratio 13:2A7 as  a iiiean of several possible values for the relative quenching 
cross sections of O?:C?Ha) and assuming unit clie~nical quenching efficiency for 0 2 .  

The comparison shows that  0 2  has considerable efficiency per collision for inhibition 
of tlie formation ol  the products, i.e., for reaction witli T":, E", and A'! The  da ta  show 
large and apparently random error and fluctuations but  the preceding conclusion seems 
justified. 

The  efficie1ic)r of ethylene for deactivation of the excited state has heretofore referred 
only to vibrational de-excitation (8, 9). The considerable chemical quenching efficiency 
of O2 demands that  ethylene be efficient for electronic de-excitation as well. Of course, 
all statements of efficiency are relative, only ethylene and O2 being compared. 

Isomerization of Bz~tenes 
A related finding is an  isolated experiment wherein the Hg(3P1) photosensitized isomeri- 

zatio~i of cis-butene-2 a t  25' and 2 a t ~ n  total pressure was not co~npletely inhibited with 
20% oxygen, although all characteristic radical products were eliminated. 

In the Hg(3P1) photosensitized iso~nerization of butene-l (13), another triplet process, 
the addition of 6% of Os to the system reduced significantly, but  did not completely 
inhibit, the isomerization to n~ethylcyclopropane. 

Conclusion 
In  the above reactions, there is good evidence for chemical removal of triplet-state 

n~olecules by 0 2 .  A fact worth stressing, however, is that  tlie Inere presence of 02, in 
amounts enormously greater than trace, does not necessarily conipletely inhibit reaction 
in these examples where triplet mechanisms are believed t o  occur. The inefficiency of 
oxygen in this respect may in large part be due to very fast competing unimolecular or 
collision-induced reactions of tlie excited species, and in part ,  depending upon circum- 
stances, due to sonle inefficiency of chemical reaction of oxygen with triplet species. Since 
1nethp.1 radicals and nitric oxide, for example, are fairly inefficient (14) for recombination, 
this latter finding need not be considered exceptional in nature. 

High Press,ures and Product Yield 
In the course of this work a t  high pressures, the authors reverted to very small reactors 

which were tubes of diameter 1 and 4 mm. In experiments with trans-ethylene-dz, under 
conditions of constant vessel size and irradiation, it was found tha t  although the yield 
of cis products was roughly constant fro111 0.2-1 atm ( l l ) ,  it declined markedly a t  pressures 
above 2 atm.  The results in these vessels are interpreted t o  mean inefficient absorption 
of tlie resonance radiation a t  the higher pressure, due to line shift and pressure broadeiiirlg 
(15). A similar result was also found with cis-butene-2 (1 atm) and added nitrogen, 

7Tlzis nuvzber i s  obtained by conzparison zuitlz the original data on oxygen of Zemansky (7). Some confilse'o?~ 
on the oxygen base, which exists i n  tlze literature, will be discz~ssed by one of u s  (R. J .  C., Progr. i n  Chem. Kinet . ,  
to be pubhished). 
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although in careful experiments with similar cis-butene-2-Nz mixtures, in a vessel of 
diameter 5 cm, no such decline occurred a t  nitrogen pressures up to 4 atm-as is reasonable 
in view of the longer light path. 

We call attention to this difficulty as a reminder to others who may work a t  high 
pressure. 
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INTRODUCTION 

In a survey of reactions between tetrarnethyltetrazene (TMT) and aluminum allryls 
published recently (I) we reported a complex, for which elemental analysis i~nplied the 
forillula AI(NMe2)3. However, the physical properties of this material did not agree with 
those published by other authors (2, 3,  4). 

Further study of the reaction between tetrjmethyltetrazene and trimethylalumi~~um 
has shown that AI(NNIe2)a is not formed, but rather the simple 1 : l  adduct, Me3Al:Mes 
NN=NNMez, and the other products obtained, i.e. h/Ie2AI-NMe2 and a red poly~ner 
do not arise from a second reaction route as  proposed (I),  but only from the decompositio~l 
of this adduct. Not only have i\ilezAl-NMe2 and red polymer been obtained from 
decomposition under mild conditions, but nitrogen, tetramethyltetrazene, and sinall 
quantities of methyl azide and methane were also obtained. 
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The Me3AI:Me2NN=Ni%i\/Ie2 adduct reacts quantitatively with trimethylamine to  
for111 Me,Al:NMe, and the free tetralnethyltetrazene; reaction with D?O gives rise to  

,CH3 

the expected allloullt of CHaD required for the Al-CH3 moiety. The  proton resonance 

spectrum of the adduct shows that  i t  is sylllmetrically bonded to the alurniilurn atom in 
a unique "cyclic" structure. 

EXPERIMENTAL 
Apparatzis and Reagents 

The apparatus and starting materials employed have been described previously (1, 5). The elemental 
analyses were performed by the Schwarzkopf Microanalytical Laboratory, IVoodside, New York. 

-V. 1M.R. Spectra 
The proton resonance spectra were obtained with a Varian Associates Model V-4302 Spectrometer a t  60 

&Ic. 'The samples containing 107; by weight of benzene for internal reference purposes were vacuum sealed 
into 5 -n~m Pyrex tubes and maintained a t  -15' C before spectra were taken a t  room temperature. 

Reactiofz of Tetrametlzyltetrazene with Trimetlaylaluminum at  2n" C 
By means of vacuum transfer, 2.78 g (24.0 mmoles) of tetramethyltetrazene was added to a 50-in1 flask 

containing 1.71 g (23.8 mmoles) of Menill dissolved in 25 ml of n-heptane. After transfer, the mixture was 
allowed to warm from - 196' C to room temperature and it then stood a t  approximately 25' C for 36 hours. 
Apparently a period of 20 hours is required for completion of this reaction, for if the solvent is removed 
shortly after the mixture reaches room temperature, a violent explosion will follow. During this period the 
mixture acquired a faint yellow color. The solvent and any excess T M T  were removed i n  aacuo and the re- 
maining liquid vacuum transferred ~ ~ n d e r  high vacuum a t  room temperature. A -15' C cold finger was 
placed in the vacuum system to trap any hIenAl-NMe? that  formed and the collection flask was main- 
tained a t  -78' C. Along with the liquid complex, 0.05 g of 1\/Ie?AI-NMe? and 0.48 g of red residue were 
obtained. 

By raising the temperature of the collection Rask to -30°C and pumping through a -196' C trap a 
trace of methyl azide, heptane, and 'TMT was also obtained. The methyl azide was characterized by 
comparison of the recovered gas with infrared spectrum of an  authentic sample as published by Pierson, 
Fletcher, and Gantz (6). 

Although the distilled complex was slightly yellow, a yield of approximately 80 rnoleC;.b was obtained. 
By distilling it again under the conditions described above, a clear colorless liquid was obtained. This material 
turns slowly yellow a t  room temperature, but  may be stored for a t  least 2 months a t  -10' C without 
discoloration. Because of its instability, elemental analysis of the complex is difficult; however, an  analysis 
of a freshly distilled sample gave results which are in fair agreeinent with the empirical formula 
Me3Al:Me2NN=NN1\/Ie?. Anal. Calc. for C~HBINIAI: C, 44.65; 11, 11.24; N, 29.76; ill, 14.32. Found: C, 
41.32; H, 11.95; X, 27.13; Al, 13.93. 

Reaction of llle3Al:iVfezNiV=AiViVVi11e~ with Tri~nethylamine 
In order to elucidate the analysis given above, 4.92 mmoles of trimethylainine was condensed on 0.407 

g (2.16 inmoles) of Me3rZI:Me?NW=NNi\iIe? a t  -196' C. The mixture was allowed to warm to room tern- 
perature (25' C) and stand overnight. The reaction was quantitative* with the consun~ption of 2.5 mmoles 
of trilnethylamine and the forination of white crystals. The crystals were vacuum sublimed a t  50' C and the 
sublimate proved from its melting point (100-103" C)  and infrared spectrum to be h I e 3 A l : N M  Although 
some was lost during purification, approximately 0.2 g of T M T  was recovered. 

The reaction is then: 
25" C 

i\iIe3Al:Me?NN=NNMe? + N;\Ie3 - MeJAI:Nh,Iea + RIIe?NN=NNMe?. 

Reaction of ilfeIAl:ille?N-iV=-ViVi\.fe~ with Deuterium Oxide 
Treatment of 0.514 g (3.23 mmoles) of Me3AI:hIe~NN=NNMe~ with an  excess of DzO resulted in evolu- 

tion of a gas (213 cc STP)  which proved to be CHID by infrared and mass spectrolnetric examination. 
/CH3 

These results indicate three aluminum-carbon bonds exist in the structural moiety AI-CH3 (Al/C: Calc. 

\CH, 
1:3, found 1:2.01) and supports the 1:l  adduct structure. 

*The  slightly high value for tlze ~ V d f e ,  consu~ned (calc. 21 nz?nole) naay be accounted for by the presence of T iMT.  
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Proton Resonance Stzldies of llte3Al:iCfe?iVN=NNMeZ 
The n.m.r. spectrum (Fig. 1) shows two sharp peaks in the ratio of approxi~nately 4:3 and with chemica 1 

shifts (in tau values) of 7.25 and 10.83 p.p.m. The larger, low-field peal; represents all N-protons and the 
other all Al-protons. il'eak lines representing decon~position products appear even in the freshly prepared 
material and increase with time a t  room temperature. 

I t  should be noted that  both N-methyl and Al-methyl chemical shifts are close to those of the uncomplexed 
compou~lds. The shift of T M T  is 7.21 p.p.m. and Groenewage et al. (7) have reported a shift of 10.69 p.p.m. 
for the non-bridging methyls in trimethylaluminum dimer and 9.59 p.p.m. for the bridge methyls. The small 
difference between these values and those observed for the complex suggests only weak dative bonds between 
WIeJil and TWIT. 

FIG. 1. 9 .M.R.  spectrum of i\/Ie3.41:hle?SS=NNPIe2. 

Pyrolysis of ll~e'e:~lZ:i\fe2N1V=NNMe~ 
T o  determine whether the compounds obtained in the reaction a t  SOo C resulted from the decomposition 

of i\/Ie3XI:&Ie??NN=N;\I and not from an interaction of the starting materials and to obtain an  exact 
mass balance of decomposition products, 0.416 g (3.31 mmoles) of the con~plex mas heated under vacuum 
a t  90" C for 18 hours. At the end of this period, gas evolution had ceased and the decomposition was assumed 
to be finished. In Table I are listed the quantities of materials obtained. The 0.050-g discrepancy bet\veen the 
startingweight of complex and the total recovered may be accou~lted for by the presence of a trace of stopcock 
grease in the flasl; containing the red residue. 

I 

TABLE I 

Pyrolysis proclucts of Me?.-\l:h~Ie?NN=NN&Ie? 

Compound g Yield (wt. %) mmoles 

~ e d  polymer - 0.1007 45.7 - 

TotaI 0.4659 

DISCUSSIOS 

I t  may be seen from the data presented above that the reaction schenle originally 
proposed for this reaction (1) does not proceed via multiple routes; instead, all of the 
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NOTES 2187 

products obtained originate from the deconlposition of an intermediate, l/IelA1:Me2NN= 
NNMe2. This complex is stable enough a t  rooin temperature that it lnay be purified by 
vacuum transfer but it  must be maintained near -10" C for prolonged storage. At 
room temperature the conlplex decomposes slowly over a period of weelts and a t  90" C 
is 8OY0 decomposed within an hour. I11 our first report of this reaction (1) a distillation 
temperature of 40" C was enlployed which was high enough to cause decomposition such 
that approximately equal amounts of Me3Al:hiIe2NN=NN&, i\ile2Al-NMe2, and red 
polyiner were recovered. 

The  two earlier elemental analyses ( I )  of the co~nplex which agreed closely with the 
empirical formula for AI(NMe2)3 appear to have been fortuitous, i.e., the two sa~nples 
had decomposed about the same degree before analysis. Even the freshly prepared 
sample, whose analysis is given above, has low nitrogen and carbon values, indicating 
some decomposition had occurred in the few days required to ship the sanlple to the 
analyst. 

Subsequent analyses of the red polyn~er indicate that coinposition varies considerably 
and nothing can be said about its constitution a t  this point except that it contains 
hydrolyzable methyl groups, a l u i ~ ~ i n u n ~ ,  and nitrogen. A sample of polyiner was hydro- 
lyzed with D 2 0  to see if -A1CH2A1- bonding was present; however, only CH3D was 
obtained, indicating only teriniilal A1-CH3 groups. Also, because the conlposition of 
the polymer is not known, it  is difficult to fully elucidate the inecl~anis~n of pyrolysis. 

I-Iowever, the presence of methyl azide and Me2Al-Ni\iIe?, along with the proton 
resonance spectrum shown above, gives a clue to the structure of the complex. The  
n.m.r. spectrum of freshly prepared Me3Al:Me2NN=NNllIe2 is surprisingly simple 
with one pealt a t  7.2.5 p.p.m. upfield (benzene is talten as 2.73 p.p.111.) representing the 
protons 011 nitrogen methyl groups and another pealt a t  10.82 p.p.111. upfield representing 
the protons on aluminum methyl groups. The  N-proton and Al-proton peaks are in the 
expected four to three ratio and their singularity indicates that N-protons are in an 
equivalent ~nagnetic environment as are all Al-protons. I t  should also be noted that the 
inolecular weight values (cryoscopic) of 193 and 199 obtained earlier (1) agree closely 
with that calculated for monomeric MeaAl:iVte2NN=NNh/Ie2 (calc. 188.2). 

A~nong the possible structures, Fig. 2 satisfies the n.1n.r. data, and further, if asym- 
metric cleavage occurs, appears a reasonable precursor to the pyrolysis products 1~1e~AI- 
NhlIe2 and nlethyl azide. Further work is in progress. 
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EXOCELLULAR BACTERIAL POLYSACCHARIDE FROM 
XANTHOMONAS CAMPESTRIS NRRL B-1459 

PART 11. LINKAGE OF THE PYRUVIC ACID 

Recently it was reported that the polysaccharide produced by the bacterium Xantho- 
monas campestris NRRL B-1450 coiltai~ls 3.0-3.570 pyruvic acid (1). Previously, the 
only other polysaccharide reported to co~l ta i~l  pyruvic acid as a constituent was a com- 
mercial red seaweed agar, which is co~nposed of D-galactose, 3,G-anhydro-L-galactose, and 
1% pyruvic acid attached to D-galactose as a 4,6-0-(I-carboxyethylidene) group (2). 
Polysaccharide B-1459 contains, in addition to pyruvic acid, D-glucose, D-mannose, 
D-glucuronic acid, and acetyl in the ratio 2.8:3.0:2.0:1.7 (3). ~ x ~ e r i ~ n e n t a l  evidence 
presented here indicates that the pyruvic acid in polysaccharide B-1450 is attached to 
certain of the glucose residues also by a 4,G-0-(I-carboxyethylidene) linlrage. 

EXPERIMENTAL 
111 order to isolate a cornpound tha t  contained ppruvate, the polysaccharide was degraded by the  technique 

of periodate oxidation and sodium borohydride reduction, followed by mild acid hydrolysis (4). This pro- 
cedure hydrolyzes the acetal bond of periodate-oxidized glycosides without apparent cleavage of the ppruvate 
bond. 

A 1.5-g sample of polysaccharide B-1459, which had consumed 1.2 moles of sodium ~lletaperiodate per 
sugar unit and had been reduced with sodium borohydride, was hydrolyzed in 1 N hydrochloric acid for 
24 hours a t  room temperature. The  neutralized hydrolyzate was fractionated on a Dowex 1-X4, 300-mesh 
acetate column ( 2 x 4 0  cm) by exponential gradient elution starting with 1500 ml of water in the mixing 
chamber and in t roduci~~g 3 N acetic acid. A fraction was obtained between 2.90 and 3.25 liters of effluent 
tha t  contained 50% of the pyruvic acid applied. The fraction was lyophilized to dryness and the  residue 
was neutralized with s a t ~ ~ r a t e d  barium hydroxide. The  barium salt, precipitated as  a soft gel fro111 7Oy0 
ethanol upon addition of acetone, formed a white amorphous powder when dried. Calc. for (C,HllOs)?Ba: 
C, 33.7%; H, 4.2'7%; Ba, 26.4%. Found: C, 33.1y0; H ,  4.77%; Ba, 26.2%. The compound was not  oxidized 
by periodate even under strong oxidation conditions. However, LIPOII acid hydrolysis (1 N hydrochloric acid 
for 3 hours a t  100' C) i t  was degraded to  pyruvic acid and erythritol as  shown by paper chromatography. 
Quantitative analysis (1, 5) of these products revealed tha t  they are in a 1 : l  ratio. 

RESULTS A N D  DISCUSSION 

The combi~led evidence indicates that the compound isolated fro111 polysaccharide 
B-1459 is the barium salt of 1,3-0-(1-carboxyethy1idene)-erythritol (11). The infrared 
and nuclear ~llag~letic resonance spectra support this structure. In potassiunl bronlide 
the infrared spectrum displays strong carboxyl ion absorption bands a t  6.2 and 7.1 M. 
Also, two strong bands are present a t  8.5 and 0.4 1. These bands are reported to be 
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chamber and in t roduci~~g 3 N acetic acid. A fraction was obtained between 2.90 and 3.25 liters of effluent 
tha t  contained 50% of the pyruvic acid applied. The fraction was lyophilized to dryness and the  residue 
was neutralized with s a t ~ ~ r a t e d  barium hydroxide. The  barium salt, precipitated as  a soft gel fro111 7Oy0 
ethanol upon addition of acetone, formed a white amorphous powder when dried. Calc. for (C,HllOs)?Ba: 
C, 33.7%; H, 4.2'7%; Ba, 26.4%. Found: C, 33.1y0; H ,  4.77%; Ba, 26.2%. The compound was not  oxidized 
by periodate even under strong oxidation conditions. However, LIPOII acid hydrolysis (1 N hydrochloric acid 
for 3 hours a t  100' C) i t  was degraded to  pyruvic acid and erythritol as  shown by paper chromatography. 
Quantitative analysis (1, 5) of these products revealed tha t  they are in a 1 : l  ratio. 

RESULTS A N D  DISCUSSION 

The combi~led evidence indicates that the compound isolated fro111 polysaccharide 
B-1459 is the barium salt of 1,3-0-(1-carboxyethy1idene)-erythritol (11). The infrared 
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NOTES 

(I 1 
R = Polysoccharide muin choin 

* = C o n f i g u r ~ l i o n  unknown 

characteristic of a cyclic structure containing a -C-0-C-0-C- group (6). The 
n.m.r. spectrum shows several hydrogen resonances: CH3 a t  86, -CH-0 and -CH2-0 
a t  218 and 226, and -OH a t  332 c.p.s. ((CH3)3Si(CH2)3S03H reference). 

The erythritol that  for~ned on hydrolysis of periodate-oxidized borohydride-reduced 
polysaccharide B-1459 call be derived only from the glucose lnoiety (7). Therefore, 
since the isolated pyruvate is bound to erythritol, i t  lnust be bound to  glucose originally 
in the intact polymer. The pyruvate ltetal of erythritol (11) can the11 arise under the 
conditions described from a glucose residue bearing pyruvic acid as  a 4,G-0-(1-carboxy- 
ethylidene) group (I) provided that  glucose exists as a side-chain unit. 
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SYNTHESIS AND PROPERTIES OF HOMOTAURINE 

In the course of recent i~lvestigations in this laboratory, it became necessary to  prepare 
homotaurine. The methods used were similar to those enlployed by RiIarvel et al. ( I )  
(method I ) ,  and by Cortese (2) (method 11) for the synthesis of taurine. The  first method 
involved the preparation of 3-bromo-1-propanesulphoi~ic acid followed by its a~l l~no~lolysis  
t o  homotaurine, while in the second method, 3-bromopropylamine hydrobromide was 
first prepared, and it was then converted to  hornotaurine according to reaction 1: 

HOCH2CI12CH2NH2 + HBr --t BrCH?CH?CH?NH3Br, 
Reaction 1 

BrCH2CH?CH?NH3Br f Na2S03 --t HOsSCH2CH?CHzXH2 f 2NaBr. 
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Both methods were found to work satisfactorily. I-Iowever, since method I was not 
studied in detail, only method I1 will be described. 

EXPERIMENTAL 
3-Bronzopropyln~itinc hydi.obro~nide.-Twent>r-five grams (0.33 mole) of ice-cold 3-amino-1-propanol was 

added, through a dropping f~unnel, with vigorous stirring, to 175 ml (1.3 mo1e)of ice-cold hyclrobrornic acid in 
a 500-1111 round-bottom flask. The flask was attached to a fractionatingcolumnand heated so that thesolution 
refluxed with only a snlall portion of the liquid distilling off. This was continued for 16-18 hours, by which 
time about 125-130 rnl of distillate had been collected and white fumes were starting to be given off. The  
distillation was discontinued a t  this point and the liquid was allowed to cool to about 70°. The hot mixture 
was poured into a beaker and 80 ml of acetone was added with stirring. The mixture was lcept a t  4O C 
overnight and the crystals of 3-bromopropylamine hydrobromide were collected on a filter and washed with 
acetone until colorless. The combined filtrate was concentrated under a vacuum and cooled, after it was 
seeded with a few crystals of the product. Thus,  a second crop of the product was obtained. A third crop of 
less pure product could also be obtained. The total yield was 43.7 g (0.199 mole), 60.3y0 of the theoretical. 

fIomota~~i.ine.-About 32.9 g (0.15 mole) of 3-bromopropylamine hydrobromide and 26 g (0.2 mole) of 
anhydrous sodiiim sulphite were dissolved in 95 ml of water. The ~nixture was concentrated on a hot plate 
(low heat) to a nearly dry cake; 24 hours were required for this operation. The residual cake was ~vell tritu- 
rated with 60 ml of concentrated HCI and the mixture filtered off on an asbestos mat. The solid on the mat 
was washed with ten 6-1111 portions of concentrated HC1. The combined liltrate was concentrated to about 
25 1111 over a free fame. Then 95 1111 of 05% ethanol was added to the hot solutio~l with vigorous stirring and 
the inixtl~re was allo~ved to cool. The precipitated crude product was filtered off. The crude product was 
dissolved in four times its weight of hot water, the water boiled with 1 g of Norite, the nlisture filterecl while 
hot, and the filtrate inised with live volumes of ethanol. When the filtrate was cooled, fine crystals of 
hoinotaurine were obtained. The product was filtered and dried in a V ~ C U L I I I I  desiccator. The total yield was 
13.76 g (66%). The product gave only one ninhyclrin spot on chromatographing in several solvents and had 
different Xi values than the chc~nicals from which it was synthesized. I t  decomposed a t  about 282-283" C. 
The product was found to be hygroscopic. Anal. Calc. for C31-1803NS: C, 25.86; H, 6.53; X, 10.00; S ,  23.03. 
Found: C, 26.14; H, 6.61; N, 0.75; S ,  23.24. 

FIG. 1. Infrared spectra of taurine arid honlotaurine. I iBr pellet. 
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NOTES 2191 

Infrared spectta of tazrri~te and Ito~~zotat~rine.-Figure 1 shows the infrared spectra of taurine and homo- 
taurine. The series of low-intensity bands lying in the region from 3000-2-100 cin-' indicate the presence of 
a n  amino group. Two peaks near 1200-1160 cm-I and 1050-1025 cm-I, respectively, represent the presence 
of a sulphonic acid group. 

Paper chrotnatograplty and paper electropltoresis of tazrrine and honzotazrrine.-Taurine and homotaurine, 
a s  indicated in Table I ,  have nearly identical R, values in the solvent systeins studied. Homotaurine can 
easily be distinguished froin taurine, however, hy paper electrophoresis, although the behavior of these two 
compounds is peculiar in a way. When 0.05 iV NH4OH (pH 10.95) solution was used as  the electrolyte, 
taurine rnoved faster than homotaurine towards the anode. But when other basic solutions such as  phosphate 
buffer and sodium hydroxide solution of the same pH, 10.95, were used these two compounds failed to  sepa- 
rate from each other. On the other hand, use of a solution containing 0.001 equivalent of NaOH and 0.05 
equivalent of N H 4 0 H  per liter (final pH,  11.2) gave a clear separation of the two compo~~nds.  The  results 
are noted in Table I. No. 3 Whatman paper was used as the supporting medium. 

Paper chromatographic and electrophoretic data of ta~rrine and hornotaurine 

Electrophoresis R, in solveniL 
cm/1000 volts hour, 

0.05 N N H 4 0 H  + 0.001 iV KaOI-I, pH 11.2 t1 B C D E 
- - - 

Taurine 8-8.2 0 .10  0 .28  0 .40 0 .41  0 . 4 3  
I-Iomotaurine 3-3.3 0.09 0 .26 0 .48  0 .30 0 . 4 1  

*A: Butanol - acetic acid -water (.1:1:1); B: isoprupar~ol - amlnoniuln hydroxide - water (S:l:l); 
C: rnethanol-butanol-1~e1~ze~ie-~rater (":1:1:1); D: isohutyric acid - 0.5 .V arn~noniurn hydroxide (53);  
E: butanol-pyridine-water (1:l:l). 
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THERMAL DECOMPOSITION OF SODIUR.1 AZIDE CRYSTALS 

A study of the lci~letics of thermal decomposition of sodium azide single crystals recently 
carried out in this laboratory has revealed some novel results on the progress ol clecompo- 
sition through the crystal. 

Single crystals, transparent and colorless, of sodium azide in the form of platelets 
were obtained by crystallization from aqueous solution. Technical grade sodium azide 
was dissolved in distilled water and filtered. The solution was saturated by slow evapora- 
tion a t  45-50' C and allowed to cool slowly (3-4 hours) to room temperature. The crystals 
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NOTES 2191 

Infrared spectta of tazrri~te and Ito~~zotat~rine.-Figure 1 shows the infrared spectra of taurine and homo- 
taurine. The series of low-intensity bands lying in the region from 3000-2-100 cin-' indicate the presence of 
a n  amino group. Two peaks near 1200-1160 cm-I and 1050-1025 cm-I, respectively, represent the presence 
of a sulphonic acid group. 

Paper chrotnatograplty and paper electropltoresis of tazrrine and honzotazrrine.-Taurine and homotaurine, 
a s  indicated in Table I ,  have nearly identical R, values in the solvent systeins studied. Homotaurine can 
easily be distinguished froin taurine, however, hy paper electrophoresis, although the behavior of these two 
compounds is peculiar in a way. When 0.05 iV NH4OH (pH 10.95) solution was used as  the electrolyte, 
taurine rnoved faster than homotaurine towards the anode. But when other basic solutions such as  phosphate 
buffer and sodium hydroxide solution of the same pH, 10.95, were used these two compounds failed to  sepa- 
rate from each other. On the other hand, use of a solution containing 0.001 equivalent of NaOH and 0.05 
equivalent of N H 4 0 H  per liter (final pH,  11.2) gave a clear separation of the two compo~~nds.  The  results 
are noted in Table I. No. 3 Whatman paper was used as the supporting medium. 

Paper chromatographic and electrophoretic data of ta~rrine and hornotaurine 

Electrophoresis R, in solveniL 
cm/1000 volts hour, 

0.05 N N H 4 0 H  + 0.001 iV KaOI-I, pH 11.2 t1 B C D E 
- - - 

Taurine 8-8.2 0 .10  0 .28  0 .40 0 .41  0 . 4 3  
I-Iomotaurine 3-3.3 0.09 0 .26 0 .48  0 .30 0 . 4 1  

*A: Butanol - acetic acid -water (.1:1:1); B: isoprupar~ol - amlnoniuln hydroxide - water (S:l:l); 
C: rnethanol-butanol-1~e1~ze~ie-~rater (":1:1:1); D: isohutyric acid - 0.5 .V arn~noniurn hydroxide (53);  
E: butanol-pyridine-water (1:l:l). 
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THERMAL DECOMPOSITION OF SODIUR.1 AZIDE CRYSTALS 

A study of the lci~letics of thermal decomposition of sodium azide single crystals recently 
carried out in this laboratory has revealed some novel results on the progress ol clecompo- 
sition through the crystal. 

Single crystals, transparent and colorless, of sodium azide in the form of platelets 
were obtained by crystallization from aqueous solution. Technical grade sodium azide 
was dissolved in distilled water and filtered. The solution was saturated by slow evapora- 
tion a t  45-50' C and allowed to cool slowly (3-4 hours) to room temperature. The crystals 

*On leave of absence front St. Francis Xauiei. University, Anti,oonislr, Nova Scotia, and holder of a iVA TO 
Overseas Fellowslzip. 

Canadian Journal of Chemistry. Volume -10 (1963) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2192 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1962 

were recovered by filtration, dried, and stored in a desiccator with PtO6. These crystals 
had the c-axis parallel to the plane of the plate. 

A single crystal of sodium azide was selected froin the batch of crystals, weighed, and 
placed in a quartz bucket. The bucket, with the crystal, was suspended in a conventional 
vacuuim system and degassed a t  rooill temperature. Under a final holding vacuum of 
2XlOV mi11 Hg the bucket was lowered into the furnace a t  the required temperature. 

The progress of the reaction was followed with a Pirani gauge coilnected to a Fielden 
Servograph previously calibrated with a McLeod gauge. After a fraction of the crystal 
had decomposed, the crystal was withdrawn and examined with a illicroscope and photo- 
graphed. 

Figure 1 shows a photograph by reflected light of a crystal partially decoinposed a t  
275" C in vacuum. I t  is evident that decomposition begins on preferred crystallographic 
faces and moves towards the center of the crystal. The relative rates of reaction on the 
various edges can be judged by the amount of white residue. The white residue is porous 
in structure and cheillically identical with the original salt. The other significant features 
to be noted are the sharp purple line of demarcation a t  the undecomposed azide and white 
residue interface and the absence of reaction on the surface except for a few imperfect 
surface growths. 

The experimental results for the rate of decoillposition of NaN3 crystals fall approxi- 
nlately into three temperature regions: ( a )  low temperature, below 300" C, where the 
rate follows, after a rapid initial stage (ca. 5%), a linear relation, leaving a white residue 
in the shape of the original crystal; curve I of Fig. 2;  (b) medium temperature, 300-345" C, 

FIG. 2. Rate  versus time curves a t  different temperatures. 

where the rate is of the commoi~ sigmoid type, leaving a white residue; and finally (c) 
high temperature, above 350" C, where the decoillposition follows two different linear 
rates, the latter being 100 times faster than the first, with no detectable residue; curve I1 
of Fig. 2. 

A inore detailed account of this work will be reported later and these results will be 
discussed in the light of the early data  011 NaW3 thermal decomposition ( I )  and the 
parallel case of ammonium perchlorate (2). 

The author is indebted to the National Research Couilcil of Canada for the anrard of a 
NATO Overseas Fellowship, to Dr. F. P. Bowden for providing laboratory facilities, 
and to Dr. A. Yoffe for helpful discussions. 
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FIG. I .  I'hotograph (X2O) of partially tlcconlposcd Sax3 crystal showi~lg \\-hitc residue and central 
uncleco~nposed crystal \vith p ~ ~ r p l e  line a t  interface. 
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THERMAL DECOMPOSITION OF MOLECULAR COMPLEXES 

I. UREA-n-PARAFFIN INCLUSION COMPOUNDSL 

Department of Chewzistry, Olztario Research Foundation, Toronto, Ontario 
Received July 16, 1962 

ABSTRACT 
The molecular co~llpleses of urea and even-numbered n-paraffins LIP to C,s ~ ~ n d e r g o  thermal 

decomposition below the melting point of urea a t  temperatures which increase with the 
n-paraffin chain length. The decomposition is endothermal and is accompanied by  changes 
in crystal structure, appearance, and by loss of the n-paraffin. Based on the enthalpy change 
a mechanism for the decon~position process is proposed. 

The  variety of molecular co~nplexes now lc~lowll provides the means for examining Inally 
molecules of different size and shape in an environment more or less isolated from others 
of their own ltind. Within the canals which penetrate the structure of urea inclusion 
compounds, long-chain guest molecules are longitudinally isolated from one another by 
the canal walls bu t  are permitted end-group interactions between successive chains, 
affording a means for comparing these interactions in different homologous series through 
their contribution to  the thermal stability of the complex. 

The  decomposition of urea i~lclusioll co~llpoullds a t  temperatures below the melting 
point of urea was first observed by Knight et al. (1) as  a darlcening of the normally trans- 
lucent complex crystal when heated a t  a slow rate on a hot-stage microscope. T h e  tempera- 
ture a t  which darltening first occurred could be reprocluced usually to  &l.S0 C provided 
optically suitable crystals were examined. For members of several homologous series the 
decomposition temperatures of the correspollding urea colllplexes were found to  increase 
linearly with chain length up to  about 18 carbon atoms. The  thermal decomposition of 
the urea-n-paraffin series of complexes was not studied in this work, although a partial 
examination was made by Yata  (Z), who claimed values similar to  those for the methyl 
esters reported by Knight. The decomposition of the even-numbered urea-n-paraffin 
complexes has been studied using differential thermal analysis (3-6), in which the samples 
were generally contaminated with free n-paraffin, and a discontinuity in the decomposition 
temperature -chain length curve was indicated in the vicinity of CIS to  CZo. The  present 
paper deals with the thermal decomposition of urea complexes of even-numbered 
n-paraffins in greater detail than previously, illcludillg an exalnillatioll of the decomposi- 
tion mechanisll~. Subsequent papers will describe the decornpositioll of other series of 
complexes in which there is increasing end-group interaction between successive guest 
molecules. 

'These results were presented k part a t  the 138th and 141st Meetings of the American Chemical Society. 

Canadian Journal of Chemistry. Volume 40 (1062) 
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EXPERIMENTAL METHODS 

Preparaliott of Co?r~plexes 
The n-paraffins from Clo to Cis inclusive were fractionally distilled before use; C ~ O ,  C??, and C?g were 

Eastman white label grade (or equivalent) used without further purification; Cz4 and C2g were research 
samples supplied by Anlerican Petroleum Institute Project 42. Other materials were reagent grade. 

T o  prepare the complexes 5 g urea was dissolved in 20 g methanol, and 1 g n-paraffin added a t  root11 
temperature. The mixture was \\armed to 65' C and isopropanol added until the solution \\,as homogeneous. 
On slow cooling crystallization of the colnplex was largely complete a t  temperatures above the melting 
point of the respective pure n-paraffin. The complex was filtered under suction and air-dried. 

Viszlal iliTicroscopy 
The deco~npositio~l temperatures of the complexes were observed using polarized light and a calibrated 

Icofler micro hot-stage. The technique \\.as similar to that of Knight et e l .  ( I ) ,  a thin glass slide being 
substituted for the copper slide. A heating rate of 0.5" C niin-1 was used to within 5" C of the decomposition 
temperature and reduced to 0.2" C mill-' thereafter. Results were generally reproducible to better than . 
f lo C over the multiple determinations made during a single heating period, provided careful selection 
of crystals was made initially. Slower heating rates did not improve this reproducibility. The average 
temperature a t  which opacity was first clearly distinguished was talien as the visual decomposition teinpera- 
ture, although the subjective evaluation of this point varied somewhat between operators. 

X - R a y  Diffraction 
The presence of the hexagonal urea comples lattice was confirmed for all complexes by Debye-Scherrer 

powder patterns obtained using Cu Kor radiation nlith a nickel filter. 
Using a specially designed glancing-angle X-ray diffraction camera, containing a small copper blocli nrhich 

could be held a t  a controlled temperature, it was possible to confirnm the destruction of the hexagonal lattice 
a t  the decomposition temperature. A 0.5-mm lead-free glass capillary, open a t  one end, containing the complex 
was mounted on the copper block and a diffraction pattern obtained. I t  was then heated to a few degrees 
above the decomposition temperature and a second pattern obtained. The block \\-as returned to room 
temperature before obtaining a final pattern. 

Dzyerential Tlzermal Ana lys i s  ( D T A )  
Part  of this work was carried out on an instrument described earlier (7). Subsequently, a second instrument 

was co~lstructed employing a horizontal furnace wound with 15-gauge Icanthal .-I wire, rna~~ual ly  pro- 
grammed by twin Variacs in series, and a palladium blocli having separate cavities for sample and reference 
material. The  ternperature of a thermal event mas that of the block a t  that instant, measured on a calibrated 
potentiometric recorder. The differential temperature was sensed by a pair of Pt-Pt/l3% Rh thermo- 
couples amplified by a stabilized microvolt amplifier and displayed on a second recorder. Pnder normal 
operating conditions a sensitivity equivalent to  0.8 pv cm-1 of chart was used, although higher sensitivities 
were obtainable. 

Sa~nples nrere ground to pass a 325-mesh screen and diluted to  20% by weight ill ignited or-alumina, which 
was also used as  reference material. 

Tlzermogra-di~netric Ana lys i s  ( T G A )  
A manually operated thermobalance \\,as constructed from a standard analytical balance and a furnace 

of the same type as  used in the DTri studies. The vertical core of this furnace was flushed with a preheated 
dry  nitrogen stream a t  50 cc win-' and the appropriate buoyancy-temperati~re corrections made. A manually 
progra~n~ned heating rate of lo C min-I was used. 

The sample holder was of the open-pan variety described by Garn and Iccssler (8) with provisio~i for 
measuring the pan temperature rather than that of the furnace. .4pproximately 0.3 g of - 100 mesh complex 
was spread evenly over the pan to  a depth of 2-3 mm.  Weighings \\,ere made a t  1" C intervals in sample 
blocB temperature. 

RESULTS 

Visual Decomposition Tenzperat ure 
Average decornposit io~~ temperatures determined by  the inethod of I<night cf al. (1) 

are given in Table I together with the  standard deviation in each case. Two sets of 
complexes were prepared, one of which was recrystallized from a methanol-isopropanol 
mixture containing a small amount  of urea. T h e  observed decomposition temperatures 
agreed within the standard deviation of a single sample so tha t  recrystallization appears 
to  have little effect on sample purity. 

Although conlplexes decoillposing above 120" C were illcreasillgly difficult t o  observe 
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I:IG. 1. l)eb)e-Schcrrer po\\tler patterns of thc tetragonal urea ( ( I )  nntl the l ~ c x a g o ~ ~ a l  Llrea c o l ~ ~ p l c s  
1,llticc ( b ) .  
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McADIE: THERMAL DECOMPOSITION OF COMPLEXES 2197 

TABLE I 
Decomposition temperatures of urea-n-paraffin inclusion compounds (" C) 

Carbon chain DTA D'rA 
length (n) Visual TG A (incipient) (peal;) 

by this technique due to  sublimation of the urea, a discontinuity was apparent in the Cls 
region, \vhich is beyoild the region of linear behavior of coinplexes previously studied by 
this method. 

X-Ray  Difraction Studies 
While X-ray diffraction techniques do not perinit the distinction of individual corn- 

plexes, the method does differentiate clearly between the hexagonal lattice of the coinplex 
and the norinal tetragonal lattice of urea as  shown in Fig. 1. No evidence of the tetragonal 
lattice could be detected in patterns of the co~llpleses prior to  decomposition. 

After accountiilg for lines due to copper in the patterns obtained using the glancing- 
angle camera, the patterns obtained before heating were characteristic of the hexagonal 
lattice and those obtained after heating were characteristic of the tetragonal lattice. Thus 
the conlplex was confirmed to be destroyed a t  the observed transition temperature. 

I-Iowever, if the sarnple capillary was sealed prior to  l~eating, the pattern above the 
decomposition temperature was again that  of tetragonal urea, while on cooling the pattern 
slowly reverted t o  that of the hexagonal lattice, indicating re-formation of the complex 
under conditions where the tz-paraffin could not escape. I t  was also noticed that  there 
was an improved definition in the tetragonal urea pattern resulting after decomposition, 
suggesting that  this material is in a finer state of subdivision than the comples from which 
it was formed and supporting earlier reports (1, 9) of increased surface area following 
co~llplex decomposition. 

Difere~ztial Thermal i lnalysis  
The differential thermograms of a series of unrecrystallized complexes are sho~vn in 

Fig. 2. The urea fusion endotherin provides a convenient internal calibration of each 
system with respect to  tenlperature and to the enthalpy equivalence of peak area. A further 
indication of sample purity, beyond the absence of tetragonal urea lines in the diffraction 
patterns of the complexes, was the absence of any low-temperature phase transition and 
fusion endother~ns such as were found wit11 complexes c.ontaminated with free 12-paraffin 
(3-6). 

The Clo complex, being somewhat unstable a t  room temperature, was partially de- 
colllposed during preparation of the DT'4 sample. At  the longer chain lengths the complex 
decomposition endotherm became increasingly superimposed on the urea fusion endother~n 
and further resolutioil was unsuccessful. 

The regular progression of the temperature of the conlplex deconlposition endotherrn 
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Ureo --- 

Complex 

r .  - 

I I I 
5 0  $ 0  10 BO PO 100 110 I20 110 110 I 

SAMPLE BLOCK TEMPERATURE PC) 

FIG. 2. Differential ther~nograms of urea and a series of urea-72-paraffin complexes. 

with increasing chain length is given in Table I, again indicating the standard deviation 
over a series of samples of a given complex. The  "incipient temperatures" were taken a t  
the intersectio~l of a projection of the tlzermograln base line with a projection of the low- 
temperature side of the endother111 (10). The discontinuity in the region of Cls is not as 
evident by this technique but,  rather, a continuous curve is found asynlptotically 
approaching the melting point of urea. I n  all cases temperatures were corrected to  a value 
of 132.7" C for the peak of the urea fusion endotherm. 

By comparison of the areas under the con~plex deco~nposition and urea fusion endo- 
therms (Fig. 2), together with data on the ratio of urea to n-paraffin in the complex ( l l ) ,  
and the heat of fusion of urea (12), an estimation of the heat of decon~position was made 
as follows: 
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Mc.-\DIE: THERMAL DECOMPOSITION O F  COMPLEXES 

where 
AHd = heat of complex decomposition (1:cal mole-' n-paraffin), 
m = molar ratio urea:n-paraffin, 
ac = area of complex decompositio~~ peal:, 
au = area of urea fusion peak, 

AHi = heat of fusion (ltcal mole-' urea). 

The results are given in Table 11, and Fig. 3 shows a coillparison with heats of reaction 
for three possible decolllpositioll processes estimated fro111 equilibrium data in the 

TABLE I1 
Enthalpy and entropy of decomposition of urea-n-paraffin inclusion compounds 

Enthalpy Entropy 
-- 

Carbon chain Experimental Least-squares fit 
length (kcal mole-' (kcal mole-' (e.u. ~nole-I 

( a )  n-paraffin) ?z-paraffin) n-paraffin) ( ~ . L I .  urea) 

I I 
10 I 2  14 16 I S  10 Z Z  

NUMBER OF CARBON 4TOMS 

FIG. 3. Heat of decomposition of urea-a-paraffin conlplexes as  a function of cliain length. Solid lines 
represent da ta  ca lc~~la ted  from the literature; the broken line represents least-squares fit to experirnental 
da t a  (0). 
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literature (13-15). This comparison was possible only up to the Czz complex due to the 
extensive overlapping of the coinplex decoinposition and urea fusion endotherms beyond 
this chain length. A least-squares fit of the experimental points indicates that the decoin- 
position process is energetically equivalent to: 

cornplex (s) = urea (s) + 12-paraffin (liq.). 

An estimate of the entropy change acco~npanying decoinposition, based on the observed 
entl~alpy change a t  the transition temperature, is also sho\vn ill Table 11. 

~hermo~ravi7netric Analysis 
The loss in weight due to eventual vaporization of the n-paraffin after destruction of 

the conlplex made possible the study of this decoinposition by TGA. Weight-loss curves 
are shown in Fig. 4, plotted as percentage of coinplex decoinposition using an inverted 
ordinate so that deconlposition in excess of 1007' corresponds to degradation of the 

' Y 
:s > A  ,!, 

SAh!PLE BLOCK TEMPERATURE ('C) 

FIG. 4. Thermogravirnetric analysis curves for a series of urea-?z-paraffin con~plcxes. 

urea. At about 125' C urea begins to exhibit a measurable weight loss; consequently 
decoinpositio~l of the coinplexes above C16 could not be resolved into the two consecutive 
processes a t  a heating rate of lo C min-l. Decoinposition temperatures, estinlated a t  the 
point of incipient weight loss, appear in Table I .  Due to urea degradation, decoinposition 
teinperatures cleternlined by TGA reach essentially a constant value in the conlplexes of 
longer chain lengths. 

DISCUSSION 

I t  is evident that only "procedural decoinposition temperatures" (IG) have been 
determined in this work. NIuch of the variation in decoinposition teinperatures measured 
by different techniques is due to two factors: (i) sample enviroilnleilt and (ii) the point 
a t  which the decoinposition process is observed. 

Coinparisoil of eilthalpy changes involved (Fig. 3) indicates the decomposition process 
to be: 

complex (s) = urea (s) + n-paraffin (liq.), 
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McADIE: TIIEKMAL DECOMPOSITION OF COMPLEXES 220 1 

for which the equilibrium constant is K = p / p o ,  where p  is the decomposition pressure 
of the comples and po the saturation vapor pressure of the pure n-paraffin. Although in 
none of the techniques used does a thermodynamic equilibrium exist, any factor which 
tends to alter p  will also influence the decomposition temperature. In the cases of visual 
microscopy and TGX the sample is spread out as individual crystals or in a thin layer, 
respectively, so that the diffusion of liberated n-paraffin is relatively unimpeded. In DTA 
a narrow cylinder of compressed sample offers considerable i~npedence to diffusion of the 
large n-paraffin molecules and hence the decomposition temperatures are higher. Further, 
each technique observes a different stage of the deco~nposition process: 

(i) TG-A: the temperature a t  which continuous weight loss begins; sample is 1-2% 
decomposed ; 

(ii) visual: the temperature a t  which opacity is first clearly evident in the crystal, 
which is subjective, and the extent of decomposition will vary; 

(iii) DTX: incipient te~nperatures probably correspoild to about 5Y0 decomposition; 
peak temperatures to 50-8070 decomposition depending upon the reactioil rate. 
The combination of these factors tends to  place the respective procedural decomposition 
temperatures in the observed relationship to one another. 

The similarity in shape between the urea complex decolnposition ternperature curve 
and the melting point curve for the pure, even-numbered wparaffins (Fig. 5), together 
with the observed enthalpy change during the decomposition process, support the sug- 
gested decolnposition mechanism. Energetically (9, l l ) ,  the state of the n-paraffin chains 

"-PARAFFIN MELTING W I N 1  

-401 I t I I I I 1 
10 I2 I 16 10 20 11 24 ZS I0 

NUMBER OF CARBON ATOMS 

FIG. 5. Comparison of the decomposition temperature of urea-n-paraffin conlplexes and the melting 
points of pure n-paraffins as  a function of chain length. 
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within the complex is similar t o  tliat in the pure solid. The bonds holding an  n-paraffin 
molecule in the pure crystal lattice are associated with (n-2) CI-11 groups, while tlie 
terminal CI-I3 groups are repelled by the lattice (17). Wlieil the crystal melts, these 
(n-2) interinolecular attractions iiiust be bro1;eii by the potential of the terminal groups 
and the vibrational-rotational energy of the molecule as a whole. In the urea complex, 
tlie chain-chain interactions along the length of a chain are replaced by weal; van der 
Waals interactions between the chain and the urea canal wall. These chains are in 
restricted motion within tlie canal (18) and i t  may be tliat once they acquire sufficient 
energy to  permit substantially free rotation about the canal axis then tlie chain niay 
escape. Unless its place is imnlediately filled by another chain, the hexagonal lattice 
callnot remain stable and rearranges to the tetragonal form. 

The  decomposition always occurs a t  a te~iiperature above the rnelting point of the 
corresponding n-paraffin, which, therefore, emerges in a state energetically equivalent to  
tliat of the liquid and slowly vaporizes. This slow secondary vaporization is supported 
by the fact that  tlie time required for loss of 72-paraffin from a freely exposed decomposing 
sample is considerably greater than the time required for the conipletioll of the entlialpy 
change even in the more confined DTA sample. The  estiniated entropy change accompany- 
ing deconiposition per mole of 92-fiarafin illcreases rapidly with chain length, while the 
entropy change per mole of urea increases only slowly with chain length (Table 11), 
indicating that  it is largely associated with the transformation of the urea lattice resulting 
from renloval of the n-paraffin chain. 

These considerations of the decomposition liieclianisln apply for colnplexes which 
decompose a t  temperatures below the melting point of urea. Given a sufficiently long 
chain, the complex is stable up to the melting point of urea, a t  which temperature the 
urea cage simply melts, liberating tlie enclosed n-paraffin chain. As yet there is no definite 
evidence that  urea ill the hexagonal for111 will melt a t  a temperature measurably different 
from the nielting point of urea in the tetragonal forln. 

ACKNOWLEDGMENTS 

The writer wishes to  acknowledge the kindness of Professor J.  A. Dixon and tlie 
American Petroleu~n Institute Project 42 for supplying samples of n-CZ4 and n-CZ6, and 
the technical assistance of T. J. Shannon and J. S. I-Iaskill. 

This work was carried out under a research grant to  the Ontario Research Foundation 
from the Province of Ontario received through the Department of Economics and 
Development. 

REFERENCES 
1. H. B. KNIGHT, L. P. \\IITNAUI;R, J. E. COLEMAN, \V. R. NOBLE, JIL, and D. SWEI~N. Anal. Chem. 24, 

1331 (1952). 
2. N. YATA. Bull. Chem. Soc. Japan, 32, 991 (1959). 
3. A. V. TOPCHIEV, L. &I. ROLENBERG, N. A. NECAITAILO, and F. M. TEREXT'EVA. Dolil. .ikad. Nauk 

SSSR, 98, 223 (1954). 
4. L. M. ROLENBERG, E. NI. TERENT'EVA, N. A. ~ B C H I T A ~ L O ,  and A. V. TOPCHIEV. Dokl. =Iliad. Nauk 

SSSR, 109, 1144 (1956). 
5. A. V. TOPCHIEV, L. M. ROZENBERG, N. A. NECHITAILO, and E. M. TERENT'EVA. Zh.  Neorgan. 

Ichirn. 1, 1185 (1956). 
6. I .  R. I~ I~ ICHEVSKII ,  G. D. EFREMOVA, and G. G. LEoNT'EvA. Dokl. Akad. Nauk SSSR, 113,817 (1957). 
7. W. E. P. FLECK, M. H. JONES, R. A. KUNTZE, and H. G. ~ I C A D I E .  Can. J. Chem. 38,936 (1960). 
8. P. D. GARK and J .  E. Kass~a~t .  Anal. Chem. 32, 1900 (1960). 
9. H .  G. MCADIB and G. B. FROST. Can. J. Chem. 36, 635 (1958). 

10. R. C. MACI~ENZIB. The differential thermal investigation of clays. R/Iineralogical Society, London. 
1957. p. 86. 

11. A. E. SMITH. Acta Cryst. 5, 224 (1952). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



MCADIE: TI-IERMAL DECOMPOSITION OF COMPLEXES 2203 

12. F. \V. ~ I I L L B R ,  J R .  and H. R. DI.TT>IAR. J. Am. Chem. Soc. 56, 848 (1934). 
13. 0. IIEDLICH, C. i\/I. GABLE, A. I<. DUIVLOP, ancl R. \V. MILL.YR. J. Am. Cherll. Soc. 72, 4161 (1950). 
14. E. ?'r.anns and S. NATH SUR. Brennstoff-Chern. 38, 7 (1957). 
13. I;. D. Rossrxr, I<. S. PITZER, R. L. XIISK~T, R. I\/I. BROWN, and G. C. PIAIEXTEL. Selected values of 

physical and thermodynamic properties of hydrocarbons and related compounds. Carnegie Press, 
Pittsburgh, Pa. 1953. 

16. A. E. NEWI~IIII;. Anal. Che111. 32, 1558 (1960). 
17. C. G. GICYY. J .  Inst. Petrol. 29, 226 (1943). 
18. D. F. R. GILSON and C. A. MCDOWBLL. Mol. Phys. 4, 135 (1961). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



STRUCTURE OF THE EXTRACELLULAR POLYSACCI-IARIDE 
PRODUCED BY XANTHOMONAS ORYZAE'" 

A. ~\/IIsAI<I -4ND S. I<IRI<WOOD 
Departnzent of Agriczrltural Biochenzistry, University of ~llinnesota, St. Paul, ~l[in?t., U.S.A. 

AND 

J. V. SCALETTI 
Depart?nent of Aninzal Husbandry, Uninersity of iVIin?zesota, St. Paul, illinn., U.S.A. 

AND 

I;. SMITI-I 
Departnzent of Agriczrltziral Bioclzemistry, U?zioersity of Min?zesota, St. Paul, Jfinn., U.S.A. 

Received July 30, 1962 

ABSTRACT 

The  extracellular polysaccharide isolated from cultures of Xantltonzonas orysne is composcd 
of D-glucoSe (5 molecular proportions), D-glucuronic acid (2 molecular proportions), and D- 
mannose (5 molecular proportions). Acid hydrolysis of this polysaccharide, which contains 
0.3Yo combined pyruvic acid, yields 2-0-P-D-glucopyranosyl~~ronic acid D-mannose, which has 
been characterized as its crystalline fully ~ l l e t h ~ l a t e d  P-glycoside. Hydrolysis of the methylated 
polysaccharide gives 2,3,4,6-tetra-0-methyl-~-n1a11nose (3 n~olecular proportions), 2,3,4-tri- 
0-methyl-D-glucuronic acid (1 molecular proportion), 2,3,6-tri-0-methyl-~-glucose (4 molecular 
proportions), 3,4,6-tri-0-methyl-~-111annose (2 molecular proportions), 2,6-di-0-methyl-D- 
glucose (3 molecular proportions), 2,3-di-0-methyl-D-glucose (1 n~olerular proportion). The  
polyalcohol derived from the polysaccharide by periodate oxidation followcd by sodium boro- 
hydride reduction gives upon acid hydrolysis glycerol (2 ~nolecular proportions), erythritol 
(1 molecular proportion), and D-glucose (1 molecular proportion). The general structural 
significance of these findings is discussed. 

Xanthomonas oryzae (1) has long been Icnown as a plant pathogenic microorganism 
responsible for the leaf blight disease of the rice plant (Oryzae sativa) in Japan and 
characterized by the fact that when growing on the natural host plant it is highl\.resistant 
to inhibitors. When this gram-negative organism was grown in a synthetic medium 
containing glucose or sucrose, under aerobic conditions, the lllediu~n became viscoils due 
to the production of an extracellular polysaccharide which \vas composed of glucose, 
mannose, and glucuronic acid. After purification by copper hydroxide complex formation 
this acidic polysaccharide showed [a], -11" (in N NaOH) and had an equivalent weight 
of 988. Acid hydrolysis of the polysaccharide, which proceeded relatively slowly, was 
found to give rise to D-glucose (2.5 molecular proportions), D-mannose (2.7 molecular 
proportions), and D-glucuronic acid (1.0 molecular proportion), each of \vhich was 
identified as the crystalline derivative. 

Controlled acid hydrolysis furnished an aldobiouronic acid, 2-O-P-D-glucop\-i-anosyl- 
uronic acid-D-inannose, recognized by its transformation into the characteristic crystalline 
methyl 2-0-[methyl (2,3,4-tri-0-ii1ethy~-~-~-glucosy~)uronate]-3,4,6-tri-0-~1~et1iy~-~-manno- 
side (2). 

Methylation of the X.  oryzae polysaccharide first with methyl sulphate and sodiuin 
hydroxide and then with methy1 iodide and silver oxide afforded a methylated derivative 
([aID +44.5' (CHCI3)). Hydrolysis of this nlethylated polysaccharide followed bl- colun~n 

'Paper No. 4875, Scientific Jozirnal Series, 1Minnesota Agricultural Erperinzent Station, St. Paul 1, Minnesota. 
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MISAKI ET XL.: S. ORYZAE POLYSACCHARIDE 2205 

chromatograpl~y (3) gave 2,3,4,6-tetra- (3 ~nolecular proportions), :3,4,6-tri- (2 molecular 
proportions), and 3,4-di-0-methyl-D-mannose (2 molecular proportions); 2,3,G-tri- (4 
~~lolecular proportions) and 2,G-di-O-rnethyl-~-g1ucose (3 molecular proportions); and 
2,3,4-tri- (1 ~nolecular proportion) and 2,3-di-0-methyl-D-ficuronic acid (2 molecular 
proportions). Each of the above cleavage fragments was identified as a crystalline com- 
pound. In addition there was also produced approximately I molecular proportion of a 
mixti~re of 2- and 3-0-methyl-D-glucose, recognized only by paper electrophoresis. 

The precise structure of the X. oryzae polysaccharide cannot be deduced froin the 
data available so far but the general structural features of the polymer are apparent 
from the experi~nentnl findings. Inspection of the molar proportions of the cleavage 
fragments of the methylated polysaccharide (see Table I )  shows that the molar ratio 

I-Iydrolysis products of the rnethylated Xantkomo7zas oryzae polysaccharide 

Component 
No. Identity 

Mol. S t r ~ ~ c t u r a l  feature 
props. indicated 

6 2,,3,4-Tri-O-1nethyl-~-g1~1c~ironic acid 1 [D-G~A]  1 + 

7 2,3-Di-O-methyl-~-gl~1c~ironic acid 2 -+ 4 [ D - G P A ~  1 + 

glucose:mannose:glucuronic acid is 2.3:2.3:1, a result in fairly good agreement with the 
corresponding ratio 2.5:2.7:1 calculated from the proportions of the glucose, nlannose, 
and glucuronic acid formed by hydrolysis of the unmethylated polysaccharide. This 
deduction is in accord with the equivalent weight of 988 found for the polysaccharide, 
which corresponds to a repeating unit co~llposed of one glucuronic acid residue and five 
hexose residues (calc. equiv. wt., 086). I t  seems reasonable to conclude from the above 
results that the molar ratio of glucuronic acid:glucose:mannose is approximately 1:2.5:2.5. 

From the identity and proportions of the cleavage fragments of the methylated poly- 
saccharide it is evident that  the polynler possesses a highly branched structure. The  
exact proportions of the cleavage fragments of the methylated polysaccharide cannot 
be arrived a t  because the recovery (8G% approx.) was not quantitative and also because 
of the formation of the mono-0-methyl glucose component, which for the present is 
regarded as an artifact probably derived from the 2,3,G-tri-0-111ethyl derivative and 
hence of no structural significance, since this would necessitate the formation of a much 
greater proporti011 of non-reducing ternlinal units than was actually encountered. Thus, 
for an average of about 17 to 18 sugar residues which make up the repeating unit of the 
polysaccharide there are 4 terminal non-reducing residues co~lsisting of 3 units of nzannose 
and 1 of glucuronic acid. There are also five residues, three of glucose and two of mannose, 
a t  which branching occurs in the polysaccharide. The remaining nine non-terminal 
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residues consist of two 1 + 2-linked nlannose residues, five 1 + 4-linlied glucose residues 
(this includes the mono-0-methyl fraction assumed to be derived from the 2,3,6-tri-0- 
methyl -D-gl~~0~e by demethylation), and two I + 4-linked glucuro~lic acid residues. 

The identity of the components recorded in Table I couplecl with the stability of the 
polysaccharide to acid hydrolysis show that all the building units in the polysaccharide 
are of the pyranose type. Moreover the negative specific optical rotation (-11") of the 
polysaccl~aride indicates that many of the glycosidic bonds joining the sugar residues, all 
of which belong to the D-series, are of the /3-type. 

Support for these general structural features was furnished by periodate oxidation 
studies. Inspection of Table I will show that out of the repeating unit of 17 sugar residues 
consisti~lg of (a)  3 terminal units of mannose and 1 of glucuronic acid, (b) 2 ~lon-terminal 
units of mannose, 4 of glucose, and 2 of glucuro~lic acid, and (c) 2 branching units of 
lnannose and 3 of glucose, only the 3 branching units of glucose, which give rise upon 
methylation and hydrolysis to  2,G-di-0-methyl-D-glucose (component 5), will be stable 
to periodate oxidation, whereas the remaining 14 will be cleaved. 

Further consideration of the results in Table I will show that  analysis of tlie poly- 
alcohol, derived from the polysaccharicle by periodate oxidation followed by reduction 
with sodium borohydride (4), should provide results in agreement with the following: 
(a)  the erythritol must arise only from the 1 + 4-linked D-glucose units, (b) glycerol 
should be producecl from the terminal, non-terminal, and also from the branching 
D-mannose residues, that is, from all the mannose building units, arid (c) glucose surviving 
periodate cleavage should arise from tlie bra~lching glucose resiclues joined through 
positions C1, Cn, and Cd. Clearly, therefore, if the equimolar ratio of mannose to glucose 
as calculatecl from the compositio~~al analysis is correct, then in the hydrolyzate of the 
Xantho~nonns polyalcohol the sum of the molar proportions of erythritol ancl the molar 
proportions of periodate-stable glucose should be equal to the molar proportions of 
glycerol. This is borne out reasonabl~. well by tlie experimental facts (see p. 2212). 

'The isolation, by graded acid hydrolysis of the polysaccharicle, of an alclobiouronic 
acid composed of D-glucul-onic acid joined to D-mannose by a 1 + 2-0 linliage strongly 
suggests, if the repetitive structural feature of other polyuronides is generally applicable, 
that in the polysaccharide probably all of the units of glucuroilic acid are joined to 
mannose residues in the same manner. Furthermore, the tentative identification of an 
aldotriouronic acid composed of 2-0-(/3-~-gluco~yranos~~1~11-01iic acid)-D-mannose joined 
to a glucose residue indicates that some, although probably not all, of tlie aldobiouronic 
acid residues are joined to  glucose in the following manner: D-G~A-( I  + 2)-D-NIanp- 
(1 + 3 or 4)-D-Gp. 

I t  is not yet possible to say whether the aldobiouronic acid residues constitute side 
chains directly attached to a glucomannan main chain or whether non-terminal 1 + 4- 
linlied glucose units are illterposed between the main chain ancl these aldobiouronic 
acid side chains but since three out of four terminal non-reducing units consist of mannose 
units it seems reasonably certain that two out of the three alclobiouronic acid side chains 
are terminated by mannose units, thus giving rise to the sequence D-Manp-(1 -) 4)-D- 
GpA-(I + 2)-~-NIanp-(l + 3 or 4)-D-Gp-1 +. 

Structural deductions be).ond this are not warranted until such time as oligosaccharides 
with and without glucuronic acid residues have beell isolated. When these are forthcoming 
perhaps light will be thrown upon the unexpected property of this highly branched hetero- 
polymer being insoluble in water, a property usually associated with either strictly linear 
character or repetitive and relatively simple side chains attached to linear chains. 
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The X .  oryzae polysaccl~aricle is similar to  the extracellular pol>sacc-haride deiivecl 
froln Xn?lthomonas plzaseoli ( 5 )  and that  from Xa?~tl~omonns cavzpestr~r (G) i~~asrnuch as  
they all contain D-glucose, D-mannose, and D-glucuronic acid. Another point of interest 
is that  the polysaccharide from X .  oryzae resembled that  from X .  canzpestr~s since both 
contained combined pyruvic acid, the former 0.3y0 and the latter 2.8 to  3.5% (7). Although 
the structui-dl signihcance of the p) I-uvic acid i l l  these pol~~saccharides is not yet under- 
stood, it appears to  be present as a ketal group, as in the case of the red sealveed poly- 
saccharides (S), since the pyr~lvic acid residues are rcmovecl by acicl but not b y  alkali. 

ESPEIZIlLIENTAL 

All evaporations were carriecl out under recl~rcecl pressure a t  40-50' C. Paper chromatography was 
performed by tlie clescencling method on Illter paper (Whatman No. 1) using the follo\\~ing solvent systems: 
(A) 1-buta~~ol:ethanol:water (4:1:5) (9), (B) ethyl acetate:pyridine:\\;ater (2.5:1:3.5) ( lo) ,  (C) 1-butanol: 
acetic acicl:\\;ater (2:l:l) ( l l ) ,  (D) butanone:\vater azeotrope (12). 

Paper electrophoresis (13) was carried out on filter paper (Whatman Yo. 1) using 0.1 M borate bulfer, 
600 volts, for 3.5 hours. Chromatograms \\;ere sprayccl nit11 sil\;er nitrate, p-anisitline trichloroacctic acid 
( l l ) ,  or p-anisicline hyclrocliloride in 1-butanol saturatecl \vith water. 

Prod~~ctiorz and Sepnrntio71 of PobysnccJzaride 
The strain of X. orjlaac \\.as Icindly pro\;idetl by Dr. S. WIatsunalca, Sational Institute of .4griculture, 

Toliyo, Japan. Preliminary experiments on cult~iral  conditio~is showed tha t  the follo\\.ing medium \\;as 
suitable for polysaccharide production by the shaking flasli cultirre t echn iq~~e :  3-5Yo glucose, 0.2Yo yeast 
extract (Difco), 0.1% L-glutamic acid, 0.2% (XI-I.I)?SO.,, 0.07% Na?I-IPOd, 0.05% ICI-I?PO,, 0.03% i\,IgSOd, 
and 0.1% S a c 1  (PI-I aclj~~stecl to  '7.0 with XaOM). Each 400 ml of the medi~rm was sterilized in a 2-1. Erlen- 
meyer flasli for 30 minutes a t  15 p.s.i., and inoculated with 20 ml of the preculture grown for 24 hours. 
in the same meclium a t  35' C. The culture was mechanically shaken a t  25' C for several days. I'olysaccharide 
production proceecled s~~ioothly ,  the c u l t ~ ~ r a l  broth became \iiscous, ancl after 5 days no reducing sugars 
remained (tested with Fehling solution). At tlie encl of this time, the broth (1.2 1.) was heated a t  SOo C 
to  effect sterilizatio~i anel clarifiecl by centrifugation. The crucle polysaccharicle \\'as precipitated by pouring 
the supernatant l iq~~icl into 3 volumes of cthanol. The polysaccharide nras dissol\:ed in {vatcr (200 ml), and 
the solution was centrifugecl ancl treated with ethanol (3 vols.). Thc polysaccharidc \\as then purilied b y  
copper hyclroxide complex formation as follo\\ls: .A solution of thc polysaccharide in \I-ater ('200 ml) was 
treated with 1:ehling solution (300 ml). The precipitated complcx \\;as collected (ce~~trifuge) and \Trashed 
repeatedly mith 80% ethanol containing 4% hyclrogen chloride until no more blue color remained in the  
precipitate. 

The white precipitate thus obtained \\,as washed successively with ethanol, diethyl ether, petroleum 
ether and driecl i n  uacl~o (yield 1.5 g or 5% based on the glucose present in the original culture medium). 

The purilied polysaccharide was a light f~brous material which sho\vecl [ol]riy5 -11" in N s o c l i ~ ~ ~ n  hydroxide 
(c 1.0). Whereas the crucle polysaccharidc precipitated directly with ethanol \\;as soluble in water, tlie 
polysaccharidc purified through its copper hydroxicle complex and lreed from salt \\,as insoluble in mater. 
Glass paper electrophoresis (14) sho\\red that the polysaccharide was homogeneoi~s. 

\\:hen the polysaccharidc was dissolved in sodium hydroxide (0.02 N)  ancl dialyzed against water, the 
polysaccharide (salt form) was precipitated cluring the dialysis. These facts suggested that  either the  
physical properties nrere changed during the purification process or the solubility of polysaccharicle alas 
greatly influenced by ions, especially 01-1- ions. 

Deternzbnation of the Eqz~iualent Weight of the Polysnccharide 
The p~~ri f ied  and salt-free polysaccharide ((37.2 mg) obtained by prolonged dialysis lirst against diIute 

sulphuric acicl and then against water was dissolved in 0.01 N NaOI-I (20 till) and the excess a1l;ali was 
back-titratecl with 0.01 N I-12S0.1. The result showed that the equivalent weight of the acidic polysaccharide 
\vas 988, which corresponded to  18.5Y0 of glucuronic acid, or one unit of gl~rcuronic acid for every live 
hexose units. 

Hydrolysis of the Polysaccharide and fdentijicatiotz of the Conzponents 
The polysaccharide (120 ~ n g )  n1as hydrolyzed with N sulphuric acid in a sealed tube for 18 hours a t  

100' C. The solution was ~lei~tralized (BaC03),  liltered, passed through Amberlite IR-120 (HC form) resin 
(1.5X 10 cm), and evaporated to  a sirup. Paper chro~natography of this sirup using solvents A and B showed 
that the hydrolyzate contained glucose and mannose, a finding conlirrned by paper electrophoresis. Chroma- 
tography (solvent C, time 35 hours) revealed the  presence of glucuronoIactone (RR~, (mobility relative to  
that of L-rhamnose) 0.90), glucuronic acid (RRI, 0.45), and an aldobiouronic acid (RR~,  0.27) in addition t o  
glucose and mannose. 
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Hydrolyzates of both the crude polysaccharide (precipitated from the c u l t ~ ~ r a l  broth with ethanol) 
and the ~liaterial purified t l l ro~~gh its copper hydroxide complex sho\ved the same component sugars on 
paper chro~natograms. 

For identification of the component sugars, the hydrolyzate from the purified polysaccharide was passed 
through a column (1.5X10 cm) of Duolite A-4 (01-1- form) resin and the col1111ln was washed with water. 
The combined eluate and n~ashing \\.as evaporated to give a mixture of neutral sugars (SG 111g). The anion 
column \\.as then eluted with 0.2 N sodiu~n hydroxide and the eluate ivas passed through Amberlite IR-120 
(I-I+ form). Evaporation of the acidic eluate gave a sirup which was foulid by paper chromatography 
(solvent C) to consist of glucuronic acid (10.2 mg) and aldobiouronic acid (8.1 mg). 

Separatioi~ e?zd Ide?ttificatioiz of the Nezltral Co7,~poneizts 
.A portion of the 11eutra1 fraction (25 mg) was subjected to paper electrophoresis. Each component was 

separated and freed from borate by treatment with 1% methanolic hydrogel1 chloride (13) followed by 
ion exchange resin. Evaporation of the solution in each case gave tnfo sirupy components, D-glucose and 
~-manllose.  

The glucose component (9.7 mg), which showed [ o l j ~ ? ~  +51° in water (c, 2.0), was treated with p-nitro- 
aniline (15) in boiling methanolic hydrogen chloride (0.0770) for 15 minutes. This provided the p-nitro- 
aniline derivative of D-glucose, which was recrystallized from ~liethanol, 111.p. and mixed m.p. 191-192" 
C (15). 

The sirupy mannose co~nponent (11.0 mg), which showed [ol]~?S +14.4" in water (c, 3.0), was converted 
to D-mannose phenylhydrazone, in the usual way, 1n.p. and mixed m.p. 199-200" C (after recrystallization 
from ethanol) (16). 

Identificatiolt of the Acidic Cornponeizts 
The D-gluc~~ronic acid fraction (10.2 mg) was lactonized by heating for 1 hour a t  80' C,  and treated 

for 15 m i n ~ ~ t e s  with p-nitroaniline (10 111g) in boiling ~nethanol (0.2 ml) containing hydrogen chloride 
(0.07%). Evaporation of the solvent alfortled the crystalline p-nitroaniline derivative of D-glucuronolactone, 
which ivas recrystallized from methanol, m.p. and 111ised 1n.p. 130' C (17). 

Qua?ztitc~tive Deteriizination of Contpone?lt Sz~gers 
For the quantitative determination of component sugars, the polysaccharide (45 mg) was completely 

hydrolyzed by heating (sealed tube) with 2 iV sulphuric acid for 13 hours a t  100' C. The D-glucose and 
D-mannose fractions \irere separated by paper electrophoresis, after previo~~s passage of the hydrolyzate 
through an ion exchange resin as described above. Both sugars were deterniined colori~i~etricallp by the 
phenol - s u l p l ~ ~ ~ r i c  acid  neth hod (lS), a t  490 mp, after previous removal of borate by treatment with 
~llethanolic hydrogcn chloride (13). It \\.as found that  the molar ratio of D-lllan110se to D-glucose was 1.1:l.O. 
The D-glucuronic acid content was estimated by the carbazole method (19). Prior to the determination, 
partial hydrolysis of the polysaccharitle (9.4 mg) was effected by treatment with 1.5 N sulphuric acid (1.5 
ml) for 1 hour a t  100' C in order to render the polysaccharide soluble. The hydrolyzate was diluted with 
water and an aliquot was nsed for the ~ ~ r o n i c  acid determination. The polysaccharide contained 16.05% 
D-glucuronic acid, a result in fairly good agreement with that  (18.5%) obtained by the titration method 
above. The lotver figure obtained by the carbazole method may be due to decomposition caused by the 
pretreatment \vith acid. The molar ratio of the three components, D-g1ucose:~-man nose:^-gl~~c~~ronic acid, 
was 2.5:2.7:1.0. 

Isolntioiz a?zd Idetzt~ficatiotz of 2 - O - ( f l - ~ - G ~ z ~ ~ z ~ r o r 1 0 . r ~ ~ l z ~ r o ~ ~ i c  acid)-~-ii~iz?inose 
The polysaccharide (SO0 mg) \\as refl~~xed \\.it11 N sulpli~lric acid (40 ml) for 8 hours. The hydrolyzate 

\\.as neutrali~ed (RaC03), after which the neutral (580 mg) and acidic components (92 ~ n g )  \irere separated 
using i3n exchange resins as tlescribed aboxe. 

Paper chro~natographic separation of the acidic colnponents so obtained using solvent C gabe D-glucurollic 
acid (trace), an aldobiouronic acid (40 mg), all aldotriouronic acid (10.5 mg), and a trace of an unknow11 
acidic oligosaccharicle. 

Identi$cation of the Aldobiourorzic Aczd 
The mobility of the aldobiouronic acid fraction on paper chromatography (Rm, 0.275, solvent C) and 

on paper electrophorcsis (dC0 0.82) c o ~ ~ p l e d  with its specific optical rotation, [ a ] ~ ' ~  -25.0" in water, showed 
that the aldobiouronic acid was probably 2-O-(fl-D-glucuronic acid)-D-inannose, which has been isolated 
previously from the polysaccharide of Braseizia scl~reberi (20) and from Virgilia oroboides gurn (2). Hydrolysis 
of the aldobio~~ronic acid with n cation exchange resin (IR-120, Hi form) a t  100' C,  for 30 hours, followed 
by paper chromatography (solvents A and C) revealed the presence of D-glucuronolactone, D-gl~~curonic 
acid, D-mannose, and unchanged aldobiouronic acid. 

Methylation of the rlldobio~~ro?zic Acid 
The above aldobiouronic acid (40 mg) was dissolved in water (1 ml) and methylated with di~uethyl 

sulphate (9 ml) and 30y0 ((w/v) aqueous sodiu~n hydroxide (25 n ~ l )  for 3 hours a t  5' C and for 5 hours 
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a t  room temperature, thorough mixing being effected with a stream of nitrogen. The reaction mixture 
\ifas heated for 20 ~ i i i n ~ ~ t e s  a t  65' C ,  cooled (ice bath),  and neutralized with 5 !V sulphuric acid. Addition 
of ethanol (final concn. 6OY0) to precipitate s o d i ~ ~ m  sulphate followed by filtration and evaporation of the 
soli~tion ga\-e a residue consisting of the partially methylated aldobiouronic acid and inorganic salts. The  
residue so obtained was subjected to a second methylation as before for 4 hours a t  room temperature ancl 
for 2.5 hours a t  50-5SoC. After acidifying the reaction mixture with 5 N H2S04 the methylated product 
\\,as extracted with chloroform ( 4 x 5 0  ml) (yield 35.3 mg). After a third ~nethylation in the same way, 
the methylation of the aldobiouronic acid (25 mg) was co~npleted with sil\rer oxide (0.5 g) and methyl 
iodide (3 ml) ~~ncler  reflus for 10 hours. After evaporation of solvent, the residue \\.as extracted with chloro- 
form ant1 the chloroform solution evaporated to  a sirup. The sirup was dissolved in diethyl ether and the 
solution filtered to remove a trace of insoluble impurity. Slow evaporation of the solvent gave crystals 
of the fully methylated aldobiouronic acid (23 mg) which showed [a]ngS -19" in methanol (c, 0.8) and 
had m.p. and mixed 111.p. with an authentic specimen of methyl 2-0-[methyl (2,3,4-tri-O-meth--~-gluco- 
syl)~1ronate]-3,4,6-tri-O-methy~-~-man1oside 142-143" C (after recrystallization froin a misture of diethyl 
ether ancl petroleum ether (1:l))  (2). 

Preparation of Allride 
h portion of the above crystals was dissolved in methanol (2 ml) and the solution saturated with a~nmonia  

a t  0" C. 'The reaction mixture was kept a t  room temperature overnight, and the solvent evaporated under 
recluced pressure. After the residue was dissolved in ethanol (0.5 ml) and diethyl ether and petroleum 
ether were added, there separated crystalline methyl 2-0-(2,3,4-tri-O-niethyl-~-~-glucosyl~1ro11amide)- 
3,4,6-tri-0-methyl-D-mannoside (yield almost quantitative), which after recrystallization from a mixture 
of ethanol and diethyl ether had m.p. and mixed 111.p. 186-187" C and [a]n2j -64.4" in water (c, 0.9). 

E.~anrirration of the Aldotriouronic Acid 
This component (10..5 mg), judged t o  be an aldotriouronic acid from its mobility on chromatograms, R 

(aldobiouronic acid) 0.42, solvent C,  shoured [a]ngS -4' ' ~n water (c, 2.5). Hydrolysis of this aldotriouronic 
acid with cation resin (1R-120, H+ form) in water for 48 hours a t  100° C gave D-mannose, D-glucose, aldo- 
biouronic acid, and the original component, as revealed by chromatography. 

I t  appears, therefore, that this fraction is an  aldotriouronic acid, in which D-glucose is attached to  2-0- 
(p-D-glucopymnos~.luronic acid)-D-mannose. The stri~cture of this aldotriouronic acid remains to be 
determined. 

Tlre Preserrce of Pyruuic Acid in the Polysaccharide 
In order to  determine whether pyruvic acid was present in the polysaccharicle as in the case of poly- 

saccharides from some red seaweeds (8) and in X. canzpestris ( 7 ) ,  the X. orysae polysaccharicle (500 ~ n g )  
\ifas hydrolyzed (7) with N sulphuric acid (20 1111) for 5 hours. After cooling, the solution was extracted with 
diethyl ether (5x100  ml). Evaporation of the diethyl ether gave a small residue which when examined by 
paper chroinatography (solvent A) was found to  contain a small proportion of pyruvic acid, detectable 
with a slightly alkaline bromphenol blue spray. The above residue was therefore dissolved in water (2 ml) 
and O.5y0 22,-dinitrophenyll~ydrazine in 2 iV hydrochloric acid (2 ml) was added. The reaction ~nixture,  
which shoived a little turbidity after 30 minutes, was extracted with ethyl acetate (5 ml). The ethyl acetate 
layer was then extracted with 10yo aqueous sodium carbonate solutio~l ( 3 x 5  ml). Determination of the 
absorption spectrum of the solution showed a characteristic selective absorption band a t  375 mp (21) 
identical with that for the 2,4-dinitrophenylhydrazone of pyruvic acid. Since this absorption band is 
relatively non-specific for either pyruvic acicl (370 mp) or a-Letoglutaric acid (380 mp), accordirig to I<oepsell 
(21), a portion of the above 2,4-dinitrophenyll~ydrazone in alkaline solution \\.as re-extracted with ethyl 
acetate and the extract examined by paper chronlatography using solvent A. This revealed a yello\v corn- 
ponent (XI 0.37) (22) corresponding to that of the2,4-dinitrophenylhydrazoneof pyruvic acid; an ~~i~ident ihecl  
faint yellow component (RI O.55), possibly a stereoisomer (23), was also detected. Because of the minute 
amount of 2,4-dinitrophen)llhydrazone of pyruvic acid available, recrystallization was impossible. 

The colorimetric determination of what is believed t o  be pyruvic acid in the polysaccharide was per- 
forrued by measuring the yellow color of the 2,4-dinitrophenylhydrazone in alkaline solution a t  375 mp. 
This sho\ved that the polysaccliaride contained 0.31y0 of pyruvic acid. Because of the sinall amount it is 
not yet lino\vn whether p y r ~ ~ \ ~ i c  acid is present as a significant struct~iral  feature of the polysaccharicle 
or whether i t  is a metabolic "birthmark". 

1Metlzylation of the Xanthonronas oryzae Polysaccharide 
Since acetylation of the polysaccharide was difficult because of its insolubility in either pyridine or 

for~nainide the polysaccharide was methylated directly by the usual Haworth method. 
The polysaccharide (2 g) was dissolved in 30% sodiurn hydroxide (SO ml) and the thiclc solution was 

stirred mechanically during the clrop\vise addition of dimethyl sulphate (25 ml) for 4 hours a t  40' C ;  a 
second acldition of dimethyl sulphate (40 ml) and 30% sodium hydroxide was made during a further 3 
hours a t  55' C, after which the mixture was heated for 30 minutes a t  90-100" C. After cooling, the reaction 
mixture was neutralized with 5 1V sulphuric acid, whereupon the  partially methylated polysaccharide 
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separated as a curd on the surface of the  liquid. After removal of as much of the methylated product a s  
possible, the reaction mixture was dialyzed against water for 3 days and then evaporated to  dryness. The  
partially methylated product and the residue from the clialyzate were combined and retreated with cliniethyl 
sulphate (45 1111) and sodium hydroxide (120 ml) a t  55' C as before. After decomposition of the excess 
of the dimethyl sulphate by heating, the reaction mixture was cooled, neutralized with dilute sulphuric 
acid, and treated with ethanol (hnal concn. 50% v/v). The precipitated salts were filtered and \vashed 
with aqueous ethanol. Evaporation of the filtrate gave a residue which was dissolved in SOYo aqueous 
1,4-dioxane (30 ml) and rnethylated with diniethyl sulphate (45 ml) and 30% sodium hydroxide (110 ml). A 
slight excess of dilute sulphuric acid was added to  tlie reaction mixture and the solution was extracted 
with chloroform (3x300 nil). The combined chloroform extracts were dried (MgSO'l), evaporated, and 
the residue again treated with dimethyl sulphate and 30Y0 sodium hydroxide as before. The methylated 
product obtained in this manner \\'as subjected to  two treatments with Purdie reagents in the  usual way 
using methyl iodide (30 ml) and silver oxide (3 g). The resulting fully methylated polysaccharide was 
dissolved in chloroforn~ (10 ml) and precipitated by adding excess petroleum ether (60 nil). Yielcl 1.4 g,  
[ o l ] ~ "  f 44.5" in chloroform (c, 1.8);  found: OCI-13, 41.1%. 

Hydrolysis of the ilfetltylated Polysaccltnride 
A solution of the ~nethylated polysaccharide (543 mg) in 3.7Yo metlianolic hydrogen cliloricle (25 ml) 

was refluxed for 15 hours. 'The solution was neutralized (AggCOx), filtered, and evaporated. The mixture 
of methylated methyl glycosides was then hydrolyzecl by heating with N s~tlphuric acid (20 rnl) for 24 
hours a t  100° C;  the solution was neutralized (BaCOZ), filtered, ancl evaporatecl to a dry  resiclue (335 mg). 
Paper chromatography using solvents A and D revealed hve co~nponents which corresponded to  tetra-0- 
methylhexose (glucose or mannose), tri-0-methylhexose (glucose or mannose), 3,4-di-O-metI~yl1iia11nose, 
2,G-di-0-metliylglucose, and a mono-0-metliylhesose, and one component (pink color with p-anisidine) 
remaining a t  the starting line which appeared to  be a uronic acicl clerivative. Tlie hydrolyzate \\.as dissolved 
in water (20 ml) and passed hrst through an IR-120 (I-I+ form) column ( 1 x 1 0  cm), then through a Duolite 
A-4 (OM- fo r~n)  column ( 1 x 1 0  ~ 1 1 1 ) .  The  eluate \\,as evaporated to  give tlie neutral methylated sugars 
as  as i rup (yield, 261 mg). Tlie acidic sugars mere eluted from the anion column with dilute sodium hydroxide 
(see below). 

Separatio?~ a?td Idc?ltificatio?t of Metltyl Sugar Co?~~po?~e?tts 
Ne~ttrnl Co?~tpone?tts 
The above mixture of the neutral sugars (260 n ~ g )  nras dissolvecl in solvent D (1 ml) ancl put on the  

cellulose-hydrocellulose c o l ~ ~ m n  (3) (3.5X38 cm) and fractionatecl with solvent D using an automatic 
fraction collector adjusted to  collect 11 1111/20 min. Examination of the fractions of the elirate by paper 
chromatography gave the results in Table 11. 

TABLE I1 

Cleavage fragments of thc methylatecl Xn?ttlto~~to?~ns oiyrae polysaccharide 

Fraction Tube No. Yield ( ~ n g )  Components 

1 7-22 50.6 ?,3,4,6-Tetra-O-methyl-~-nia111iose 
2 27-32 13.2  3,4,6-Tri-O-niethyl-~-~i:a~i~10se 
3" 33-37 22.8  3,4,6-r~ri-O-meth).I-~-mannose (18.5 mg) 

8,3,G-Tri-O-1nethyl-~-~cose (4.3 mg) 
4 38-50 53.5  2,3,6-.l'ri-0-rnethyl-~-@cose 
5 80-113 28.8 3,4-Di-O-methyl-~-man1iose 
6 145-200 4 0 . 3  2,6-Di-O-rnethyl-~-gli1cose 
'it - 13 .7  2- and 3-0-bIethyl-D-glucose 

Total 222.9 
- 

*Quantitative separation on paper electroplloresis irldicated that this fraction corlsisted of 18.5 n ~ g  of 
3.4.0-tri-0-methyl-D-mannose and 4.3 nlg of 2.3.(~-tri-O-methyl-~-glucose. 

tEloted with 500 ml of solvent D:methanol (4:l). 

Identificatio?~ of B,3,4,6-tetra-0-tnethyl-D-n~a?t?tose.-Fraction 1 (50.6 mg), which was chronia t~graphical l~  
identical with 2,3,4,6-tetra-0-methyl-D-glucose or -Inannose (Rj 0.78, solvent D), showed [ o l ] ~ ? j  f12"  in 
water (c, 1.5). A portion (23.4 tng) was heated with aniline (100 mg) in absolute ethanol (1 ml) for 6 hours 
under reflux. The solvent and excess aniline were evaporated in vacuo, giving a crystalline product (30 mg). 
Recrystallization from ethanol- diethyl ether gave N-phenyl 2,3,4,6-tetra-O-methyl-~-nia1i1ios~Iamine, 
n1.p. and mixed n1.p. 145-146" C, [ f f ] ~ ' ~  -8" equilibrium value in ~nethanol (c, 1.0) (24, 25). 

Identificatio?~ of S,4,6-tri-0-?itetlzyl-D-nta?tnose.-Fraction 2 (13.2 rng) showed a slightly higher R j  (0.58 
in solvent D) on a paper chromatogram than fraction 4 (Rj 0.56) and a slightly different color with the 
p-anisidine spray reagent. Paper electrophoresis showed that fraction 2 consisted largely of 3,4,G-tri-0- 
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methyl-D-mannOSe (ild, 0.24) together with a trace of 2,3,6-tri-0-inethyl-D-glucose ( M a  0.0). Upon nticleation 
with 3,4,6-tri-0-methyl-D-mannose fraction 2 crystallizccl i~nmediately and after recrystallization from 
diethyl ether had 111.p. ant1 mixcd m.p. 103-104" C ,  [ a ] ~ ~ + l O ~  e q ~ ~ i l i b r i ~ ~ m  value in water (c, 2.0) (25). 

Ide~~t$cntio?t of 2,3,6-tri-0-ntet~~~~~-~-~~z1cose.-~ractio 4 (53.5 mg), which corresponded to 2,3,6-tri-0- 
~ ~ ~ e t h y l - ~ - g l u c o s e ,  showccl [ o l ] ~ ? ~  +65" in water (c, 1.0), ancl RJ 0.56 (in solvent D). Paper electrophoresis 
sho\\,ed tha t  this fraction consisted mostly of 2,3,6-tri-0-methyl-~-gl~1cose (Ad, 0.0) with a trace of 3,4,G-tri- 
0-methyl-D-mannose (AJ, 0.24). Upon standing a t  room t empera t~~re ,  fraction 4 crystallized slowly a11d 
after recrystallization frorn cliethyl ether the 2,3,6-tri-0-methyl-D-glucose hacl m.p. and mixed m.p. 120- 
121' C (26). 

-4 portion of the above illaterial (20 mg), treated with P-nitrobenzoyl chloridc (200 mg) in dry pyridine 
(2 ml) in the ~ ~ s u a l  way, gave the characteristic di-p-nitrobenzoate, m.p. and mixed 1n.p. 100-1'31' C ,  [olID2'. 
-34" in chloroform (c, 1.0) (27). 

Identijicatio7~ of S,4-di-O-?tlet~~y~-D-1llnn~nose.--l~raction 5 (28.8 I I I ~ ) ,  which crystallized spont;lneously, 
had RJ 0.32 (solvent D) and 0.34 and corrcsponclecl to  3,~-c~i-O-lnethy~-~-l11i~1111ose. After recrystallization 
from ethanol-ether, the 3,4-di-O-methyl-~-mannose hacl n1.p. and mixed m.p. 80-61" C ,  [ a l l 1 2 j  +5.4", 
e ~ ~ u i l i b r i ~ ~ m  value in water (6, 3.7) (28). 

Idetzt$cation of 2,6-di-O-~ttetlsyl-~-gltrcose.-Fraction 6 (40.3 mg), which failecl to  crystallize, showed 
[n]n?j +6G0 in water (c, 1.7) ant1 RJ 0.18 (solvent D),  corrcsponding to  cli-0-methyl-~-gl~1cose. By  paper 
electrophoresis, the migration (ilf, 0.24) and color reaction with p-anisidine were identical \\:it11 those of 
2,G-di-0-methyl-D-glucose but dirfered from those s l~o \ \~n  by tlic 2,3-, 2,4-, ancl the  4,6-di-0-methyl cleriva- 
tives. ,\ portion of this s i r ~ ~ p  (6 111g) \\,as dissolved in dry pyridine (2.5 ml), ancl p-phe11ylazobenzo)-I chloride 
(150 mg) was aclcletl, ancl the mixture was kept for 45 ho~irs  a t  40" C. The exccss reagent \\-as decomposed 
by addition of water and the rnisturc \\-as evaporated t o  dryness. The residue \\,as triturated 114th chloro- 
form (10 ml) and filtered. 'Thc filtrate was passecl thro~lgll a zinc carbonate columl~ ( 1 x 1 5  cm) under 
pressure. The column \\,as washccl with chloroforn~ and the eluate \\-as evaporatcd to a sirup. l'rituration 
of this sirup \\lit11 ethyl acetate alfordecl a crystalline azobcnzoate derivative (22 ing), \\,hich was recrystal- 
lized from a mixture of ethyl acetate and petroleum ether, m.p. 210-211" C ,  undepressccl upon mixture 
with authentic 1,3,4-tri-0-p-pheny~azobenzoyl-2,6-di-O-1iietl1yl-~-glucose, and [ol]D2' -333" in chloroform 
(6, 0.5) (29). 

Exmlsi7satio7~ of tlse itso~so-O-?rzet1syl-~-glzicose fractio?t.-After fraction 6 had emerged froin the column, 
fraction 7 (13.7 mg) was cluted \vith solvent D containing 30y0  methanol (500 ml). Papcr chromatograplly 
showed tha t  this fraction was composed of a single component, R, 0.07 (solvent D), which corresponded 
to m o n o - 0 - 1 1 1 e t ~ l y ~ - ~ - ~ c o s e ,  \\-hereas paper electrophoresis revealed a t  least two compone~lts, one corre- 
sponding to  2-0-methyl-D-glucose (AJ, 0.24) and the other to  3-O-metl1yl-~-gl~icose (I\[, 0.60). There were 
not sufficient amounts of either of these materials for complete identification. 

Acidic Cotisponents 
After separation of the neutral sugar componcnts, the acidic componcnts adsorbed on Duolitc -4-4 

column werc eluted \\-it11 0.2 N sodium hydroxide (200 ml) and the eluate passed through ari IR-120 (I-I+ 
form) column (1 X 10 cm). The acidic eluate \\.as evaporated to  a s i r ~ ~ p  (yield 52 mg). On a paper chrornato- 
gram ~ising solvcnt C, two pink spots (with p-anisidine spray reagent) nrere revealed, corresponding 
respectively to 2,3,4-tri-O-methyl-~-g1~1~11ronic acid (RJ 0.65) and 2,3-di-0-rnet~iy~-~-g111c111-011ic acid (RJ 
0.48). 14 slo~v-moving spot (RJ 0.30-0.33), probably a methylated aldobiouronic acid, was also cletccted. A 
portion (25 ing) of the above sirup was separated by paper chromatography (solvent C) ,  giving 2,3,4-tri- 
0 - m e t h y l - ~ - g l ~ ~ c ~ ~ r o n i c  acid (6.0 mg) and 2,3-di-O-methyl-~-gI~ic11ro11ic acid (9.0 mg). 

Idet~tijcatio7s of 2,3,4-tri-O-7tsetl~yl-~-glrlcz~rollic acid.-The tri-0-methyluronic acid fraction was heated 
with methanolic hydrogen chloricle (2.5y0) for 12 hours under reflux, neutralized (ilg?COa), and freed 
from solvent. Treatment of the sirupy residue \\,it11 methanolic ammonia arforded crystalline methyl 
2 , 3 , 4 - t r i - O - m c t h y l - a - ~ - ~ c o s i d u r o i ~ a ~ ~ d e ,  m.p. ancl mixecl m.p. 183" C (30). 

Idetrtificatio7t of 2,S-di-0-wzetlsyl-~-glz~cz~ronic acid.-The di-0-illethyl-~-gl~1c~ironic acid fraction was 
treated with metharlolic hydroge~l'chloride as  described above and the product (4 mg) so formed was 
dissolved ill ethanol (0.2 1111) containing freshly distilled phenylhydrazine (2 illg). The solution was heated 
for 20 minutes a t  about SOo C ,  after which the solvent was allowed to  evaporate. The residue nras heated 
for S hours a t  110' C ,  after which the reaction mixture \\.as extracted by refluxing with diethyl ether. Upon 
evaporation of the solvent a crystalline phenylhydrazide was formed. Recrystallization fro111 acetone - 
petroleum ether gave the phenylh ydrazide of methyl 2,3-di-O-rnethyl-~-gl~1cosid~1ronic acicl, m.p. and 
mixed 111.p. 219-220" C (31). 

Quantitative separation by paper chromatography and weighing of the two components showed tha t  
the molar ratio of 2,3,4-tri-O-methyl-~-gI~1~11ronic acid to  2,3-di-0-111ethyl-D-glucuronic acid was 1:l.Y. 

Periodate Oxidation atsd Redz~ction of the Polysaccl~aride 
The polysaccharide (169 mg) was oxidized with 0.1 iM sodium metaperiodate (100 ml) a t  room tem- 

perature (25' C) in the dark. A t  suitable intervals aliquots \Irere removed and the periodate consu~llption 
was determined by the usual arsenite method (32); the formic acid production was determined by titration 
with 0.01 N sodium hydroxide (33) (a correction was applied for the presenceof carboxyl groups by a blank 
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titration of the acidic polysaccharide itself; see p. 2207). The results showed that  oxidation was complete 
after 10 days; the molar periodate consumption was 1.15 per hexose unit and the liberation of formic 
acid was 0.51 mole per hesose unit. 

In another experiment, the polysaccharide (200 mg) was suspended in 0.1 N periodic acid (100 ml) and the 
oxidation was carried out a t  10' C. After complete oxidation (25 days, periodate consumption 1.25 molec~i- 
lar propxti3ns per hexose unit), the oxidized polysaccharide was separated (centrifuge), washed with 
water, then suspended in water (50 ml) and reduced with sodium borohydride (200 mg) as previously 
described (34), during which reaction the product dissolved. The excess of the sodium borohydride was 
decomposed by acidification with acetic acid and the polysaccharide polyalcohol was subjected to hydrolysis 
by refluxing for 12 hours with sulphuric acid (adjusted to concn. 0.15 N). After cooling, the hydrolyzate was 
neutralized with barium carbonate, filtered, and the filtrate was evaporated to dryness. Borate in the 
residue was removed by repeated evaporation with 1% methanolic hydrogen chloride a t  room temperature 
and subsequent deionization by passage first through cation exchange (IR-120, I-I+ form) and then through 
the anion exchange (Duolite 8 -4 ,  OH- form) resin. The neutral solution was evaporated to a sirup (yield 
130 rng) which was shown by paper chromatographic analysis (solvents A and B) to contain glucose, 
glycerol, and erythritol but little or no mannose. 

Separation and Ide~ztification of the Products f rom the Polysaccharide Polyalcol7ol 
A portion (50 mg) of the above hydrolyzate of the polyalcohol was fractionated by paper chromatcg- 

raphy using solvent B. The zone of the paper containing each component mas extracted with water 
(20 1111) and evaporated. 

( I )  Glricose 
'The glucose fraction (10 mg) mas treated with acidified methanolic p-nitroaniline (20 mg) a s  described 

pre\ iously, and the crystalline p-nitroanilicle of D-glucoSe was obtained, m.p. and mixed 1n.p. 190-192" C 
(15). 

( i i )  Glycerol 
The glycerol fraction (5 mg) was dissolved in dry pyridine (1.5 ml), and p-nitrobenzoyl chloride (50 mg) 

was added. The solution mas heated for 2 l i o ~ ~ r s  a t  80-90' C,  then p o ~ ~ r e d  into cold soclium bicarbonate 
solution (15 ml). After extraction with chlorofornl, the chloroform layer was washed with water and dried 
(MgSOJ. Upon evaporation of the chloroform extract, the crystalline tri-p-nitrobenzoate of glycerol was 
obtained, n1.p. and mixed m.p. 191-192" C (after recrystallization from c11lorofor111-ethanol a t  0' C). 

( i i i )  Erythritol 
The erythritol fraction (8.5 mg) was dissol\led in dry pyridine (1.5 ml), and p-nitrobenzoyl chloride 

(50 mg) was added. The ~ n i x t ~ ~ r e  was kept for 24 hours a t  room temperature, poured into cold water (15 ml) 
saturated with sodium bicarbonate and the product was extracted with chloroform. The chloroforln extract 
was washed with water, dried, and evaporated, mhen the crystalline tetra-p-nitrobenzoate of erythritol 
was obtair~ed, m.p. and mixed 111.p. 258-260" C (after recrystalli~ation from acetone-ethanol). 

Qz~antitntive Iletermination of Glz~cose, Glycerol, and Erythritol 
After separation of the hydrolyzate of the polyalcohol by paper chromatography in the nlanller described 

above, each component was extracted from the appropriate area of the paper with water (10 1111) and an  
aliquot of the solution was used for colorimetric determination.  glucose was determined by the phenol - 
sulphuric acid method (18) a t  490 Inp, while glycerol and erythritol were determined by the chro~notropic 
acid method a t  570 mp (35). The results showed that  the molar ratio of g1~1cose:glycerol:erythritol mas 
1.1:2.2:1.0, a result in agreement with the methylation findings. 
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SYNTI-IESIS OF DIPEPTIDES CONTAINING 
1-AMINOCYCLOALKYLCARBOXYLIC ACIDS 

PART 11' 

I'XTIZICE TAILLEUR AND LOUIS BEIZLINGCET 
Dkpnr te~nen t  de Bzochivzle, F(~cztlt6 de ll f ideclne, Uiziversitb Lavnl,  Qzrkbec, Qzie'. 

lieceived June  25, 1962 

A B S T R A C T  

Six new dipeptides containing either 1-aminocyclopenti~r~ecarbo~ylic acid or l-arninocyclo- 
hexa~~ecarbosyl ic  acicl placed a t  either the N- or the  C-terminal of I.-pllenylalanine or I,-leucine 
have been synthesizecl. T w o  molecules of 1-a~ninoc~clopentanecarbosylic acid were also 
linkecl with a peptide bond. These seven clipeptides were cyclized into the corresponding 
s u b s t i t ~ ~ t e d  2,s-piperazinecliones. 

The synthetic anlino acid 1-aminocycloper~tanecai-boxylic acid has been shown to be 
an interesting anlii~o acid. I t  is active against certain types of tumors (1-3). The bio- 
chemical studies done so far have not yet elucidated its mechanism of action ('I), nor 
explained its toxicity. I t  is l;nown that the alkylation of the cyclopentane ring destroys 
the antitumor activity of the compound. However, the i~lcorporatio~l of this synthetic 
amino acid into a short peptide chain preserves the antitumor effect ( 2 ) ,  while lowering 
the toxicity. 

In order to  enhance the antitumor index, Connors and Ross ( 5 )  and Tailleur and 
Berlii~guet (6) have recently reported the synthesis of a few short-chain peptides having 
glycine and DL-phenylalanine attached to 1-aminocyclopentai~ecarboxylic acid or to  
I-aminocyclohexanecarboxylic acid. Shankman et al. (7) have just reported the synthesis 
of other peptides contailling I-amii~ocyclopei~tanecarboxylic acid. 

Since these peptides were intended for biological assays, i t  was important to  incorporate 
the I<-form of the natural amino acids. We have synthesized six new dipeptides containing 
either I-aminocyclopentai~ecarboxylic acid or 1-ai~~inocyclohexanecarboxylic acicl attached 
to L-leucine or L-phenylalanine. We have also prepared the dipeptide containing two 
inolecules of 1-amii~ocyclopentanecarboxylic acid. The list of these peptides is given in 
Table I.  For these syntheses the classical inethod of Sheehan and I-Iess (8) was used in 
which the N-carbobenzoxy derivative of one amino acid was coildeilsed with the benzyl 
ester of the other anlino acid in the presence of N,N1-dicyclohexylcarbodiiinide. The pro- 
tected dipeptides were then hydrogeilolized ill the presence of 10% palladium on carboil, 
and the free dipeptides isolated by two different procedures according to their solubilities. 

During these manipulations, the free peptides had a strong teildeilcy to  cyclize into the 
corresponding diketopiperazines, especially when heated in anhydrous conditions. There- 
fore, one has to  be careful when purifying the free peptide because in some cases the solu- 
bilities of the peptide and of the cyclized diltetopiperaziile are quite similar, the analytical 
values being also very close. We found that  the separation by chroillatography and the 
analysis by titration are the most reliable methods to  detect traces of contamination by 
dilcetopiper~ zines. ' 

In order to  prevent this cyclization three methods call be used: ( I )  water can be added 

'For  part I ,  see reference 6. 
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TAILLELR A N D  BERLISGUIST: DII'EPTlDE SYNTI-lliSIS 

TABLE I 

' - 1 1  CO-R" 

\c/ 

R' R " T Name 

l.-Leuc!,l- - 1-1 

1,-Leucyl- - 1-1 

I.-Phenylalariyl- - II 

L-Plien~.lalanyl- -M 

H-  -L-Phenylalaninc 

1-1 - -1.-Pheny lalanine 

M - -1-Aminocyclopenta~ie 
carbosylic acid 

~ ~ 

acid 
3 1-(L-Lcucylamino)cyclohcsanecarboxylic (XI I) 

acid 
2 l-(~-Phenylalan~~1a1iii1lo)c~~c~ope1~ta11e- (XI 1 I )  

carboxylic acid 
3 1-(L-Phenylalanylam ino)cvcloliesanccar- (XIV) 

bosylic acid 
2 1-Aminocyclope~ltnnecarbo~~yl-L-pheyala- (VIII) 

nine 
3 1 - A m i n o c y c l o l ~ e ~ a ~ ~ e c i ~ r b o ~ ~ y l - L - p l i e i l a -  (IX) 

nine 
2 1-Aminocyclopenta~~ecarbonyl-1-aminocy- (X) 

clopentanecarbosplic acid 

to  the ethanolic solution of the protected dipeptide before hgidrogenolysis, (2) the hydro- 
genolysis can be done in acid medium where the liberated peptide wo~ilcl be ionized, thus  
preventing cyclization, and (3) if these conditions are not realized, care must be talten to  
avoid too much heating of the solutiolls especially if the content of water is low. 

The spatial configuratioi~ of 1-aminocyclope~~tai~ecarboxylic acid and l-aminocyclo- 
l~exanecarboxylic acid seems to be responsible for the tendency to  cyclize of the peptides 
containing these two amino acids attached to  L-phenylalanine or L-leucine either by the 
C- or N-terminals. I n  fact, when those dipepticles are heated, they give a s~ibliillate 
between 1173" and 200" \vhich melts between 1173" and 195" depending on the peptide. 
The  corresponcling diltetopiperazines obtained by different syntheses also give a sublimate 
between 173" and 200". W h e i ~  these peptides are heated sel>nrately a t  200" for a few 
minutes and then studied c l ~ r o ~ ~ ~ a t o g r a p h i c a l l ~ ~  they give two spots, one corresponding to  
the unchanged dipeptide and the other spot corresponding to the diketopiperazine. T h e  
dipeptide containing two inolecules of 1-aminocyclopentanecarboxylic acid also cyclizes 
very easily by heating. 

Preliminary testir~g of these peptides on tumors are now in progress and will be reported 
elsewhere. 

EXPERIMENTAL 

All melting points are uncorrected. The optical rotations were measured on a Rudolph poIarimeter with 
a photoelectric cell alignment. The carbobenzosp derivatives of L-leucine (9), L-phenylalanine (lo),  
1-aiiiinoc)~clopcnta~iecarboxylic acid (61, 1-aminocyclohesa~~ecarbosylic acid (6), and the benzpl esters of 
L-phenylalanine ( l l ) ,  1-aminocyclopentanecarboxylic acid (Gj, and 1-aininocpclohesanecarboxylic acid (6) 
were prepared according to published procedures. 

iV-Carbobe~izosydipept.ide Be?zsyl Esters 
The protected dipeptides were prepared as  follows: to 0.01 mole of the N-carbobenzoxyarnino acid dis- 

solved in inethylene chloride were added 0.011 inole of the appropriate amino acid benzyl ester and 0.011 
mole of N,N1-dicyclohexylcarbodiiinide. After 4 hours a t  room temperature, the N,N1-dicyclohexylurea 
fornied was rernoved by filtration and the liltrate evaporated in  vnczro on a water bath, after the addition of 
2 ml of glacial acetic, which deco~nposes the excess of carbodiimide. 

The oily residue Ivas dissolved in 25 ml of ethyl acetate, and the solution filtered after 20 rninutes to  remove 
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the excess of N,N1-dicyclohexylurea formed after the addition of acetic acid. The filtrate was successively 
washed with 1 iV hydrochloric acid, 1 116 sodium carbonate, and water, and dried over anhydrous sodium 
sulphate. The solution was evaporated to dryness, and the I\'-carbobenzosydipeptide benzyl ester was 
crystallized with the appropriate solvent systern. The optical rotations were talcen a t  25' a t  a concentration 
of 2% in ethanol. 

( I )  Be?tzyl N-~arb0be~~z0.~.y-1-(~-leucyla~ni~zo)~y~lopenta~tecarboxylate.-Yield: 3.7 g (78%), m.p. 11G0, from 
ether-?z-hesane, [a]= -28". Anal. Calc. for C ~ T H ~ ~ N ? O ~ :  N, 6.00%. Found: N, 6.08y0. 

( I I )  Benzyl i ~ - c a r b o b e ~ t z o x y - l - ( ~ - ~ ~ z ~ c ) ~ ~ a ~ n i n o ) ~ ~ a t e . - Y i e d :  3.9 g (81%), m.p. 124-126', 
from ether-n-hexane, [a]= -31". flnal. Calc. for C?8H3&!?05: N, 5.85%. liound: 5.91%. 

(111) Bettzyl N - c a r b o b e n s o r y - 1 - ( L - p l t e n y l a l a n y l a ~ y a t e - C r u d  yield of the p r o d ~ ~ c t  
which \vas isolated as an  oil: 4.1 g (82%). 

( I V )  Beitzyl N-carbobe~zzoxy-l-(~-pIze?zylala~tyla~i~ino)cyclohesa~~ecarboxylate.-Crude yield of the product 
which was isolated as an oil: 4.0 g (78%). 

( V )  N - C a r b o b e ~ t z o x y - 1 - a 1 1 ~ i ~ z o ~ y ~ l ~ p e ~ i t e  benzyl ester.-Yield: 4.0 g (SO%), 1n.p. 
117", from ethanol- petroleum ether, [a]= -13". Anal. Calc. for C3oH32hT?Oa: N, 5.59%. Found: N, 5.58%. 

( V I )  N-Carbobe~tzosy-l-ami~to~y~lohexa~ze~arbonyl-~-p1zezylalanite bensyl ester.-Yield: 4.2 g (82%), n1.p. 
98", from ethanol - petroleum ether, [a]= -9". Anal. Calc. for C31H3.,N205: N, 5.44y0. Found: 5.56%. 

( V I I )  Benzyl N-carbobe1zzosy-l-ami~zo~y~1openta~~e~arbonyI-1-anzi?to~y~1ope~ttu~~e~arbo.~'ylate.-Yielcl: 3.7 g 
(SO%), n1.p. 13S0, from ethanol - petroleum cther. Anal. Calc. for C27H3zN206: N, 6.03%. Found: N, 5.92%. 

Free Dipeptides 
The neutral equivalent values of the peptides \Irere determined by titration with pcrchloric acid in glacial 

acetic acid, using crystal violet as indicator, accorcling to  Toennies and Callan (12). I t  \\,as assumed that the 
molecular weight and the neutral equivalent are identical. The XI values are for ascending chromatography 
in collidine-lutidine-ivater (1:1:2), the dipeptides and substituted diltetopiperazines being detected by the 
CI2-I<l-starch method of Rydon and Smith (13). The optical rotations were taken a t  25O a t  a concentration 
of ly0 in the given solvent. 

(a) Peptides Solzlble i w  PVater 
The appropriate N-carbobenzoxydipeptide benzyl ester (0.01 mole) was dissolved in 30 1111 of hot ethanol 

containing 1 rnl of glacial acetic acid. Then a suspension of 0.3 g of palladium (loyo) on carbon in 6 ml of 
water was added. This hot solution was hydrogenolized a t  low pressure during 6 hours in a Parr apparatus, 
after which time the solution was heated if necessary to  entirely dissolve the peptide, and the catalyst was 
removed by liltration. The clcar filtrate \\ras evaporated to  a few milliliters, and then \\.as added a mixture of 
water and ether to dissolve respectively the free dipeptide and the unreacted protected dipeptide. If a t  this 
stage there remains an  insoluble procluct it is the substituted cli1;etopiperazine. Being insol~tble in both these 
solvents it is easily removed by filtration anci can be idelltilied by melting point and chromatography. The 
ethereal estract was decanted and tliscarded, and the aqueous fraction concentrated to  allow the peptide to 
crystallize in the cold after the addition of acetone. 

( V I I I )  1-An~i~~ocyclope~ztaizecnrbonyl-~-l,hezylalalanize.-Yield: 2.0 g (7'2%), m.p. 278-280" (subl. 180°), 
from water-acetone, [a]= -2.0" (in water), RI 0.64. Anal. Calc. for Ciji-I2oNsOa: N, 10.13%; mol. wt., 276. 
Found: N, 10.20%; ~nol .  wt., 277. 

( X I X )  1-A~tzi~~ocyclohexanecnrbo~z~~l-~-pIze1tylalarzne.-'ielcl: 2.0 g (69%), m.p. 278-2SOo (subl. lSOo), 
froin water-acetone, [ a ] ~  -1.3" (in water), XI 0.67. Anal. Calc. for CleH?sNpO3; N, 9.63%; 11101. \vt., 290. 
Found: X, 9.60y0; mol. wt., 296. 

( X )  1-A~1~i~~ocyclopentaneca~bo~tyl-l-a~1~i~to~y~1o~~e1zta~1ecai'bo.~.y~c acid.-Yield: 1.6 g (66%). The con~pound 
sublimates a t  185O and does not decompose below 300". It was recrystallized from water-acetone and had a 
Rl value of 0.54. Anal. Calc. for C12H20N?03: N, 11.65%; mol. wt., 240. Found: X, 11.60%; mol. wt., 243. 

(b) Peptides Insolzrble in  Water 
The N-rarbobenzoxydipeptide benzyl ester (0.01 mole) was dissolved in 20 1111 of hot ethanol, and then 

3.0 ml of 3.5 iV hydrochloric acid and 0.3 g of palladium (10%) on carbon were added. This solution was 
hydrogenolized as described in the preceding part. After the \\rater-ether treatment, there was no insoluble 
compouncl. The ethereal fraction was discarded and the water fraction neutralized \\,it11 3.5 N sodium 
hydroxide. The precipitated peptide was then liltered and washed with a little cold water, and recrystallized 
with the appropriate solvent systeln. 

( X I )  1-(L-Leucylnnzino)cyclope,ttnnecnrbo.~c acid.-Yield: 1.9 g (78%), m.p. 291-292" (subl.), from 
nlethanol-\\later, [a]= +10.O0 (in methanol), XI 0.50. Anal. Calc. for C12I-I?2N2O3: N, 11.54%; rnol. wt., 242. 
Found: N, 11.45%; rnol. ~ v t . ,  241. 

( X I I )  I-(L-Le~~cylan~h~o)cyclohe.vanecc~rbo.vylc acid.-Yield: 2.1 g (82y0), m.p. 295-297" (subl.), from 
methanol-water, [a]= +22.j0 (in methanol), Rl 0.60. Anal. Calc. for C13H?+N203: N,  10.92y0; mol. wt., 256. 
Found: N, 10.87%; n~ol .  wt., 260. 

( X I I I )  1-(~-P~ze~~ylala~zyla~~~i~zo)~y~lope~~tane~arbo.~lic acid.-Yield: 2.0 g (72%), n1.p. 284-285" (subl. 
180°), from aclueous ethanol GOYo, [ a ] ~  +57" (in glacial acetic acid), R, 0.61. Anal. Calc. for Cl5H2ON?03: 
N, 10.13%; rnol. wt., 276. Foulld: N, 9.98%; mol. \I-t., 279. 

( X I V )  1 - ( L - P h e ~ z y l a l a r ~ y l a m i n o ) ~ l o l t e x a n e ~ l i c  acid.-Yield: 2.2 g (75%), n1.p. 2'78" (subl. 180°), 
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T.AILLEUR AND BERLINGUET: DIPEPTIDE SYNTHESIS 2217 

from aqueous ethanol GO%, [ m ] ~  f-16' (in glacial acetic acid), R/ 0.63. Anal. Calc. for ClsH??N?03: N, 9.63%; 
mol. mt., 280. Found: S ,  9.59%; niol. wt., 294. 

Cyclizalio~~ oJ Dipeptides illto Sl~bstitz~ted Diketopiperazi~~es 
The dipeptides (0.002 mole) \\!ere heated during 3 hours a t  145' in 4 g of /?-naphthol according to Lichten- 

stein (14). 
The ycllomish solutions so obtained were cooled and then thoroughly \\rashed with four portions of 15 1111 

of ether to remove the /?-naphthol. The insoluble 2,5-piperazinediones mere crystallized with the appropriate 
solvent. The optical rotations were  take^^ a t  2.5' a t  a concentration of 0.2% in glacial acetic acid. 

( X V )  1,~-D~iazaspiro[~.6]decane-2,6-dione-S-be~zyl.-(a) From 1-aminocyclopenta~~ecarbon~l-L-pheny1- 
alanine: Yield: 0.41 g (79%), m.p. 287-289" (subl. lSOo), from n-butanol, [ o l ] ~  +58", RJ 0.90. Anal. Calc. for 
ClaHlsNrO?: N, 10.53%. Found: N, 10.7870. (b) From 1-(~-phenylalanylar~~i1~o)cyclope1ita~~ecarbox~lic 
acid: Yield: 0.42 g (SO%), m.p. 289" (subl. lSOO), fro111 11-butanol, [ m ] ~  +60°, R/ 0.91. Anal. Calc. for 
ClSH1~N?02:  N, 10.83%. Found: N, 10.87%. 

( X V I )  1 , 4 - D i a z a s p i r o [ 5 . 5 ~ z d e c a n e - 2 , 5 - d i o ~ y l . - ( a )  From 1-an~inocyclohexanecarboli)-I-L-phenyl- 
alanine: Yield: 0.43 g (80%), m.p. 289-291" (subl. 180°), from n-butanol, [ U ] D  +5S0, R/ 0.91. ;\rial. Calc. for 
C16EI?oN?02: N, 10.25%. Found: N ,  10.40%. (b) From 1-(L-phenylalanylaniino)c~~clohexanecarboxylic acid: 
Yield: 0.43 g (SO%), m.p. 290-291" (s~lbl. lSOo), from n-butanol, [ o l ] ~  +5G0, I</ 0.92. Anal. Calc. for 
CI~H?oN?O?: N, 10.28%. Found: N ,  10.38%. 

( X V I I )  6,13-Diasaspiro[~.2.4.2]tet~adeca~~e-7,l~-dio~ze.-Yield: 0.36 g (52%), from 1-amin~c~clopentane- 
carbonyl-1-aminocyclopenta~~ecarboxylic acid. The compound, recrystallized from 75% acetic acid, began to 
sublime at 155', and decomposed above 300°, RJ 0.92. Anal. Calc. for CI?H1~N?02: N, 12.62%. Found: 
N, 12.70Y0. 

( X V I I I )  1,4-Diasaspiro[4.6]deca?~e-2,6-diolte-S-isotyl.-Yield: 0.35 g (?'?'Yo), from 1-(L-leucylaminoj- 
cyclopentanecarbosylic acid, n1.p. 289-293' (subl.), from 11-butanol, [a]" -loo, R/ 0.92. Anal. Calc. for 
C12H?oN?O?: N ,  12.51%. Foulld: N, 12.56%. 

( X I X )  l,~-Diazaspiro[5.5~deca~ze-B,6-dio1ze-3-isobtyZ.-Yicld: 0.38 g (SOYo), from 1-(L-leucylaminoj- 
cyclohexanecarboxylic acid, [ a ] D  -20°, R/ 0.92. Anal. Calc. for C13H??N?O?: N, 11.76Yo. Found: N, 11.85Yo. 
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On dhcrit la synth6se de six nouveaux dipeptides non-naturels. 11s contiennent d'une 
part un acide amin6 de synth&se, soit l'acide amino-1 cyclopentane carboxylique, soit 
l'acide amino-1 cyclohexane carboxylique et,  d'autre part, un acide amin6 naturcl, soit 
la L-phCnylalanine, soit la L-leucine. On rapporte aussi la synth6se cl'un dipeptide con- 
tenant deux molCcules d'acide amino-1 cyclopentane carboxj.1ique. Ces sept peptides 
furent cyc1ist.s en pipCrazinedione-2,s substitu6es. 
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COORDINATION COMPLEXES OF METAL ALKOXIDES 

PART 11. METAL ALKOXIDE - ETHYLENEDIAMINE COMPLEXES1 

i\/I. S. BXINS~ AND D. C. BRADLEI 
Depart?llent of Chenzi~try, The University of VVestern Ontafio, London, Ontario 

Received July 26, 1962 

Some complexes of titanium isopropoxide, titanium ethoxide, aluminum isopropoxide, 
tantalum isopropoxide, and z i r c o n i ~ ~ ~ n  isopropoxide with ethyleneclianline (en) are described. 
Two complexes of titanium isopropoxide with ethylenediamine, i.e. Ti(OPri),,en and 
Tit(OPri)8,en, were established by cryoscopic, X-ray powder photograph, and phase rule 
studies. The  structure and stability of these complexes is discussed. Also isolated were 
Tin(OEt)~,en; %r?(OPri)8,en; Ta?(OPri)lo,en, and Al?(OPri)6,en. Cryoscopic studies on the 
aluminum complex suggested that an  octameric complex, Als(OPr')?.l,(en)4, is present in 
equilibri~~rn \\,it11 the dimer. The structural implications of the existeiice of these complexes 
are discussed. 

Phase studies on the binary systems containing titanium tetraisopropoxide and pyridine, 
diethylamine, or tert-butyl acetate gave no clear indicatio~i of complex formation. 

ISTRODUCTION 

In the previous publication in this series ( I )  it was mentioned that  metal alkoxides 
form polymers or allioxide salts in preference to addition compounds. Nevertheless, it is 
believed that the catalytic activity of metal alkoxides in numerous organic reactions (2) 
involves the ready formation of weak complexes between illeta1 alkoxides and organic 
ligands. Our work with hydrazine (I)  revealed that  moderately stable complexes were 
formed by this ligand with inetal alkoxides. Recently Cook (3) demonstrated by means 
of a tensiometric technique that two weal; complexes, Ti(OPr7 1,EtNtIz and T ~ ( O P I - ' ) ~ ,  
2EtNII2, were formed in n-decane. The same author disclosed (3) that  Gulledge had 
obtained crystalline Ti(OPr7) l ,EtNII1 froill concentrated solution in cyclol~exane. I t  
thus seemed reasoilable to  suppose that  ethylenediamine with its facility for chelation 
might forill more stable complexes with metal alkoxides. I11 this paper we report the 
formation of several complexes iiivolviilg ethylenediaiiiine and inetal alkoxides with 
particular reference to coil~pleses involving titanium isopropoxicle. The  latter were studied 
using a variety of techniques. Phase studies on the syste~ns involving T ~ ( O P I - ' ) ~  and 
p)~ricline, diethylamine, or isobutyl acetate are also described. 

EXPERIMENTAL 

d{ate~ials 
Alko.vide.7 
The  metal alkoxides were prepared by the methods already described in the literatrire, i.e., al~iminum 

isopropoxide (4, 5 ) ,  titanill111 isopropoxide (G), titanium ethoxide (7), zi rconi~~m isopropoxicle isopropylate 
(8), and tantalum isopropoxide (9) were purified by distillation under reduced pressure. 

The purity of the above compounds was checlced by the analytical methods given in the cited literature. 

Sohe~zts 
Benzene and cpclohcxane \Ifere of "Analytical Reagent" grade. These were dried azeotropically and stored 

over inolecular sieve drying agent. ilnhydrous diethyl ether, ":\nalytical Grade", was used directly from 
the cans ~ I I  which it was supplied. 

'For Part I ,  see ref. 1 .  
2iVational Resear~h Coz~7zcil Postdoctorate Fellozir, 1959-1961. Present address: Department of Clzemistry, 

Tlze Panjab University, Cltandigarlz 3, India. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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BAINS AND BRADLEY: COORDINATION COMPLEXES '3'219 

Bases a71.d Olher Reagenls 
Pyricline \\.as lcept over potassium hytlroxicle pellets o\~ernight ant1 then clistillecl over frcsh potassium 

hytlroxicle twice ancl collectecl a t  a constant temperature. Anhyclrous tliethylamine from an ampoule was 
kept over sodium metal and then clistilled. lerl-Butyl acetate \\us fractionally clistillecl three times. Ethylene- 
diamine was puriliecl from a 11870 sample. I t  \vas kept over s o d i ~ ~ m  hydroxicle overnight and then the upper 
layer (base) \\,as separated and distillecl over s o d i ~ ~ n l  metal. 'The pure samplc \\.as analyzed by titration 
(found: 911.6, 99.8% purity). 

Analylical il$ell~ods 
Zirconium, titanium, tantalum, and aluminu111 were cleterminecl by the methods used in the rcfercnces 

clescribing the preparation of the alkoxides. The a1l;oxicle content was detern~ined by the method clcveloped 
by Braclley el al. (10) in the case of pure alkoxides. 

Ethylenediamine was cletern~ined by acid titration in the case of titani~1111 and tantalum allcosicle com- 
plexes. A weighed sample of the complex was dissolved in benze~ie (25 ml), and water was added to  make 
the volume up to  200 1111. The titration was then performed using moclified methyl orange as indicator. I11 

the case of zircot~iurn ant1 alu~nir~urn alkoxide complexes, the sample was dissolved in the ~ l ~ i n i m u ~ n  a ~ n o u n t  
of benzene, then a few ~nilliliters of water was added, follo\ved by 50 ml of cold, concentrated sodium hydros- 
ide solution. This solution was then evaporated uncler reduced pressure and the \~olatile contents including 
water \\!ere collected in a clean cold-trap. Thc contents of the cold-trap were allo\vecl to  warm and then 
were titrated for the esti~nation of the ethyle~lediarnine. To be sure of the reliability of this method blank 
experiments were perfornled using pure ethyleneclia~nine ( fo~ir~d:  99.8, 100.170 recovery). 

P11.ase Slzidies 
The liquidus for mixtures of Ti(OPri).i and ligand was obtained by determining melt points of a series of 

~ n i x t ~ ~ r e s  over the entire range of mole fractions. r\ slow rate of heating was ensurecl by surrou~lding the inner 
vessel by an air jacket. The temperature a t  which liquefactio~~ appeared complete was tl~easured to  &O.1° C. 

The results are shown graphically in Figs. 1 and 2. 

X-Ray Powder PIzolograpI~s 
The con~pounds Ti.(OPri)s,en and Ti(OPr".t,en were sealed into l i t h i ~ ~ m  glass capillaries of 0.5-mm 

diameter in the dry box. I n  the case of the latter compound great care \\-as taken to  avoid warming it during 
handling. The ~naterial \\.as chilled before being filled into the capillary and was kept cool during the filling 
process; the powder photographs \\,ere talcen immediately. The former compound \\.as quite stable a r ~ d  could 
be handled easily under allhydrous conditions. A half-mclia~l camera was ~isecl with Cu Ice radiation and a 
nickel filter. The calculatecl spacings for the Inore intcr~se lines are given in Tables I and 11. 

cryoscopy 
A Becli~nann apparatus \\-as rnodiliecl for use with compounds requiring rigorously anhydrous conditions 

and ~nagnetic stirring \\as enlployed. The apparatus was cleaned and then dried in  an oven a t  150' C. Dry 
nitrogen was passed through the apparatus as  it cooled. About 50 1111 of solvent was weighed into the appara- 
tus and the freezing point was determineel in the usual manner. Weighed quantities of solute were i~ltroduced 
through a side arrn whilst a countercurrent of nitrogen \\,as ~naintained to  exclude air. 'She following cryo- 
scopic constants \Irere ~ ~ s e d :  benzene, 5.2; cyclohexane, 20.2. 

The results are shown graphically in Fig. 3, where the number-average molecular \\!eight of Ti2(OPri)s,en 
is plotted against molarity. The calculated data are given in Tables I 1 1  ancl IV. The molecular weight of 
Ti(OPr')4 \\,as also determined o\.er a range of concentrations and the results are given in Table V. 

Preparation of Etlzylenedia?izi?~e Co?lzpleses wilh Melal Alkosides 
1. Alzin~. in~?~i  Isopropoxide - Etlzyl.e?zedia?r~ine Co7nple.s 
T o  a solutiorl of aluminum isoproposide (10.0 g) in benzene, ethyle~lecliamine (3.5 g) was addecl, but r ~ o  

precipitate appeared. The solution was evaporated a t  0.1 mm pressure (10-11 hours a t  30-35' C) and gave 
a line powdery product whose analysis corresponded with the composition A12(0Pri)G,en (where en = 
ethylenediamine). Found: Al, 11.80, 11.85; ell, 12.95, 12.90. r l lg(OPri )G,e~~ requires: i l l ,  11.55; en, 12.8070. 

2. Ta?ltalu71~ Isoproposide - Elhyle~zedianzi~ze Cot,lples 
To a freshly sublinled sample of tantalum isopropoxide ('2 g) in benzene, an excess of ethylenediamine 

was added. After the m i s t ~ ~ r e  was allo\ved to  stand for some time, benzene and volatile il~aterials were 
removed under vacuum (0.1 mm). The residue was a sticky fluid mass which on warming melted t o  a clear 
liquid. When heated under reduced pressure the liquid gave a solid condensate which had an analysis 
corresponding to  Tas(OPri)lo,cn. Found: Ta,  35.67, 35.83; en, 5.93, 6.02. Ta2(OPr')lo,en requires: T a ,  
35.75; en, 5.93%. 

The non-volatile residue \\!as bro\\111. Foui~d:  Ta,  38.86, 38.95; en,  G.18. [Ta(OPri),,Ta(OPri)s,en] requires: 
Ta ,  38.0; en, 6.2970. 

3. Tilaniunz Isoproposide - Ethyle?tedian2ine Collzplex (2:1 Conzpoz~nd) 
Titanium isopropoxide and ethylenediamine were 111ixed in equimolecular proportions and an exothernlic 

reaction occurred. After drying i ~ z  aaczio (0.1 m ~ n )  a white crystalline powder remained and its analysis 
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corresponded to Tis(OPri)s,en. Found: Ti, 15.10, 15.32; en, 9.85, 9.80. Ti?(OPri)s,en requires: Ti, 15.29; 
en, 9.6%. 

Other experiments \\'ere perfor~ned  sing an excess of cthylenediamine but the IinaI solid product after 
drying i77 -daczro was always the complex Ti?(OPri)s,en. This compound sublimed a t  60--64' C a t  0.05 nllll 
pressure. At temperatures above about 70" C the complex appeared to dissociate. 

.I t  a lo\ver pressure mm) the coniplex [nay readily be sublimed a t  aro~und 40" C provided that  the 
sublimate is cooled to about 12" C. The analysis of the sublimate agreed with the formula Til(OPri)s,en. 
Under normal pressure the complex inelts a t  75-76' C. 
4. T,iti~nizr?i~ I s o p ~ o p o r i d e  - Ethylelzedin?ni?ze Co?iz.ple.v (1:l Conzpoztnd) 
Ethylenediamine (1.3 g) \\.as added to a solution of titanium isopropoxide (2.83 g) in dicthyl ethcr (50 ml) 

and after about 5 minutes the solution was cooled to induce crystallization. After the ethereal mother 
licluor \\as decanted off the white crystals were washed four times by decantation with ether (10 ml). The  
solve~lt \\.as then removed ~ ~ n d e r  40 Inin pressure ancl the product thus obtained was the 1:1 complex 
Ti(OPri),,,en. Pound: Ti, 13.82, 13.83;.en, 1'7.65, 17.80. Ti(OPri)c,en requires: Ti,  13.95; en, 17.50%. 

I n  another similar experiment the product had the following analysis: ITound: Ti, 13.76, 14.09; en, 17.53, 
17.70%. 

6. T i t a n i u t ~ ~  E t l ~ o r i d e  - Ell~.y le l~edinnt i?~e Conlp1e.v 
The addition of an excess of ethylenediamine (1 g) to  a solution of redistilled titanium ethoxide (4 g) in 

benzene (25 1111) caused an exothermic reaction. The solution was allowed to  stand for hour and then the 
solvent was evaporated orf i ? z  uacuo (0.1 mm). After drying i n  unczlo a t  room temperature a white crystalline 
solid remained which was shown by analysis to  be Tir(OEt)s,en. I;ound: Ti, 18.86, 18.85; en,  11.48, 11.50. 
Ti?(OEt)s,en requires: Ti,  18.60; en, 11.63%. 

In a separate experiment where titanium ethoxide (10 g) was again treated with an  excess of ethylene- 
diamine (2 g) in ether a precipitate appeared. After about 10 minutes the solid product \\.as flterecl ~ising a 
sintered-glass apparatus and washed three times with ether (20 ml). The ether \\,as then removed by aspirat- 
ing dry nitrogen through the product for 20 minutes. Found: Ti, 18.50, 15.40; en,  11.45y0. 

The product was then maintained a t  0.1 111111 pressure but  no change in composition occurrecl. Found: Ti,  
18.40, 18.45; en, 11.55, 11.40%. 

6. Zircon i z l?~~  Isopi.opo.vide - Elhylei~edin?nine Co?nphex 
T o  a clear solution of zirconi~un isopropoxide (18 g) in ether (60 ml),  ethylenediamine (2 g) was added, 

and a mild exothermic reaction occurred. After the system \\.as warmed to  30-33O C for hour, i t  was allowcd 
to  cool, when a large bulky precipitate appeared. \Vhen the system was cooled to 0' C i t  was filtered through 
an apparatus specially designed to  exclude moisture. The solid product was \\lashed with ether (15 ml, each) 
three times and then dried by aspirating \vith nitrogen. The white crystalline material amounted to about 
75% yield and its analysis corresponded to the for~nula Zr?(OPri)s,en. Found: Zr, 25.75, 25.60; en, 8.35, 
8.54. Zr?(OPri)s,en requires: Zr, 25.6; en, 8.4170. 

DISCUSSION 

Phase Stz~dies 
Ainoilg all the ligands used as the second component in the binary systeins with 

titanium isopropoxide, only ethylenediamine clearly formed addition compounds. They 
are inoderately stable compounds, which have been isolated by independent methods. 
The shape of the liquidus in this case is very interesting (Fig. I )  for the following reasoils: 
( i )  There is a sudden rise in the liquidus on both sides of the temperature-composition 
curve. The system has the melt point above or around 60' C when composition reaches 
5-8 mole% of either component. (ii) Between these coinpositions the curve flattens out. 
(iii) The maximum temperature is just discernible a t  33-34 mole% of ethylenediarnine, 
corresponding to the composition Ti2(OPri)8,en. There are indications of a brealc a t  
approximately 45 mole% ethylenediamine, corresponding with the formation of the 1:l 
complex Ti(OPri).l,en. 

The flattening of the curve is presumably due to considerable dissociation of the 
respective co~nplexes a t  these temperatures. The following type of general equilibria 
may be visualized: 
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B A I S S  rZKD BK.ZDLISU: COOKDIN.\TION CObIPLESES 

80r 

0 1 .--. . 
100 80 60 40 20 

Mol % Ethylenediomine 

FIG. 1. Liquidus for the Ti(OPri).,-CyH4(NH?)? system. 

In the case of the pyridine - titanium isopropoxide binary system (Fig. 2) there are 
indications of a break a t  approximately 50 mole% of pyridine, and the existence of a 
weak 1:l co~llples could be inferred. The  curves (Fig. 2) for the diethylamine -titanium 
isopropoxide and tert-butyl acetate - titanium isopropoxide systems do not give ally 
clear indications of the formation of complexes, although there is a suspicion of a brealr 
corresponding to Ti(OPri)4,2Et?NI-I. 

FIG. 2. Ti(OPri)4 - lol-butyl acetate system, a-0; Ti(OPri)4-diethylanline system, Q - - Q; Ti(OPr')4- 
~ ~ r i d i n e  system, 0- 0. 
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X - R a y  St ~ i d i e s  
The  X-ray powder diffraction patterns of Ti~(OPr')s,en (Table I )  and Ti(OPr')4,en 

(Table 11) showed only two spacings in common (8.66 and 7.00 A). T h e  pattern was 
clearer and the lines in the pattern were generally more intense for Tiz(OPr')s,en than 
for Ti(OPrq4,en. Comparison of the data  in Tables I and I1 leaves no doubt tha t  the  
two compounds are structurally distinct in the solid state. 

TABLE I 
S - R a y  powder diffractio~i pattern spacings for Tir(OPri)s,eli 

Intensity \[.I. V.I. V.I. V.I. I,.. I. V.I. IV. 1V. 
Spacing d (A) 8.GG 7.20 7.09 5.64 4.34 3.90 3.89 3.54 

Intensity IV. IV . 14'. 11.1. V.I. V.I. V.I. W. 
Spacing d (A) 3.50 3.18 3.04 3.01 2.80 2.G9 2.54 2.50 

Intensity W. 117. \Ii. I. I. I .  V.lLr. V.W. 
Spacing d (-4) 2.34 2.28 2.08 1.900 1.852 1.594 1.506 1.442 . - 

NOTE: V.I.. very intense; I.. intense; W.. weak; V.W.. very weak. 

TABLE I1 

S - R a y  powder diffraction pattern spacings for Ti(OPri),,en 

Intensity V.I. V.I. W. IV  . I .  I. I. W. 
Spac ingd(A)  8.66 7.09 5.44 4.43 3.88 3.49 3.1G 2.99 

Intensity IV . LY. W. I .  V.IV. 
Spacing d (a) 2 81 2 68 2 53 2 04G 1 940 

Cryoscopic R e ~ ~ ~ l t s  
Cryoscopic measurements were made on solutions of Ti2(OPri)8,en (A) in benzene and 

in cyclohexane and the results are illustrated in Fig. 3, in which molecular weight is 

FIG. 3. Cryoscopic measurements on Ti?(OPri)s,en: in benzene, 0-0; in cyclohexane, 0 - - 0. 
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plotted as a function of molarity. In the case of cyclohexane solutions A began precipi- 
tating a t  about 66 m~noles/liter and the corresponding nlolecular weight was 340. But  
in contrast to this, a t  a concentration of 110 mmoles/liter of A in benzene the molecular 
weight is only 276. From the figure i t  is also clear that  as the concentration approaches 
zero the molecular weight tends to the same value in both solutions. 

The  undissociated complex A should have a n~olecular weight of 628 whilst complete 
dissociation into three particles as shown in equation [3] requires an average molecular 
weight of 209.3 (horizontal dotted line in Fig. 3). Over the entire concentration range 

Ti?(OPri)s,en + 2Ti(OPri)4 + en [31 

studied in benzene the molecular weight is lower than the 314 required for dissociation 
into the two molecular species indicated in equation [I]. I-Iowever, in cyclohexane solution 
the nlolecular weight exceeds 314 a t  the higher concentrations. 

The  cryoscopic data are given in Tables I11 and IV for benzene and cyclohexane 
solutioi~s respectively. T o  rationalize this da ta  three equilibrium schemes were con- 
sidered. 

TABLE 111 

Cryoscopic measurements on Ti?(OPri)s,en in benzene 

rlverage no. of 
103Xmolarity of particles/mole of 102XRu 

Ti2(0Pri)s,en Mol. wt. Tie(OPra)s,en (moles/liter) 

In the first case it is assumed that  the con~plex A dissociates colnpletely into Ti(OPri)(,en 
(B) and Ti(OPri)4 (C). An equilibriunl is then established between colnplex B and its 
conlponents C and ethylenediamine (D) (equation [4]) with K B  = [C][D]/[B]. This 

colnplete 
Ti,(OPri)s,en - Ti(OPri),,en + Ti(0Pr')r 

dissociation 11‘ 
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TABLE IV 
Cryoscopic measurements on Ti2(OPri)s,en in cyclohexane 

-%verage no. of 
103X molarity of particles/mole of 103Xlia I O ~ X I ~ B  103Xli  

Ti2(OPri) 8,en Mol. wt. Ti2(OI'ri)~,en (moles/liter) (~noles / l~ ter )  (moles?/liter2) 

leads to the conclusion that in benzene the molecular weight will alwa5is be 
less than 314. The data for beilzelle solution gave reasonable agreeiuent for an equilibrium 
constant K B  = 7 X lo-' mole/liter over the 40-fold range in concentration. Individual 
values of K B  calc~ilated for each concentration are given in Table 111. The solid line 

through the data for benzene solution in Fig. 3 is one calculated for I<, = 7~ 10-2 
lllole/liter. In view of the experimental difficulties involved the agreement seeins to 
establish the equilibrium of equation 141. 

A secoild scheme involving the equilibria shown in equation [5] applies to the solutioll 
of col~~plex A in cyclohexane. By a trial and error technique the data in Table IV were 

KA 
Tis(OPrt)s,en -- Ti(OPrt),,en + Ti(OPr%), 

I1 KB 
Ti(OPra), + en [51 

fitted to values for the constants I<, = [C][B]/[A] and I<, showil in the table. The 
overall constant I< = I<,.I<B presented in the last column was calculated fro111 the 
individual constants. Bearing in mind the experimental difficulties the agi-eemellt is 

and there are no sigilificailt trends in tlle values of the equilibrium coilstallts. 
I t  is clear that whereas in bcnzelle the complex B is the stable species and dissocia~ion 

of colllplex A into complex B and allioxide is complete, in cyclohexane both the species 
A and B are present in comparable concentrations. The slightly higher dielectric constallt 
of benzene coinpared with cyclohexane should not co~ltribute significantly as far as the 
dielectric nature of the solvent is concerned. However, it is possible that benzene by 
virtue of its 9-electrons may act as a weak dollor solveilt towards titanium isopropoxide 
alld thus tend to dissociate the complexes. In cyclollexaile there are no ~ - e l e c t r ~ ~ ~ ~  alld 
hence less tendency to solvate the components of the complexes. hlolecular weights were 
also determined on titanium isopropoxide in benzene and in cyclohexane (Table V). Ill 
bellzene the alkoxide was monomeric over a threefold change in concentration. In cycle- 
hexane the molecular weight increased slightly over a lo-fold increase in concentration 
but  the data did not meet the requirements of any simple monomer-polymer equilibrium. 
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TABLE V 

kIolecular weights of 'ri(OI'ri)4 in benzene and in cycloliesane 

The tetrameric nature of aluminiim isopropoxide was confirmed by molecular weight 
determinations in benzene (found: M.W., 810). Molecular weight determinations on 
Alz(OPrZ)G,en in benzene (Table VI) showed that the co~nplex was bi~luclear a t  low 

N u m  ber-average 
Ylolarity degree of 

in benzene 1 0  t .  polynierization 

TABLE VI 

S L I ~  bet-average 
i\iIolarity in degree of 
cpclohexane 0 1  t .  polymerization 

Cryoscopic measurements on AI?(OPri)G,en in benzene 

Averagc no. of 
102X ~iiolarity aluminum atorns loG X IC 

of Al2(OPrL)~,erl WIol. \vt. per osmotic particle (lca3/~nole3) 

concentrations but the number-average degree of polymerization, n ,  irlcreased with 
increase in concentration. A number of feasible equilibria were considered in an attempt 
to explain the concentration dependence of the number-average degree of polylneriza- 
tion. The best agreement was found for a system involving polymerization of X1~(OPr')G,en 
to an octameric species Al8(OPr')?l,(e11)~, viz. equation [GI. A11 average dissociation 

constant I< l.SXIOG kg3/n101e3 was obtained froin the calculated values shown in 
Table VI. The constancy oi I< is probably as good as can be expected in view of the 
limitations of the technique. 

Str~lctural  A s p e c f ~  of IlLetal il 1ko.vide - Ethylenediarnzne Cornple.ves 
The following new coinplexes have been identifed ancl studied in more or less 

detail: Ti2(OEt)8,en; Ti(OPr1)4,en; Ti.?(OPr"8,en; %r?(OPr1)8,en; Ta2(OPr')lo,en; and 
A12(OPr"6,en. The formulae of soine of these compounds raise some interesting structural 
problems. 

Since titaniurn tetraethoxide tends to trimerize due to alltoxide bridging it is not 
surprising that a complex Ti?(OEt)g,en is formed and the structures shown in Figs. 4 
and 5 seen1 reasonable based on octahedral titanium. In particular Fig. 4 with the 
ethylenediamine behaving as a chelating ligancl seems liltely, although models do not 
rule out the structure in Fig. 3. The fornlatio~l of ethylenediamine - t i taniu~n isopropoxide 
coinplexes was surprising because titanium tetraisopropoxide is monomeric, presumablj- 
because steric factors oppose polymerization through isopropoxide bridges (2). I-Iowever, 
the phase studies and cryoscopic measurements show that Tiz(OPr"8,en and Ti(OPrY4,el~ 
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FIG. 4. Structure for M?(oR)s,e11. e = i\iI (Ti or Zr) ;  0 = oxygen in O R ;  R = ethyl or isopropyl. 
FIG. 5 .  Struct~l re  for i\.13(0R)8,en. e = i\iI (Ti or Zr) ;  0 = oxygen in O R ;  R = ethyl or isopropyl. 

are rather weak conlplexes and it  is also true tha t  steric hindrance to  coordination of 
ethylenecliamine may be less than the steric hindrance to  polymerization of the iso- 
propoxide. There is the additio~ial factor that  ethylenediamine is a strong donor molecule. 
We presume that  Ti(OPri)4,en is the mononuclear chelate complex shown in Fig. 6 and 

FIG. 6. Structure for Ti(OPri)4,en. e = T i ;  0 = oxygen in O R ;  R = isopropyl. 

that  Tiz(OPri)g,en has one of the structures shown in Figs. 4 and 5. Alteriiative structures 
may be formulated involving 5-coordinated titaniu~ll but  we do not feel there is any 
justification for considering them seriously a t  present. Since the dimeric solvate 
Zr2(OPri)s,(PriOI-I)z has beell formulated as involving octahedral zirconium (2), it is 
logical to  infer that  Zrz(OPri)8,en has one of the structures shown in Figs. 4 and 5. With 
regard to  the tantalum conlplex Taz(OPri)lo,en two possibilities are worthy of considera- 
tion. If the tantalum is octahedrally 6-coordinated then the ethylenedianline can only 
act as  a chelate in a complex salt such as [Ta(OPri)4,en]+[Ta(OPri)6]-. The  nature of 
the complex (e.g. volatile, soluble in benzene) suggested that  i t  is not a salt. Thus, if 
the tailtalum is 6-coordinated the ethylenediamine must form a flexible bridge between 
the two tantalum atoms as shown in Fig. 7. I-Iowever, it is possible tha t  the tantalum 
is 8-coordinated as shown in Fig. 8 ,  with ethylenediamine acting as  a chelating ligand. A 
cubic structure is shown for simplicity but  there is no reason to exclude a square anti- 
prismatic configuration for the 8-coordinated tantalums. A similar problem arises in 
assigning a structure to the aluminum complex Alz(OPri)6,en. If the aluminu~lis are 
tetrahedrally &-coordinated, as seems most likely, then the ethylenediamine 11iust form 
a flexible bridge as shown in Fig. 9. I t  is not possible to  construct a structure for 
A12(0Pri)6,en in which both aluminurns are octahedral. However, if one aluminum is 
tetrahedrally coordinated and the other octahedrally coordinated the structure shown 
in Fig. 10 is a possibility, with the ethylenediamine acting as a chelating ligand. At 
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FIG. 7. Structure for Tar(OPri)lo,en. @ = 'Ta; 0 = oxygen in OR;  R = isopropyl. 
FIG. 8. Structure for Tar(OPr"~o,en. @ = T a ;  0 = oxygen in OPri (isopropyl groups omitted). 

FIG. 9. S t r u c t ~ ~ r e  for i-\12(OPri)~,en. @ = !\I; 0 = oxygen in  OR;  R = isopropyl. 
FIG. 10. Structure for A1?(OPri)~,en. Q = A1 (octahedral); 9 = A1 (tetrahedral); 0 = oxygen in 

O R ;  R = isopropyl. 
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higher concentrations in benzene the colnplex Alz(OPri)6,en appears (from crj~oscopic 
measurements) to polymerize to the octamer Ale(OPri)?4,(en)4. I t  is possible to coilstruct 
an octamer containing octahedrally coordi~lated aluminum and with the ethylenediamine 
acting as a chelating ligand. An iso~zler of the octallleric colnplex is sho\vn in Fig. 11. 

FIG. 11. Structure for Als(OPri)t4,(en)4. = Al; 0 = oxygen in OPri (isopropyl groups omitted). 

We are grateful to the National Research Couilcil for generous fillallcia1 support for 
this work. \Ve also thank Dr. G. Boolle of the Geology Departnlent for the use of the 
X-ray diffraction equipment. 

REFERENCES 

1. M. S. BAINS and D. C. BRADLEY. Can. J. Chem. 40, 1350 (1962). 
2. D. C. BRADLEY. Progress in inorganic chemistry. Vol. 11. 1960. p. 321. 
3. CHARLES M. COOI;, J R .  J. Am. Chem. Soc. 81, 3828 (1959). 
4. R. C. ~IEHROTRA. J. Indian Chem. Soc. 30, 585 (1953). 
5. W. G. YOUNG, W. H. HARTUNG, and F. S. CROSSLEY. J. Am. Chem. Soc. 58, 100 (1936). 
6. D. C. BRADLEY, R. C. MEHROTRA, and W. \VARDLAW. J. Chem. Soc. 2027 (1952). 
7. D. C. B~L~DLEY, D. C. HANCOCIC, and W. WARDLAW. J .  Chem. Soc. 2773 (1952). 
8. D. C. BRADLEY and W. ~VARDLAW. J. Chem. Soc. 280 (1951). 
9. D. C. BR~DLEY, B. N. CHAICRAVARTI, A. I<. CHATTERJEE, b\i. \YARDLAW, and A. WHITLEY. J. Chem. 

SOC. 99 (1958). 
10. D. C. BRADLEY, F. &I. A. HALIM, and W. [YARDLAW. J. Chem. Soc. 3450 (1950). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



THE CARBOHYDRATE-PROTEIN LINKAGE IN GLYCOPROTEINS 

PART 11. THE SYNTHESIS OF N-L-SERYL-D-GLUCOSAMINE AND 
N-L-THREONYL-D-GLUCOSAMINE 

Departnzent of Organic Clzenzistry, Queen's U~ziversity, Kingston, Ontario 
Received June 6, 1962 

ABSTRACT 

iV-L-Seryl-D-glucosaminc has been prepared by the condensation of h7-carbobe11zoxy-~-serine 
with D-glucosamine in the presence of dicyclohexyl carbodiilnide followed by hydrogenolysis 
of the resulting iV-(iV-carbobenzoxy-L-seryl)-D-glucosa~iine to remove the iV-carbobenzoxy 
protecting group. 

N-L-Threonyl-D-glucosa~nine has been prepared by ( a )  the condensation of 1,3,4,6-tetra-0- 
acetyl-a- (and @-) D-glucosamine and N-carbobenzoxy-O-tetrahydrop~~r;1n~~l-~-threo1ine in 
the Dresence of diisonro~vl carbodiilnide followed bv the re~noval of the urotectine crrouus 
froln the resultincr &- ~'Aicarbobenzosv-0- tetrahvdroovranvl-L- threonvlj -1 .3 .4 .6T t~ t ra -~ -  , ,  , , ,  
ncetyl-a- (and 8-) g-gludosamine, and (6) by the co;lden&tio/of h7-carbobenzoxy-L-threonine 
with D-glucosamine in the presence of dicyclohexyl carbodiimide followed by rernoval of the 
iV-carbobenzoxy group from the resulting N-(1V-~arbobenzoxy-~-threonyl)-~-gl~1cosa1ie by 
hydrogenolysis. 

INTRODUCTION 

As part of a program in this laboratory aimed a t  the deterilliilatioil of the nature of 
the carbohydrate-peptide bonds occurriilg in natural glycoproteins (I) the synthesis of 
inodel ainiilo acid - glycose compounds linlied by N-glycoside, 0-glycoside, ester, and 
a~nide  bonds is being undertalcen. A study of the stability of these model con~poui~ds and 
of the corlditions required for their successful paper chromatographic and electrophoretic 
separation will aid in the selection of experimental collditioils required for the isolation 
of such derivatives froin glycoproteins. The derivatives may subsequently be of use as 
reference compounds for the identificatioil of the hydrolytic degradation products of 
glycoproteins and mucoproteins. 

This paper records the synthesis ol two N-amino acyl derivatives of D-glucosamine. 
The original methods used in the synthesis of this type of compound involved the reaction 
of N-carbobenzoxy amino acyl chloricles with fully 0-acetylated 2-amino-2-deoxyaIdo- 
hexoses (2) or the condensation of suitably protected 2-amino-2-deoxgrl~exoses with a 
N-carbobenzoxy amino acid derivative by the carbodiimide lllethod ( I ,  3, 4). In either 
case the protecting groups must be subsequelltly removed in order to obtain the un- 
substituted N-amino acyl aminohexose compounds. 

A simple and convenient method for the preparation of amino acyl derivatives of 
glycoses has recently been reported by I<ochetkov and his co-worliers (5, G) which iilvolves 
the condensation of an unprotected glycose with a N-carbobenzoxy amino acid in the 
presence of carbodiimide. I t  was found that N-carbobenzoxy amino acids condensed 
readily with 2-amino-2-deoxyhexoses in the presence of dicyc1ohex)~l carbodiimide in 
aqueous pyridine solution a t  rooill temperature to form N-(N-carbobenzoxy amino 
acy1)-hexosamines, the exclusive formati011 of the N-substituted derivatives under these 
conditions being attributed to the specific action of carbodiinlide and the instability of 
0-acyl derivatives in aqueous pyridine solution. This procedure has now been applied 
to the syilthesis of N-seryl-D-glucosai~~ine and N-threonyl-D-glucosamine. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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.All melting points Itrere deternlined using the Fisher-Johns block and are ~~ncorrected. Solutions were 
concentrated by rotary evaporation under recl~rced pressure below 40" C. 

Paper chromatography was performed by the descending method on \\:hatman No. 1 paper, using butan- 
1-ol/ethanol/water (3:l:l \l/v). The following spray reagents \Irere ~rsed to detect the compouncls on  the 
developed chromatograms: (A) 270 solution of p-anisidine hydrochloride in butan-1-01 (7), (B)  170 solution 
of silver nitrate in acetone, followed by 2% ethanolic soclium hydroside solution (S), and (C) 2% lninhydrin 
in butan-1-01 (9). 'The rate of movement of the compounds on the chromatograms is given relative to  that  
of ~ - g l i l ~ ~ S a m i n e  hydrochloride (IZax.~~cr) or N-acetyl-D-~~UCOS~III~II~ ( R G N A ~ ) .  

The infrared spectra of the compounds were measured as 0.8y0 clispersions in potassium bromide disks, 
or as 6y0 solutions in chlorofor~n or methylene chloride,  sing the Perkin-Elmer i\/Iodel 21 spectrophotom- 
eter. 

(a) i V - ( i V - C a r b o b e n z o x y - ~ - s e , . y l ) - ~ - $ ~ l r n e  
The procedure of liochetkov and his co-\\,orl<ers was followed (5, 6). ~-Glucosa~lline hydrochloride 

(2.15 g, 0.01 mole) was dissolved i n  \\later (5 ml) and to the cooled, mechanically stirred solution \\,as added 
2 N socliirm hydroxide solution (5 ml) follo\\~ecl by iV-carboberlzosp-L-serinc (2.39 g, 0.01 mole) dissolved 
in dry redistilled pyridine, and dicyclohesyl carbodiimide (3.09 g, 0.015 mole) dissolvecl in pyridine (20 ml). 
The solution was allo\ved to \\.arm to room temperature and stirring was continued for 24 hours. The pre- 
cipitated dicyclohesyl urea (ca. 0.01 mole) \\,as removed by filtration ancl the unreacted dicyclohesyl 
carbodiimide \\-as removed by extraction with ether ( 2 x 5 0  ml). 

The aqueous solution \\-as concentrated to a small volu~ne and the product \\:hich crystallized out \\'as 
collected by filtration and was then recrystallized from methanol solution. 'The iV-(Ar-carbobenzoxy-L- 
s e r y l ) - ~ - g l u c o s a ~ ~ ~ i ~ ~ e  (38y0 yieltl) had m.p. 217" C (decamp.) ancl +73.S0 (c ,  4.0 chloroform). 

The compound had Rax,ic 2.09 on paper chromatograms and \vas free from D-glucosarnine and L-serine. 
The infrared spectrum exhibited absorption bands a t  3460 cm-I (s, hydrosyl) and 1682 and 1495 cm-I 
(amicle). :\\rial. Found: C,  5O.'i; M, 6.5; Y ,  6.870. Cl;H?.lOsN? requires: C,  50.99; I-I, 6.04; N ,  7.0y0. 

(b) iV-(L-Seiyl /zydroc/rlo~ide)-D-glzicosanti?~e 
The iV-carbobenzoxy group \\.as removed from the N-(iV-carbobenzoxy-L-sery1)-D-glucosa~iie by 

hydrogenolysis in dilute hydrochloric acid solution using palladized charcoal as a catalyst according to the 
procedure of Jones et al. (1). The iV-(L-seryl hydrochloride)-D-glucosamine, obtained as fine crystals from 
methanol/ether mixture (85y0 yield), had RGX.HCI 0.55 011 paper chromatograms and its infrared spectrum 
exhibited absorption bands a t  3460 cm-I (\vide, hydrosyl), 16S2 cnl-I (amide), and 1495 cn-I (ionic nitrogen). 
Attempts to prepare the free arnine failed since the initial prodirct blaclcened before it could be isolated. 

2. N - ~ - T k r e o n y ~ - ~ - g ~ z ~ c o s a n t i ? ~ e  
illetkod A 
(a) N-Carbobeneosy-L-tkreonine 
N-Carbobenzosy-L-threonine was prepared in goy0 yield by the method of Moore et al. (3). The product 

after recrystallization from ethyl acetate had 1n.p. 102" C and [ a ] ~ ? ~  -4.3" (c, 4.25 acetic acid). Anal. 
Found: C, 57.0; H,  5.9; S, 5.6y0. CI?HljOjN requires: C,  56.91; M, ,597; N, 5.53y0. 

(b) illethyl N-Carbobe?zzosy-L-tl~reonate 
1%'-Carbobenzosy-L-threonine (8.0 g) was dissolved in 2.5% nmethanolic hydrogen chloride solution 

(100 ml), and after 12 hours a t  room temperature the solution was neutralized by passage through a colunln 
of Duolite A4 ( O W )  ion-exchange resin. 'l'he solution was concentrated to  a syrup which gave crystalline 
methyl iV-carbobenzoxy-L-threonate (89% yield) having 1n.p. 90" C and [ a ] ~ ' ~  -16.1" (c, 4.25 ~nethanol). 
Anal. Found: C,  57.9; H ,  6.5; N, 5.370. CI3H1;0jN requires: C,  58.42; I-I, 6.41; K, 5.24%. 

(c) illetlzyl iV-Carbobenzo.vy-O-tetrahydropyranyl-~-threo~zate 
The procedure of Iselin and Schwyzer (10) was followed. I-Iydrogen chloride (2 N) in anhydrous ethyl 

acetate (0.5 1nl) was added to a solution of methyl N-carbobenzoxy-L-threonate (7.5 g) in purified 2,s- 
dihydro-4-pyran (4 g). The reaction mixture was kept a t  roo111 temperature for 24 hours after which it was 
diluted \vith ether and then \\lashed with dilute sodium bicarbonate solution follo\\led by water. The ether 
solution \\'as dried (anhyd. s o d i ~ ~ n ~  sulphate), liltered, and then concentrated to a yellow oil (80% yield). 

(d) Hydrolysis of Afet/zyl N-Carbobenzoxy-0-tetral~ydropyranyl-L-threonate 
Methyl iV-carbobenzosy-0-tetrahydropyranyl-L-throat (8.0 g) was dissolved in ~nethanol (25 ml) and 

was then saponified by the addition of N methanolic sodi~rm hydroxide solution (50 ml) according to the 
nlethod of Iselin and Schwyzer (10) to yield iV-carbobenzoxy-O-tetrahydropyran);l-~-threo~~i~e (4.21 g, 
55% yield) as a yellow syrup which failed to crystallize. The syrup had equivalent weight 345 (theory 337) 
and its infrared spectrirm showed absorption bands a t  987 and 1125 cm-I (tetrahydropyranl.l group). 
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A second compound crystallized from the reaction product which had m.p. 183" C and eq~~iva len t  weight 
338. .\rial. Found: C,  60.8; H,  5.7; 3, 6.0%. C12M130,1X requires: C, 61.27; H ,  5.57; X, 5.96%. 

(e) i,S,C,6-Tetra-0-acetyl-a- (a?td 8-) D-gl?rcosa?iri?te 
'These deri\.atives were prepared by the nlethocl described by Jones et al. (1). ol-Anomcr: 65yo yield, 

m.p. 118" C, [ol]~'O $145" (c, 2 chloroforr~~);  8-anomer: 65% ~ i e l d ,  111.p. 143" C,  +27' (c, 2 chloroform). 

(f) N - ( N - C a r b o b e i 1 z o . v ~ - O - t e t r a I t ~ d r o ~ r ' y r a ~ r e o n ~ l ) - i , S , ~ , 6 - t e t r a - 0 - a c e t y I - o l -  ( a d  0-) D-glz~cosa?i~i?te 
N-Carbobenzoxy-0- tetrahyclropyranyl-L-threonine (0.460 g),  1,3,4,6- tetra-0-acetyl-a-D -glucosa~nine 

(0.510 g), and diisopropyl carbocliirnicle (0.178 g) \irere dissolved in methylene chloride (6 ml) and the 
mixture was shalcen mechanically a t  room temperature for 24 hours. The precipitated diisopropyl urea 
by-product n7as re~noved by liltration and the filtrate \\,as washed with dilute hydrochloric acid, dilute 
sodium bicarbonate solution, ancl linally with water. The dried (anhyd. magnesium sulphate) methylene 
chloritle solution on concentration gave a white solid (5% yield) which had 111.p. 185" C and [ o l ] ~ ? ~  +74-4' 
(c, 0.5 ~nethanol). 

The above procedure was repeated using 1,3,4,6-tetra-0-acetyl-8-D-glucosamiI to give the 8-anomer as 
a syrup (joyo yield) which failed to crystallize. I t  had [ol]~'O +12.3" (c, 4.0 methanol). 

The infrared absorption spectra of both the above products exhibitecl absorption bands a t  1745 cm-' 
(carbonyl, 0-acetyl), 1670 cm-I (ainide I ) ,  1555 cm-I (amide I I ) ,  1130 and 987 cm-I (tetrahydropyranyl 
group), and 695 cnl-I (phenyl group). 

(g) N-(N-Carbobenzoxy-~-tI1reo1~yl)-i,~9,Q~6-tetra-O-acety1-~-~-glz~cosan~i?~~ 
lV-(N-Carbobenzosy-O-tetrahydropyra~~yl-~-threo~y)-l,3,4,6-tetra-0-acetyI-~-~-glucosamine (0.50 g) was 

heated i n  boiling 50% acetic acid solution (10 ml) for 10 minutes and the cooled solution was diluted with 
water and extracted with chloroform ( 4 x 2 0  ml). The dried (anhyd. magnesium sulphate) chloroform 
extract mas concentrated to dryness to yield a syrup (0.25 g ,  58yo yield) which had [ o l ] ~ ' ~  +30° (c, 3.0 
cl~lorofor~n) and whose infrared spectrum did not sho\\r absorption bands due to the tetrahydropyranyl 
group a t  either 1130 or 987 cm-I. 

(It) lV-(N-Carbobei~eo.vy-~-thi.eonyl)-~-glz~cosa~i~i?~e 
N- (N- Carbobenzox)--L- th reon~ l )  -1,3,4,6- te t ra-0-acetyl -8-D -glucosanline (100 mg) dissolved in dry 

methanol (4 ml) was treated with 0.4 Nbariuul methoxide in methanol (2 ml) and the mixture was kept 
a t  5' C for 24 hours. Slightly less than the equivalent amount of 0.01 N sulphuric acid \ifas added to the 
reaction mixture, the precipitated barium sulphate was removed by rlltration, and the liltrate \vas further 
deio~lized by passage thro~lgll a column of mixed I R  120 (H+) and Duolite A4 (01-I-) ion-exchange resins. 
On concentration of the methanol solutio11, l~-(lV-carbobenzoxy-~-threony~)-~-g~~~cosan~ine was obtained 
as a \\.bite solid (30 mg). It had n1.p. 209" (decomp.) and [ol]~" $20.4" (c, 2.8 methanol). On paper chromatog- 
raphy ancl detection with spray reagents A and B the compound \vas revealecl as a sir~gle spot having R G N A ~  
2.90 and \\,as not contaminatecl \\;it11 either D-glucosamine or L-threonine. 

The infrared spectrum of the conipound exhibited absorption bands a t  3360 cm-I (broad, hydroxyl 
g r o ~ ~ p )  awl 1670 and 1550 cm-I (an~ide) but  no absorption band a t  1745 cm-I (carbonyl, 0-acetyl). 

iVfetl~od B 
(a) N-(N-Carbobe~azoxy-~-tItreo?tyl)-~-glz~cosa~i~ine 
'The procedure of I<ochetkov and his co-workers (5, 6) was used. D-Glucosamine hydrochloride (3.15 g, 

0.01 mole) dissolved in water (5 ml) \\,as cooled to 0" C and neutralized by the addition of 2 1%' sodiuln 
hydroxide solution (5 ml). The mechanically stirred solution was immediately treated with a solution of 
N-carbobcnzoxy-L-threonine (2.53 g, 0.01 ~nole) in dry pyricline (7 ml) follo\ved by a solution of dicyclohexyl 
carbodiimide (3.09 g, 0.015 mole) in dry pyridine ('20 ml) and the stirring \\,as continued for a further 24 
hours. The precipitated dicyclohesyl urea was removed by liltration and the unreacted dicyclohexyl 
carbodiimide was removed by extraction with ether (2x50 ml). The N-(N-carbobe~~zosy-L-threony1)-D- 
glucosamine isolated from the concentrated aqueous solution nras obtained as crystals which, after several 
recrystallizations from methanol (final yielcl 0.415 g),  had m.p. 209' C (decomp.) and [ol]1,~0 +21.0° (6, 3.0 
methanol). The compound nras indistinguishable on paper chromatograms from the product obtained by 
method A and the infrared spectra of the tnlo products were identical. i\ual. Found: C, 51.7; H,  6.2; S, 6.7%. 
ClsI-I?~OgN:! requires: C, 52.17; I-I, 6.32; N, 6.76%. 

(b) 1V-~-TItreo?ayl-~-g~?~cosa?iai?re 
N-(iV-Carbobenzosy-~-threo~~yl)-~-~l~~cosa~~~i~~e (25 mg) \\,as dissolved in chloroform/etha~~ol mixture, 

and palladized charcoal (25 mg) \\,as added. The rnixture \vas shaken for 24 hours a t  roo111 temperature in 
an atnlosphere of hyclrogen (1.3 atm).  The catalyst nras renloved by filtration and the liltrate mas con- 
centrated to a dark yellow syrup (7 mg). On paper chromatography a single spot, which had I I G ~ . ~ I ~ ~  0.44, 
was revealed by the ninhyclrin spray whereas the silver nitrate spray revealed a series of spots indicating 
the presence of decomposition products. 

(c) 1V-(L-Threoizyl hydrochloride)-D-gl?~cosa?ni?ae 
N-(1V-Carbobenzoxy-L-threony1)-D-~ILICOS~IIII (28 mg) nras slibjectetl to llydrogenolysis as described 

above with the inclusion of 1%' hydrochloric acid (0.7 ml) in the reaction m i x t ~ ~ r e .  The 1%'-(L-threonyl 
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hydrochloride)-n-gl~~cosarnine (9.5 mg) was obtained as a clear syrup which failed to crystallize. The syrup 
had [ o l ] ~ ? '  -13" (c, 1.0 methanol) and on paper chromatograms it gave a single ninhydrin and silver nitrate 
positive spot having Rc~.ncl 0.46. The infrared absorption spectrum of the compound showed a broad 
band a t  3360 cm-I clue to hydroxyl and amino group absorption, bu t  no bands due to  the phenyl group 
corresponding to the original carbobenzoxy group. 

Attempts to prepare the free amine from N-(L-threonyl hyc1rochloride)-D-glucosamine using Duolite A4 
(COs') ion-exchange resin or Duolite A4 (01-I-) resin failed owing to  the rapid decomposition of the initial 
product. 

DISCUSSION 

N-(L-Seryl hydrochloride)-D-glucosamine was prepared according to the general 
procedure of Kochetkov and his co-workers (5, 6). D-Glucosamine was condensed with 
N-carbobenzoxy-L-serine in aqueous pyridiile solution in the presence of dicyclol~exyl 
carbodiimide to give N-(N-carbobenzoxy-L-seryl)-D-glucosamine, from which the pro- 
tecting N-carbobenzoxy group was re~noved by hydroge~lolysis in the presence of dilute 
hydrochloric acid to yield N-(L-seryl hydrochloride)-D-glucosalnine in 32% overall yield. 
The cornpoulld was stable in aqueous solution, but attempts to prepare the free N-L-seryl- 
D-glucosamine by careful neutralization with dilute alkali or by the use of mild basic 
ion-exchange resins failed owing to the rapid deconlposition of the free arnine under the 
conditions used. 

The N-(L-seryl hydrochloride)-D-glucosamine was cl~romatographically identical with, 
and had an infrared spectrum indistinguishable from that  of, the same derivative prepared 
earlier by Jones et al. (1) in greatly reduced overall yield by the co~ldensatio~l of N-carbo- 
benzoxy-0-tetrahydropyranyl-L-serine with 1,3,4,6-tetra-0-acetyl-D-glucosamine in the 
presence of diisopropyl carbodiimide to give N-(N-carbobenzoxy-0-tetrahydropyranyl-L- 
seryl)-l,3,4,6-tetra-0-acetyl-~-glucosamine, from which the protecting groups were 
subsequelltly re~noved to  yield the required product. 

N-(L-Threonyl hydrochloride)-D-glucosami~le was prepared in low overall yield by the 
condensation of N-carbobenzoxy-0-tetrahydropyranyl-L-tlreonie with 1,3,4,6-tetra-0- 
a c e t y l - ~ - g l u c o s a ~ ~ ~ i ~ ~ e  in the presence of diisopropyl carbodiirnide to give N-(N-carbo- 
bellzoxy - 0 -  tetrahydropyranyl-L- threonyl) -1,3,4,6- tetra-0-acet~~1-~-glucosa~lli~le, fro111 
which the protecting groups were removed to yield the amino acyl-glycosamine derivative. 

An unexpected crystalline product was obtained from the saponification product 
of 1~~eth~~l-N-carbobenzoxy-0-tetrahydropyra1yl-1-threonate which had an equivalent 
weight of 238 and whose analysis agrees with the forrnula C121-I130&J. The  compound is 
tentatively identified as N-carbobenzoxy-2-a1~~i1~o-buten-3-oic acid, possibly formed by 
the elimination of a ~llolecule of water from N-carbobenzoxy-L-threo~line. 

A greatly i~nproved yield of N-(L-threonyl hydrochloride)-D-glucosamine was achieved 
when the general procedure of I<ochetkov et al. (5, 6) was used. D-Glucosamine was 
condensed with N-carbobenzoxy-L-threonine in aqueous pyridine solution in the presence 
of dicyclohexyl carbodiinlide to give N-(N-carbobenzoxy-L-threony1)-D-glucosamine, 
which on hydrogenolysis in the presence of dilute hydrochloric acid afforded N-(L- 
threollyl hydrochloride)-D-glucosamine in 5y0 overall yield. The final products obtained 
by the two different routes were chromatographically identical and their infrared spectra 
were illdisti~lguishable from each other. 

Attenlpts to prepare N-L-threonyl-D-glucosamine by hydrogenolysis of the N-(N-carbo- 
benzoxy-L-threony1)-D-glucosamine in neutral media, or by neutralization of the 
N-(L-threonyl hydrochloride)-~-glucosa~nine by dilute altali or by using nlild basic ion- 
exchange resins failed to give a pure product owing to  the rapid decomposition of the initial 
free amine. The  hydrochloride salt, however, was stable in aqueous solution. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



JONES ET AL.: CARBOIIYDRATE-PROTEIN LINKAGE 2233 

ACKNOWLEDGMENTS 

We wish to thank the National Iiesearch Cou~lcil of Canada (Grants T-39 and NRC 
706), The Natioilal Institutes of Health, Bethesda, had., U.S.A. (U.S.P.I-I.S. AM 04127- 
03), and Queen's Uiliversity for financial assistance. 

REFERENCES 

1. J .  I<. N. JONES, M. B. PERRY, B. SHELTON, and D. J. WALTON. Can. J. Chern. 39, 1005 (1961). 
2. M. BERGMANN and L. ZERVAS. Ber. 65. 1201 (1932). 
3. J.  A. MOORE, J. R. DICE, E. D. NICOLAIDES, R. D. \~;BSTLAND, and E. L. WHITTLE. J. Am. Chem. 

SOC. 76, 2884 (1954). 
4. J. UICITA and S. SUZURI. J. Pharm. Soc. Japan, 81, 222 (1961). 
5. N. I<. I<OCHETI~OV, V. A. DEREVITSKAYA, and N. V. MOLODTSEV. Chem. Ind. (London), 1159 (1961). 
6. N. I<. I<OCHETI~OV. V. A. DEREVITSKAYA. L. M. LIKHOSREI~STOV. N. V. ~'IOLODTSOV. and S. G. I<ARA- 

MURZA. ~e t rahedron ,  18, 273 (1962). 
7. L. HOUGH, J. I<. N. JONES, and W. H. WADMAN. J. Chem. Soc. 1702 (1950). 
8. W. E. TI~EVELYAN, D. P. PI~OCTEII, and J. S. HARRISON. Nature, 166, 444 (1950). 
9. H. K. BERRY and L. CAIN. Arch. Biochem. 24, 179 (1949). 

10. B. ISELIN and R. SCHWYZER. Helv. Chi~n. Acta, 39, 57 (1956). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

0 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



COORDINATION COMPLEXES OF TITANIUM (IV) HALIDES 

111. PREPARATION AND INFRARED SPECTRA OF THE COMPLEXES OF TITANIUM 
TETRACHLORIDE WITH UREA, THIOUREA, AND SOME OF THEIR DERIVATIVES1 
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ABSTRACT 

The followin~l coordinationcom~~eses of titanium (IV) have been ~ renared  :TiCId. 2CO(NH.>b. - , ~  - L ~ ~ ~ - - ~ ~  ~ . 
~ i ~ 1 . j .  C O ( N H ~ H , ) ? ,  T~CI; .~CO(NHCH,)?:- ~ T ~ c I , .  ~NM?cos(c~H~)?,  'Xficf4. ~ C O :  
(NHCoHj)?, TiC1,. 2CS(YH?)?, 2TiC14. CS(NHC&Is)2, 2TiC1,. NH?CSN(CtHj),, and 
2TiC1,. CS(NHC&Ia)?; thelr ~nfrared spectra have been measurecl and their molecular weirht 
determined. For urea and its derivatives the coordination to titanium ( I V )  is alwavs thro~ygh 
the oxygen aton1. The phenyl derivatives of urea Ied to dinuclear con~~lexes  whicG were best 
explained by assunling halogen bridging between the titanium atonls. Thiourea and its deriva- 
tives gave complexes in which coordination occurred through one of the nitrogens in the case 
of thiourea and through both nitrogens in the case of the derivatives. Halogen bridging mas 
again assumed to explain the forniation of the din~~clear  complexes. 

INTRODUCTION 

Many coordination coinplexes in which the donor bases were urea and thiourea have 
been reported. Quagliano and co-workers (1) have established that among the urea 
complexes, soine coordinated through one of the nitrogen atoins and some through the 
oxygen atom of the urea inolecule. We have prepared (2, 3) several coordinatioil complexes 
of titanium (IV) halides with ordinary amides and found that in these complexes the donor 
atom was oxygen. I t  has been assun~ed, then, that coordination through nitrogen would 
hinder one of the two resonance forms of amides. In urea, the presence of two amino 
groups in the molecule leads to three resonating structures (4) of which only one would 
be hinclered by coordination through one of the ~litrogens. I t  seemed of interest to prepare 
and study the complexes formed by urea and its derivatives by reaction 011 titaniun~ 
tetrachloride. 

Quagliano (5) and his co-workers have prepared some thiourea coinplexes in wtiich the 
sulphur atom of the ligand was exclusively involved as donor atoll1 ill coordination. Some 
addition compounds possessiilg a coordination bond between titailium (IV) and sulphur 
have been prepared, TiCl4. 2H2S being a good exa~llple of this. 

The present investigation was uilderta1;en to coinpare the relative donor abilities of 
sulphur and nitrogen toward coordination with titanium tetrachloride, by using thiourea 
and its derivatives as donor bases. Some substituted thioureas were studied to determiile 
whether steric hindrance would lead to 5-coordinated complexes or to halogen-bridged 
complexes. 

EXPERIMENTAL 

fifaterials and i l fa~tipulat io~zs 
Reagent grade titanium tetrachloride was p~~rified by the method of Gilchrist (6) and the medium fraction 

was used for O L I ~  experiment. Reagent grade urea (U) ; 1,3-dimeth ylurea (DM U) ; 1,l-diphenylurea (1,l-  
DPU); 1,3-diphenylurea (1,3-DPU); th io~~rea  (TU); 1,3-diethylthiourea (DETU);  1,l-diphe~~ylthiourea 
(1,l-DPTU); and 1,3-diphenylthiourea (1,3-DPTU) were dried over phosphorus pentoxide and ~lsed as such. 

'The solvents used for our experiments were anhydrous and their water content ~ v a s  checked by the ICarl 

1Presented at tlze 45th Clzen~ical I?lstitzlte of Cazada An7zzlal Conference and E.vlzibitio7t, Edirro7zto71, lllay 
27-50, 1062. 
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Fisher method. The water-sensitive complexes were prepared and handled in a dry box continuously flushed 
with dry nitrogen. The method of analysis for chlorine, titar~ium, carbon, and hydrogen was described 
previously (9). Kitrogen was determined by the Icjeldahl method or the micro-llu~nas method as specified 
in each case. 

The infrared spectra were carried out on a Perkin-Elmer spectropl~otometer   nod el 21 using a sodium 
chloride prism. The spectra of the soluble conlplexes were deterinined in solutions of suitable solvents, and 
the spectra of the insoluble ones were taken as nujol mulls or using the 1CDr disk: method. 

The molecular weights were determilled using two Gallenkalnp ebulliometers, one for the solvent and the 
other one for the solution of the solute under investigation. This setup permitted simultaneous measure- 
ments and therefore eliminated possible errors due to change in atmospheric pressure. 

The Systcwl TiClr.2U 
Titanium tetrachloride was added in excess to a suspension of urea in rnethylene chloricle. This reaction, 

being between a solid and a liquid, was very slow. After the suspension was stirred for 5 or 6 days, the 
reaction seemed to be complete and a yellow precipitate had replaced the urea crystals. The excess of titanium 
tetrachloride was washed out by methylene chloride on a sintered-glass filter and the precipitate was then 
dried under vacuum a t  roo111 temperature. This precipitate was found to be insoluble in all the inert solvents. 
I t  melted with decomposition a t  about 215" C. The precipitate uras then analyzed and the results are included 
in Table I. 

TABLE 1 

Analytical results found and calculated 

Complexes 'Ti yo M.W. 

TiCLI. 2U 15.63 45.47 18.4d 7 .76 3 .36  - 
15.46 45.43 18.03 7 .75  2 .60 - 

TiClr. DMU 17.11 49.56 10.04k - - - 

17.24 51.04 10.04 - - - 

TiCIr.2DMU 13.42 37.58 14.928 - - - 

13.09 38.90 15.30 - - 

2TiClr.2(1,1-DPU) 11.93 34.28 - - - 7 6 0 f  60 
11.92 35.27 - - - 804 

2TiClr. 2(1,3-DPU) 12.25 34.19 - - - 7 2 8 f  50 
11.92 35.27 - - - 804 

TiClr .2TLy 14.18 - 15.43~7 6 .37  3 .01  - 

14.01 - 16.09 7.02 2.36 - 

2TiC1., .1,3-DETU 18.50 - 5.40 12.52 2 .73  - 
18.72 - 5 .48  11.82 2.36 - 

2TiC1,. 1 , l -DPTU 15.75 - 4 .  GGd 25.69 2.16 470 f 4 0  
15.76 - 4.61 25.66 1 .99 608 

2TiCI.]. 1,3-DPTU 15.64 - 4.58d 25.81 2 .30 7003r20 
15.76 - 4.61 25.66 1 .99  608 

:%: Kjeldalll method; d: micro-Dumas rnetllod. 

The Systelil TiClr.Dil4li 
'Titani~~m tetrachloride in excess was added to a suspension of DRIIU. The reaction was quite slow, bu t  

after 2 days of agitation the reaction seemed to be complete and a yellow powder had replaced the white 
DMU crystals. The excess of titanium tetrachloride was removed by repeated washing with dichloroethane 
on a sintered-glass filter and the precipitate was dried under Yacuum a t  room temperature. The precipitate 
is insoluble in non-polar organic solvents. I ts  melting point was found to be 209" C and it decomposed a t  
220". The analytical results are included in Table 1. They are in good agreement with the formula TiCI4. 
IDAlU. 

If a 10% TiCI., solution in dichloroethane or cyclohexane was used instead of an  excess of pure titanium 
tetrachloride, a different C O ~ I I P O L ~ ~ I ~ ,  TiCI4.2Di\lIU, was formed. This co~npound melted a t  228' C and 
dccolnposed a t  230' C. The analytical results are included in Table I. 

\\;hen an excess of dimethylurea was used, many other pseudo addition compounds were obtained, b u t  
with no definite stoichio~netry. Since there was 110 means of removing the excess of the donor base, it has 
not been possible to draw definite conclusions on these C O I ~ I ~ O L I I I ~ S .  

The Sysle~iz TI'CI.r.l,l-DPU 
AII excess of a 50% solution of titanium tetrachloride in methylene chloride was added to a suspension 
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of 5 g of the donor base in the same solvent. The compound so formed, being soluble, turned the solution 
a deep red color. After 2 days of agitation a dark orange precipitate was formed, which was filtered, washed, 
and dried as  usual. I t  was then dissolved in CHzClz and recrystallized, yielding orange crystals. The 
analytical results, indicating an acceptor-donor ratio of 1 to 1, are included in Table I. The melting point 
of this compound was found to be 89-90" C. The molecular weight determinations, included in Table I, 
indicated a 2:2 molar ratio. 

The Systenz TiC14.1,S-DP U 
The technique used t o  prepare the complex 2'TiCI4.2(1,3-DPU) was almost the same as the  one used to  

prepare 2TiC14.2(1,1-DPU). The brown complex thus obtained melted a t  162-169' C. Its  analytical results 
and its molecular weight values are included in Table I. 

The System TiC14.1,S-DETU 
Excess pure TiC14 was added to DETU dispersed in methylene chloride and cyclohexane. Dropwise 

addition of Tic14 led to a dark red coloration with adhesion of viscous material to  the wall of the reacting 
flask. After 2 days of agitation, a brown powder extremely sensitive to  moisture was obtained. The  melting 
point was found to be 62". The analytical results are included in Table I. 

The Systenz Tic&. T U 
The technique used was the same as the one used to  prepare TiC14.2U. The conlpound obtained was a 

dark brown powder melting with decomposition a t  around 130" C. The results of the  elementary analyses 
are included in Table I. 

The System TiC14.1,1-DPTU 
An excess of pure titanium tetrachloride was added to  a suspension of the donor base in cyclohexane. A 

dark brown suspension was obtained which was a t  first very viscous and which then separated into an  orange- 
yellow powder after 2 days of agitation. The conlpound was filtered off, washed on the filter with cyclo- 
hexane, and dried under vacuum a t  room temperature. On recrystallization from a dichloroethane solution 
reddish brown crystals were obtained. I t  melted without decomposition a t  126' C. 

The System TiC14. 1 , s -DPTU 
The technique used here was very similar t o  the one used t o  prepare 2TiC14.1,1-DPTU. The powder 

obtained, however, was dark brown, and recrystallization from a dichloroethane solution led t o  orange- 
yellow crystals of which the melting point was found t o  be 109-112'. The analytical results are included in 
Table I. 

INFRARED SPECTRA AND STRUCTURAL DISCUSSION 

The infrared spectra of urea, substituted ureas, and their coordillatioll colllplexes are 
included in Table 11, and illustrated in Figs. 1, 2. 

TABLE I1 

Infrared bands and assign~nent in the complexes of urea and derivatives 

Band BTiCI4. 2TiC14. 
assignment Urea* TiC14.2U' 1 , l -DPUI  2(1,1-DPU)t 1,3-DPUt 2(1,3-DPU) 

N-H stretching 3450 s 3455 s 3530 rn 3490 w 3305 rn 3342 111 
3350 s 3340 s 3410 m 3370 w 

C=O stretching 1683 s 1655 s 1690 vs  1622 vs 1650 s 1616 s 

N-H deformation 1629 vs  1635 vs 1595 vs 1550 sh 1600 s 1600 s 
and aromatic 1615 s 1496 1535 sh 1560 s 1585 vs 
ring vibrations 1505 vs  1505 w 1570 vs 

1426 1500 111 

NOTE: vS = very strong, s = strong, m = medium, w = weak, sh = shoulder. 
*KBr disks. 
tMethylene chloride solutions. 
SFluorolube mulls. 

A con~parison of the infrared spectrum of urea with that  of its colnplex indicates that  
the N-H stretching frequency is unchanged in the complex, but  that  the absorption 
bands observed in the carbonyl frequency region are shifted to lower values; this is an 
indication that the oxygen atom of urea is involved in coordination. The forlllula is then 
simply TiC14. 2U, in which the urea lnolecules probably occupy cis positions. 
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F R E Q U E N C Y ,  CM- I  

FIG. 1. Infrared spectra as  I<Br disks; - - - urea, --- TiCI1 .2U. 
FIG. 2. Infrared spectra in ~nethylene chloride solutions; -- - 1,l-DPU, - 2TiCla.2(1,1-DPU). 

The changes in the spectra of the substituted urea when complexed to titanium (IV) 
are much larger. When 1,l-DPU is the donor base, conlplexiilg with titanium (IV) 
causes a bathochromic effect of some 40 cm-' in the N-1-1 stretching frequeilcy region 
and of some 68 cm-I in the carbonyl frequency region. Since ~nolecular weight deter- 
minations of the complexes indicate dinleric values 2TiCl., .2(1,1-DPU), one could believe 
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that coordination in this compound talies place through oxygen and through one of the 
nitrogen atoms, probably of the NI-I:! group. Then, two molecules of 1 , l -DPU would 
act as bridging groups between the two TiClZL molecules. In such a case, however, the 
shift in the N-1-1 stretching frequency should be much larger than 35 cm-'. Quagliano 
( I )  and co-worlters have proposed 150 ~ 1 1 1 - I .  I t  seems, then, very reasonable to  believe 
that  the shift is clue to intramolecular hydrogen bonding and tha t  the dinleric nature of 
the complex is explained by assuming coorclination through the oxygen, and halogen 
bridging between the two titanium (IV) atoms. This is illustrated sche~llatically in Fig. 3, 
where it is shown that  the two chlori~les f i l l  two coordinating positions each and where 
the broken lines indicate hydrogen bonding between the nitrogens. 

FIG. 3. Schelnatic representation of the co~nplexes between TiC14 and 1,l-DPU alld 1,3-DPU. 

The  complex formed with 1,3-DPU as  donor base should have the sallle configuration 
as its analogue 2TiCII. 2(1,1-DPU). There is a difference in the sign of the N-1-1 stretching 
frequency shift, but  this difference is probably due to  less favorable co~ldi t io~ls  for hydro- 
gen bonding in the complex than in tlle pure 1,3-DPU. I t  is noticeable that  the melting 
point of 1,s-DPU is consiclerably higher than that  of 1 , l -DPU,  and this is certainly due 
to a difference in hydrogen bonding strength. 

The  infrared spectra of thiourea, substituted thioureas, and their coorclination com- 
plexes are included in Tables 111 and IV ancl illustratecl in Figs. 4, 5, and 6. 

TABLE 111 

Infrared spectra and band assignment of TU and its co~nplex as I<Br 
disks and of DETU and its comI~lex in methylene rhloride solutions 

Band assignment T U  TiC14. 2TU IIETU 2TiCI.l DETU 

N-1-1 stretching 3400 s 3380 s 
3320 s 3330 s 
3200 s 3240 s 

2935 s 
2863 s 

N-H deformation 1615 s 1648 s 
1627 s 

C=S stretching 1470 111 1470 ~n 
and CN vibration 1407 s 1441 111 
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TABLE IV 
Infrared spectra and band assignment in n~ethylene chloride solutions 

Band assignment 1,l-DPTU 2TiCI., .1,1-DPTU 1,3-DPTU 2TiC14. 1,3-DPTU 

K-H vibration 3520 m 3410 w 3400 3280 
3385 n~ 3315 n~ 

NH deformation 1593 vs 1630 vs 1600 s 1615 s 
and aromatic 1498 s 1507 w 1550 sh 1582 vs 
ring vibrations 1407 s 1550 sh 1540 sh 1405 111 

1540 m 1530 sh 
1405 w 1590 vs 

1405 vs 
C=S stretching 1360 vs 1407 n~ 1353 s 1392 w 

and CN vibration 1275 sh 

m l  I I  I , , , I , , ~ I  
3500 3000 1700 1600 1500 1400 

FREQUENCY, CM'I 

FIG. 4. Infrared spectra as I<Br disks; --- TU, - TiCI1.2TU. 

T h e  spectrum of thiourea when compared t o  the spectrum of TiC14.2TU shows a 
marlred difference in the N-H stretching region and in the region attributed to  NI-I2 
deformation and C=S stretching. A large negative shift observed in the N-I-I region 
combined with a positive shift in the C=S stretching region strongly suggests coordination 
through one of the nitrogens of thiourea. This would leave an  uncoordinated nitrogen in 
each thiourea molecule and explain why the bands attributed to  pure thiourea in the  
3000 cm-I region are still present in the spectrum of the complex. T h e  formula proposed 
is simply, then, TiC14.2TU, in which the thioureas probably occupy cis positions on t h e  
titanium (IV) octahedron. 

T h e  complexes of substituted thioureas are quite interesting as  monomeric species, 
especially because of their general formula 2TiC14.1 donor base, which was confirmed b y  
molecular weight determinations. 
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F R E Q U E N C Y ,  C M - '  

FIG. 5. Infrared spectra in methylene chloride solutions; - -- 1,3-DETU, - 2TiCId. 1,3-DETU. 

, I  I 
' I ,  t 
( I  I , 

, -' 1 I ' 1 
( I  ' ,  
' I  ' J  

'J 

- + 
a 
0 

a, 

FIG. 6. Infrared spectra in methylene chloride solutions; - - - 1,l-DPTU, --- PTiC14.1,l-DPTU. 

I 1  
L. 1 

, , , , , , , ] , , , , , , , , , , ,  \, - 

a, 

The infrared spectrum of the cornplex of DETU in ~nethylene chloride solutio~l showed 
only s~llall differences from the spectrum of the pure donor base under the same condition. 
There is a negative N-H frequency shift of 30 cm-I, a small positive shift for the NH 
defor~natio~l band and for the C 4  stretching band. This is ~ I I  agreement with the great 

3 5 0 0  3 0 0 0  1650 1 6 0 0  1500 1 4 0 0  1 3 0 0  

l , ~ ! ~ . l ~ l l . l j > ~ l ~ , t ! ~ , , l ~ ~  
3 5 0 0  3 0 0 0  1 6 5 0  1 6 0 0  1 5 0 0  1 4 0 0  I 3 0 0  

FREQUENCY,  C M - I  
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instability of this coinplex compound. Even if the perturbations in the spectrum are 
rather small, it is still believed that  coordination involves the nitrogens of the ligand as  
donor atoms. If the donor atoms involved were one of the nitrogens and the sulphur atom, 
one should observe the original band a t  3420 cm-' in the spectrum of the complex molecule 
and the shifted band a t  lower frequency. This is not so. I t  seems, then, reasonable to 
assume that  either the two titanium atoms have a coordination number of 5 and are 
held together by the bideiltate DETU, or that  they have a coordination number of 6 and 
the sixth position is occupied by halogen bridging of two chlorines. 

For the system 2TiC14. 1, l -DPTU, the perturbation of the spectrum is much greater 
when going from the donor base to the conlplex. The  N-H stretching frequency is 
shifted by 120 c i~ l -~ ,  the N-H2 deforinatioll frequency is increased by about 30 cm-1, 
and the C=S stretching is shifted to higher frequency by 37 cm-I or to lower frequency 
by over 100 ~111-l. This last hypothesis is very unlikely because the shift due to corn- 
plexing of the sulphur atom should be less than the one due to complexing of the oxygen 
atom and the carbonyl frequency shift observed in the spectrum of the complex 2TiC14. 2 
(1,l-DPU) was found to  be around 66 cm-l. T o  find out if the presence of two phenyl 
groups on the donor atom would hinder the donor-acceptor reaction we have reacted 
diphenylamine and diphenyl ether with TiCll and found that  there was reaction in both 
cases. I t  seems quite reasonable to  suppose that the two nitrogens of the 1, l -DPTU 
molecule are involved in coordination. 

For the conlplex 2TiC14. 1,s-DPTU, the evidence of coordination through the two 
nitrogens of 1,3-DPTU is about the same, namely, a N-H frequency shift of 120 cm-l, a 
N-H deformation frequency shift, and a positive shift for C=S stretching frequency. 
Moreover, since the original absorption band in the spectrum of 1,3-DPTU for the N-H 
stretching is not present in the spectrum of the complexes, i t  seems quite reasonable to 
believe that ,  in the complex, the two nitrogens are identical. This would not be true if 
only one nitrogen acted as donor atom. All the complexes prepared with the substituted 
thioureas can be represented by the following formula, in which R means a hydrogen, an  
alkyl, or an aryl radical: 
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Les complexes suivants du titane (IV) ont Cti. pr6parCs: TiC1.1.2CO(NI-12)2, 
TiC14. CO(N1-ICH,),, TiC1,. 2CO(NI-ICI-13)2, 2TiC1,. 2NI-12CON(C61-Ij)., 2TiC1,. 2CO- 
(NHC6H5)2, TiC14.2CS(NI-I2)2, 2TiC14. CS(NHC21<5)2, 2TiC14. NI-12CSN(C6tIs)?, aild 
2TiC1h.CS(NHC61-15)~. On a aussi mesuri. leurs spectres infrarouges e t  d6termini. leur 
poids moli.culaire. L'ur6e et  ses di.rivCs coordonne au titane (IV) par l'atome d'oxygi.ne. 
Les d6rivi.s phCnyl de 1'uri.e donnent des complexes binuclCaires dCis 2 la formation de 
ponts ha1ogCili.s entre les titanes. La thiourCe e t  ses di.rivCs ont don116 des complexes 
pour lesquels la coordination iinplique un atome d'azote d a m  le cas de la thi0uri.e et les 
deux atomes d'azote dans les autres cas. La formation de pont ha1ogi.ni.s explique aussi 
dans ce cas la formation de complexes binuclkaires. 
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COORDINATION COMPLEXES OF TITANIUM (IV) HALIDES 

IV. PREPARATION AND INFRARED SPECTRA OF THE COMPLEXES OF 
TITANIUM TETRACHLORIDE WITH CHLORINE-SUBSTITUTED ESTERS 

OF MONOBASIC ACIDS AS LIGANDS 
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Departn~ent  of CIzewristry, Uniz~ersity of llbo?ttreal, ilbontrenl, Que. 
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ABSTRACT 

Coordination con~plexes between titanium tetrachloride and some chlorine-substit~~ted 
 non no esters have been prepared. 

Infrared spectra of these complexes and their melting points indicate that the strength of 
the coordination bonds decreases as the number of chlorines increases in the acid radical. 
When the substitution is in the alliyl radical, it is possible to prepare complexes of the formula 
TiC14.2 ester, since the chlorine substitution decreases the basic properties of the oxygen of 
the ether group in the ligand. 

INTRODUCTION 

Many coordi~lation compounds between esters of monobasic acids and titanium tetra- 
chloride have been reported previously (1-4). Physicochenlical investigations on pro- 
perties such as electrical conductance, viscosity, dipole moment, surface tension, density, 
specific heat, etc. have been carried out by Osipov (5, 6), Suchkov, and others but little 
worlr has been done on the effect of halogen substitution, in various esters, on cornplex 
formation. 

Halogen substitution on the acid radical should lower the double-bond character of 
the carbonyl bond, thus weakening the bond between titanium (IV) and the carbonyl 
group. This should be evidenced by a lowering in the infrared carbonyl stretching fre- 
quency and also by a lowering in the melting points, since the melting point is the 
temperature at which almost all the signla bonds are broken (7). 

In order to prove these assumptio~ls, we have prepared and studied the complexes 
formed between TiC14 and ethyl acetate, ethyl mo~~ochloroacetate, ethyl dichloroacetate, 
and ethyl trichloroacetate. 

In a previous paper (3) ,  it was postulated that the 1:l addition compoui~ds of ~llonoester 
to titaniunl tetrachloride were due to the formation of a four-me~l~bered-ri~lg chelate in 
which the two oxygens of the monoester were involved in coordination. I t  seemed of 
interest, then, to prepare sonle conlplexes in which the alkyl radical was substituted. 
0-Chloroethyl acetate was used for that purpose. 

Materials and ~Vfanipnlat ions 
Reagent grade titanium tetrachloride was purified by the method of Gilchrist (9), redistilled, and the 

medium fraction was used for our experiments. 
The esters were dried over molecular sieves and used as  such. The solvents used were normal hexane and 

~nethylene chloride, both of which were made absolutely dry by appropriate methods: normal hexane was 
kept dry with sodium wire, and methylene chloride, after being dried with phosphorus pentoxide, was 
distilled and kept in a dry box of very low humidity. 

The complexes prepared were very sensitive to moisture and were, to avoid humidity, handled in the 
manner described in an  earlier paper (8). The methods of analyses of titanium and chlorine have been 
described previously (8). 

The infrared spectra measurements were carried out on a Perlrin-Elmer infrared spectrophotometer, 

Canadian Journal of Chemistry. Volume 40 (1962) 
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Model 21, using a sodium chloride prism. The spectra were taken in solutions of suitable solvents and as 
niijol mulls. 

Preparation of the Complexes 
The preparation of these complexes was performed in normal hexane with solutions of the reactants 

ranging in concentration fro111 10 to 25%, The con~plexes prepared were yellow powders. The analytical 
results indicate that except for 8-chloroethyl acetate, all the complexes are of 1:l stoichiometric composition. 
Preparation of complexes of other molecular ratios have failed except for the specific case mentioned above. 
The analytical results of these cotnplexes are included in Table I. 

TABLE I 
Analytical results 

% Ti % Cl (ionizable) 
Ester in the Melting 

complex Theor. Found Theor. Found point ("C) 

*Et = ethyl. 

INFRARED SPECTRA AND STRUCTURAL .DISCUSSION 

Nolin and Jones (10, 11) have studied extensively the spectra of methyl acetate and 
ethyl acetate, and by selective deuteration they were able to assign n~ost  of the infrared 
absorption frequencies. Lappert (12) has discussed also the infrared spectra of the car- 
boxylic esters as ligands. From these papers it seemed that the infrared spectra of these 
esters contain three absorption bands that can be easily identified and that are likely to 
be influenced by coordination. These bands are the carbonyl stretching frequency a t  
1741 cnl-I and two skeletal vibrations, one a t  1238 cm-' and the other one a t  1046 cm-I, 
all these bands being from the spectrum of liquid ethyl acetate. 

According to this slceleton : 

C-0 would be represented by the 1238 cm-' frequency, and C'-0 by the 1046 cm-I 
band. I n  the spectra of the colnplexes with halogenated esters as donor bases, it  has not 
been possible to assign with reasonable certainty the band attributed to C-0 in the 1250 
cm-I region because of the large number of bands with similar intensities in this region. 
However, the carbonyl frequencies v l  and C'-0 frequencies v z  could be assigned easily 
and are given in Table 11. 

From this table, it  can be seen that the presence of halogens in the acid or in the allcyl 
radical strongly influences the position of the two bands mentioned. The electronic pull 
of the chlorines decreases the double-bond character of the carbonyl bond and decreases 
the electronic density of the other bond. This effect is dependent upon the number of 
halogens on the acid radical, as is illustrated in Fig. 1. A bathochromic effect of v l  varying 
from 9 to 20 cm-' and of v l  varying from 20 to 27 cm-I is observed. 
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TABLE I1 

Infrared spectra in nujol mulls 

Carbonyl stretching Stretching frequency 
frequency (cm-I) of C'-0 (cnl-I) Xature 

Ester used in Shift Shift of 
complex formation Pure ester Conlplex (cm-I) Pure ester Colnples (cm-I) adduct 

Ethyl acetate 1748 1 GOO 148 1052 1006 46 1:l 
Ethyl ii~onochloro- I757 1625 132 1032 998 34 1 :1 

acetate 
Ethyl dichloroacetate 1762 1653 109 1027 1002 25 1 :1 
Ethyl tricl~loroacetate 1768 1663 105 1025 1015 10 1 :1 
p-Chloroethyl acetate 1748 1650 98 1043 1027 16 1:1 
B-Chloroethvl acetate 1748 1650 98 1043 1033 10 1 :2 

- 

0 I 2 3 4 
N U M B E R  O F  C H L O R I N E  I N  A C I D  R A D I C A L  

FIG. 1. Variation of the carbonyl stretching frequency and of the C-0 frequency with respect to the 
number of chlorines in the acid radical; - - - Avl variation, - Avp variation. 

Walsh (13) and Cook (14) have proposed a relation between the io~lization potential 
(IP) and the corresporlding stretching frequency of a carbonyl group: 

v c = ~  = 49.351IP+1249 cm-I. [I1 

This equation indicates that the smaller the carboriyl stretching frequency the smaller 
will be the ionization potential. Since the ionizatio~i potential is an indication of the 
electron availability, the smaller it is, the better will be the oxygen as a donor atom. 

Since coordination to a Lewis acid usually causes a negative shift of the carbonyl 
frequency, the value of the shift should parallel the decrease in basic strength of the 
oxygen. Figure 2 is a plot of the bathochromic effect as  a function of the number of 
chlorines on the acid radical. I t  indicates very clearly tliat the basicity decreases with an 
increase in the degree of halogen substitution. This is also indicated by a decrease in 
melting points, as shown in Table I. The fact that the melting point indicates breakage 
of the coordination bond can be illustrated by using the infrared spectrum of a complex 
taken a t  a te~iiperature which is very close to its nlelting point. Ethyl tricl~loroacetate 
complex melting a t  23-24' C was chosen for that purpose. Its infrared spectrum nleasured 
a t  rooill temperature is illustrated in Fig. 3 ;  a peak in the 1768 cm-I region due to the 
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I I I 

o I e 3 
NUMBER OF CHLORINE IN  ACID RADICAL 

OF E T H Y L  ACETATE 

FIG. 2. Variation of the bathochromic effect as a function of the number of chlorines in the acid radical. 

1 9 0 0  I 8 0 0  1700 1 6 0 0  1500 

FREQUENCY CM- I  

FIG. 3. Infrared spectrum of the trichloroacetate con~plex in nujol. 
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free ester is quite pronli~le~lt in comparison with the one a t  1663 cm-l due to  coordinated 
carbonyl group, thus indicating a very strong dissociation. This observation does not 
fit with the proposed reactions of Lysenlto and Osipov (15), i11 which they presupposed 
that  the dissociation in the liquid state proceeds according to the following scheme: 

[TiCI,. El? F? [TiC12.2E][TiCIG] F? [Tic]? .  2E]?+ + ITiC1612- 

[Tic14 .2Elz F! [TiClz. 4E][TiCl~l F! [TiCI?. 4E]?+ + [TiCl6I2-. 

If this scheme were true, no uncoordinated carbonyl absorption bands would be 
observed in the infrared spectra 01 the species in the l i q ~ ~ i d  state or in solution. Since we 
could not talte the infrared spectra of all the complexes in the liquid state, we have talten 
them as solutions in methg lene chloride. The results appear in Table I11 and are illus- 
trated in Fig. 4. They indicate very clearly that as the melting point is approached, 
dissociation increases, this dissociation giving, always, ul~coordinated carbonyl group. 

TABI,E 111 

Bathochrornic elfect of the carbonyl stretching frequency in 
methylene chloride solution 

Carbonyl stretching frequency 
of C=O (cm-I) 

Ester in the Shift 
complex Pure ester Complex (cm-') 

I800 1700 160P 1500 
F R E Q U E N C Y  Chi- 

FIG. 4. Infrared spectra of the complexes in methylene chloride solutions;. . . ethyl acetate complex, .-. 
rno~lochloroacetate complex, - - - dichloroacetate complex, --- trichloroacetate complex. 
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When the position of chlorine is shifted from the acid radical to the alkyl radical of the 

ester, the infrared spectra and the melting poiilts again indicate some change in the 

donor properties of the ester. In Table IV, a conlparison between complexes formed with 

TABLE IV 

Comparative data on addition co~nplexes with isomeric esters (in nujol) 

Shift in carbonyl Shift in C-0 Melting Xature 
Ester in the stretching frequency stretching frequency point of 

complex (cm-l) (cm-l) ("c) adduct 

isonleric esters, it is indicated tha t  etl137l chloroacetate fornls only a 1 : l  addition com- 

pound. This was always observed even in experiments in which a large excess ol  the ester 

was used. This is different from the P-chloroethyl acetate, which gives 1:l and 1:2 com- 

plexes. If one assumes tha t  in the 1:l addition compound there is formation of a four- 

membered-ring chelate, i t  is quite reasonable to  believe tha t  the replacement of one 

hydrogen by one chlorine would lead to  a wealter coordinated bond of the oxygen of the 
ether group and facilitate the formation of the 1:2 complex. 
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SOMMAIRE 

Des con~plexes de coordination entre le t6trachlorure de titane e t  quelques monoesters 

chlor6s ont kt6 prkparits. Les spectres infrarouges de ces colnplexes e t  leurs points de  

fusion indiquent que la force du lien de coordination dilninue avec l'augmentation d u  

nombre de chlores colltenus dans le radical acide. Si la substitution a lieu sur le radical 

alkyl, il est possible de  pr6parer des colnplexes de formule TiC14.2 ester, parce que la 

substitution d 'un chlore & un hydrogsne diminue les propri6t6s basiques de l'oxygitne 

6thitr6 d u  ligand. 
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ABSTRACT 

When the polymerization of vinyl acetate or acrylonitrile is initiated by persulphate in the 
presence of cellophane, grafting onto the cellulosic baclcbone occurs. This is proved by com- 
paring the graft with a physical mixture of cellulose and homopolymer. 

Sotne aspects of the mechanism of this grafting are studied by means of model cornpou~lds, 
in particular pinacol. I t  is found that the rate of polymerization of acrylonitrile initiated by  
persulphate is increased by the addition of pinacol, but decreases on addition of more pinacol. 
This may be explained by assuming that the radicals formed from the pinacol can terminate 
each other and that  this reaction competes with the reaction between these radicals and the 
monomer. The amount of acetone formed by the persulphate oxidation of pinacol a t  low 
pinacol concentrations is about 0.5 nlole per mole persulphate and decreases with increasing 
pinacol concentration. This indicates complexities that do not exist in the ceric ion oxidation 
of pinacol. 

INTRODUCTION 

I t  has been shown b57 Kolthoff and RlIiller (1) tha t  the deconlposition of persulphate 
ions produces sulphate ion radicals according to a first-order reaction. In addition, a 
decomposition takes place tha t  does not produce radicals, but  the rate of this second 
process is very snlall compared with that  of the first when pI-I > 4. 

Methanol accelerates the decomposition of persulphate (2), and it was shown by 
I<olthoff, Meehan, and Carr (3) tha t  this is due to a reaction between persulphate ions 
and alcohol radicals (reaction [3]). This is demonstrated by the fact tha t  the rate of 

S2O; + 2SO:. ; rate constant ko [I] 

SOT. + Alc + HSO: + Alc.;  rate constant k ,  1 
A l c  + S 2 0 r  + aldehyde + HSOi + SOT. [3 1 

decomposition of persulphate is reduced to  the nluch lower value observed in the absence 
of methanol when a monomer is added to the system. 111 this case, the SOT radicals 
produced by reaction [l]  react with the monomer: 

SO:. + M + P.  ; rate constant ki. PI 

P represents the polymer radical. This has been interpreted as  meaning tha t  reaction 
[2], and therefore also reaction [3], are suppressed. I t  is also possible, however, that  only 
reaction [3] is suppressed and tha t  the alcohol radicals react with monomer. This  has 
an  obvious bearing on the question as  to  whether polymerization initiated by  persulphate 
in the presence of cellulose, starch, or other polyalcohols leads to grafting onto the  
polyalcohol. Haydel et al. (4) reported experiments with cotton in acrylonitrile vapor, 
but  they refer to the process as deposition in and coating of the cotton, without investi- 
gating whether grafting occurred. I-Iayes (5) reported tha t  grafting took place when 
the (emulsion) polymerization of butadiene was initiated by persulphate in the presence 
of highly cross-linked butadiene, and attributed this result to chain transfer. In principle, 
i t  cannot be excluded tha t  chain transfer from a growing polymer chain to  cellulosic 

*Ontario Research Fozrndation, 45 Queen's Park,  Toronto, Ontario. 
tPresent address: Cltetitstrand Research Center, Inc., DzrrIta~n, N.C. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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molecules (6) also takes place. However, cellulosic radicals may also be formed directly, 
since reaction [2] between SOT radicals and methanol suggests that a sinlilar reaction 
occurs between SOT radicals and cellulose. The cellulosic radical forllled could then 
initiate polylllerizatio~l ancl form a graft. On the basis of the reactions established by 
IColthoff, ;\/Ieehan, ancl Carr, it may be expected that the lilcelihood of this type of 
grafting is determined by a competition between cellulose and monomer. For grafting 
to occur, it is necessary that reaction [2] talces place to an appreciable extent even when 
monomer is present and that the alcoholic radicals formed take part in the initiation 
of the polymerization. I t  may be expected, therefore, that the result will depend on the 
conditions of the experiment. 

GRAFTISG ONTO CELLOPHASE 

Gel cellophane was soaked in an aqueous solutiolx of persulphate and subsequently 
brought into contact with pure monomer. I t  is believed that this procedure creates 
conditions favorable to grafting. Since the monomer is a poor solvent for the persulphate, 
only small amounts of catalyst will diffuse from the gel into the monomer phase, so 
that little i f  any l~omopolymer is formed outside the cellophane. The concentration of 
cellulose in the gel being high, the rate of reaction [2] is large, so that the nlonomer 
which diffuses into the gel finds a high concentration of cellulosic radicals with which 
to react. 

All experiments were done in a nitrogen atmosphere. After completion of the reaction, 
the film was thoroughly extracted with a solvent for the homopolynier, then dried in a 
vacuum oven a t  GO0 C for 48 hours and weighed. The results are given in Table I. I t  is 
possible that part of the weight increase is due to l~omopolymer that could not be renloved 
by solvent extraction. The following experiment shows, however, that  an appreciable 
amount of graft was formed. 

TABLE I 

Reaction Reactiot~ 
Monomer G time (hr) te111p. ("C) G FI 

Vinyl acetatc 0 . 1  1 . 5  GO 40.5 0 .7  
Vinyl acetate 0 . 1  1 . 5  50 15.4 
Vinyl acetate 0 . 1  -4 . S 60 SO. 7 1 . 0  
Vin1.l acetate 0 . 2  1 . 5  fi 0 70.0 1 . 0  
Acrylonitrile 0 . 1  0 . 4  50 84 2 . 7  

NOTE: c = concentration of persulpliate solution (n~ole/l.) used to soak film; G = % weight increase 
of f i ln~  on basis of d ry  weight of cellophane; H = 7" Ro~nopolymer, on basis of total monomer used. 

The product containing 80 g polyvinyl acetate per 100 g dry cellulose was hydrolyzed 
with 0.25 N alcoholic sodium hydroxide solution a t  about 50" C for 20 hours. This was 
done under ~xitrogen to minimize degradation of the cellulose. After conversion of the 
polyvinyl acetate chains to polyvinyl alcohol, the product was completely soluble in 
cupriethylenediamine. Orx acidifying this solution with 4% I-IC1, a precipitate resulted, 
which was washed with rochelle salt solution and then water. The infrared spectrum 
(ICBr pellet) showed absorptiolx in the region 12-13 p,  due to the presence of polyvinyl 
alcohol in the precipitate. This absorption is absent when the sanle procedure is followed 
with a physical mixture of 1 g dry cellophane and 0.8 g polyvinyl acetate. I t  follows 
that a t  least part of the weight increase was due to grafting. 

To  learn more about the possible mechanism of this grafting, studies were ~ n a d e  
with low molecular weight model compounds, as described in the next section. 
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STUDIES \\'ITH LOR' MOLECULAR \17EIGI-IT COhIPOUSDS 

1 .  Sevine Methyl Ester 
The oxidation of the hydrochloride of serine methyl ester by persulpliate in aqueous 

solution produces formaldehyde, as indicated by the color reaction with chromotropic 
acid (7). This suggests that  the following radical is formed: 

Since this radical contains both an amine and an ester end group, it opens a possibility 
for checlting whether this radical initiates polymerization. To  explore this possibility, 
seriile methyl ester was reacted with persulphate in the presence of acrylonitrile. The 
polymer formed was washed carefully. Infrared absorption revealed that  it contained 
both NH2 and COOCI-13 groups. 

2 .  P,inacol 
Pi~lacol was chosen as a iuodel substance because its oxidation by ceric ions in aqueous 

solution has been studied in detail by Mino, ICaizerman, and Rasmussen (8), who found 
that  in the absence of a monomer, each mole of ceric ion that  is reduced to cerous ion 
produces 1 mole of acetone. I11 the presence of a monomer only half this amount of 
acetone is formed. This is explaiiled by the following mechanism: 

In the absence of a monomer, the radical formed is oxidized to acetone by one more 
mole of CeIV, but when sufficient monomer is present, the alcol~olic radical is used up 
to initiate the polymerization, and a second mole of ceric ion is used in the termination 
step without producing any acetone. For details see reference 8. I t  was hoped that  
similar, clear-cut, results would be found when pinacol was oxidized by persulphate. 

Pinacol (Eastman Kodak) was purified by distillation a t  atmospheric pressure (b.p. 
169.5-170.5" C). Xcrylonitrile (Eastman Icodalc) was freshly distilled, liltewise a t  atmos- 
pheric pressure (b.p. 76.5-77.5" C),  a t  the beginning of each experimental run when 
the solutions were prepared. The persulphate was Certified Fisher Iieagent, 99.3% pure 
by iodometric titration (9). The reagents used for the titration were of Analytical Iieagent 
grade. 

All the experiments were carriecl out in a nitrogen stream a t  50' C,  in the presence 
of 0.03 M phosphate buffer, pI-I = 7. Loss of water or monomer was prevented by 
means of a reflux condensor. Samples were withdrawn a t  various times for analysis. In 
those cases in which acrylonitrile was present, the polymer formed precipitated. I t  was 
washed, dried, and weighed. 

Table I1 shows the rate of persulphate decomposition under various conditions. The 
possible experimental error in this rate is about 10yo. I t  is seen that the rate is increased 
by the presence of pinacol when no monomer is present, but this acceleration is very 
much smaller than that caused by metl~anol (3).  When monomer is added, the rate 
of persulphate deco~nposition in the presence of pinacol is reduced again to that observed 
in the absence of pinacol. I t  even appears to drop slightly below this value, although 
it is not certain that this effect is outside the experimental error. 

Figure 1 shows the monomer co~lversion as a functio~l of time under the conditions 
listed in Table 11. The inset in Fig. 1 gives the amount of polynrer formed after 4 hours 
as a function of pinacol conte~rt, showing that the rate of polymerization first increases 
but subsequeiltly decreases with increasing pinacol concentration. 
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R a t e  of decomposition per hour) of 0.01 111 per- 
sulphate in various m i x t ~ ~ r e s  a t  50' C, p H  = 7 

Pinacol Xcrylonitrile R a t e  
(mole/].) (moIe/I.) (% per hr) 

FIG. 1. Percent conversion of monomer a s  n function of time for pinncol concentrations 0-0.05-0.1 and  
about  0.3 ill. Inset: % conversion after  4 hours a s  a function of pinacol concentration. 

Some attempts were lllade to determine the alllount of acetone formed, using the 
spectrophotometric method of Behre and Benedict (10). In analogy with the oxidation 
by ceric ions (8), it  was hoped that the principal reaction ~vould be 

followed, perhaps, by further oxidation (to acetone) of the radical formed. If this were 
correct, the amount of acetone produced for every mole of persulphate cleconlposed 
would be a t  .least 2 mole. I t  was found, however, that only about 1/2 mole of acetone was 
fornled for every mole of persulphate reduced when the pinacol conceiltration was 0.05 iM 
and that this figure was decreased to about 1/3 mole acetone when the pinacol concentra- 
tion was increased to 0.1 iM. The  persulphate concentration in both cases was 0.01 114, 
pI-I = 7, temp. 50" C. The result shows that some of the sulphate ion radicals are in- 
effective in the oxidation of pinacol (compare reaction [5 ]  below) or else tha t  products 
other than acetone are formed. 
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3. Glz~cose 
'The results with pinacol, although qualitatively sinlilar to those found for methanol 

(3), s~~gges t  that,  quantitatively, different alcol~ols nlay differ considerably in their 
behavior toward persulphate. A study with D-glucose showed that this alcohol, like the 
others, increased the rate of decomposition of persulphate. This effect was of the sanle 
order of magnitude as that observed with pinacol, but the addition of acrylonitrile this 
time did not reduce the rate of persulphate decomposition to the value found in the 
absence of glucose. rneasurenlents were done a t  pI-I = 7 and a t  50' C in an aqueous 
solution of persulphate, 0.01 ill, and acrylonitrile, 0.3 M. In the presence of 0.1 11I 
D-glucose, the rate of persulphate deconlpositio~l was 1.18y0 per hour. I n  the presence 
of 0.3 M glucose it was 1.53% per hour. These figures are to be compared with the value 
of about 0.7 in the absence of glucose (see Table 11). The nlononler corlversion was the 
sallle within experimental error: about 30y0 after about 10 hours in both experime~lts. 

In  analog)^ wit11 the mechanism proposed by Kolthoff, the following tentative explana- 
tion of the data is suggested. 

Sulphate ion ratlicals are produced by reaction [I.]. In the absence of reducing agents, 
these radicals disappear: 

2S07. --t end products; rate constant A. [5 1 

The details of this reaction will not be considered. I t  may involve reaction with water 
under fornlation of 01-1 radicals, which subsequently for111 I-120?. Tllis would mean that  
one nlay have to consider reactions of alcohol and monomer with 01-1 radicals instead 
of (or in addition to) reactions with SOT.. The reaction scheme would then beconze 
quite complicated, but the general conclusions arrived a t  would not be affected. 

Reaction [3] accounts for the fact that the rate of decomposition of persulphate is 
increased by the presence of pinacol. This effect is not very large and is suppressed by 
acrylonitrile. The increase in the rate of polymerization on addition of alcohol indicates 
that reaction [2] is not suppressed. Alcohol radicals are formed and become progl-essively 
nore important in the initiation step: 

Alc. + M --t P. ; rate constant ki'. [GI 

as the concentration of these alcol~ol radicals is increased, there will also be 
an increased rate of termination, ant1 this radical-destroying reaction, 

2Alc - + end products; rate co~ls tant  p, [TI 

may eventi~ally beconle so important that the rate of polymerization decreases again. 
This could esplain why the rate of polymerization-altl~ough increased by the addition 
of pinacol-is decreased again on addition of more pinacol. This argument can be given 
in more quantitative terms, as follows. If we add the termination step 

P. + P. --t poly~ller; rate constant kt ,  (81 

the liinetics are supposed to be fully described by the reactions [I]-[8]. Of these reactions, 
[3] is suppressed by the presence of the monomer and will therefore be omitted. Then, 
if c is the c o ~ ~ c e n t r a t i o ~ ~  of persulphate, .I that of the alcohol, m that of monomer, and 
if x, y ,  ant1 r represent the concentrations of SOT. radicals, alcohol radicals, and polymer 
radicals respectively, 
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where k ,  is the propagation rate constant. The equations [9], [lo],  ancl [ll] give the 
expressions for d s / d t ,  d y / d t ,  and d r / d t  respectively. They have been equated to zero 
on the (usual) assuillptioil that "quasi steady state" conditions prevail. Eliminating 7 

froill equations [ll] and [12], it is seen that the rate of polymerization for a give11 value 
of m is determined by the quantity 

where 

I t  will be shown that R increases on adclition of alcohol but may decrease again on the 
addition of nore  alcohol. To  this end, equations [9] and [lo] are differentiated with 
respect to A a t  constant c and m. From the equatioils obtained one can solve for cEx/dA 
aild d y / d A ,  with the result 

This shows that d x / d A  is negative and d y / d , l  positive for all values of -4, Using the 
definition of R given in equation [13], it follows from equations [11] and [13] that 

At low alcohol concentrations, y  is small so that dR/d.-1 is positive. I-Iowever, on increasing 
--I, we li110w that s decreases and y  iiicreases, so that  (ZR/d.,l will become sinaller aiid 
may eventually become negative. This is the behavior found in Fig. 1 (inset). 

CONCLUSION 

The considerations in the preceding section are semiquantitative, because only a 
liillited n~imber of the possible reactions have been considered. A more coillplete reaction 
schenie would not, however, change the nature of the concl~~sioi~s arrived at.  The  increase 
and subsequeilt decrease in the rate of polymerization when the pinacol co~icentration 
is increased may thus be considered as a natural coilsequeilce of the reactions involved. 

These same reactioils may have a bearing on the observation that the amount of 
acetone forimed per mole of persulphate reduced decreases when the pinacol concentra- 
tion is increased, but this statement is only tentative because the mechanism of the 
oxidatioil of piilacol by persulphate is not clear. 

If our conjectures are correct, the results with glucose mean that  in this case the 
reaction [8] is not suppressed by the presence of the monomer, even t l~o~ igh  the rate 
of polymerization is increased by the presence of the glucose. I t  must be borne in mind 
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that  the oxidation of glucose by persulphate may be a complicated reaction in which 
several oxidation products and quite a few intermediates are formed. Ally detailed 
speculatioil would be premature a t  the present stage. 

The results obtaiilecl with the low iliolecular weight compounds indicate tha t  grafting 
onto polymeric alcohols by the mechanism suggested in the introduction-although not 
firinly established-may be considered as  a very lilcely process. 
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ABSTRACT 

Sequences of a t  least three a-1,3-linked rnannose units have been shown to occur in 
phosphomannan Y-2448 through isolation of 3 - 0 - [ 3 - 0 - ( f f - ~ - m a n n 0 p y r a l l 0 ~ y l ) - c u - D - ~ 0 -  
pyranosyll-D-mannose from partial acid hydrolyzates of both the native and the periodate- 
oxidized phosphoma~lnan. 3-0-(a-~-I\iIannopyra11osyl)-~-mannose has been obtained also. 
The mannosidic bond in these oligosaccharitles appears to be more stable to acid hyclrolysis 
than that by which the nlannose 6-phosphate unit is held in this macromolec~~lar poly- 
saccharide derivative. I t  has been established that the D-mannose 6-phosphate unit is osidized 
by periodate and that orthophosphate is the form which occurs in this phosphomannan. 

The  phosphomannan produced exocellularly by the yeast fIunsenula Izolstci NRRL 
Ir-2448 and isolated as the potassium salt is comprised of D-mannose, phosphate, and 
potassium in the lnolar ratio of 3:1:1 (1). T h e  phosphate occurs in diester linlcage between 
the carbon-6 position of one mannose unit (2) and the carbon-1 hemiacetal position of 
another (1, 2). Periodate oxidation indicates that  33y0 of the D-mannose units are linlted 
through carbons-1 and -2, and 47% through carbons-1 and -3 (3). 

Da ta  from periodate oxidation of this phosphonzannan indicate tha t  significant 
structural information as well as saccharicles heretofore unavailable might be obtained 
through hydrolysis of the perioclate-oxidized product (3). T h e  fact tha t  inorganic phos- 
phate could be eliminated by allcali fro111 the periodate-oxidized bu t  not from the native 
phosphomannan offered a means of establishing the form, either ortho or pl-ro, in which 
phosphate occurs in this ~lnusual polysaccharide derivative. T h e  absence of D-mannose 
6-phosphate from among the products of acid hydrolysis would confirm other illdicatiorls 
tha t  this unit was oxidized by periodate (3). The  fact tha t  the mannose ~ ln i t s  mere a-linlted 
and tha t  about 4'770 of them were inert to oxidation indicated an attractive source from 
which a-1,3-linlced mannose oligosaccharides might be obtained by mild acid hydrolysis. 
Previously, 3-O-(a-~-1llanll0pyranosy~)-~-mannose has been obtained onll- by acid 
reversion of D-mannose (4). Other members of this 110111ologous series have not been 
reported. 

RESULTS AND DISCUSSION 

The  form of phosphate tha t  occurs in phospholnannan Y-2448 was shown to  be ortho. 
Inorganic orthophosphate was demonstrated in phosphomannan which had been oxidized 
by periodate and subsequently treated with allcali, by paper chro~llatography and by a 
selective method of pl~osphorus analysis (5, 6). T o  avoid the possibility of h\,drolysis of 
pyrophosphate, if i t  had been present, the collditio~ls for all chernical reactions and 
physical operatiorls were those under which inorganic pyrophosphate controls had been 
shown to  be stable. 

Several observations attested tha t  the ~-1lla11110~e 6-phosphate unit of phospho~llannan 
Y-2448 is oxidized by periodate. Paper chromatography showed tha t  this unit was not 
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among the products of autohydrolysis or of formic acid hydrolysis of the periodate- 
oxidized phosphomannan. Low nlolecular weight organic phosphate (possibly phospho- 
glyceraldehyde) and inorganic orthophosphate appeared during early stages of hydrolysis. 
I-Iydrolysis liberated inorganic orthophosphate fro111 periodate-oxidized phosphomannan 
more rapidly and m u c l ~  more colnpletely than fro111 native phosphomannan. 

Prelinlinary observations on acid hydrolysis of native phosphomannan (hydrogen 
form) showed tha t  in 5 N iorlnic acid a t  100' C ,  nlaxin1~1n1 reducing power was reached 
in about 36 hours a t  a value 03% of tha t  expected for colnplete hydrolysis to mannose. 
Products present a t  this time were D-mannose, D-mannose 6-phosphate, solne inorganic 
orthophosphate, and traces of neutral oligosaccharides. After only 6 hours' hydrolysis 
under these conditions, substa~ltial  anloullts of neutral di-, tri-, and tetra-saccharides 
were present in the hydrolyzate (Table I ) .  Other work (2) has shown tha t  the  initial 

Neutral saccharides in hydrolyzatcs of native and pcriodate-oxidized phosphomannan Y-2448" 

Sative,  hydrolyzed 5 iV Pel iotlate-ouidizetl, 
formic acid, 6 hours, 100" C autohydrolyzed 72 hours, 100" C 

Degree of - 
polymerization Iiatio by wt. Mole ratio Ratio by wt. Mole ratio 

Higher 1 .05  - 0.02 - 

"Determined by quantitative paper chromatography. 
TD-Manl~ose. 
fThe weight of D-mannose found was assigned the value "1.00". 

action of acid on native pl~ospl~omannan Y-2448 liberates oligosaccl~aride phospho- 
nlonoesters and tha t  further hydrolysis produces D-mannose 6-phosphate in high yields. 

When hydrolyzed in 5 N fornlic acid, the periodate-oxidized phosphomannan appeared 
to  reach any given stage of partial hydrolysis about twice as  fast a s  the native phospho- 
mannan. When autohydrolyzed, the  periodate-oxidized product depoiymerized slowly 
enough tha t  good yields of neutral di- and tri-saccharides were obtained (Table I) .  Auto- 
hydrolysis of the native pllosphomannan progressed even rnore slowly, bu t  permitted 
accumulation in hydrolyzates of neutral saccharides of D.P. 2, 3,  and 4 ;  a t  early stages 
of hydrolysis traces of a saccharide of D.P. 5 were also apparent. The  neutral oligo- 
saccharides fro111 native and periodate-oxidized phosphomannans displayed identical 
chron~atographic behavior. 

These observations indicate tha t  native phosphomannan Y-2448 has some sequences 
of a t  least four neutral rnannose units and tha t  these, a s  well a s  sequences of three units, 
are freed rather readily fro111 nlannose 6-phosphate units, which are believed to have been 
attached to  (or near) them (3). Liberation of these neutral oligosaccharides apparently 
is not dependent on hydrolysis of the  carbon-6 phosphate-ester bond since, under the  
conditions of hydrolysis (Table I ) ,  mannose 6-phosphate was found in the  hydrolyzate 
of the native phosphornannan but  essentially no inorganic phosphate was present. Thus, 
the glycosidic bond by  which rnannose 6-phosphate units are attached to  lnannose units 
seems more labile to  hydrolysis than the bond joining the neutral mannose units. This 
appears to  be contrary to  the reported stabilization by  phosphate of galactosidic bonds 
in di- and tri-saccharides ternlinated by  galactose 6-phosphate (7). 
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In periodate-oxidized phospl~omannan, the maximum sequence of units inert to 
periodate is restricted almost exclusively to three (Table I).  Apparently, one unit in the 
sequence of four observed in the native phospl~omannan has been oxidized by periodate. 
This possibility is in lieeping with other structural details on phosphomannan Y-2448 
(Fig. 1 of reference 3) as is also the indication (Table I)  that the di-, tri-, and possibly 
even the mono-saccharicles may originate mainly as bloclis from the periodate-oxidized 
phosphomannan. 

The identity of the ileutral di- and tri-saccharides has been established as 3-0-(a-D- 
mannopyranosy1)-~-111a11110se and ~-0-[~-0-(a-~-illannopyranosyl)-a-~-1llailllop~~ra1los~~]- 
D-mannose, respectively. 'The relatively high specific optical rotations, +57.G0 and +70.S0, 
correlate with a-configurations. The specific optical rotation of the disacchal-ide is higher 
than that reported previously (4) and is the same as one (8) of the two values (4, 8) 
reported for 6-0-(a-D-mannopyranosyl)-D-l-nanose. I-Iowever, lead tetraacetate oxidation 
(10) by a technique basecl on that of Perlin (1 I )  gave results for the disaccharide in agree- 
~ n e n t  with those previously reported for 3-0-(a-~-ma111lopyranosyl)-~-11lailnose (9) 
obtained by acid reversion of D-mal1110~e (4), that- is, about 1.6 moles of carbon dioxide 
were give11 off in 6 hours and D-arabinose was identified among the hydrolyzed oxidation 
products after both 2 and 20 hours. The trisaccharide proclucecl 1.1 illoles of carbon 
dioxide in 6 hours; after 20 hours' oxidation, both D-arabinose and D-lnannose were 
present arllollg the hydrolyzed oxidation products. These results are consistent with those 
expected for a 1,3-linked structure and eliminate the possibility of other linkages. 

ESPERIivIENTAL 

Preparation of ~VIaterials, and FIydrolysis 
Periodate-oxidized phospho~uannan Y-2448, the product of a 240-hour oxidation a t  4' C ,  was prepared 

as previously described (3). Excess periodate was removed by ethylene glycol (stoichiometric a r n o ~ ~ ~ l t )  and 
the solution mas dialyzed against distilled water a t  4' C until free of inorganic salts. Visltingl dialysis tubing 
(1-7/8 S.S.) mas washed repeatedly or boiled in water before use (5). 

The dialysis residue was passed through Dowex 50x2,  50-100 ~nesh (H+ form) cation exchange resin and 
then hydrolyzed a t  0.3y0 concentration and 100" C in its own acidity (pH 2.5). A t  73 hours' autohydrolysis, 
1vhe11 the oligosaccharide concentrations were near their maxima, all phosphate mas in the inorganic form. 
The hydrolyzate was used directly for qualitative paper chro~natographic examination for organic phosphates 
but  mas deanionized (Do~vex 3 x 4 ,  20-50 mesh) before quantitative paper chromatographic analysis and 
isolation of neutral oligosaccharides. 

Dialyzates were neutralized and concentrated i?z vaczro a t  solution temperatures not exceeding 30" C. 
Similarly, dialyzates were obtained from periodate-oxidized phosphomannan Y-2448 that  had been 

treated with alkali or glycine buffer, to eliminate phosphate in inorga~lic form as previously described (3), 
and neutralized. These solutions were concentrated under conditions that  did not hydrolyze inorganic pyro- 
phosphate controls, tha t  is, a t  solution temperat~lres not exceeding 30" C and a t  pH's in the range 6.5-8.5. 

Native phosphomannan Y-2448 ( I ) ,  decationized by Dowex 50x2,  50-100 mesh (H+ form) exchange 
resin, hydrolyzed slowly in its own acidity (PI-I 2.2) a t  100' C. I-Iydrolyzates obtained under these conditions 
mere suitable for exami~lation of products by paper chromatography, but  for observations on rate and 
completeness of hydrolysis, a 0.2y0 collce~ltration of clecationized phosphornannan was treated with 5 1V 
formic acid in sealed tubes a t  100°C. I~ldividual tubes were opened a t  chosen times, the hydrolyzate was 
transferred to a s~ua l l  flask, and formic acid was removed by evaporation, first i n  vaczlo and then in the 
presence of toluene. i\iIeasurements of reducing power were ~ u a d e  on these solutions (12). For isolatio~l of 
products, larger amounts of hydrolyzate (from 0.65yo phosphornannan concentration) were treated similarly 
except that  for complete removal of formic acid, residues were taken to  dryness, redissolved in water or 
ethanol, and dried again several times. Analysis showed that  after 6 hours' hydrolysis essentially all the 
phosphate was in the organic form, but after 22 hours, 20y0 was inorganic. Phosphate and phosphate esters 
then were removed from hydrolyzates by use of Dowex 3x4 ,  20-50 mesh (amine form). 

Paper Chronzatography 
Solvent systems used for separating the inorganic components of dialyzates were: ( a )  tz-propyl alcohoI- 

lildentiotz of trade names should not be constrzied a s  a reco?tznzendation or etzdorsement by the U.S. Department 
of Agriculture over those not nzentiotzed. 
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water - aqua ammonia (sp. gr. 0.90) (6:1:3) (13); and (b) the upper phase of n-butyl alcohol - pyridine - 1.5 
N ammonium hydroxide (2:1:2) (14) (all v/v). Solvent systems used for separating carboh>rtlrate compo- 
nents of hydrolyzates were: (c) ?L-butyl alcohol - pyridine - water (6:4:3) (15); (d) the upper phase of ethyl 
acetate -acetic acid - water (3:1:3) (16) ; and (e) ethyl acetate - acetic acid - water (3:3:1) (17) (all v/v). 

Phosphate \vas detected by clipping chromatograms in an a~nmonium ~nolybdate - perchloric acid reagent 
(18) and using ultraviolet light (2537 A) to bring out the spots (19). Reducing sugars were detected by 
o-arninobiphen).1 phosphate in glacial acetic acid (20). 

For quantitati\.e chromatography of hydrolyzates, Whatman S o .  1 papers were spotted in triplicate 
with 1000-3000 pg of sugar per spot and the papers were irrigated for two 20-hour periods (15) with solvent c. 
The spots and corresponcling blanlis were eluted ; the eluates \\,ere filtcrecl through sintered glass and analyzed 
by the phenol - sulphuric acid method (21). 

Isolatio?~ and Cl~aracterizatzo?~ of Oligosacckarides 
For separation and isolatior~ of neutral oligosaccharides, hydrolymtes were streaked on \\)hatman 3 i\4M 

paper and irrigated with solvent c for 40 hours. The sugars were eluted, the eluates were concentrated in zaczio, 
and the residues were talcen up i11 water and filtered through decolori~ing carbon. The sugars \\.ere preci- 
pitated several successive times from aqueous solution by ethanol and dried in zaczro. 

On papergrams, the di- arid tri-saccharides migrated slightly faster than the a-1,6-linlied isornaltose and 
isomaltotriose (22). The di-, tri-, and tetra-saccharides did not show a pos i t i~e  reaction for phosphate 
when the papergram was dipped in an ammonium rnolybdate - perchloric acid reagent and irradiated with 
~~l t raviole t  light under conditions Iinown to detect difficultly hydrolyzable sugar phosphates (19). The di- 
and tri-saccharides reacted with triphenyltetrazoli11111 chloride reagent, as would be expected from the 
presence of a free hydroxyl a t  carbon-2 in the reducing sugar units (23). Plots of log distance traveled (in 
solvent c) VS. D.P. for D-marlnose and for the di-, tri-, and tetra-saccharides gave essentially straight lines. 
However, this rough indication of an ~ O I I I O ~ O ~ O L I S  series (15) could be misleading in relation to the tetra- 
saccharide. 

The disaccharide showed [ a ] ~ ~ ~  f 53.6" + f 57.6" a t  20 hours (c. 0.434, water). .Anal. Calc. for C1?H??Oll: 
C,  12.10; 13, 6.49. Found: C, 41.42; H,  6.54. 

The trisaccharide showed [ a ] ~ ? ~  f 79.8" a t  6 hours (c. 0.708, \\rater). Anal. Calc. for C18H3?016: C,  42.86; 
H ,  6.39. Found: C,  43.54; H ,  6.75. 

Lead tetraacetate osidatio~l of the oligosaccharides was conducted by a technique (10) based on that of 
Perlin (11). Preparatory to paper chroinatography in solvent c, oxidation solutions were treated with osalic 
acid to rern0x.e lead ions and then were hydrolyzed by iV hydrochloric acid for 2 hours a t  100' C. 
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ABSTRACT 

The starch present in the liernel of Ivater chestnut ( T m p a  bispilzosa 12osb) has been isolated 
ancl obtained free from protein. Potentiometric titration showed that  the starch contained 
15% ainylose. 'The starch was resolved into a~nylose and amylopectin through comples 
formation. The coniponents were characterized by chemical and cnzymic techniq~ies. Thc 
average length of  nit chain has been sholvn to  be 22 in the amylopectin ancl 360 in am).lose 
by both methylation ant1 periodate osidation studies. i\/Iolecular weights of the two components 
by viscosity and light scattering are also described. 

Although the starchy nature of the kernel of water chestnut (Trapa bispinosa Roxb) 
has been reported (1) 110 detailed study of this inaterial has been made previously. Those 
starches on which detailed structural investigations have been carried out belong either 
to the class of tuber starches or to the cereal variety. Water chestnut starch possesses 
the peculiarity that  it originates from the lterilel of an aquatic plant. 

The starch was isolated in granular form, the use of reagents liltely to cause degrada- 
tion being avoided. The granules reseillbled those of potato starch in the X-ray powder 
diagram. Protein contamination was reduced to 0.7% under mild conditions (2). The 
purified starch showed an amylose conteiit of 15% froin the iocline affinity measure- 
ments, a value similar to that of other starches (cf. banana, pearl manioc, tapioca, etc. 
(3)) .  I t  was fractionated into its components, amylose and amylopectin, employing t ~ v o  
methods. In the first thyinol was used as the coinplesing agent for the initial precipitation 
(4) and butanol (5-7) for successive recrystallizations. The secollcl method macle use of 
aqueous pyridiile as the precipitant for amylose, a 20YG solution (7) being elnplojwl for 
the isolation of the amylopectin (the anlylose fraction ill this was discarded) and a 15% 
solution (8) for the isolation of amylose. The amylose obtained in the latter case was 

by successive reprecipitations as the butanol complex. The am\-lose obtained by 
the first method after five butanol recr~~stallizations sho~ved n maxinlum iocline binding 
power of 19.5yG and a blue value of 1.25, which could not be improvecl by- further re- 
crystallizations. In the second method the yield of ainylose mas poor ancl the blue value 
less (1.16). IHence the coinponents obtained by the first method were usecl i l l  further 
investigations. The properties of the components obtained are sho~vn in Table I .  

TABLE I 

Iodine aftinity Blue value Purity": 

hmylose 10 . 5  1 .25  07. S 
.%mylopectin 0 .10  0 .08  9 7 . 5  . - 

"Determined by  alkaline ferricyanide metllod. 

I t  has been observed that the initial methylation of a polysaccharide is facilitated by 
converting it to an acetyl derivative and subjecting the latter to the actio~l of dimethpl 
sulphate and alkali, when silllultaneous deacetylation and methylation talte place. Both 
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the components of water chestnut starch were, therefore, acetylated by dispersion in 
forinamide ( 0 )  and then treatineilt with pyridiile ancl acetic anhydride a t  rooin tempera- 
ture (10) .  This method has been stated to cause ininimum degradation ( 2 ) .  The acetylated 
products wei-e directly inethylated by repeated treatments with dimethyl sulphate and 
solid sodium hydroxide (11)  and then by Purdie's method (12) .  The resulting methylated 
amylose a i d  am)~lopectin showed no hyclrosyl absorptioil band in the infrared spectrum. 

34ethanolysis and hydrolysis of the fully methylated amylopectin yielded a inixture 
which, on paper chromatographic examination, revealed the preseilce of 2,3,4,G-tetra-0- 
methl-1-u-glucose, 2,3,G-tri-0-methyl-D-glucose, and 2,:3-di-O-i11eth~~l-~-glucose together 
with a sillall ainount of a mixture of probably 2,G- and 3,G-di-O-methyl-~-&cose. Trace 
ainounts of monomethyl glucose and glucose mere also obtained. The  inixture of diinethyl 
sugars mas resolved by paper chromatography into two fractions, the inajor component 
coilsisting of 2,:3-di-0-methyl-~-glucose. All thl-ee sugars were identified through cr>~stalline 
derivatives. The q~iailtity of tetra-0-methyl glucose corresponds to the presence ol one 
11011-reducing terminal group per 20-21 glucose residues. The presence of other diinethyl 
sugars, probably 2,G- and 3,G-di-0-nletl~ylgl~1cose, is not coilsiclerecl to have any structural 
sigllificance, since tlle)~ ma), have arisen from incomplete methylation of the polysaccharide 

by deinethylation during hydrolysis. Siinilar observations have beell made in con- 
llectioil with nxethylation studies on aillylopectin from nlalted barley (13)  and rubber 
seed ( 2 ) .  The yield of formic acid during periodate oxidatioil on both the amylopectii~ 
and the whole starch correspoilds to one 11011-reducing end group per 22 glucose residues 
in the amylopectin, a value in goocl agreement with that  obtained from the methylation 
data. Estimation of the glucose obtained on hydrolysis of the periodate-oxidized a~nylo-  

showed that 0.5701, of the glucose residues was unattac1;ed bl. periodate, indicating 
that  a t  least 88% of the linkages between unit chains was of the 1  -+ G type. Sinall 
al~lounts (0.5-1.5%) of glucose have previously been detected in the hydrol\,zate of 
periodate-oxidized starch from other sources (13(a ) ) .  

The structure of the amylopectin component of water chestnut starch was further 
by degradation studies with p-amylase. Soya beail was chosen as the source 

of p-amylase as it has beell claiined that  this enzyme is free from contaminatioil by 
a-ail~)~lase ancl maltase (14) .  Purifiecl p-amylase was prepared froin soya bean by Peat, 
Pirt, aild \Vhelanls inethod ( l j ) ,  which includes deactivation of 2-enzyme by heat 
treatineilt of the protein in acid medium. The enzyine preparation sho~ved no maltase, 
cr-amylase, or 2-enzyme activity. Stocli /%amylase was also prepared by eliininatiilg the 
heat treatment. Use of purified p-amylase under staildard conditions led t o  5770 conver- 
sioll to maltose, in agreement wit11 the values (52-G2yo) found for ainylopectiils froill 

sources (16) .  The same conversion value ~vas  reached even when the digest was 
acted upoil by stocli /3-amylase. The isolated (3-limit dextrin containecl 9-10 glucose 
residues, as determined by oxiclatioil with periodate. The average length of the original 

chains of the amylopectin was 15 anhydroglucose units. 
The fully methylated anlylose on methanolysis and hydrolysis furnished 2,3,4,G-tetra- 

0-methyl-D-glucose, 2,3,6-tri-0-1netllyl-~-~ucose, ancl a inixture of di-0-nlethylglucoses. 
The presence of dimethyl sugars may be due to incomplete methylation or demethylation 
cluring hydrolysis and illay not have any structural si~nificance. Such an observation 
was made in the metllylation s t ~ ~ d i e s  of ainyloses froin other sources (17) .  The quantity 
of tetra-0-metl~ylglucose correspondecl to the presence of one non-reducing terminal 
group for every 370 glucose residues. The average chain le~lgtll of the ainylose obtained 
froin periodate oxidation studies was 359, a value in good agreement with that obtained 
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from methylation clata. The absence of glucose in the perioclate-oxidizecl amylose is 
quite significant. The water chestnut amylose, therefore, consisted of an unbranched 

of ca. 3GO glucose residues. 
Treatineilt of the amylose with purified P-amylase led to 73% conversion to maltose, 

a value within the range (6-85%) observed i l l  the case of arnyloses prepared via coinplex 
formation (18, 19). That  the observed conversion was not due to retrogradation was 
deduced from the fact that the limit was reachecl in the course of a iew hours and could 
llot be raised by further addition of the enzyme. Complete conversion to maltose was 
attained when the amylose was treated with stock P-amylase. 

The intrinsic viscosities of the amylopectin in aqueous potassiuin hydroxide and of 
the acetate derivative in chloroform were 0.97 and 1.9 dl/g, respectively. Light scatter- 
ing measurements on a solution of amylopectin acetate in chloroform, assuming a random 
coil model, gave a weight-average molecular weight of 23.GX10G. I t  is interesting to 
note that the plot of HC/r  vs. C exhibited a negative slope. A negative slope a t  low 
col~centrat i~n has been ascribed to association effects which clecrease with decreasing 
col~centratioi~ (20). Intrinsic viscosity measurements were made 011 both the water 

amylose and its acetylated product a11c1 the D.P. compared with the empirical 
relation of Cowie and Greenwood (21). A value of 430 for the D.P. of amylose was 
obtained against 370 and 360 from methylation and periodate oxidation studies respec- 
tively. Considering that the amylose was unfractionated and the solution viscosity 
ineasurements give iEv rather than iG, (given by end group assay methods such as 
methylation and periodate oxidation studies) the agreement is considered to be satis- 
factory. 

The weight-average molecular weight of the amylose acetate as determined by light 
scattering was G.7X106. Paschal and Foster (22) reported a value of 3X10G for a corn 
starch ainylose which decreased to 4X105 on Iteeping for 24 hours. They attribute it to 
be due to disaggregation of ail unusual type of aggregate. Water chestnut starch, there- 
fore, appears to be similar in composition to starches from other sources. The detailecl 
inolecular architecture, size, and shape of the components are also of the sanle type. 

EXPERIMENTAL 

Paper chromatography was carried out by the descending method. Whatman No. 1 and No. 3 MM filter 
papers were used, the latter for preparative purposes. The sol\,ent was allowed to run against the machi~le 
line. The following solvent ~nistures were used for separating the sugars: (A) ethyl acetate:pyridine:water 
(8:2:1); (B) n-butanol:aceticacid:\\.ater (4:1.:5), upper layer; (C) n-butano1:pyridine:benzene:water (5:3:1:3), 
upper layer; (D) ethyl methyl ketone - water azeotrope; (E) 12-b~rtano1:ethanol:water (4:1:5), upper layer. 
Aniline oxalate in water and a~nmonical silver nitrate were usecl as spray reagents. 

Unless otherwise stated all evaporations were carried out in naczro a t  30-40' C. All the values of specific 
rotation given are a t  equilibrium except where mutarotation values are given. 

Isolatio~z an,d Plirification of Starch 
Fresh and middle-aged fruits of water chestnut were collected, peeled, and the pericarp removed. The 

liernel so obtained was minced into alcohol to  inhibit enzy~nic activity and nlacerated in a "I<enmix 55" 
blender. The resulting slurry was filtered through a 100-mesh sieve and the filtrate centrifuged to  yield a 
crude starch. 'The sediment was washed repeatedly with 0.1 ilf sodium chloride solution. The residue left on 
the sieve was macerated four times with 0.1 A!! sodiurn chloride in the blender and the resulting slurry filtered 
through a 100-mesh sieve; the fibrous material left on the sieve was rejected. 

The starch products so obtained were combined, suspended in 0.1 llf aqueous sodium chloride solution, 
and shaken with toluene (1/10 vol.) overnight to  denature the protein. The brown toluene layer containing 
the protein \\as removed by centrifugation, this treatment being repeated four times. The sedimented starch 
for~ned two layers, the upper brown still containing protein. Further purification \\,as effected by the method 
of Green\vood and Robertson (2). Salts were removed by washing with water followed by centrifugation, 
and the pure starch was stored under methanol a t  5' C. The purified starch \\,as then reflused with aqueous 
methanol (80%) to  remove residual fats and this material, after drying, was used for subsequent investiga- 
tions. [a]D2+1540 (G, 0.77 in N NaOI-I). Anal.: W, 0.014%; ash, 0.07%; blue value, 0.236. 
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Potentioinetric Titration for Ileter?t~i?zntion of Iodilze B,indi?zg Powers 
Iodine binding powers of water chestnut starch and its fractions were determined by a modification of 

the nlethod of Schoch (24). A platinum electrode in conjunction \\.it11 a saturatecl calomel half-cell was used. 
The potentials were measured with a Leeds Sor thrup potentiometer using a spot-type galvanometer. 'The 
total free iodine in the starch solution was plotted against the bound iodine ancl the iodine binding power 
was estimated by extrapolation of the linear portion of the titration curve to zero free iodine concentration. 
Calculation of the percentage of a~nylose was made from the observed iodine binding power of the starch, 
and the iodine binding power of the pure water chestnut amylose determined in a separate experiment 
(19.5%). Results showed water chestnut starch had 15% aamylose content. 

Esti~t~atio~z of Lezgtlt of U?zit Clzain of Amylopecti?~ 
Starch (109.5 mg) was dispersed in water (50 ml) and subjected to oxidation by shal;ing \\,it11 sodium 

metaperiodate (0.1 114, 50 ml) in the dark a t  3' C. The liberated formic acid and the periodate consumption 
mere estimated a t  regular intervals by the method of Fleury and Lange (25). The formic acid liberated 
corresponded to a chain length of 26 anhydroglucose residues in the starch. This value correspoilded to  a 
chain of 22 anhyclroglucose resiclues in the amylopectin fraction. 

Ewawti~zntion of tlze Anzylopectitz Fraction 
A~liylopectin hacl [o1]~~"146.9" (c, 1.0 in N NaOM) and a blue value of 0.06. On hydrolysis this fraction 

yielded only glucose (97.6%). Potentio~netric titration for the iodine binding power shoxved the presence of 
O.53YO aamylose. 

Periodate Ouidation of A~itylopeclitt 
Tlie method described for the original starch was employecl. The liberation of formic acid corresponded 

to 22 anhyclroglucosc ~111its per iuole of formic acid. 

Delertizinalio?z of Gllicose Residues Linked throz~glz CI, C.,, and C6 
Amylopectin (0.555'2 g) mas dissolved in water (SO 1111) containing potassiu~ll chloride (5 g),  and sodium 

metaperiodate (30 1111, 0.3 44) was added. The reaction was allowed to proceed in the dark for 240 hours 
and the excess oxidant mas destroyed with ethylene glycol. 'The oxidized amylopectin was dissolved in sodium 
hydroxide (30 ml, 0.2 N) and after the addition of s o d i ~ ~ ~ i i  borohydricle (0.25 g) the solution was left over- 
night. I t  was then neutralized with acetic acid, dialyzed, and evaporated to dryness. The resulting residue 
was hydrolyzed and the glucose estirllated by quantitative paper chromatography. The results sho\ved that  
0.57% of the glucose residues in the amylopectin was unattacl;ed by periodate. 

Acetylation of tlze Amylopectin 
Amylopectin (2 g) \\,as dissolved in water and precipitated by the addition of ethanol. The precipitate 

was collected by filtration and washed with ethanol and ether. I t  \\.as dispersed in formamide (9) (30 I I I~ ) ,  
ancl pyridine (50 ml) was added, followed by acetic anhydride (40 ml). The reaction was allowed to proceed 
a t  room temperature (10) for 2 hours. The partially acetylated amylopectin (acetyl content, 41%) \\.as sub- 
jected to further acetylation as described above to give a product with [ o l ] ~ ~ ~  1-165' (c, 1.0 in chloroform). 
Anal.: acetyl, 44.8%. 

114ellzylntion of the A nxylopectin 
'The acetylated amylopectin (0.8 g) was dissolved in tetrahydrofuran (20 ml) and methylated (11) directly 

using dinlethyl sulphate (15 ~ n l )  and solid sodium hydroxide (13 g). The partially methylated derivative was 
extracted \vith chloroform and subjected to methylation thrice by Purdie's ~iiethod (12). [ol]~" +19S0 (c, 0.5 
in chloroform). Anal.: ~llethoxyl, 43.570. 

Ilydrolysis of the dfethylated Anzylopecti?~ 
The ~nethylated amylopectin (300 mg) was refluxed with metlmanolic hydrogen chloride (20 ml, 1%) for 

5 hours. Tlie solution was evaporated to a syrup under reduced pressure and the resulting mixture of methyl 
glycosides was hydrolyzed with hydrochloric acid (30 ml, 0.5 N). The acid was neutrali~ed with silver car- 
boriate and solids were reinoved by liltration. The resulting solution, after deionization with Amberlite 
IR-120 (H) and A~nberlite IR-45 (OH), mas evaporated to a small quantity of a syrup. Eaa~llination by 
paper chromatography (solvent E)  revealed the presence of 2,3,4,6-tetra-o-methyl-~-fi~ose, 2,3,6-tri-0- 
methyl-D-glucose, 2,3-di-0-methyl-D-glucose, and 2,G- and/or 3,G-di-methyl-D-glucose. Trace amounts of 
mo~iomethylglucose and glucose were also detected. The mixture (ca. 250 11ig) was resolved on sheets of 
\Vhatman No. 3 i\lIi\iI filter papers. The strips corresponding to tetra-, tri-, and di-0-methyl sllgars were 
excised, eluted, and evaporated to dry syrups separately. They were present in a ratio of 11.9:214.1:18 
respectively. 

Characterizatio?~ of 0-il4ethyl S~rgars 
'The 3,3,4,6-tetra-0-methyl-D-glucose fraction, [ol]~~' +82' (c, 0.2 in water), lit. +83"( 13), was character- 

ized as crystalline 2,3,4,6-tetra-O-methyl-N-phe11yl-~-glucosyla1ni1ie, m.p. and inixed m.p. 136-137', lit. 
136-138" (13). 
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The tri-0-methylglucose, [ f f ] ~ "  +67" (13), +70° (30), was characterized as the 1,4-di-p-nitrobenzoate 
derivative, 1n.p. 190-192° (26). The mixture of di-0-methyl sugars \\,as resolved by paper chromatography. 
The major component \\as characterized as 2,3-di-0-methyl-D-glucose through its phenyl hydrazitle, m.p. 
160-162" C (13). 

Quantztatiz'e Est i l~~at lo t~  of 0-JIethyl Sugars 
.-\ small portion of the methylated sugar mixture was resolved quantitatively and the tetra-, tri-, and 

tli-0-methylsugars wereeluted and estimated by the alkaline hypoiodite method (27). The ratio ~vasl:17.7:1.9 
respectively. 

P-A,~~ylolysis of the Anzylopectin 
Purilied p-amylase was preparetl from soya bean flour by the method of Peat, Pirt, ant1 Whelan (15), in 

which the Z-enzyme is inactivated by a heat treatment of the protein in acid metlium. Stoclc P-amylase 
containing Z-enzyme was also prepared by eliminating the heat treatment. 

A digest was prepared by dissolving a~nylopectin (102.3 mg) in N sodium hydroxide solution (10 ml) and 
the pH was brought to 4.6 by acetate buffer. The concentration of enzyme isas such that the reaction was 
complete in a few hours, but the digests \irere left for 24 hours before the concentration of the amylopectin 
and liberated ~naltose were separately estimated by the allcaline ferricyanide method (28). The amount of 
lnaltose liberatetl \\.as 56.0%. No increase in the yield of maltose was noticed when the a~nylopectin was 
treated with stoclc /3-amylase. 

Isolatiol~ of .4~11ylopecti11 P -L i~ l~ i t  Destrill. 
For isolation of amylopecti~l P-limit dextrin, the polysaccharide was incubated a t  pH 4.6 as described 

above (13). The formic acid proclucetl on oxidation with periodate corresponded to one non-reducing end 
group per 9-10 anhydroglucose residues. 

ilJeas~lienzent of Itztrinsic T~~iscoSaty 
'The specilic viscosity (?,,) of the amylopectin in 11l potassium hydroxide solution n1as determined a t  

several concentrations in an  Ostwald visco~neter a t  35' C and the intrinsic \liscosit); was determined 
graphically by extrapolation to zero concentration. Accurate dilutions were made to live concentrations and 
flow times \yere measured. The average of three readings was taken for each concentration. The concen- 
trations were tleternlined by hytlrolyzing a portion and estimating the glucose by the allcaline ferricyanide 
method (25). Concentrations were expressed as g/100 1n1. From the graph the intrillsic viscosity iT] of amylo- 
pectin in >I4 potassiu~n hydroxide was found to be 0.97 dl/g (average of two sets of readings). Intrinsic 
viscosity measurements \irere also made on the acetylated ailiylopectin in chloroforn~ as in the above case. 
Concentrations irere estimatetl by the dry weight  neth hod. [ T I ,  1.96dl/g (mean of two sets of n~easurements). 

Light Scattei.i,~g ~Ilcasr~i.e?~te?zts 
i\cetylated al~lylopectin was elnployed for the measurements. Solvent chloroform, t\vice distilletl, nras 

hltered through sintered glass G-5 under dust free conditions to remove any inherent dust particles. &leasure- 
ments \\rere taken with a Brice-Phoenix photometer (h,Iodel Oh1 1000 A) as described liy Brice et nl. (29). 
Turbidities (7) wcredeterminedby theworl<ingstandard method a t  546 1np.The tlissyrnmetry ratio(14so/Ii3jo) 
was also measured. Turbidity of the solvent \\?as ~ u e a s ~ ~ r e d  hrst and successive aliquots of the clariliecl 
sol~ltion (passed through sintered glass G-4) were added to a known volume of the solvent in the scattering 
cell to form concentration series in the range of (1-5) X lo-' g/ml. Concentratioils were determined by dry 
~veight method. 'The molecular \\.eight (AT,,) was calculatctl from the relatio~iship 

R C  - 1 2B(Pgo")C, 
I-? T r A/l(PgoO) + - 

Pgo is the particle scattering factor. B is a constant. The refractive index increment ( d ~ ~ / d c )  was illeasured a t  
546 rnp with a Brice-I'lioenix dilferelltial refractometer. From the plot of EIC/r vs. Cand assu~ning a random 
coil lnodel for the amylopectin acetate molecule the corrected n~olecular weight was to be 23.6XlOG. 

Em?wi?~atio?~ of TYatei. Cl~est~~rtt  A711.~~lose 
Xrnylose hatl [CZ]D" +147.7" (c, 0.5 in iVSaOH) and a blue value of 1.25. Potentio~netric titration (23, 24) 

sholved that the a~nylose had a ~naxirnu~ll  iodine afinity of 10.5%. I-Iydrolysis of the sample gave only 
glucose (97.8%). 

Periodnfe O.~~datio?z o j  ll~~rylosc 
Amgdose (0 1025 g) \\as subjectetl to periodate oxidation as describetl earlier. The formic acid correspoildcd 

to  a chain length of 360 anhydroglucose resitlues, assulning the liberation of 3 moles of formic acid per iuole of 
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amj.lose. Periotlate-oxidized amylose after reduction and hydrolysis as described for a~nylopectin gave no 
spot corresponding to glucose on paper chromatographic examination. 

illetlrylati(irz of t l~e  il rlcylose 
.\cet)latetl amylose (0.8 g) was tlirectly mcthylated by treatment with dimethyl sulphate and solid 

sodiu~n 11) t l~oxide in tetrahydrofuran (11) and then thrice by Purdie's method (12), as described in the case 
of am) lopectin. [ol]~?8 +200° (c, 0.5 in chloroform). Anal.: -OCH3, 44.5%. 

Hydrolysis 1,f t l~e  111etlzylated Alrzylose atzd Identi$catio72 atzd Esti7natiotz of the Co7lzpo7zer1t Sugars 
The mcthylated amylose (500 mg) af ter  methanolysis and hydrolysis yielded a syrup which, on paper 

chromatographic examination, revealed the presence of a tetra-0-rnethylglucose, a tri-0-methylglucose, and 
several cli-0-~l~ethplglucoses. 

The neutral sugar mixture (450 mg) was resolved on \Vhatnlan No. 3 31M filter papers into pure corn- 
ponents. The X,3,4,6-tetra-0-methyl-~-&cose had [ o l ] ~ ~ ~  +81° (6, 0.1 ill water) and r n o ~ e d  a t  the same rate 
as  an  authentic sample on papcr chrornatograms. 

'The tri-0-methyl fraction, [ol]~~O +67O in water (c, 1.0 in water), lit. +70° (30), was identified as 2,3,6- 
tri-0-1nethyl-~-gluc0se by con\rersion to  crystalline 2,3,6-tri-0-methyI-~-glucose-1,4-di-p-1~itrobenzoate, 
n1.p. 190-192" (26). 

The ~nixtllre containing the di-0-methyl fraction on chromatographic examination gave spots correspond- 
ing to  2,3-, 2,6-, and/or 3,6-di-0-methyl-D-glucose. These were 110t further characterized. A small portion 
of the mixture was resolved qua~lti tat ively by paper chromatography and the tetra- and tri-0-methyl sugars 
\"ere esti~natctl by the allialine hypoiodite method (27). The tetra- and tri-methyl sugars were present in 
the  ratio of 1:370 respectively. 

p-A71tylolysis of rl?tzylose 
;\ digest \\.as prepared with arnylose (102.4 trig) and hydrolysis carried out  a t  pII 4.6 with purified 

&am\ lase. The libcrated rllaltose was estimated as  in the case of amvlopectin a t  35O C. A conversion limit . . 

bf 73% for the liberation of maltose was obtained. Digests were also prepared with amylose and allowed t o  
be acted upon by stocl; 8-amylase; a conversion limit of 99.4% was reached. 

Itttri7zsic 'Iriscosily of t l~e  rl7rtylose 
Limiting viscosity ilulllbers [7] for both amplose in 111 potassiu~n hydroxicle ancl its acetate derivative in 

chloroform \\ere determined a t  35' C using the s a ~ u e  techl~ique used for the amylopectin. Concentrations 
were estimated as described in the earlier case. The intrinsic viscosities of the amylopectin and its acetate 
derivative were 0.59 and 1.38 dl/g, respcctively. 

Light Scntteri7rg d1ens1rreiizenls 
h'leasurements \\-ere carried out ~v i th  a Bricc-Phoenix Photoilleter (Model 051  1000 A) following the work- 

ing standard ~ncthocl in the coilcentration series in the range (3-15) X10-' g/ml. rlcetylated arnylose was 
employed and the tech~liqlic was similar t o  tha t  used for the acetylated amylopectin. The uncorrected 
molecular weight was 3.2X106. r\ssu~lling the  rand0111 coil model for the arnylose molecule the corrected 
molecular weight is 6.7X loG. 
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ABSTRACT 
Solvent effects on the keto-enol equilibria of ethyl acetoacetate, acetylacetone, ethyl 

cyclopentanone-2-carboxylate, and methyl 4-metliylcyclopentane-1,2-dione-3,4,5-tricarboxy- 
late have been st~idied by ultraviolet spectroscopy. The extent of enolization is mainly 
determined by the stabilization of the keto form by local association with polar or proton- 
donating solvent molecules, just as in the case of n -+ T* transitions and infrared stretching 
frequencies. Solvent effects on infrared spectra reveal useful infornlation regarding the 
characteristic Ireq~iencies of the tautomers. 

Keto-en01 tautomerism has been investigated extensively by ultraviolet ( I ) ,  infrared 
(2), and n.m.r. (3) spectroscopy. Keto-en01 equilibria are extrenlely solvent sensitive 
and the proportion of en01 form is found to be much greater in non-polar solvents such as  
cyclohexane than in polar solvents such as alcohol or water. This is probably due to the 
stabilization of tlie lteto for111 by polar solvents through local association. Recently in this 
laboratory we have investigated the solvent effects on the n -+ a" transitions of several 
cliromophores and have evaluated contributions from different factors (4). These studies 
clearly indicate that  solvent effects on the n -+ a" transitions are nlainly controllecl by 
local association between the solute and the solvent nlolecules and tliat the magnitude of 
tlie solvent blue shifts are determined by the polarity and/or proton-donating ability of 
the solvents. Studies of the solvent effects on infrared group frequencies have also shown 
tliat local association is an important factor in the determination of the solvent shifts (5). 
I t  was consiclered interesting to sj~ste~natically investigate the lteto-en01 equilibria of a 
few systems in several solvents and correlate the observed effects with the solvent effects 
on the 7% -+ a:Qransitions and the stretching vibration frequencies of carbonyl groups. 
We have now studied the lteto-en01 equilibria of ethyl acetoacetate, acetylacetone, ethyl 
cyclopentanone-2-carboxy!ate, and methyl 4-~nethylcyclopentane-l,2-dione-3,4,5-tri- 
carboxylate (I) in solvents of varying degree of polarity or/and proton-donating ability. 

EXPERIMENTAL 
Commercial samples of ethyl acetoacetate and acetylacetone mere ~ised after suitable purification. Ethyl 

cyclopentanone-2-carboxylate was prepared by the procedure described in Orgaltic Syntheses (6) and methyl 
4-metl~ylc):clopentane-l,2-dione-3,4,5-tricarbosylate was prepared according to  the method of Ch~lang and 
Ma  (7). All the solvents were purified and fractionated before use. 

Ultraviolet absorption spectra were recorded with a MiIger U\,ispek, model H 700, spectrophotometer. 
Thc infrared spectra were recorded with a I'erkin-Elmer infrared spectrometer, model 137, with sodium 
chloride optics. 

Percentage of the en01 form was calculated from the extinction coefficieilt in the  ultraviolet spectrum 
using the formula 1 0 0 ( ~ ~ / ~ ~ ) ,  where 6, is the observed molar extinction coefficient and s, the assumed value 
for the chromophoric system of the enol form. 

' T a k e n  in part from the Ph.D.  Tlzesis of A. S. iV. ilifzlrtl~y to be szb~nit ted to the I ? ~ d i a n  Institz~te of Science 
under tlze gz~idance of C.  N.  R .  Rao. 

T o  wlronz all t l ~ e  correspo?cdence should be addressed. 
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RESULTS AND DISCUSSION 

The ultraviolet absorption data and the percentage en01 in the case of ethj~l acetoacetate 
and acetylacetone are s u l l l ~ n a r i z e d  in Table I and Fig. I. The c values for these are 16,000 

TABLE I 

Percentage of en01 in the Iceto-en01 eq~~ilibria of a few systems in different solvents 

Percentage of en01 in: 

Methyl 4-methylcyclopenta~~e- 
Ethyl 1,2-dione-3,4,5-tricarbosylatet 

Ethyl cyclopentanone- 
acetoacetate Acetylacetone 2-carboxylate I1 111 

Solvent (Am,, -24411~) (A,,, -272 mfi) (A,,, -254 mfi) (A,,, -2'70 mfi) (A,,, -325 mM) 
- - 

Cyclohexane 43 
Carbon tetrachloride + - ~ 

Dioxane 8 
Diethyl ether 25 
50% ether + 

50% acetonitrile 6 . 5  
75% &her + 

25% acetonitrile 7  71 
Acetonitrile 4 55 
t-Butanol 10 SO 
i-Propanol 11 55 
Ethanol 8 73  
Methanol 6 70 
Water 0 . 5  16 . . - ~  ~- 

*Could not be determined because of solvent cutoff. 
?The percentage-of-enol values for this compound are very approximate since the en value is only arbitrary. 

FIG. 1. Ultraviolet spectra of ethyl acetoacetate (A), acetylacetone (B), and ethyl cyclope1itanone-2- 
carboxylate (C) in different solvents: (1) cyclohexane, (2) diethyl ether, (4) acetonitrile, (5) ethanol, (6) 
methanol, (7) i-propanol, (8) t-butanol, and (9) water. 
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and 12,000 respectively. In order to study the Iteto-en01 equilibria in polar solvents of 
varyilig dielectric constant (which cannot donate protons), mixtures of acetonitrile and 
ether were employed. I t  was made certain that the observed extinction coefficients were 
not dependent on solute concentration, thereby indicating negligible association of the 
solute molecules in the en01 for111 (8, 9). I t  can be seen that the percentage of en01 is 
greatest in non-polar solvents and decreases with increasing polarity and/or proton- 
donating ability of the solvent. This trend in solvent effects is similar to that observed 
in the case of n -+ a" transitions of chromophores (4). The 7z -+ a" frequency of the 
carbonyl group increases with the polarity of the solvent, due to stabilization by local 
association. In the case of polar solvents ~v l~ i ch  cannot donate protons, the solvent blue 
shifts are determined mainly by the dielectric constant of the solvent. In proton-donating 
solvents, however, the major contribution is due to  hydrogen bonding. In the extreme 
case of water, where the carbonyl 7z -+ a:': frequency is highest, the percentage of en01 is 
also lowest. In Fig. 2, the percentage of en01 in ethyl acetoacetate has been plotted against 

I , I I I I I I 
0 20 % Enol 4O 60 

FIG. 2. Plots of percentage of en01 of ethyl acetoacetate against the carbonyl infrared stretching fre- 
quency and the n -+ T* frequency of acetone in dil'ferent solvents: (1) cyclohexane, (2) diethy1 ether, (3) 
diosane, (4) acetonitrile, ( 5 )  ethanol, (6) methanol, (7) i-propal~ol, (8) t-butanol, and (9) water. 

the n -+ a" and the stretching vibration frequencies of the carbonyl group of acetone. I t  
can be seen that  the trends in these three quantities are similar, indicatillg that the 
stabilization of the carbonyl group by polar solvent n~olecules is the major controlling 
factor. In the case of polar solvents which cannot donate protons, the dielectric constant 
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of the solveilt seems to be very important in the determination of the Iteto-en01 equilibria, 
as indicated by the data obtained froin acetonitrile and acetonitrile-ether mixtures. 

Methyl 4-inetl~ylc~~clopentane-l,2-dioi1e-3,4,5-tricarboxylate (I) can give rise to two 
tautomeric species, I1 and 111. The absorption maxima around 270 and 325 mp (Fig. 3) 

COOCH, COOCH, COOCH, 

FIG. 3. Ultraviolet spectra of  methyl  4-metliylcyclopentane-l,2-dione-3,4,5-tricarboxylate in dilfercnt 
solvents: (I) cyclohexane, (4) acetonitrile, a n d  (6) methanol. 

are assigned to the tautomers I1 and 111 respectively. The behavior of the model compoul~d 
ethyl  clopen en tan one-2-carboxylate is analogous to that of ethyl acetoacetate (Table I 

Fig. 1). 111 compound I ,  the 270 mp band (tautomer 11) is nearly insensitive to the 
polarity of the solvent, whereas the intensity of the 325 mp band (tautomer 111) decreases 
with the polarity and/or proton-donating ability of the solvent (Fig. 3). The proportiolls 
of the two en01 forms have been calculated by taliing the E, values arbitrarily as 16,000 
alld 25,000, and the results are shown in Table I. I t  was coilsiclered worthwhile to study 
the solvent effects on the infrared spectra of these systems. 

The double-bond regions in the infrared spectra of ethyl cyclopentanone-2-carboxylate 
compound I in carbon tetrachloride and acetonitrile solutions are shown in Fig. 4. 

Ethyl cyclopei~tanone-2-carboxylate shows bands a t  1750 cm-I (ring ketone), 1730 cm-1 
(P-lteto ester), 1670 cm-l (enolized P-lteto ester), and 1620 cm-I (C=C stretching) in 
carbon tetrachloride solution, where there is partial enolization (ca. 22%). In acetoilitrile 
solution, where there is negligible enolization ( < l % ) ,  bands are found around 1750, 
1730, 1670, and 1620 (very weak) cm-'. In carboil tetrachloride solution, I is present al- 
lnost completely in the enolized forin and distinct pealts are found in the double-bond 
region around 1750 cn-I (ring ltetone and saturated ester), 1680 cm-l (enolized 0-lteto 
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Microns Microns 

FIG. 4. The double-bond region in the infrared spectra of ethyl cyclopentanone-2-carboxylate (A) and 
methyl 4-1~1ethylcyclopentane-l,2-dione-3,4,5-tricarboxylate (B) in carbon tetrachloride and acetonitrile 
solutions. 

ester), and 1618 and 1580 cm-' (C=C stretching vibrations of I1 and 111). In acetonitrile 
solution, where there is less enolization, the infrared spectrum shows bands around 1750 
cm-I (ring Itetone and saturated ester), 1730 cm-' (P-lteto ester), 1680 cm-1 (weak, 
enolized 0-lteto ester), and lG0O cm-' (very weak, C=C stretching). These results show 
Ilow solvent effects on infrared spectra can also reveal interestirig information regarding 
the two tautomers. T~ILIS the C=O band due to the unenolized P-lteto ester is only seen 
in acetonitrile solution in the case of compound I. 

The  authors are thanltful to Professors M. R. A. Rao and D. K. Banerjee for their 
interest in the work. 
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ABSTRACT 

1,2-rlicyano esters show an absorption band around 245 mp in alcoholic solutions which 
is not found in non-polar and other polar solvents. This anolnalous behavior has been found 
to  be due to  the unusual solvent clepenclence of the equilibrium between the keto ancl el101 
forms. The intensity of the absorption band in alcoholic solutions decreases with increase in 
concentration of the 1,2-dicyano ester, indicating association of the en01 form. The keto-enol 
equilibrium is also found to be sensitive to  the substitucnt R of the alcohol ROM. 

INTRODUCTIOS 

1,2-Dicyano esters are often prepared as synthetic iilterinediates by the addition of 
hydrocyanic acid to unsaturated cyano esters. Kasturi (1) observed that soiue of the 
1,2-dicyano esters exhibited fairly intense absorption bands around 245 i11p even after 

nlalting certain, by infrared spectra, that there was no impurity of the parent olefin 
remaining. This is rather surprising since there is no absorbing chrornophore in these 
derivatives (2). In  this communication, we have reported the ultraviolet absorption 
spectra of several 1,2-dicyano esters and also certain illode1 compounds, with a view to  
understanding the n~echanism of absorption. 

EXPERIMENTAL 

The follolving 1,2-dicyano esters were studied and they were prepared by the addition of hydrocyanic 
acid to  ~ ~ ~ l s a t ~ ~ r a t e d  cyano esters (for compound (i) see ref. 3;  (ii), 4 ;  (iii), 5; (iv), 6; (v), 6 ;  (vii), 7; (x~iii), I ) :  

1 /CN 
H-C 

'COOE~ 

( 9  (ii) 

I /CN 
HC 

'COOE~ 

(iii) 

'Mater ial  t aken  f rom the P11.D. Thesis  of A. Balasz~brarnanian submitted to the I n d i a n  Ins t i tu te  of Science 
under  the gz~idance of C. N .  R .  Rao .  

? T o  w h o m  all the correspo?zdel~ce shozrld be addressed. 
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C S  
I 

CI-I 3-C-CrH 6 
I 

(iv) (v) (vi) 

c1-13 cI\J 
I I 

I /CN 
CH 

\ C O O E ~  

(vii) (viii) 

These c o n ~ p o ~ ~ n d s  were purified either by fractional distillation or by recrystallization before use. All the 
solvents employed \yere dried and distilled just before use. 

The near-ultraviolet absorption spectra \irere recorded on a Hilger 1-1700 UVispel; spectrophotolneter 
with inatched q~lar tz  cells of 0 .5 ,  1.0-, 2.0-, and 4.0-CIII path lengths. The infrared spectra were recorded 
on a Perkin-Elmer Infracord, model 137B, fitted with NaCl optics. 

RESULTS AND DISCUSSION 

The absorption data of several 1,2-dicyano esters in ethanol are sunlrnarized in Table I. 
First, it was considered that lteto-en01 tautomerism (I $11) might be the possible cause 

TABLE I 
Near-ultra\.iolet absorption spectra of 1,2-dicyano esters (I) in ethanol 

Concentration 
R I  R:! (moles liter-') A ,  ( I )  elnax 

CH 3 CI-I?COOC?Mj 9.75X10-3 242* 1 SO 
6.5X10-5 246 2020 

Cyclohesyl 2 .0564X10-3 242* 160 
5.14X10-' 246 260 

of this absorptioil. But these derivatives fail to show any distinct absorption band in 
heptane ancl acetonitrile (Fig. 1). In sinlple compounds such as ethyl acetoacetate and 

CX CN 

acetylacetone the band due to the en01 form is much more intense in a non-polar solvent, 
such as heptane, than in alcohol or acetonitrile, since the keto form is more favored in 
polar or proton-donating solvents due to the stabilization of the C=O group (2, 8). But,  
the presence of the active hydrogen on the cyano ester residue is found to be necessary 
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FIG. 1. The near-ultraviolet absorption spectra of a 1,2-dicyano ester ( I ,  R I  = CH3, Ry = CIH~COOC.~H~) 
in heptane (C), acetonitrile (B), and ethanol (A). 

for the absorption in these derivatives. Thus, derivatives I11 (R3 = CH3 or CHZCOOEt) 
do not absorb in the near-ultraviolet region. 

In view of these interesting results it was considered worthwhile to investigate the ab- 
sorptioil spectra of a number of model compounds. A simple saturated dinitrile such as 
succinonitrile is trailspareilt in the near-ultraviolet region. I t  is necessary to  have a 
nitrile group on the carbon adjacent to  the cjrano ester moiety to observe this absorption 
(Table I).  Thus, compounds IV and V do not absorb in the near-ultraviolet region. 

EtOOC CN 
1 I 

CH 3-C-C-COOEt 
I I 

H H 

IV 

EtOOC CHa CN 
I I 

CB3-C-C-C-COOEt 
1 1  I 

H H 13 

v 

The 245 mp band of 1,2-dicyano esters in ethanol is highly dependent on the concen- 
tration of the solute (Fig. 2 and Table I ) ,  unlilte simple systems where there are Iteto-en01 
equilibria (8). The spectra recorded in different ethanol-heptane mixtures show that the 
exti~lctioil is also marltedlj. dependent on the conceiltratioil of ethanol (Fig. 3). The 
extinction of the 245 mp band is also fouild to be dependent on the substituent R of the 
alcohol ROH, the intensity generally decreasing in the orcler methanol, ethanol, i-propanol, 
and t-butanol (Table 11). These results seem to  point out that  there is seine solute asso- 
ciation and also that the alcohol solveilt is an important factor in the mechanisn~ of the 
absorption. 
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- 

3.0 

2.5 - 

FIG. 2. Concentration dependence of the ~~l t raviole t  abso rp t io~~  spectrum of a 1,2-dicyano ester ( I ,  
R I  = CH3, R ?  = CH?COOC?Hj) i n  ethanol: (1) 6.E1X10-~ M, (2) 2.5X10-' AC, (3) 6XlO-'iM, (4) 2.4X10-3 
dl ,  (5) 5 X  ilf, and (6) 9.75 X 10-3 M. 

FIG. 3. The near-ultraviolet absorption of a l,2-dicyano ester (I ,  R I  = CHI,  R? = CH2COOC?Hj) in 
heptane-alcohol mixtures: (1) O%, (2) loyo, (3) 4070, (4) BOY0, and (5) 7070 by volume of heptane. 

Any mechanism offered to explain the absorption of 1,2-clicyano esters should necessarily 
esplain the follo~ving observations: 

(i) the necessity of the active hydrogen on the cyano ester moiety, 
(ii) the necessity of the nitrile group on the adjacent carbon, 

(iii) dependence of the extinction on the solute concentration, and 
(iv) participation by the alcohol solvent. 
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TABLE I1 

Near-i~ltraviolet absorption spectra of a 1,2-dicyano ester 
( I ,  Rl = CHs, RZ = CHyCOOC?Hs) 

- 

Concentration 
r\lcohol (moles liter-') Xmnx (m~C1) Emax 

EtOH 

I t  is possible that tautomerism, I + VI, may be the cause of the absorption of these 
derivatives in the near-ultraviolet region. 

CN COOEt 
I I 

R,-C-C=C=hTH 
I 
R 2 

v I 
In order to identify the nature of the species in alcohol media, infrared spectra of a 

1,2-dicyano ester (I,  R1 = CH3, Rz = CH2COOEt) were recorded in solutions of CClj 
and 1 :I CC14i-propanol mixture (Fig. 4). The most striking difference in the spectra in 

w 
5 6 7 

Microns 

FIG. 4. The double-bond region of the infrared spectrum of a 1,2-dicyano ester (I ,  R1 = CHI, Rz = 
CH3COOCyH5) in CCll and 1:l CC11-i-propanol mixtures. 
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ICASTLRI ICT AL.: KETO-ENOL EQUILIBRI..\. 2 2277 

these two solvents is found in the double-bond stretching region. I11 the CCI4-i-propanol 
solve~l t  mixture, an  intense band is found around 1650 cm-' which can only be  due  t o  t h e  
C=C stretching vibration. A weak band around 2220 an- '  (conjugated nitrile) is also 
seen in addition t o  the  2270 cm-I band due t o  the  saturated nitrile. If VI were the  species, 
there should have been a fairly intense b a ~ l d  a rou~ld  2000 cm-' due t o  the X = C - X  type 
of group (9). These infrared results suggest t h a t  a lieto-en01 tautomeris~n (I 11) with 
an ~ ~ n u s u a l  solvent dependence is responsible for the 247 mp absorption of 1,2-dicyano 
esters in alcohol solvent. Apparently, the  nitrile group of the cyano ester lr~oiety is 
stabilized t o  a greater extent than the carbonyl group in alcol~ol solvents, probably due  
to  the greater clipole moment associated with the nitrile group. The  co~lcentra t io~l  
dependence of the extinction may be explained in terms of association of the  tautomer 11, 
since the monomeric form may be quite unstable. T h e  extent of such associatio~l as  well 
as  the  associated species will vary with concentration and hence the concentration 
depenclellce of the  extinction. A t  high concentrations of the solute, the  species is o111\7 
polymeric ant1 the  extinction is low. 

T h e  authors are thanl~ful  t o  Professors D. I<. Banerjee and M. R. A. R a o  for their 
interest. 
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THE CRYSTALLINE FORM OF 1,3,5,7-TETRANITRO- 
1,3,5,7-TETRAZACYCLOOCTANE (HMX) 

M. BED-~RD, H. HUBER, J. L. MYERS, .AND GEORGE F WRIGHT 
Deparlmetzt of Clrenzistry, Uni-dersity of Toro?zto, Toronto, Ontario 

Received August 11, 1962 

ABSTRACT 

The absorption spectra and dielectric constants of three of the four polynlorphs of 1,3,5,T- 
tetranitro-l,3,5,7-tetl-azacyclooctane (HL4S) have been examined. The difference in absorptio~l 
frequencies shows that these crystal forms are more distinctive than are most polymorphs. 
Likewise the distortion polarizations of HMS-I ,  -11, and -111 are markedly different whereas 
identical distortion polarizations have been found among typical polymorphic systems. The 
distortion polarizations of HMX-I1 and -111 also are unique because they are appreciably 
temperature dependent, although this electrical property ought to be temperature independent. 
Because of these unique behaviors we have postulated that the so-called IHMS polynlorphs 
act~ially are lattice-caged conformational modilications. 

During the preparation of 1,3,5-trinitro-l,3,5-triazacyclohexane (RDX, Cyclonite, 
Hexogen) there is a contai~~inant  formed in every process involving hexaineth~~lenetetra- 
mine (1). This by-product, called I-IAIIX because of its high melting point (2), is linowii 
to be 1,3,5,7-tetranitro-l,3,5,7-tetrazacyclooctane (3). I t  has been founcl to exist in four 
polymorphic forms, I-IA'IX-I (P), -11 (a),  -111 (y), and -1V (6) (4). The first three are 
workably stable a t  rooill pressure and tenlperature but I-IMX-IV transforms so readily 
that little has been done with it. 

The classification as polymorphs has been derived froin a consideration of physical 
properties. Only one graphic structure is required to explain the properties of HWIX in 
solution. Only one melting point (280') is linown but solid-state trailsitions may be 
observed. The X-ray diffraction powder patterns of tlle po ly i~~orpl~s  are quite distinctive, 
a l t l~ougl~ frequently there is evidence of total or partial transforn~ation during analysis 
of E11\4X-IV. I-Iowever, the X-ray powder patterns of I-IYIX-I, -11, aitd -111 are quite as 
unique as those of the polymorphs of a-  and P-resorcinol and of the 5-T-hydroxy-Ci-J- 
cl~loroi~~ercuri-1,4-~~-methylei~ecyclohexane-2-~-3-J-dicarboxylic acicl pol~~morphs, whicll 
are included among others in Table 1. Finally, the infrared spectra of the four forms of 
I-IMX in pellet clispersion are quite distinctive. 

Indeed the infrared differeilces are so striking that they serve as well as the X-ray 
cliffractioil patterns for iclentification. The differences are apparent in the spectra of 
Fig. 1, the exact values of wl~ich are shown in Table I .  111 general the spectrum of EIllIX-I 
differs largely froill those of HhlIX-JI, -111, and -1V both i l l  respect of the several inethylene 
modes and also of the strong NKOz absorption i i t  the 1300 cm-"range. 

I t  is of interest to conlpare the I-IMS spectra (Table 11) with the spectra of the two 
substances shown in Table 111. The two polymorphs of resorcinol, the structures of wl~ich 
are known, (5, 6) have very similar spectra; the notable difference (inedium absorption 
a t  1233 cm-I in the beta but not in the alpha p01y1110rpll) is an expected one in view of 
the differences in hydrogen bollding that cause these crystalline inodifications. The other 
pair of spectra show11 in Table 111 depict the total effect of the crystal lattice because 
ainorphous tripl~enylgua~~icline (obtained by quenching the molten substance on a cold 
metal plate ( 5 ) ,  no X-ray diffractio~t pattern observed) is contrasted with the crystalline 

Canadian Journal of Cl~emistry. Volume 40 (1962) 
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BEDARD ET AL.: CRYSTALLIXE FORM OF H M S  

T.IBLE I 
S-Ray  difiraction pattern identifications of crystal forms 

d spacings, in angstroms, a t  relative intensities 
Substance (I/I1) using Cu Kcu nickel-filtered radiation 

a-Resorcinol (stable) 

fl-Resorcinol (labile) 

, 7 

carboxylic acid, 
m.p. 183-184" C, 

Same, 1n.p. 221-222 C 

Triphenyl guanidine 
(crystalline) 

HWIS-I 

HMX-I  I 

MMX-IV 

1,s-llinitro-1,5-diaza- 
3,7-dioxac)~clooc tane 

TABLE I1 
Spectra of I-IMS-I ,  -11, -11 I ,  and -1V in the 3000-650 cm-I range 

Wavelength (cm-') 

I-IMX-I 2999, 1575, 1460, 1432, 1385, 1348, 1280, 1239, 
1202. 1148. 1090. 968. 9-19, 919. 864. 832. 773. 762 

form. Although differences exist they are less than those among the I-1x1); modifications. 
htoreover, i l l  the "skeletal region" both substances of Table 111 show closely similar 
absorptioil bl- contrast with the marked difference in the 800-630 cm-I region shown by 
HhIIX-I versus I-IMX-11, -111, and -1V. 

These clifferences a t  the longer wavelength sho\vn in Tables I1 and 111 are to be expected 
with the polymorphs and they ought to be even inore characteristic in the 650-300 cin-I 
region. However, this frequency range has not been favorable for examination of unstable 
species such as polyillorphs because relatively high pressures (with consequent error 
clue to strain) are required to pellet potassiunl chloride, which is used in order to  utilize 
the spectrum a t  a fi-equency as low as 300 cm-l. Of course, oils such as Nujol are trans- 
parent in this region but mulls are ilotoriously unreliable when precise comparisons are 
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W o v e  Number in Cm" 

H M X - T I  

H M X - I  

required. We have arrived a t  a compromise between these two media by use of poly- 
ethylene wax (molecular weight about 3000). A uniform mixture of the spectral candidate 
substance with this wax may be obtained and then pelleted easily (6000 p.s.i. for a pellet 
2 cm2). Since polyethylene wax is suitably transparent (except for the CH? rocliing mode 
a t  about 720 cm-I a t  which frequency potassium bromide transmits) throughout the 
300-000 cnl-I region it is the superior ~nedium for examination of polymorphic substances. 

The data of Table IV show absorptions in the 000-300 cm-I region which are charac- 
teristically different for crystalline versus amorpl~ous ti-ipl~enylguai~idine, for a- versus 
P-resorcinol, and for the differently melting polymorphs of 3-~-11ydroxy-G-~-cl~loromercuri- 
1,4-~~-1netl~~lenec~clol1exane-2-~-3-~-dicarbox~lic acid (7). Nevertheless there are simi- 
larities which lattice force differences cannot conceal. By contrast the spectra of the 
HivIX polymorphs I ,  11, and I11 are seen, i n  Table V, to be as different from one another 
as they are different from a number of other cyclic nitramines, which have beell iilcluded 
for purposes of comparison. The distinctiveness is sufficient to suggest that phenomena 
other than simple polymorpl~ism are involved with the HMX modifications. 

The differences in extinctioi~ coefficient among polymorphs in the 000-300 cm-I region 
ought to be the result of lattice force restriction on the structural absorption frequencies 
of the nlolecule. As such they ought to be sensitive to lattice dimension and, therefore, 
to variation in temperature. polyethylene wax pellet is well adapted to temperature 
cl~a~lges, so we have tested this variable from +40° to -30O in a special cell equipped 
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BEDARD ET AL.: CRYSTALLINE FORM O F  H M S  

Spectral absorptions of synz-triphenylgua~~idi~~e and resorcinol 
(3500-700 cnl-I) in potassi~~ln bromide 

Triphenylguanidille Resorcinol 

Crystalline Hrnorphous Alpha Beta 

W.N.* (cnl-I) Emax llT.N. (an-I) Emax W.N. (cm-I) E ,,:,, 6iJ.N. (cn-I) Emax 

*W.N. = wave number. 

with very thin latex rubber windows and have found (after correction for change of 
density) tha t  absorption frequency is constant within our precision but  tha t  measurable 
differences in Em,, occur for every absorption listed for HivIX in Table VI. These differ- 
ences appear greatest for the most dense (I-INIX-I) and least for the least dense (HMX-111) 
crystal modification, as would be expected if lattice restriction is effective. T h a t  is to  
say there is greater freed0111 for the molecule in I-IMX-111 than in HMX-I .  In  consequence 
the thermal effects on lattice dimension will be Inore significant in I-IMX-I than in 
HMX-I1 and -111. 

Since the dependence of extillction coefticie~lt upon temperature has been interpreted 
in terins related to this geometry of the molecule it is of interest to  consider the results 
of Table VI in view of those in Table VII .  In  Table VII are recorded the effects of 
decreasing temperature on part of the spectrunl of dd,ll-2,.5-dimethyl-2,s-dimethoxy-3,4- 
diphenylhexane. I t  may be seen tha t  all of these skeletal absorptions are augmented by 
decreasing temperature and, therefore, are affected in the same way as  the electrical 
moment (8) in benzene or carbon tetrachloride solution. But the higher dipole nlo~nent  
a t  the lower temperature is related to the most stable conformation tha t  this tetrasubsti- 
tuted ethane can assume. One may expect that as  the population of this stable configura- 
tion becomes more preponderant the excitations characteristic of it will increase, with 
consequent narrowing of the absorption band to a greater peak. 
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TABLE V 
w 

Spectral absorptions of cyclic nitramines ill polyethplel~e \Itax (700-300 cnl-1) I;I u > 
.m 

HMS-I  ( c )  354 375 382 416 437 597 625 656 761 772 830 
Emnx 4.86 6.85 12.35 8.66 12.70 29.15 20.83 15.82 23.38 14.58 13.79 

1-1 h'lS-I I W.W.(cm-1) 374 397 450 598 622 644 745 767 847 861 881 

> ,  

E,,ux 6.81 6.51 6.21 6.21 6.91 29.63 31.37 9.75 9.94 12.72 19.10 20.74 207?4 13.12 
HNIS-DMF, \\J.N.(crn-1) 326 330 362 372 460 591) 616 640 660 708 766 847 - - 

1 : l  complex E,,,,,, 9.06 9 .06  12.96 10.31 12.05 29.92 26.83 17.45 17.99 12.51 22.09 23.37 - - 
ODX* - W.N. (cm-I) 384 414 433 515 591 612 632 653 698 744 761 7 824 6 . . 

&,,ax 
111. hT. (c11lr1) 
Em:,, 

(~111-I) 
Em:,, 
1JJ. N. (~111-1) 
Em:m 
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'TABLE VI 
Variations in absorption specti-a of I-IMS polymorphs \\;it11 respect to  temperature 

E,,,,, of HMX absorption 

596 15.6 
GOO 
607 
616 

Total  

"Because o i  the  tendency oi  7-I-IhIS toward transformation the  sa l i~p le  grindiiig was not  ad thorough as v a s  usetl for  I-IMX-I 
a ~ ~ d  -11. ConsequentIy, sorue particle-size interference occurred belon. (iOO cm-1, and  the  lower-irequeocy absorpLior~s have  not  
been included because tllcy a re  indistinct. 

TABI,13 VII 
Variation in al~sorption spectra of 

i',5-tlimetl1yl-2,5-cliiiiethoxy-3,4-diphc1iyII1esai~c ill 
carbon clisulphicle with respect to  temperature 

\hr.S. (cm-1) Temp. ("C) E ,,,,, AEm:,x 

Although this study of dd,ll-2,5-dimetl~yl-2,5-diinethoxy-3,-diple11ylhexae i~lvolves 
its solutions and as such is not directly applicable to the polyillorphic solid states of 
I-IRIIX it  does suggest that  seine relationship might be observed between infrared absorp- 
tion and electrical polarization. 

A method is available whereby the electrical polarization of crystalline solids (the 
distortion polarization) inay be measured (9, 10). The method is not now applicable to 
solids melting below 50°, so crystalline dirneth>~ldimethoxydip11e11>~lhesane callilot be 
measured in this manner. the polymorphs of I-IRIIX are adequately high 
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melting, ant1 reliable clielectric constants have been determined for I-IhIS-I, -11, and -111. 
The  clistoi-tion polarization inay then be cdlculated from (6- 1)/(~+2)(il/ / /D), ivl~ere the 
densit! has been determined by air clisplacemcnt (ll)..' Xlt l io~~gh polymorphic trans- 
formations are immanent ~lnder  tlie manipulations required for this measurement it call 
be sho\vi~ by X-ray or infrared analysis after the measurement that  with care the trans- 
lorlnation may bc avoidcd. The r e s ~ ~ l t s  of the measurements are recorded, among others, 
in 'l'ablc I i l l I ,  both as clistortion polarizations (PD) and as the resiclua after subtraction 

0-Iiesorcinol (labilef 2 0 8  3.032 34.2 29.5 4 . f  
5-f-Hytlrc~xy-6-l-chloro~iiercuri- 

l,4-f T-~netliylc~~ecyclohexanc- 2 .$20 3.017 88 .5  60.0 28.5 
2-r-3-J-dicarbosj~lic acid, 
meltinrr ~o i r l t  183-184' C 

Sarile, meliing point al?1-2"2" C 2.453 4.010 88.9 -. 60.0 28.9 
I riphe~~ylguanitli~ie crj.stalline 1.135 2.964 100.0 89 .5  10.5 
Sanie, amorplio~~s 1.154 :i.030 100 6 80. 5 11.1 
1-1 kl S- I 1 . 9  3.087 63.6 55. 3 5 . 3  
I-IA'IS-I I 1 .87 4.671 87.0 58.3 28.7 
I-IhlIS-111 1.S'L. 3.S67 79.5 58.3 21.2 
I-IMS-DMI;, 1:l complex 1.72 3.150 87 .8  78. 1 9 . 7  
1,5-llinitro-1,s-dim- 1.693 3.700 59.2 43.3 16.9 

3,i-clioxacyclooctane 

"'These electronic polarizations were calculated by surn~iiat iol~ of tlie col~sti tuent bolld reiractions. 

of tlie clectl-onic pol~~i-izations (PE) ,  1vliic11 are ecl~iivalent to molecular relraction calcu- 
lated from bond (12) or atom and group (1.3) refractions. These residua are called the 
atom polarizations (PA) .  They include the electromagnetic polarizabilities a t  frequencies 
which atomic structures can follow and exclude polarizabilities due to orientation of the 
molecule as a nrhole. The latter are a t  any rate supposedly escl~ided in tlie solid state. 

The atomic polarization (PA) ordinarily may be expectecl to comprise only a small 
(2-5yo) a m o u ~ ~ t  of the distal-tion polarization (PECA) b e c a ~ ~ s e  the energy corresponding 
to atomic al~cl slceletal vibration is much less than that of electronic polarization. I-Iow- 
ever, there are esceptions (not completely ~inclerstoocl) where the atomic polarization is 
abnormally high. Such nbnormalities seem to involve the presence of pernla~lent dipoles 
(1-1, 15), although many substances with obvious dipoles do not display this abnol-liiality 
(16). 1I;hatevei- may be the cause, all of the substances listed in Table VIII  ~110117 
abnormally high atom polarizations. The first three of these substances have been chosen 
on the basis of high P, in order that the effect ol crystal lattice forces tonlard at0111 polari- 
zation might be discernible. 

For the first three substances I-eportecl i l l  the tablc the lattice lorces seem not to be 
effective toward ~llteration of atom polarization witi~in the precision of our measurements. 
The distortion polarizatiol~s (Table VIII) of cu- and 0-resorcinol are almost identical. 
Lil;e~vise tlie polymoi-pliic forins of 5-~-l~ydroxy-G-~-chloroi~1erc~1i-i-l.,4-T~-i~~etl~ylei~e- 
~~cloliesane-2-~-:3-~-dicai-boxylic acid (7) differ in PJ3+, by only 0.4 cc. Incleecl the clis- 

;':It i s  (L ror~seqi~rirce of the deieiirri~zcrfio~rs that  dei is i t )~  d c t o i n i ~ i e d  h v  a i r  dis/)lncenrenf i s  less precise than the 
deto.,~zinntio?~s b j ~  jlotcrtio71. il[oreoi.er I I ~ ~ L C / I  71ro~e ~11b~ ta7rce  (O.!5 fi) is ~eqziired .for the air  dz:splncerizeiit nzetliod. 
Howecer, proble~iis of solr~bility and c l ~ e i i ~ i c ( ~ l  refl~tioiz (1i.e ohz~ic~led by  a i r  d i sp lacen~e~ i t .  Consecllce~rily the air 
displnceiiient ~ilellzod is Wl0i.e c ~ c c ~ ~ r a t e  c ~ ~ z d ,  t l~erefore, ,is used ?o/reiie;~er srl.ficlent s~rbstance is  aanilahle. 
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torti011 polarization seems to be practically independent of lattice forces. This indepen- 
dence is exemplified by comparison of the amorphous triphenylguanidine (7) with its 
crystalline niodification. The distortion polarization of the pair differs only by 0.6 cc. 
This difference is approximately the limit of the analytical precision. 

Within this liinit the crystal forms of these three typical substances do not affect their 
atom polarization. 111 contrast are the distortion polarizations f o u ~ ~ d  for I-IAlIX-I, -11, 
ancl -111. Assuming that their electro~iic polarizations are identical (58.3 cc) and cal- 
culable from bond refractions (12), as  seems justified by earlier s t ~ ~ d i e s  with nitra~nines 
(15), the atom polarization of I-IMX-I ( P E -  (6- l /~+2) ( ld /d ) )  is 5.3 cc. On the same 
basis of calculat io~~ ( c  = dielectric constant, A/T = molecular weight, and d = density), 
the atoll1 polarizatio~~ of I-INIX-I1 is 28.7 cc while that  of I-Ii\/IX-I11 is 21.2 cc. No value 
has been determined for I-IWIX-IV because of its great tende~lcy to  tra~lsform a t  room 
temperature. 

The relative orcler of these atom polarizatio~~s (I < 111 < 11) follows neither the order 
of densities nor the order of the thermal stabilities (I > I1 > 111) and t h ~ ~ s  does not 
seem to be related simply to  lattice packing or lattice energies. A more fruitful correlation 
may be sought fro111 a previous study (15) where marltedl>r high atom polarizations were 
found to exist among crystalline nitramines. These at0111 polarizations (4-7 cc per nitra- 
mino group) are not unexpected if they are due to  charge separation because this group 
is responsible for large dipole moments in substances containing it  (15). 

A relationship of high atoll1 polarization might have been predicted fro111 the distortioil 
polarizatioils of the alliali halides. The correlation ought to  follow a fu~~c t ion  including 
ionic volume and charge separation, i.e. AIIF < NlBr < A/ICl < MI,  where A11 is an alkali 
metal ion, although the previous experinlental evidence is equivocal. Tlle predictecl order 
was indeed founcl by I-Ieydweiler (17) but not by Errera (18). T o  our satisfaction we 
have resolved this cliscrepancy by application of our wafer technique (8) to the crystalli~le 
sodium and potassium halides. 111 conformity with Errera we find the polarization to be 
independent of frequency between the limits of 0.5-5.0 mc but,  as may be seen fro111 
Table I X  we confirm I-Ieydweiler (for the salts that  he examined) rather than Errera in 

7'rIBLE I S  

Distortion polarization of alkali metal halides a t  20' C 
- 

PE+A (CC) 

Dielectric r o ~ ~ s t a n t  I-Icyd- 
weilcr 

R ( c  I-Ieyd- and 
Salt d4Z0 ( P A )  weiler U. of T. Errera Errera U. of T. PA (cc) 

*M.R. = molecular refraction. 
tCalculated from square of refractior~ index (extrapolated infinite wavelengths) as given by Brrera 

respect of the order (F < Br < C1 < I) of the atom polarizatio~l of the sodium and 
potassium halides. Therefore, the preponderance of evidence supports the idea that  
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abnorinally high atom polarization i l l  (at  least) an ionic crystal is related to the extent 
of charge separation among the atoms. 

I t  is reclsonable to presume that perinanent charge separation i l l  a covalent nzolecule 
likewise inay contribute to the atonl polarization. Indeed the nitramines (of which I-IMX 
is an exainple) in microcrystallii~e wafers show in general an amouilt of distortioil polari- 
zation which cannot be accounted as electronic and so has been called atomic. This 
assignment of atoll1 polarization amounts to about 7 cc per nitramino group (=NN02). 
hiloreover the atoll1 polarization is roughly additive, as is shown by the two nitramino 
groups in the linear IG-methylnitramiilo-bis-ethane, I ,  the PA of which is 14.5 cc. 

I-Iowever, i f  a relationship among nitramines exists in the solid state between charge 
separation and atoll1 polarization it is not a simple one. \Vhen several nitramino groups 
are present in relatively fixecl portions in a molecule (in coiltrast to I)  the resultant atoll1 
polarization tends to be lowered. For example N,N1-dinitropiperazine, 11, is fouild (15) 
to have an atom polarization (PD -PE)  of 3.7 cc rather than of 14 cc expected (from group 
summation) such as occurs i l l  the 11011-cyclic I. A liinitiilg instance is that of 1,3-dinitro-1,3- 
diaza-ci-oxacyclo11exi11~e, 111, where no atom polarization a t  all is detectable ( P D  = P,). 

I t  is reasonable to draw from these observations the conclusion that when polar groups 
are in structural appositioll they tend mutually to cancel the atom polarization of each 
group. The magni t~~de  of this cailcellatioil is in qualitative agreement with the expectation 
that the nitramin0 group is planar (or nearly so) as a consequence of resonance hybri- 
dizatioil (19). The sp2 character of the ring nitrogen disposes these groups equatorially 
and thus closely i l l  apposition. 0 1 1  the other hand this sp? character illight be expected 
to "fold" the molecule of 1,5-dinitro-l,5-diaza-3,7-dioxacyclooct11ie, IV, so that the atom 
polarizations of the nitramino group are geometrically additive rather than subtractive. 
I t  is tempting to attribute the 16.9 cc (Table VIII,  PD-P,) of atom polarization found 
for IV entirely to this additive el'fect, but probably the geoinetry does not justify all of 
this magnitude. Flexibility of the molecule (to be discussed later) uildoubtedly con- 
tributes as well. 

I t  must be noted that these concepts are contradictory to the theory of Coop and 
Suttoil (20), who attributed the appreciable difference between total and electronic 
polarizatio~l of a group of substances with opposed dipoles to atom polarization because 
inspection of the formulas indicated that orieiltatioil polarization could not occur. This 
theory becaiile unacceptable to us when our "wafer" measurements showed that some 
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of these substances either showed no abnormal it^ of atom polarizatioi~ or else n~uch  less 
PA (21, 15) than Coop ancl Sutton specifiecl. lIoreover certain of the substances, such as 
p-benzoquii~one, tetramethylcyclobutd~~e, ancl p-clinitrobenzel~e, were sllown to have 
measurable orientation polarizations. In view of these experimental results we must a t  
the present time favor our concept of group apposition rather than that of Coop ailcl 
Sutton. 

However, neither the theory of Coop and Sutton 1101- oL1r ow11 coilcept explains f ~ ~ l l y  
the difierence in atom polarizatioi~ shown bl7 I-IllIX-I, -11, and -111 by contrast to the 
solid-state moclifications of other substances in Table VIII. Therefore, \Ire suggest for 
these I-IMX inodificatio~ls some possible differences in conformation which would be 
labile in solution but may persist in the crystals. Fro111 a t  least five probable conformations 
we shall select three which are free from transannular methylene interaction. The 
conformation V has all four carbons in one plane and all aza nitrogens in another plane 
while in coi~for~natioil VII all carbons are iu one plane but two each of the aza nitrogens 
are in planes above and below the plane of methylene carbon. Interrnecliate bet~veen these 
extremes is VI,  in which the four methyleile carbons and two aza nitrogens as slightly 
pucliei-ecl out of a plane and the remaining nza nitrogens are above this "plane". 

PII, H M X - I  (PA,5.Jcc) 

Assuming again that the N 3 0 2  gi-OLI~ is chiefly planar the four groups in V ought to be 
geometrically additive while those in VII  are subtractive. I11 VI two nitramino groups 
are strongly additive \vhile the other two are wealill- so. Therefore, V ought to  represent 
I-IMX-11, VII corresponcls to the low PAL of I-Ih/IX-I, and the 21.2 cc atom polarization of 
I-IMX-I TI is best described by VI. 

I t  is obvious b57 inspection that the an~oun t  of space occupied by these three conformers 
will be VI > V > VII. Although the cle~lsity of lattice packi~lg is not necessarily related 
to the volume of the molecules contained in the lattice it  may be significant that  the 
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structural assignme~lts correspond wit11 the densities (I-Ii\/IX-I > -IS > -111) of the poly- 
morplis. 

The assignment of conformation V to I33)IX-I1 would seem nominally to be a t  variance 
with a recent single-cr)rstal X-ray diffraction study (22) which favors conformation VI 
for this polymorph. The contradiction ma~7 be more apparent than real. Each scientific 
observer sees his cvidencc through the n7indoxv of his method. The X-ray diffraction 
method "sees" mean position of electronic charge, which is assumed to be stagnant and 
centered by a nucleus. By contrast the reactance in an applied electrical fielcl is accen- 
tuated by charge separation and thus "sees" preferentially the most strongly polar states 
of a system. I t  follo~vs that different interpretations will be made il the structure of the 
substance is dynamic rather than static. But both X-ray and dielectric measurements 
agree that  the difference in the IHMX solid states is conformational. I t  remains to  ascertain 
whether there is sufficient freedom in the crystal array to allow for that  conformational 
motion which would cause the results of X-ray diffraction to  differ fro111 those of dielectric 
measurements. 

Empty space in a crystal lattice is metastable a t  temperatures a t  xvliich thermal 
agitation does not warrant its existence. The transformations of fornls like I-IllIX-IS and 
-III into I-liVIX-1 a t  room temperature exemplify the metastability. I-Sowever, it may be 
expected that other molecules might also fill  these empty spaces if they were geometrically 
compatible with the space. The existence of a 1:1 molecular conlples of I-I3IX and 
din~etliylformamicle (23) therefore is not unexpected. In confor~llity with the expect a t '  1011 

of a stoichiometric crystal complex (not a clathrate) is the analysis and the stability of 
IHMX-climethylformamide. An examination of the characteristic absorptions in the 
infrared spectral region shows a closer resemblance to I-IMX-IS or -111 than to I-IhiIX-I. 

In absence of space-filling addenda one may assulne that some conformational motion 
occurs within the lattice restriction xvllich prevents transformation from I43IX-III or 
-11 to  I-Ii\iIX-I a t  roo111 temperature. If the interpretation of the I-IRIIX polymorphs is 
correct then these values ought to be temperature dependent. 

In order to test this postulation several alterations in our technique for dielectric 
measurements have been necessary for the temperature range (-40 to  +2g0) xvhich we 
have chosen. Instead of gold amalgam as a wafer surface layer we have used indium foil 
as the conductor. The foil-coated wafer is aligned on the flat Icovar metal cylindrical 
platform a t  the top of thc non-grounded terminal D in Fig. 2. The  sliding grounded 
ter~ninal P not only completes the capacitance circuit but also transmits any change in 
thickness of the wafer assembly t o  the machinist's gauge I< a t  the top. The temperature is 
measured by two thermistors situated as close to  the wafer assembly as is possible. Ingress 
of moisture is PI-evented by dry nitrogen, in a t  N and out around the upper end of P. 

The temperature may be lowered to -40' C by passage of dry air through the liquid- 
nitrogen-cooled coil a t  A and thence through the middle of three annuli and out a t  C. 
The outer, highly evacuated annulus is strip-silvered to  reduce radiation and t o  shield 
the capacitance of the wafer which is being measured. The inner annulus, a t  atmospheric 
pressure, permits gradual and unifornl heat exchange. About 1 hour is required to  decrease 
the temperature to  -40' after which the temperature is gradually increased to  +28' 
during 5 hours by regulatio~l of the airflow. Although the change in pellet t11icl;ness and 
capacitance is recorded during this interval (to detect abnor~llalities such as wafer fracture 
or foil separation) only the capacitance and thicltness a t  -40' and +2g0 are used for 
calculation. Subsequently the dielectric constant and the thicltness of the wafer are 
measured in the apparatus (Fig. 3) described previously (10). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



CANADIAN JOURNAI, O F  CHEMISTRY. VOL. 40. 1969 

Since the measurement does not talte into account the "edge effect" the dielectric 
constants derived a t  +25 and -40' are in error. For correction of the error a series of 
wafers of various tl~ickness is examined and the apparent dielectric constants are plotted 
against thicliness in order that the true dielectric constant may be ascertained by extra- 
polatioil to infinitesimal thicltness (zero edge effect). 

Several of these plots are shown in Fig. 4. I t  may be seen that the cleviation is too great 
for graphic extrapolation and the method of least squares inust be utilizecl. The least 
satisfactory of all the determinations is that of HMX-I. This latter result should not be 
considered to be typical because great difficulties were encountered in the preparation 
and maintenance of the wafers prepared for this polymorph eve11 though 2% of poly- 
ethylene wax was iilcorporated for the purpose of co~lsolidation. 

The distortion polarizations calculated froin the dielectric constants a t  +25' and -40' 
for a series of representative substances are shown in Table X. When the distortion 
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HMX 2 

..., . 
HMX 1 

- I - - - & l .  -c. . 
ms .OiU . D l i  011' 

Thicknesr of P e l l e t s  

polarization is close in value to that of the temperature-invariant electronic polarization 
(i.e. when atom polarization is nornzally low) it  ought to be the sallle a t  +28O and a t  
-40". Collsequelltly the variations (+0.27 cc, +0.12 cc) over this temperature range for 
anthraquinone and l~exachlorobenzene may be considered to be representative of experi- 
~llelltal error. With this assignment of error the high atom polarization of zirconium 
acetylacetonate (10) illust be declared invariant with respect to temperature. Liliewise 
the appreciable atom polarization of sodium and potassium chlorides are temperature 
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TABLE S 
Distortion polarization a t  +2S0 ( t l )  versus that a t  -40' ( ts)  

Substance 1 ("c) e d.120 PD (CC) ~ P D  ( t s -  t ~ )  

L? 
Zirconium acetylaretonate t  I 

t? 
I-Iexachlorobenzene t  1 

I ?  
Sodium chloride t ~  

Potassium chloride 

I-IMX-I 

independent within our limit of error. These results are not unexpected in view of the 
commonly accepted concept of atom polarization. 

On the other hand the APD of the I-IRIIX poly~~lorphs is each beyond our limits of experi- 
mental error. Because of the difficulties in nlallipulatioil of I-IMX-I (exemplified by the 
E VS. thickness plot of Fig. 4) rve are reluctant to attach any meaning to the positive APD 
of 0.5 cc found for this polymorph. On the other hand the wafers of I-IhlIX-I1 and -111 
were prepared easily and the consequent plots of dielectric co~ls tant  versus thicliness are 
a t  least as  good as  those of the other substances listed in Table X .  I t  seems clear tha t  an 
appreciable diminution in distortion polarization is characteristic of I-IIIX-I1 and -111 
a t  low temperatures. This behavior is the expected one if conforinational motion were 
indeed occurring in these lattices of lesser density than tha t  of the close-paclied, centro- 
sy~n~netr ical  I-IMX-I. 

The  extent of diminution in PD with respect to  temperature in I-IYIS-I1 and -111 is 
inversely related to the amount of "abnormality" in PA. This might be interpretated as  
evidence of greater flexibility in I-IMX-111 than in I-IMX-11. I-Iomever, i t  seems more 
reasonable to  attribute the higher APD in I-IRIIX-I11 to the geonletry of our conformational 
assignments. I t  is a consequence of the syinmetrical arrangement of the nitramino groups 
in conformation V, which we have assigned to I-IR'IX-11, that  srnall deviations iron1 this 
symmetry will be less effective in altering the resultant of the four directed dipoles than 
in the confor~nation VI,  attributed to I-Ii\llX-111, because the resultant of the axially 
aligned dipoles in VI will not be altered as much by small deviations in conformation as 
will be the resultant of the equatorial dipoles. 

In  suminar)l the evidence fro111 spectral absorption studies and electrical polarizatioil 
studies seems to indicate tha t  EIMX-I, -11, and -111 are lattice-caged conformatio~~al 
isomers which inay undergo a restricted type of orientation polarization. On this basis 
i t  might be said that  their abnor~nal  PD values do not involve high atom polarization and, 
indeed, that  they are not properly to be classified as  polymorphs. I-Iorvever, the etymo- 
logical classification of natural phenomena is of less importance than the physical definition 
of these phenomena. Undoubtedly other crystals can be found in which confor~national 
motion is detectable by the techniques of infrared spectroscopy and dielectric constant 
evaluation. We are searching for them. 
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Te~~~pera t z i re  Coejicient of Distortion Polaricatio?~ 
A. Prepai.ation of Wafers  
Two techniques are used depending upon the physical characteristics of the candidate substance. According 

to method I thc substance is first pressed a t  about half the usual compression (7500 lb dead load) in the die 
shown in the cross section in Fig. 5. Then the upper and lower (long and short) pistons are removed after the 

lo\vcr piston has bee11 extruded slightly and disks of indium foil 0.01 inch thick and of diameter equal t o  
that  of the die cylinder are inserted onto both faces of the wafer i r ~  sitzi. Thc pistons are then reinserted 
and a masirnum compression (15,000 Ib dead loacl) is applied to the asscn~bled die before the lvafer is rernoved. 

According to method I1 an indium disli is placed on the top of the small piston in the die and the finely 
powdered candidate s~lbstarlce is placed on top of it. The upper surface of the pol\-der is lloiir levellcd by a 
circular n~otion of the uppcr piston. 'I'hen anothcr indium disk is placed on top and the asse~nbly is subjected 
to  maximum compression. 

By either of these methods the indium foil is liliely to  be cstrucled over the lateral \vall of the wafer. This 
excess must be removed carefully by means of a very sharp knife. I t  is advisable to  allow thc lvafers to "age" 
for 1 clay during \vhich time blisters may form 011 the surfacc. These blisters may be punctured with a 
needle and then flattened smoothly with a spoon-shaped tool. The reliability of a wafer also may be ascer- 
tained by cooling it quiclily to -40' in a test tube and then allo\\ling it sloii~ly to warm to  room temperature. 

B. Apparr~ tus  jor Temperatnre-oa~innt il .(Eas~~i.e~i~e?it of Dielectric Co?zstar~t 
The cylindrical apparatus sho\vn in Fig. 2 in cross section consists mainly of a loxver electrode, an upper 

electrode, and a glass jacket. The  jacket is triple walled. The outer a111lulus is highly cvacuatecl and also 
is strip silvered; the silvering is continuous around top and bottom and i t  extends over the inner s ~ ~ r f a c e  of 
the Icovar-glass scal, L, so that external grouncling of L provides eflective shielding from external influence. 
The middle annulus accommodates the cooling air which enters a t  B, is chilled by liquid nitrogcn in A,  and 
which leavcs thc apparatus a t  C. The inner annulus contains stagnant gas (usually air) a t  any desired pres- 
sure (usually atmospheric) but is variable by  means of the tapered joint closure a t  M. The inside surface 
of this inner annulus is tooled and ground, and top as bottom, for 24/40 taper. 

The lower electrode consists of a uniaxial fitting I) surmounted by a 24/40 joint to which is sealed a 
Icovar rod platform upon which the test wafer is situated. The upper electrode is equipped \\fit11 two 
thermistors I: tha t  are mutually g ro~~nded  onto silver \\:hich is plated on the 24/40 cone. The irls~~lated 
thermistor leads, M, are connected to two vacuum tube Wheatstone bridges off which the temperature can 
be read to f 0.1' from a 10-turn pote~itiometer where a 6E5 inagic eye tube indicates balance. The upper 
electrode is sho\vrl irr rnore detail in Fig. 6, which depicts the guide platform as \\;ell as the internally grounded 

of the 24/40 joint and consists of a Trubore tube to  \vllich a ro~ i i~ded  Icovar pin is sealed a t  
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the bottom and a 5/16 Icovar rod is sealed a t  the top. G r o ~ ~ n d  connection through this electrode is established 
by the interconnecting silver wire and the contact with the point of the machinist's gauge a t  the top. The 
dry  nitrogen entrance a t  N blankets the interior of the assembly by emergence around the platform g ~ ~ i d e .  

C. Apparatus for Roonz-letnperature ~lfeaszrre~nenf of the Dielectrzc Co?zstant 
This apparatus has already been described briefly (10). Constr~lctional details are sho\vn in Fig. 3 for a 

cross-sectional side view and end view. i-\Is0 shown are p ~ l ~ m e t h a c r y l a t e  accessories -A', which slides on A as 
a centering device for the wafer, and B', which slides on B for the same purpose as well as to catch droplets 
of gold amalgam when the latter is used as  a vafer coating. I t  has been found necessary to  install a rigidly 
attached ring, F, in \vhich are threaded three equally spaced screws (one shown as  G)  which serve to keep 
the uniaxial connector under tension, thus to establish stability of the entire meas~~ring device. 

I~lsulation of the lower electrode is effected by means of the precisely concentric Steatite ring D and the 
glass tubing E. Around E a t  the bottom is a fiber insulating \\rasher retained by a I I L I ~  which conlpletes the 
rigid assembly. 

The lower electrode and upper electrode (which is the spiiidle of the 2 inch diameter Shardlaw head) are 
each s e c ~ ~ r e d  into the soft steel ring which comprises the bodv of the aooaratus bv two Allen scre\vs normal - . . 
to each other. Adjus t~ne~l t  to these screws conlpensates misalig~~ment of the electrodes due t o  tightenir~g 
of either screw. 

Measurement of dielectric coilstant is accomplished by perfect alignmei~t of tlie wafer coated either 
with indium foil or \\.ith the 15% gold amalgaiu. \Vhen thc latter is ~ ~ s e d ,  about a minute should be allowed 
for the initially soft amalgam to become semirigid so that it can be brushed to concentricity with electrodes 
and wafer (the amalgam again becomes soft when it is rubbed in a mortar). After the oscillator circuit has 
been brought into balance with a fixed frequei~cy (5 Mc) the wafer and coating are removed quicl;lyand the 
air gap is closed until the oscillator is again in balarlce. This air gap dimension is then included with measure- 
ment of the uncoated wafer a t  the f o ~ ~ r  quadrants and the center (these thiclcnesses being averaged) to  give 
the dielectric constant, e, as the ratio of thiclcnesses of substance and air. 
D. ilfenszireme?tts fronz $28 lo -40" svitlt Wafers 
With the lower electrode attached a t  D (Fig. 2) to the oscillator circuits the i~~dium-coated wafer is in- 

stalled concentrically on the top of D. The cooling jacket and grounded electrode assembly is added snugly 
and carefully. 

The  capacitance measurement is made by use of a con~lector comprised of a two-prong short-circuiting 
plug whic.h may be repeatedly inserted and removed \v i tho~~t  capacitance alteration greater than 0.001 pf. 
A frequency balance is obtained with the test capacitor connected and then disconnected. The difference in 
capacitance is that of the candidate wafer after the cell capacitance (determined as  described below) is 
subtracted. 

i \n initial capacitance ~neasurement is made a t  ambient temperature and then dry  air, cooled by liquid 
nitrogen around A, is blown through the jacket and out a t  C. The char~ge in d imensio~~ shown by the indicator 
dial I< indicates, by  communication via the grounded electrode E, the  change in thiclcness of the wafer 
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assembly. After about 1 hour the t empera t~~re  has been lo\vered to -40° C (as is indicated indeperldently 
by the two thermistors F) and adjusted to constancy. The final thicl;~~ess and the capacitance a t  -40" are 
determined. NOW the temperature is raised slowly during 5-6 hours and is brought to constant!. a t  intervals 
of 4" C for clcter~nination of capacitance. These intermediate measurements are made to detect any ~ ~ n u s u a l  
deviation which would indicate that the wafer has developed a fault, but  only the lowest ant1 highest tern- 
peratures are utilized for the evaluation of temperature coefficient. .After completio11 of measurement a t  the 
highest temperature the wafer is transferred to the device shown in I;ig. 3, where apparent dielectric constant 
is determined in the usual manner, the foil being finally removed in order to measure the absolute thickness 
of the wafer and the indium foil a t  room temperature. 

Although the change in t11icl;ness is closely follo\\~ed in the determination it has been found to be worth- 
while also to determine tlne coefficient of expa~~sion of the candidate substance by temperature cycling of a 
comparatively thicl; wafer without indium foil in the apparatus of Fig. 2 while only the change in tl1icl;ness 
is measured. Of course, tlne wafer must be sufficiently thin to ensure that its density is masimal. 

The measurements described above \\~ould be in error because of di~nensional and electrical variations i11 
the apparatus of Fig. 2 had these not previously been determined. The change in capacitance of the apparatus 
with respect to temperature is made by tnaintainilig the grounded electrode about 0.3 inch above the lower 
electrode while capacitance of the apparatus witho~rt a wafer is determined from +2S to -40'. 111 like manner 
the dimensional change of the apparatus in respect of te~nperature is made with obser\.ation of the indicator 
gauge I< while the top and bottom electrodes are in direct contact, one with the other. Correction curves 
have been constructed for both of these variables and the capacitance of the cell is checked to ensure precision 
of assembly before every ,esperiment. 

E. Calczrlatio~~. of Distortion  polarization^ 
The clielectric constant a t  -40° cannot be obtained directly because tlne air capacitance corresponding to 

capacitalnce of the wafer is not measured by the apparatus of Fig. 2. I-Iowevcr, the air capacitance a t  +2g0 
may be rlneasurcd in the apparatus of Fig. 3. Then the distortion polarization PD may be evaluated: 

nlllere p = --lo0, a = +2S0, CS = capacitance of nrafcr, and C>\ is the corresponding capacitance of air 
(Cs/e) for tlniclaness H of the wafer, clensity cE, and molecular weight 11I. 

X-Ray Dtffractio?~ Patterns 
The d spacings in angstroms obtained with the H M S  pol>m~orphs and tlne various other compounds 

mentioned in this report are she\\ n with their relative intensities (1/11) in Table 1. In all cases tlnc diffraction 
patterns were cletermined using Cu Kol radiations \\lit11 a nickel filter. 

Spectral Stzldies 
For the spectral rangc 2500-700 cm-1 a Perlcin-Elmer Model 21 instrument \\.as usecl wit11 ~ ~ o t a s s i i ~ m  

brotnicle pellets prcparcd in the usual manner. A Beclcman IR-4 instrt~ment was used from 900-300 cm-I. 
I'artial spectra merc obtained in the latter rangc by the double-beam technique for a l.'iYO so l~~ t ion  of HhiIX 
in acetone (three strong bands a t  597, 615-620, and 760 cm-1) and for 2.25Y0 solutions in di1nethylforma11nide 
(four strong bands a t  598, 615-620, 765, ant1 840-850 cm-I). Complete spectra in the 900-300 cm-I range 
were obtained by use of \vafers prcpared with polyethylene was* (average n~oleci~lar \\.eight ca. 5000). 
This \vas as received is comminuted in a \\'iley Mill using an SO-mesh scree~l. The po\vcler is tightly bottled. 
I n  order to prepare a wafer the canclidate substance is grout~cl to 1- to size and then is misecl wit11 the 
poivderccl was to the desired co~lcentration (1-25%) in a 15x150 mm test tube, the inside xal l  of which 
has becn roughened to opacity by use of 300- to 500-mesh c a r b o r ~ ~ n d ~ ~ m .  'The stoppered test tube is then 
rotated asially for 15 minutes (conveniently on 1;ishcr Scicntiiic Company motor-driven glass blowers' 
rollcrs). Enough of the mixture (190-200 mg) to malce a \vafer 0.4 mm thicl; is then introduced into the die 
sho~vn in Fig. 7. 

The body and lonrer plate of this die is fabricated from SPS-245 alloy stcel inclusive of tlne bolts which 
hold the two taper-pinned halves of the body together. These parts are hardened to 45-50 Koclcwell-C. 
Thc piston is made from high-carbon steel, case hardened and lapped to a lit in the body of 3~0.0002 inch. 
Tlnc top of the plate and the bottom of the piston are linely surfaced to avoid adhesion of the completed 
\vafer, ancl are \\fiped ivitli X ~ ~ j o l  before each use. The Xujol film must not be visible. 

The misture of sample and \\,ax is evenly distributed in the die and then is pressed (without 1-acuun~) 
under a dead load of 15,000 Ib. Then the bottom plate is removed ancl tlne wafer is extrudecl carefully. I t  
is mol~ntecl in a frame consisting of three pieces of f i l l i~~g card cut externally to fit into the IR-4 cell holder 
and internally so as to hold the wafer in the central card and to retain it with the outer cards, the three 
finally being stapled together. The "mindo\\~" must be large eno~rgh to contain all of the light beam. These 
wafer holders may be filed together wit11 reference wafers containing the same weight of wax-. There is no 
mechanical or optical deterioration after 4 years of storage. 

*Kindly don,ated by tlze Tennessee East~nan Corr~pany, Ii,in.gsport, Tcnncssec, u.S.11. 
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Temperatz~re  Coeficient of I ~ ~ f r a ~ e d  Absorption 
1. Holders for  Polyethyle~ze W a x  Pellets 
The pellet holder for temperature-variable measurement is shown in Fig. 8. The niedian slotted plate A 

(into which the polyethylene \vas pellet f t s )  is bounded by the brass plate B and by the bakelite plate C, 
which is drilled to accept the air inlet D a t  the bottom and the head thermistor E with its leads a t  the top. 
Over one side of detached A is stretched a cured latex rubber sheet of thickness 0.06 mm,  supplied b y  
courtesy of the Viceroy Rubber Co., Toro~lto.  The rubber sheet is rendered non-tacky during this nianipula- 
tion by a light layer of talc but  the latter must be  aslie lied off by use of water-ethanol while the rubber 
sheet is held in its stretched condition. Then B is applied to A and secured by the eight scre\Lrs so that  the 
rubber cell window is firmly emplaced. A rubber windo\\, is similarly installed between A and C after s~iiall 
holes are niatle in i t  by hot wire so that  the air inlet and the thermistor ha l e  access to the slot. 

The pair of pellet holders used in the sample and reference beam of the Beckman IR-4 spectrometer are 
calibrated with respect to temperature by insertion in an  empty 6-1. vacuum jar the cover of which holds 
(I)  a glass tube of 40-111111 O.D. to contain dry ice - acetone, (3) a motor-equipped 4 x 1  inch rotating rubber 
blade for air circulation, and (3) a precisioli thermometer between the two pellet holders which are hung 
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in close proximity t o  it. T h e  thermistor leads from each holder are led each t o  its vacuum-tube-amplified 
Wheatstone bridge in which balance is indicated b y  a 6E5 magic eye tube.  

Part o f  the air used for purging the  IR-4 spectro~neter (dried b y  a bed o f  pellet sodium hydroxide 4 ft long 
and then  b y  a 30-inch length o f  Linde 3 A  molecular sieves) is divided b y  two  valves into lines leading t o  
water removal traps immersed in liquid nitrogen. Thence the  two  airstreams are led t o  separate copper coils 
immersed in a 5-1. spherical vacuum flask containing liquid nitrogen. T h e  outlets o f  these copper tubes are 
connected t o  silvered and evacuated double-~valled glass lines which carry the cold air through the cover 
that  has been built over the  IR-4 cell compartment and then  t o  the  air inlet tubes o f  t he  pellet holders i n  
sample and reference path. W i t h  this equip~nent  the  pellet holders are reduced in temperature from 40° C 
t o  -3g0 C in 30 minutes b y  about 1 c.f.m. o f  cold airflow. Temperature regulation or teinperature rise is 
controlled b y  the  two valves. 

2. Cooling J ( ~ c k e t s f o r  Standard Beckman Cells 
T h e  standard Beclrman cells for use with solutions may  be chilled t o  -40' i n  situ b y  use o f  the bal~elite - 

polyurethane foam device shown in Fig. 9. T h e  bottom and sides o f  the  device form a yoke, A, which slips 
snugly (because o f  the  foam)  around the  cell ancl provides air passage around the  cell plates from bot tom 
air inlet t o  top.  Af ter  installation on t he  cell the  yolre is retained b y  the  balcelite bar B across the  top ,  which 
bears a head thermistor like those used in the  pellet holders (1 ,  above) aiid also a vent  for exit o f  cold air. 
About 1.5 c.f.m. o f  airflow is required t o  decrease t he  cell temperature t o  -40'. 

Electrical .lIe(lsz~rements 
T h e  distortion polarizations \\.ere deter~nined according t o  an earlier report (10).  It was found necessary 

with H M S  t o  include 2y0 o f  ICoroseal in order t o  malce satisfactory pellets. Density o f  t he  polymorphs have 
been deterinined b y  flotation. Af ter  determination o f  dielectric constant each X-ray diffraction pattern was 
redetermined. T h e  dipole moment o f  H M S  was determined in dioxane a t  20° C in equip~nent  described 
earlier (9) .  Since A E / A w  = 9.80 and A V / A w  = 0.445 the  total polarization is 519 cc. Subtraction o f  the  addi- 
t ive group refractions o f  H M X  (58.3 cc) enables an evaluation o f  electric iuoment as 4.68 D. 

Preparelion of Crystalline HiVIX iliIodijcations 
1. EIIIIX-I  
Several nlethods have been used t o  prepare this form b u t  the  preferred one is b y  cooling a hot saturated 

solution o f  H M S  in acetone or acetonitrile. Th i s  method gives very  pure beta crystals providing t he  solution 
is cooled ir~ a stopperecl flask and kept in agitation b y  means o f  a magnetic stirrer. Purity was confirmed 
b y  infrared and inicroscopic examination t o  ensure t ha t  the product was satisfactory for use. Calc. for 
CJ-IaWsOs: C ,  16.2; H,  2.72. Found: C ,  16.6; FI, 2.96. 

2. fI11IX-II 
About  4 g o f  H A I S  was dissolved in 80 cc o f  70y0 nitric acid b y  warming on  a hot plate until slight 

fuming occurred. T h e  flask was then  insulated b y  wrapping lightly with a towel so t ha t  the  contents cooled 
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k l i t e  B 
plug i n r e r t ~  

to  room temperature in about 3 hour. The crystals were then filtered off, washed with water until free from 
acid, and dried in a vacuum oven a t  50' C. The absence of other forms of H M X  was confirmed by micro- 
scopic and infrared examinat io~~.  Calc. for C4H8N808: C, 16.2; I-I, 2.72. Found: C, 16.5; FI, 2.93. 

3. HllfX-111 
About 1 g of finely ground beta I-IMX was dissolved by warming in 280 ml of 50% aqueous acetic acid. 

When dissolved, the flask and contents were cooled rapidly by swirling in an  ice-water bath. The temperature 
dropped t o  20" C in about 4 minutes. On filtration well-formed triangular plates were obtained. >Iicroscopic 
and infrared examination showed the product to be free from other forms. 

Some HbIX-111 was also prepared by steam-distilling off the solvent from a hot saturated solution of 
H M X  in water-saturated cyclohexanone. After the cyclohexanone-water azeotrope had been stripped off 
a t  9Go C the precipitated I-IMS was filtered oif and dried in a vacuum oven a t  50' C .The product consisted 
of small, poorly defined crystals but its purity as shown by infrared examination was sonlewhat better than 
the product obtained from acetic acid. Calc. for CdI-18N80s: C,  16.2; I-I, 2.72. 1;ound: C, 16.4; I-I, 2.92. 

4. FIllLY-I v 
Samples for X-ray dirfraction studies of HMS-IV were prepared by sublimation of I-IhIS-I a t  lSOo C 

onto cold niicroscope slides. The slides were then washecl with chloroforn~ and 1-acuum-dried for S hours a t  
25' C. The reflections arranged in order of decreasing intensity (1/11) are:  (10) 3.64, 5.43; (9) 6.Gi; (8) 5.17, 
3.48, 5.16; (7) 3.82; (6) 5.69; ( 5 )  4.21; (4) 2.71; (3) 2.51; (2) 2.35, 2.22; (1) 2.15, 2.63, where those in italics 
are very similar t o  lines found for HhlIS-111. The rest are not found among the reflections of the other poly- 
morphs. 

5. fIAlX-Di?irethylfor?t~a7?zide Complex 
This form is prepared by simple crystallization fro111 dimethylformamide (DMF). In the procedure used 

here a hot saturated solution was first prepared by adding ground I-IbIS to  about 100 1111 of boiling Dh'II;. 
The solution was then diluted with another 10 1111 of DMF,  poured into a petrie dish, and allotved to cool 
slowly. After filtration the crystals were dried in a vacuum oven a t  50' C. 

T o  prove that  the product was a 1:l I-IMS-DMF solvate, accurately weighed samples of about 2 g were 
refluxed in boiling water for 2 days. After cooling and filtration through a sintered-glass crucible the crystals 
were dried under vacuum to  constant weight. The loss in weight in all experiments was 25.55% of the dry 
residue, giving a mole ratio of 1:1.02. Infrared examination of the residue revealed that it was completely 
converted to  I-IMS-I. 

The proportion of D M F  present was also coilfirmed by dissol\:ing a weighed sample in acetonitrile and 
then determining the quailtity of D M F  released by measuring the carbonyl absorption a t  5.9 p. IVith the 
aid of a calibration curve for DWIF in acetonitrile it was shown that the mole ratio of D k l F  to  HWIS was 
exactly 1:l even with a sample that had bee11 finely ground. 

The stability of this crystalline form is also shown by the following experiment: One gram of the colnplex 
was ground to  about 20- /~  size, let stand 1 year in a large bottle, and then was heated 1 hour a t  80' C with 
20 ml of water. After cooling, the system was filtered to remove I-Ii\lIX-I. The filtrate was treated with 5 ml 
of concentrated hydrochloric acid and then was evaporated to dryness, finally in a n  air stream. The residual 
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crystals Kere treated with D1/5 aqueous triethanola~nine picrate. Filtration removed 0.12 g of dimethylamine 
picrate, m.p. 157-158" C. A mihture melting point* with an authentic specimen mas not lowered. Calc. for 
C7HljNgOg: C, 22.8; H, 4.09; N, 34.2. Found: C, 23.0; H,  4.09; S, 34.1. 

U l ~ e n  the complex \\,as heated under observation through crossed Nicol prisms a transition was observed 
a t  92" C. After a sample was heated under vacuum to 93' C during 1 hour and then cooled during 1 hour it 
had been transformed to HWIX-I. 

Stable and Labile Resorcinol 
Resorcinol purified by crystallization from water was used as such (stable a for111) or was heated to 70" C 

for 1 hour in a test tube which then nlas chilled quiclily. The difference in melting point reported previously 
(5) could not be discerned, but the X-ray diifraction patterns (Table I) are distinctive and reproducible 
before and after pelleting. The densities, determined a t  22' C by air displacement ( l l ) ,  are slightly different 
from those reported by Lautz (a, 1.271; B, 1.292 at 20' C). 

Tripkenylgz~awidine  
After repeated crystallization from hot 95% ethanol to reluove an insoluble impurity the substance 

melted a t  143.S°C. We were unable to isolate the reported (5) polymorph, m.p. 138" C, but when the 
molten substance \\,as poured onto a cold brass plate the amorphous form was obtained. This glass is stable 
a t  25' C but it is converted to the crystalline form, m.p. 143.8' C, when it is maintained a t  70' C for 3 hours. 
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THE VIBRATIONAL MECHANISM O F  THE FUNDAMENTAL 
NHe STRETCHING VIBRATIONS IN ANILINES'" 
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ABSTRACT 

The integrated intensities, frequencies, and half-band widths of the fundamental sym~netric 
and asynlmetric NH2 stretching vibrations in 33 ortho-substituted anilines, lneas~~red in 
dilute carbon tetrachloride solution, have been examined in relation to the corresponding 
absorption band parameters for 31 meta- and para-substituted anilines, talcing into considera- 
tion the electronic effects of the substituents. From an almost tetrahedral configuration in 
$-phenylenediamine, the calculated s-character of the nitrogen atom gradually increases as 
the substituent groups become inore electron withdrawing, with a resultant increase ill the 
apparent HNI-I angle and the KII force constant. Ortho substitution in general leads to 
enhanced HNH angle opening, probably because of intrarllolecular hydrogen bonding. The 
decrease in half-bancl width for both vibrational modes in o r tho- s~~bs t i t~~ ted  anilines with 
respect to corresponding values in meta and para compounds is ascribed to steric hindrance 
to solvation of thc amino group. 

The asymmetric intensities in ortho-substituted anilines are generally i~lcreased over 
corresponding v a l ~ ~ e s  in meta and para compounds, unlike the behavior of the symmetric 
mode. These results are consistent with a vibrational nlechanisill taking into acco~lnt the 
following factors for each mode: (i) the direction of the transition moment, (ii) the estent of 
nitrogen lone pair and aromatic T-electron participation, and (iii) the direct field effect of 
the ortho substitucnt. 

ISTRODUCTION 

The vibrations localized in characteristic functional groups attached to the aromatic 
ring have in recent years been studied extensively as a function of electroilic changes in 
the molecule. The frequencies of absorption maxima and the absorption intensities have 
been correlated with the I-Iammett u constants (1, 2) of the substituents for the -014 
stretching vibration in phenols (3), the C-N stretching vibration in benzonitriles (4-6), 
the C=O stretching vibration in benzaldehydes, ethyl benzoates, and acetophenones 
(7, S), the -NI-I stretching vibration in N-methylanilii~es (9), the two -NI-I? stretching 
vibrations in anilines (5, 9-12), and the C-0-C stretching vibration in anisoles (13). 

For meta- and para-substituted benzene derivatives the frequency/u correlatioils may 
be expressed by a Hainmett-type equation (14), 

where v is the observed group frequency in the substituted compound, vo is the group 
frequency of the "parent" compouild in the series, and p expresses the seilsitivity of the 
frequency to substitueilt effects. These plots sometimes exhibit slight curvature as the 
frequency rises or falls with increasing electrophilic character of the substituents. A 
similar linear relationship has beell sought (15) between v and the electrophilic s~~bst i tuei l t  
constants a+ (16, 17). Rao and Venkataraghava~l (14) have recently sho\\rn that a 
statistical evaluation of 18 sets of frequencies indicates that  both u and a+ correlate the 
frequencies equally well. 

The integrated band intensities (11) of vibratioils in functional gro~lps i11 meta- and 

*Presejzted in $art at the lStlz Atznual Adid-America Spectroscopy Symposiz~n~, Chicago, Illifiois, April 
SO-AIay 3, 1962. 
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KRUEGER:  NII?  STRETCHING IN  AXILINES 2301 

para-substituted benzenes have beell correlated li~learly through a logarithmic function 
so that 

[21 log A = log (Ao) +p'u 

or alternatively 

[31 log A = log (/lo+) +p+uS 

Statistical evaluation has indicated that the latter correlatioil is slightly better (14). 
On the basis of a simple ~nolecular orbital ~llodel Brown (18) has proposed that the 

quantity ill1' should be linearly related to the appropriate substituent constants u or u+. 
Statistically this correlatioil appears to be as good as the correlation with log A (14). 
Brown suggests further that the success of these correlations indicates that the changes 
in electroil distribution which occur in the molecule duriilg vibratioilal distortions closely 
parallel those which occur in the formation of the transition state during chemical 
reactions. 

I11 a previous publication Krueger and Thompsoli (5) showed that for a wide range of 
vibrational types the log i l  and v values also correlated well with the inductive (U I) and 
resonance (uR) paraineters deduced by Taft (19, pp. 594 ff.) on the basis that 

as a first approximation. These relationships could be expressed explicitly as 

and 

where the a's and p's could be intei-preted as the relative susceptibility of the correlated 
quantity to  the inductive and resonance effects. The  significance of this has been discussed. 

The I-Iammett treatment of kinetic data is restricted to ineta and para substituents to 
avoid complications due to the effect of neighboring groups, although Farthing and Nain 
(20) have made an attempt to extend i t  to ortho-substitutecl compounds. Icrueger and 
Thompson (5) previously reportecl some spectroscopic measuremeilts on ortho-substituted 
benzonitriles, anilines, phenols, ethyl benzoates, and benzaldehydes, and attempted to  
relate these values to those for meta- and para-substituted compouncls. The substituent 
coilstailts derived by Taft (18, p. 618) for ortho substitueilts were used in integrating all 
the data, since these u,,,~,, values are on the same scale as the EIaininett u,,,,,, and uD,,, 
values. The additivity principle proposed by Jaffe (2) was used as a first approximatioil 
to get a x u  value for compounds with several substituents. This was reasonably successful 
for the sterically favorable benzonitrile series, but a number of unexplained anomalies 
remained for the phenols and anilines. 

The data available for the aniline series have now been re-examined and some con- 
clusions drawn concerning the nature of the amino group and its response to ortho 
substitution. Further high-resolution infrared measureineilts have also been made on 
selected model compounds. 
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E S P E R I N E N T A L  METHODS 

A Perkin-Elmer 12C single-beam spectronleter was employed for the earlier measurements, using a LiF 
prism to improve the resolutiotl in the 3-p region. Standard absorption lines of water vapor and an~monia 
were used as frequency calibrants. The effective slit width \vas calculated to be about 8 cm-I in this region. 
Quartz absorption cells LIP to 5 crn in length were used to  keep the rnasimum aniline concentrations below 
0.01 M in carbon tetrachloride. Measuremetlts \\.ere made over a wide concentration range a t  several path 
lengths, the band areas determined by n~~merical  integration, and the apparent intensities extrapolated to 
zero peak absorba~lce to eliminate slit effects (21). Since the true shape of liquid phase absorption bands is 
still in doubt, 110 "wing corrections" (22) \\.ere applied. Integration limits were set a t  those points where 
the recorder noise level became comparable with the residual absorbance. Due to  slight overlapping of the 
two bands, a small amount of graphical separation was necessary. 

The high-resolution measureme~lts were made with a Beckma~l IR-7 spectrophotonleter with a S a C l  
foreprism and a 75 lines/nlm grating blazed a t  12 p. The instrument was calibrated as  prex i o ~ ~ s l y  described 
(23) and the accuracy of the frequency measurements is believed to  be limited only by the widths of the 
bands themselves. These measurements were made in the fourth grating order, where the slit \vidth was 
calc~~la ted to be about 1 cm-I in this region. A pair of ~natched 2-cm q ~ ~ a r t z  cells was used. The use of a 
programtned slit, double-beam operation, linear absorbance, and linear frecluency (cm-I) recording per- 
mitted the direct evaluation of band areas by ~l~imerical integration. Slit width erfects were found to  be 
negligible i11 most cases (the calculated slit width is less than 5% of almost all the band widths measured), 
and the A and 4 v l / 2 n  xalues reported are the averages of a t  least two completely independent measure~uents, 
except in a few cases where the small amount of material available precluded this. 

Most of the compo~~nds  \\.ere commercial products, purified by recrystallization, sublimation, or fractional 
distillation under reduced pressure. few were synthes~red following standard proced~rres in the literature. 
"Spectrograde" carbon tetrachloride was used, and the solutions were made LIP volumetrically. In the high- 
resolution nleasurements the cell temperature was held a t  25" C. 

RESULTS 

The detailed experimental results and the calculated parameters derived from them 
are given in Table I .  111 the graphical analyses points of special interest are numbered, 
and these refer to the respective compounds as listed in this table. For compounds where 
both high- and low-resolution intensity n~easurements were made the mean was used 
in the calculations. 

For tlie purposes of this discussion the total electronic effect of the aromatic ring 
substituents on the NH2 group is coilsidered to be proportional to the additive sunl of the 
substituent constailts ( x u )  as originally defined by I-Iani~i~ett (1) and Taft (19, p. 618). 
Wherever possible the inore recent u values fro111 the critical analysis bj7 3lIcDaniel and 
Brown (24) were used. A few constailts \irere talcen from the review bj7 Jaffe (2). For a 
number of ortho substituents u values were estimated 011 the basis that u,,,,, = uD,,,, 
since no 1;inetic data for them were available in the literature. 'The validity of this npproxi- 
mation is substantiated by tlie worli of Taft ancl his associates. 

Figure 1 shows plots of loglo rl versus XU for the asymmeti-ic and for the symmetric 
vibration. Considering that this presentation adjusts all the data for the varying electronic 
effects involved, the general co~~clusion can be drawn that for ortho compounds the 
symmetric intensities are not significantly different from those for ineta ancl para coin- 
pounds over most of the range. For the asymmetric vibration the intensities for ortho 
compo~incls are about 30-40Yo higher than the corresponding values for meta and para 
compounds. Only where the adjacent substituents are alkyl groups (and NI-12) is there 
110 apparent increase in the asymmetric intensities, and a slight decrease in tlie sjmmetric 
intensities. Compounds 63 and 64 are extl.ernely insoluble in CCIA1, and hence these 
intensities lnay be too low. 

The frecluency/Xu correlations are shown in Fig. 2. Because of the two interacting 
vibrational modes, and the possibility that the geoinetry of the amino group nlay change 
in the aniline series, these are best discussed in terms of the I-INH angle and the average 
NI-I stretching force constant. 
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I 

120 
SYMMETRIC 

/ e 6 2  

FIG. 1. Correlation of the  intensity of the  NI-I? stretching vibrations in substituted anilines with t he  
electronic nature of the substituents. T h e  units of A are c111 mole-' (log,). 

FIG. 2. The  dependence of the  NH? stretching frequencies on the  electronic nature of the  substituents 
in s u b s t i t ~ ~ t e d  anilines. 

Our attention was first directed to a re-examination of the available data by a compari- 
son of the apparent half-band widths (Avlpa),  which are shown in Fig. 3 as a function of 
x u .  In general, both NI-I2 bands are significantly narrower in ortho-substituted anilines 
than in meta- and para-substituted anilines. Since most of the band widths shown in 
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a 5 20t ' ASYM 

FIG. 3. The relationship of Avl12:' to the electronic nature and position of the substituents in substit~ited 
.anilines. Eligh-resolution measurements indicated by points with vertical tails, and by bottoili ends of oval 
points. 

Fig. 3 were obtained with an effective slit width of about 8 cm-I, they will be somewhat 
wider than the limiting true widths, but relative values should still be correct. The extent 
of this distortion is also portrayed in Fig. 3,  as iildicated by the lolver end of the elongated 
points, corresponding to measurements repeated wit11 the better resolutioll of the grating 
spectrophotometer. 

DISCUSSION 

An interpretation of these observatio~ls is advanced along the lines of a simplified model 
for the two vibrational modes illustrated schematically in Fig. 4. The esseiltial difference 

FIG. 4. A simple vibrational mechanism for the NH2 group. (a-d) Contributions to the  transition moment. 
(e-f) Orientation of the components of dipole moment change with respect to the aromatic systenl and 
ortho substituents. Solid arro\\rs refer to  atomic  notion; broken arrows to dipole moment. 

SYM. 

between these vibrational modes has previously been pointed out by Orville-Thomas, 
Parsons, and Ogden (27). 
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T o  a good approximation the only nuclei involved in the v, ancl v,, vibrations are the 
nitrogen ancl hydrogen atoms. Thus changes in NI-I bond lengths during the vibration 
can be used to define the nornlal coorclinate Q. The intensity of a fundamental infr:lred 
absorption band is proportional to  (dlld/dQ)" i.e. to  tlie square of the variation of molec- 
ular dipole moment 3f with respect to  the 1101-iual coordinate during the vibl-ation. The 
dipole moment of the amino group in its ecliiilibri~~m configuration call be separated into 
two NI-I bond mo~i~ents ,  and a third component due to the atomic dipole of tlie lone-pair 
electrons. Coulson (28) has recently einpliasized the importance of lone pair clectro~l 
corztributions to molecular dipole moment changes cluring vibrations, as well as the 
uiiespected contributions that may be clue to hybridization changes as the atoms move. 

As the 1-1 atoms oscillate i l l  tlie asy~umetric mode the change in dipole ~noment is per- 
pendicular to  tlie syinnletry axis of the NI-12 group, ancl parallel to tlie plane of the aromatic 
ring,"' as summarized schematically in Fig. -I(e). The decrease in s-character of one nitroge~l 
bonding orbital as that NI-I bond lengthens is exactly coinpeilsated by the increase in 
s-character of the other NI-I bond as it contracts. The s-character of the lone-pair orbital 
shoulcl remain unclianged, and (dilf/dQ) should depend on the small polarity changes in 
the NI-I bonds. During tlie second half of the vibratiohal cycle this small resultant dipole 
~noment  reverses sign, leading to co~ltribution (d) in Fig. 4. 

During the symmetric mode of vibration the s / p  ratio oi the nitrogen bonding orbitals 
will vary in phase, and this will give rise to a compensati~~g change in s-character of the 
lone-pair orbital, as sho\vn by contribution (b) in Fig. 4. Another coniporlent, ( a ) ,  wo~lld 
be due to changes in the N H  bond mo~nents. Both ( a )  and (b) would lie in a plane along- 
the CN boild and perpendicular to tlie aromatic ring. ,4 third contribution, (c), to the 
net dipole moment chailge in the syiniuetric iuode will arise from n variation of colljugatioil 
of the lone-pair electrons with the aromatic a-electrons during a vibratioilal cycle. When 
both 1-1 atoms move away froill the X nucleus the s-character of tlie lone-pair orbital 
increases ancl it cannot contbine as effectively wit11 the =-orbitals (these have odd 
symmetry, whereas an s-orbital has even symmetry with respect to  the plane of the ring). 
When tlie 1-1 atoms approach the N nucleus, the increase in @-character of the lone-pair 
orbital lends to inore extensive interaction with the a-electrons. Thus the a-electron 
component of the permanent dipole of the aromatic part of the ii~olecule contributes to 
the transition monzent for this vibration as it varies ill phase with the symmetric motion 
of tlie 1-1 atoms, to  all extent deterniined by the hybriclization of the N atom, i.e. leacling 
to n very small contribution ~v11en the N atom is effectively s p 3 ,  and a masimum when it  
is effectively sp2. Figure 4(f) summarizes the contributions to (dilC/dQ),. 

A comparison of Fig. 4(e) and (f) shows that a substituent ortho to the XI-12 group 
might be expected to enhance A,, by a direct field effect if it were strongly electropl~ilic 
or n~~cleopl~ilic,  since the sign of tlie dipole that leads to contribution (d) reverses a t  
every half cycle, and since tlie substituent group is almost directly in line with the 
directioil of the transition moment. 111 the syinnietr-ic mode tlie ortho group is not inti- 
iiiately involved because it is well relnovecl from the transitioii moment clirection, and 
would likely only influence -21, by the inductive/resonance mechanism operating through 
the aromatic cal-bon skeletoil and the =-electrons respectively. This factor also contributes 
to *4,,, and is accounted for in the comparison on the G basis. These views are borne out 
by Fig. 1. For the loglo A,,/Ca correlation the ortllo conlpounds in urhic11 intensity 

" O n  the basis of t l ~ e  nbsorptio?~ in t e~zs i t y  o f  tlte 2:3!+-711~ z~ltrnviolel band i ? ~  s~rbstit~cted anili?zes, TlVepsler (29) 
has conclzlded tlzat the lone-pair electrons of the a ~ i ~ i n o  group are oriented for nzari?t~.n1i7 oaerlap w i th  tlze aron~a t i c  
r-electrot~s even w i th  b712ky tert-bzlly1 groups in the 2,6-positinizs. Essery and Scl~ofield (SO) support th is  view 

O I L  t l ~ e  basis of l i~n i t ed  ilzj'rared nzeaslire~i~ents on  a f e w  ortho-alkyl a?zili?zes. 
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enhancement is not observed are those where the substituents are 2,4,G-tri-CH,, 2,4,6-tri- 
CI-I(CI-13)2, 2,G-di-CM3, 2,5-di-C(CH3)3, 2-C(C1-I3)3, 2-CH3, 2-CI-I(CEI3)2, and 2-CI-I'CH,. 
This is in harllloily with the relatively low polarizing ability of alkyl groups. Some of 
the other deviations from the established patterns remain unexplained, but the effect 
of ortho substitutioll on the mechanical and electrical anharmonicity of these vibratiolls 
is being investigated in an attenzpt to provide some further information on the inter- 
action illechanisms (3 1). 

The apparent I-INI-I bond angle (0) and the NI-I stretching force constant (k) can be 
calculated froill the two absorption frequencies of a primary amine by nleails of the 
valency force field equations of Linilett (32): 

[71 4 ~ " ~ '  = k[l/mHf (1 f cos 0)/mN] 

where mn and m~ refer to the inasses of the hydrogen and nitrogen atoms respectively. 
This treatment assumes that the nitrogel1 and hydrogen atoms lllove along the NI-I bolld 
directions, and that the stretching force constant is much larger than the deforillatioll 
and iilteraction force constants. McKean and Schatz (33) have shoxvn that this would 
be a valid assuinptioil for the ainlnonia molecule. NIasoil (34) has successfully applied 
these equations to a wide range of primary amines, and has found 0 to vary froin 104" 
in LiNI-I2 to  about 119" in heteroaromatic compounds such as 2-aminopjrriinidine, 4-a1nino- 
pyrimidine, and 3-amin0-1,2,4-triazine. Although aniline itself was iilcluded in his study 
(0 = 111.8"), conclusive evidence for substituent effects on the hybridization state of the 
NFI2 group in the aroinatic arniile series has not been reported. 

Figure 5 shows that for ineta- and para-substituted aililines 0 increases linearly with 
iilcreasiilg electron-withclrawing power of the substituents, fro111 a value of 109.6" ill 

ortho 

FIG. 5 .  The HNH bond angle in s~~bs t i tu t ed  anilines and its dependence on the electronic nature and 
position of ring substituents. 

N,N-dimethyl-p-pheilylenediamine and 109.4" in p-phenylenediamine (almost exactly 
sp3) to a liinitiilg value of 113.G0, which is reached in p-aminobenzonitrile and p-nitro- 
aniline. This is in agreeineilt with the predicted change in lone-pair conjugation with the 
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aronlatic n-electrons. Ortho-substituted anilines show extensive HNH angle opening, 
except in those cases where the substituents involved are one or two methyl, ethyl, or 
isopropyl groups, or the CF3 group. Undoubtedly there are a number of factors responsible 
for this increase in 8. For those cases where the angle is close to or exceeds 120°, as in 
2,4,G-trinitroanili~le (119.7'), 2,G-dinitroaniline (120.3'), 2-ilitroaniline (121.7'), 2,4-dini- 
troaniline (122.G0), ethyl orthoanthranilate (123.G0), ancl 2-aminoacetopheno~le (133.4"), 
i ~ ~ t r a ~ ~ ~ o l e c u l a r  hydrogen bonding is suggested, and s i~~l i la r  interaction of a weal; nature 
may account for the behavior of ortho-CN, -halogen, -OR, and -NI-12 groups. \Veal< 
bonding of an amino hydrogen atom to the n-electrons of an adjacent phenyl group can 
also be envisaged. 

The increased apparent IINI-I angles for 2-nitro-, 2,4-dinitro, 2,G-dinitro-, arld 2,4,G- 
trinitro-aniline are of interest in view of some recent controversy in the literature as to 
whether or not i~ltranlolecular hydrogen bondiilg is present in the first compound. Lutsl~ii 
and Alexseeva (35), i~Ioritz (SF), and Fariller and Thompson (37) have co~lcluded that  
there is intramolecular hydrogen bonding in 2-nitroaniline; Dyall (26) claims that  solvent 
effect studies show it is absent in 2-nitro- and 2,4-cli11itro-aniline, but present in 2,G-dinitro- 
and 2,4,G-tri1litro-anilili1le. In view of the fact that the largest apparent I-INI-I angle found 
in this ~voi-lc (133.4") occurs in 2-aminoacetopheme, where hydrogen bondi~lg is strongly 
favored because of the for~nat io~l  of a six-~nembered chelate ring, the enhanced angles 
in the nitroanilines also suggest a siillilar i~lteraction mechanism. 

The coillpound 1-naphthylamine (No. 29) appears to behave in an anomalous nlanner 
in that both -4, and A,, are smaller than expected, as is the calculated I-IN11 angle. This 
suggests that  the conjugation of the lone-pair electrons with the aromatic n-electrons is 
disturbed by sonle interference due to the peri-11 atom. Elliott and Mason (38) have pos- 
tulated "bending" of the nitrogen bonding orbital due to repulsion, and a slight twisting 
of thc NI-I2 group to I-educe the conjugation. Narrower band widths for this conlpound 
support this view due to steric hindrance to solvation of the NI-I? group, as will be described 
later. 2-Naphthylamine (No. 28) behaves like a nornlal meta-substituted aniline. 

A weakrless in the calculation of 0 for ortho-substituted anili~les from equations [7] and 
[8] inay arise in the underlying assu~nptiorl that  the two NI-I bonds be equivalent." 
However, the fact that  aililines which are synlmetrically substituted in the 2,G-positions 
(compounds 5 ,  49, 52, 59, G2, G3, and 65) and thus should meet this requireilleilt lead to 
siinilarly enhanced 0 values provides some proof for the validity of the method. This 
variation in HNI-I angle in the aniline series can be further confirmed by applying the 
same type of calculation to the limiting cases of a priinary alkyl amiile (sp3) and a primary 
acid anlide (sp?) .  Using the data of Orville-Thomas et al. (27) for methylamine in CCI, 
solution, the calculated I-1x1-I angle is 103.8"; and for acetmnide in dilute CI-IC1, solution 
the measurements of Davies (39) lead to 120.3'. 

For ortho-halogenated anilines, the apparent I-INI-I angle is found to increase in the 
order F < C1 < Br < I. Intramolecular hydrogen bonding of the 01-1 group in phenols 
to  ortho-halogen atoms is well-lanown. Baker and Iiaediilg (40) have shown that the 
order of increasing hydrogen bond strength in the ortho-phenol series is really I < F < 
Br < C1, tvhich can be attributed to both the varying size of the halogens and all "orbital- 
orbital repulsive interaction" which increases in tlle order C1 < Br < I. These authors llave 
also collcluded that  Badger's rule (41) does not apply in cases where the interacting groups 

* W e  are indebted to a referee for Pointixg ozlt that in all cases zulzere 0 > 120" the cotnpo~ind Izas a s i n ~ l e  
ortito sribstrt~rent, bzrt for corrrpo~irrds 63 and 65, where two YO2 grol~psflarrk the N I L  group, the appnre7rt HA H 
n~rgle i s  crln~ost exactly 120°, whiclt tends to support this a r g 7 ~ ~ ~ e n t .  
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are not free to take LIP their preferred orientation or interacting distance. In the aniline series 
the I-INI-I . . . F interaction may be extremely weal; because the small size of the fluoriile 
prevents the 1-1 atoll1 fro111 getting close to its lone-pair orbitals. The  increase in size of the 
halogens appears to Inore than olfset the corresponding decrease in electronegativity.; 
The coilcept of i~ltrainolecular hydrogen bonding would account for tlie "normal" 
I-INEI angles in anilines with ortlio-methyl, -ethyl, and -isopropyl groups. The large angle 
of 113.8" in 2,4,6-tri-tert-butylaniiihe could arise as the XI-1: group is forced into greater 
planarity with the aromatic ring by tlie bulky tert-but371 groups which flank it (see Fig. 
9(a)). Qualitatively this could account for tlie marlced illcrease iiz 'Ins relative to 11, in 
terms of NI-I bond moment contributions, tlie lone-pair conjugation being small because 
of the electron-donating characteristics of the three tert-butyl groups. T o  a lesser e l tent  
this could also account for A,, increases in 2-tert-butyl- and 2,s-di-tert-butyl-miline. 

The calc~llated NH stretching force constant increases smootlily with C u  for meta- 
and para-substituted anilines (Fig. 6). The complex deviation of 01-tho-substituted 

I 0 meto , para 65 I 

121~ .  6. T h e  dependence of the calculated XI3 stretching force c o r ~ s t a i ~ t  on the electronic: nature and 
position of ring subs t i t~ ien ts  in anilines. 

I 

coinpou~lds is a direct reflection of the dependence of the force constant on the effective 
charge on the nitrogen atom, as  well as  on its hybridization state (32, 42). 

Once the bond angle 0 is known, the coiltribution of 2s and 2p orbitals t o  the hybrid 
nitrogen bondi~lg orbitals may be calculated (34). The coefficient b in the hybrid orbital 

ortho • -+ 

call be used as a lneasure of s-character, and may be calculated from 

1 6.40 z I at +3.71 
I I I I I I 

provided the two NI-I bonds are equivalent and the hybrid orbitals of N binding the H 
atoms are orthogonal. For meta and para anilines, k is a linear function of s-character 
(Fig. 7). This is in excellent agreement with Mason's calculat io~~s (34) based on Slater 

*Una~r~biguous  data obtained by  v o ? ~  R. Sclileyer and West  ( P .  uo?~ R. Sclzleyer and R. 1,Vest. J. A?>c. Clze?n. 
Soc. 81, 3164 (1959))  for the internlolecztlar Izydrogen bonding of methanol a?ld phenol to alkyl halides con$r?ns 
that the relative electron donor ability of the cottalenlly bonded lculogeiz ato?n iitcreases i n  the order F < CI < Br < I. 
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" o m e t a ,  para 

FIG. 7. Relation betn.eeti the NI-I stretching force rotlstarlt ant1 the s-character of the hybrid orbitals 
bo~lcli~lg these atoms in substit~rtecl ariilines. X 6 v a l ~ ~ e  of 0.500 corresporlcls t o  sp3 Iiybridizatiori of the 
h' atom. 

I 

orbitals which show that the overlap integral (measuring the strength of the NH bond, 
as does the force constant) for a hybrid orbital of nitrogen accorcling to equation [9] and a 
1s orbital of I~ydrogen increases linearly with b. Figure 7 also stzows that changes in the 
apparent I-INI-I angle alone cannot account for the difference between the NI-I stretching 
force constants of ortlio anilines and those for meta and para anilines. For a given HNI-I 
angle, an increase in the effective charge on the nitrogen atoll1 should decrease its electro- 
negativity and hence lomei- the NI-I stretching force constant and vice versa (34). Farmer 
ailcl Thompson (37) have indicated that hyclrogen bond formation with an amino hydrogen 
atoll1 ~iiust induce a negative ctzarge on the nitrogen atom. This would account for those 
points in Fig. 7 which are below the meta-para line. 

The  points above this line cori-espond to ortho-alliyl snbstituents (and o-CF:J. Since 
the bull;iest ortho-alkyl groups lead to the greatest increase in the NI-I force constant, a 
type of ''internal specific solvation" of tlze amino group is suggested, whereby the effective 
dielectric environment of the amino group has acquired a larger hg~clrocarbon nature as 
CC14 molecules are crowded out. This should raise the NI-I force constant. The NI-I force 
constant for aniline in ?z-hexa~le does show a slight increase, whereas for 2,6-dimethyl- 
aniline in ?~-her;ane it is identical with that  calculated from freqirencies obtained in CC14. 
Changes of force constant of less than lyo due to this effect ~vould account for almost all 
of the positive deviations observed. 

Crystallographic data available are in agreement with the concept ol increasing sp2 
character of the amino nitrogen atom as ring substituents become more electrophilic. 
The C-N bond lengths (43) in P-hyclrosyaniline, p-iodoaniline, and the sym-trinitro- 
benzene complex of p-nitroaniline are 1.47, 1.43, and 1.37 ,% respectively, denoting 
increasing bond order. All three are classed as planar, with C?" syllli~~etry. The maximuin 
displacement from the mean plane in the p-nitroaniline coillplex is given as 0.06 A. Since 
the X-ray method is not suitable for the determination of I-I atom positions, these results 
are not a t  variance with the ideas advanced here. Recently Ritschl (44) has assiglled the 
C-N stretching frequency in 10 anilines, and has shown that i t  increases linearly with 
the I-Iammett u values of the substituents, also implying increasing bond order. 

ortho 
1 6.40 0 6 5  
Z I I 1. I I I I I I I 

0.500 0.520 0.540 0.560 0.580 0.600 
S-CHARACTER OF N-H BOND 
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The integrated intensity (A) of a fundamental infrared absorption band depends on 
the square of the dipole moment change with the normal coordinate of the vibl-ation 
(dilydQ): 

where iV is the Avogadro nunlber and c is the velocity of light. If only the changes of 
NI-I bond moments with bond length (dM/dr) contributed to the tra~lsitioil moment, 
and if the contributions from both NI-I bond moments were equal and additive, then 
(dil{/dr) could be calculated in two i~idependent ways from the experimental intensities, 
using the expressions 

where the p's are the effective reduced inasses governing the amplitudes of vibration. 
These simplified expressions arise because the resultant NI-I bond dipole gradients in the 
syminetric and asymmetric stretching vibrations lie along the intenla1 and esternal 
bisectors of the I-INI-I angle respectively. Alternatively, the equations [12] and [13] can 
be used to estimate 6' froin the experimental intensities through 

Mason (34) attempted this for N-heteroaromatic prinlary amines, and found that these 6' 
values never exceeded 92", and were not even in the saine relative order as the very reason- 
able 6' values calculated from the frequencies. Further, I\iIason found that the two (dildldr) 
values that could be derived independently from [12] and [IS] did not agree, the calculation 
based on A, always giving a larger value. The author concluded that because of the 
possibility of large lone-pair contributioils to /I ,, equation [ I  31 may be a better approxima- 
tion. I t  would fail insofar as the asynimetric vibration is anharmoi~ic and has a small 
dipole moment gradient along the internal bisector of the I-INI-I angle and small in-phase 
pulsations in s-character of the lone-pair orbital. 

The present ineasuremei~ts and calculations lend strong support to this vibrationa1 
inechai~ism (Fig. 8). For 9-pl~enylei~ediamine and N,N-dimethyl-p-pl~ei~ylenecl ia~~~i~e 6' 
values of 109.4" and 109.6' respectively indicate virtual sp3 hybridization, since 6' = 106.8" 
in cyc1ohexylainine (34) and 106.78" in ai1~11~01~ia (45). L'ilith the lone-pair electroils 
Iocalized on the nitrogen atoll1 and effectively isolated froin the T-electrons, the symmetric 
intensity is due to variation in the NH bond illoi11ellts ancl in the atomic dipole. The NI-I 
bond moment component in the asyi~~n~eti- ic  mode exceeds the corresponding coinponent 
in the symmetric mode for 6' > 90'. Table I1 gives the relative contributions of these 
bond moments, assuming a fixed vibrational amplitude and a fixed charge distributioil 
in the bond. The numerical values are ilorinalized to the coiltributions for 6' = 90°, where 
they are equal for both modes. Since A,, > 11, for anilines with large negative sub- 
stituent constants (9) it appears that  the atomic dipole contributio~l is not large enough 
to outweigh the deficiency in the NII bond dipole co~npoile~lt ill the syrnilletric mode. 
The calculated values of (dlW/dr) for these compounds fro111 equations [12] and [13] are 
0.8 and 0.6 D/A respectively. The  enl~ancement of 0.2 D/A in the value based on '1, 
reflects the lone-pair contribution. 

As the substituent constants become more positive and the I-INI-I angle begins to 
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KRUEGER: NI-I2 STRETCI-IING IN ANILINES 

SYMMETRIC ' at  3.15 D/A 

1.0 e ortho 

FIG. 8. The substituent dependence of the calculated NI-I bond moment gradients based on the inten- 
sities observed in the two vibrational modes. 

TABLE I1 

Relative contributions of XI3 bond moments to the resultant dipole moment 
change in tile NI32 group, for a fixed vibrational amplitude, and fixed 'charges 

on the N and I1 atoms 

rlsymmetric inode Symmetric mode 
(dipole moment change along (dipole moment change along 

6 (") external bisector of L I INH)"  internal bisector of L IISI-I) 

"In the  asymmetric mode this dipole moment change reverses sign after every half cyclc of the  vibration. 

approach the trigonal angle of 120°, the lone-pair orbital becolnes Inore extensively 
delocalized over the aronlatic ring. Since the lone-pair conjugation will var3- during a 
complete vibrational cycle, as already described, this should lead to a gradually increasing 
a-electron component as 0 increases. This is no doubt a dominant factor in determining 
the intensities, and explains the pronounced rise in the apparent (dM/dr) values as cal- 
culated fro111 A ,  by a method neglecting this contribution (Fig. 8). When 0 is large, the 
a-electron component ((c) in Fig. 4) more than outweighs the deficiency in the XI-I bond 
dipole contribution in the synlrnetric nlode relative to the asymmetric mode (Table 11). 
These results, as summarized in Table 111, also explain the crossing of the log i l , / u  and 
log Ans/u correlatioll lines near a = 0 (parent compound, aniline'") previously reported 
by us (9). 

The calculated (dM/dr) values based on A,, are probably reliable as far as order of 
magnitude is concerned. Figure 8 shows that  this value rises slightly as 0 increases, which 
is predicted (Table 11). The bond dipole gradients for ortho-substituted anilines are 
slightly larger than those for corresponding meta and para anilines, as based on both 
A ,  and A,,. This is a more sensitive plot than Fig. 1, synl~netric stretching, which does 
not take into account HNI-I angle changes. Slight enhancement of (dM/dr) on ortho 

'CCozrlson (46) has calclrlated the a-electron density on llze nitroge~z atom i n  aniline to be 1.91, zrsing a ?~toleczrlar 
orbital vietl~od. Tlzis i s  consistent wi th a n  I-INI-I angle of abozrt 111.7", as  fozrnd 'in this work. 
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'r--lBI-E 1 1 1  

Iiesultant dipole moment  change in the  XI-12 group 

Relative intensities 
Contributions in vibrational modes;': -- 

Observed 
e ( " )  b u .\sjmmetric Symmetric Predicted A , , / A ,  

109.4 0.499 -0.83 d,,,i, > resultant o f  A , , > A ,  1.30 
( ~ - N H ? C G I - I . I S I - I ? )  (Lm:rx + b 

111.7 0.520 0 d,,i,,+6 = resultant o f  A : , , = A ,  1.06 
(CGIlaSI-I?) ( (L ," :~~ - 6)  + c 

113.6 0.535 +1.27 d,,,i,+6+6 < resultant o f  i l , ,  < A ,  0.43 
( p - X O ? C G H 4 N H r )  --- -6 - 6) +cmaX 

dm,, -- 
antin 

+Keler t o  Fig. 4 for  the  ident i ty  oi the components. 

substitution would be expected to  show up in calculations based on both vibrational 
modes if intramolecular hydrogen bonding were involved. For 2,G-dinitroaniline, (dM/dr) 
based on the symmetric mode is u n u s u a l l ~ ~  low (see also point No. 63 in Fig. 1, symmetric 
stretching), whereas the largest value is obtained from calculations based on the asym- 
metric mode. This must arise from abnormal charge fluctuations arising a s  the amino 
group is flailked on both sides b y  negatively charged oxygen atoms of the nitro groups. 

Further evidence for this vibrational interpretation is provided by the log A, and log 
-,I,,, correlatioils with cr I and un accordiilg to equation [5j (5). For the asylllilletric vibra- 
tion, (oc//3) was found to  be 1.7, whereas for the symmetric vibration this ratio was 1.1, 
indicating tha t  il, is much Illore sensitive to  the resonance effect than A,,. 

In liquids and solutions collision broadening is considered to be the cloniinant factor 
contributing to vibrational band width, since Ra~l lsay (22) has concluded tha t  ilatural 
line widths would be ,-lopG clllrl, and Doppler broadeiliilg would lead to widtlis of ollly 

cm-l. The  decrease in Avllz as  the substituents become more electroil withdrawing 
can be attributed generally to  a rise in force constant, which ma1;es the solvent perturbs- 
tioil of energ). levels less significant. I--Iowever, factors such as  a certain amount of torsional 
libration of the -NI-I2 group relative to  the arolllatic ring, witllout significant loss of 
n-electron overlap, cannot be e ~ c l u d e d . ' ~  Such torsiollal illotioil would 110 doubt lead to  band 
widening, ancl would decrease with i~icreasing C-N bond order. Califano and >/Ioccia 
(48) have assigned some of the additional vibrations of the -XI-I2 group in a few sub- 
stituted anilines, and Stewart (49) reports the -NH2 torsioilal oscillatioil (twisting of 
the C-i\; bond) in the far infrared a t  -290 cm-l. Further studies on substituent effects 
on these vibrational modes are now in progress. 

I n  ortho-substituted anilines the hall-band widtlis are significantly narro\ver than 
those for corresponding ineta and para compo~~ncls  (Fig. 3) .  This narrowing is ascribed 
to a decrease in the number of effective collisions of solvent molecules wit11 the amino 
group due to the shielding nature of the adjacent substituent(s). As expected, 2,4,G-tri- 
tert-butyl-, 2,s-di-tert-butyl-, and 2-tert-but~rl-aniline (points 5, 11, and 17) show very 
extensive narrowing. Scale molecular models show tha t  the NI-I2 group must be vibrating 
in what is effectively a metliyl cage in 2,4,6-tri-tert-butylaililii~e (shown scl~ematically in 
Fig. 9 ( a ) ) .  Free rotatioil of the tert-butyl groups is not possible. Wepster and co-worlters 

"Jones, Forbes, czlzd ilCz(e1ler (47) I~cfrle suggested t11.czt i ? ~  ortho-sz~bstitl~ted acetoplze7iones the acetyl group 111ny 
actually be i?~. (1 state of 111ini7ilzlvl energy tvhelz i t  i s  displaced slightly from t ~ e  pla?ze of the ri7~g. 
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KRUEGISR: NH2 STRETCHING I S  .-\NILINES 

FREQUENCY (cm-1) 

5 0 -  
r; 
W 

40 

FIG. '3. (a )  Steric hindrance to solvation i n  2,6-di-tert-but\rla11ih. ( 6 )  Typical high-resolution amine 
absorption spectra (dilute CCI.I solution); ---- aniline, . . . $-lert-b~~t\~laniline, - - - 2-lerl-butylaniline, 
- .  - 2,4,6-tri-tert-butylani~ih. 

(b) - i\ SLIT 
i ! 
i ! - - C C  - I ! - 

(50) report that the base strength of 2,G-di-tert-butyla~lihe is lou~er by a factor of lo3 than 
would be expected, and Bartlett et al. (51) found that the PIC, of 2,4,G-tri-tert-butyl- 
aniline was < 2  (in co~llpariso~l with pR, values of 4.14, 4.00, and 3.39 for aniline, 
p-tert-butylaniline, and o-tert-butylaniline respectively). Both anomalies were ascribed 
to steric hindrance to solvation. Very narrow bands are also observecl in o-phenylene- 
diamine. I t  is interesting to note that steric hindrance of ortho-alliyl groups has also been 
fou~ld to impair the chromatographic adsorptio~l of anilines (52). 

The spectacular increases in the integrated absorption intensity often observed for the 
fundamental hydrogenic stretching vibration on intermolecular hydroge~~ bo~ld formatio~l 
are not observecl for the intrnmolecular association of ortho-substituted anilines. I t  is 
probable that for highly bent Ilydrogeu bonds, charge transfer effects, which are largely 
responsible for the increase in band intensity, are of only secondary importa~lce to the 
electrostatic interaction. For intermolecular association the increase in band wiclth due 
to hydrogen bonding has not been satisfactorily explained for all systems, but factors 
such as a variety of absorbing species and a continuous range of config~~rations have found 
sollle support. The narrow band widths for ortho-substituted compounds are in agreement 
with the concept of intramolecular hydrogen bonding, since the interacting distance 
involved ancl the rotational configuration of the amino group are extremely restricted, 
especially as the lorle-pair conjugation with the aromatic T-electrons increases. A further 
loss of degrees of freedom of the system occurs on hydrogen boncl formation (40). 

The high-resolution measurements indicate that almost all the NI-I? bands have solue 
asy~umetry on the low-frequency side. The significance of this is not lcnown as yet. Cabana 
and Sandorfy (53) have pointed out a similar effect in the C=N stretching vibration in 
benzonitriles, n11d have suggested an intramolecular Starli effect where highly polarizable 
groups are involved. 
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THE REDUCTION OF NITROBENZENE BY 
H Y D R O S U L P I - I I D E  ION IN AQUEOUS MEDIA1 

0. J .  COPE I<. I<. BROWN 
Uepc~rt~~le?lt of Cliet~tzstry, G1~loers~t31 of illbefta, Edlno~tto?~, iliberte 

Received June 11, 19G'S 

i2BSrI'R.-1 CT 
The  retluctior~ of nitrobenzenc by sodium hydrosulphide and sodiiim hpdrotlisulphide in 

aqueoils media a t  50' has bee11 examined. Goltlschmiclt's report oE lirst-order dependence 
Llporl both ~~itrobelizenc arid hyclrosrilphide is corroboratetl. 'I'he action oE hydrosulphide 
on nitrobcrrzel~e procluces phenylhydrosyla~nilli~~e, which is reduced by hydrosulphitie m ~ ~ c l i  
tilore slowly than is l~itrobenzene. rls reaction progresses, nitrobenzene reduction protluces 
yello\v liydroclisulpl~icle, which is responsible for the observecl atrtocatalytic eiEect. Flyclro- 
disulphitlc reduces phenylliydroxylarnine more rapidly than i t  tloes the original nitroberizene, 
and lience as reaction time is extended, p l ~ e n ~ ~ l h y d r o s y l a n ~ i l ~ e  disappears niore rapidly 
than does tiitrobenzei~e, yielding only aniline and some ~inreactetl nitrobenzene to\vards the 
eilcl of the reaction. Hydrosrilpliide retluction of plier~ylhydroxyla~i~ii~e t o  aniline produces 
thiosulphate but apparently no hydrodis~~lphidc. Hyclrodis~ilphide reduction of the phenyl- 
hydrosylanline leads only to conversion oE the yello\v hydrodisulphidc to  a colorless species, 
apparelitiy thiosiilphate. On the  other liancl hytlrosulphide or hyclrodisulphide reduction 
of nitrobenzene is accolnpanied by thiosulphate formation ancl sorne increase in hydrodi- 
sulpiiicle. r i  comparison of the rate constants sho~vs  that  ~ ~ i i d e r  the co~iclitions of the reaction, 
hyclrotlis~llphide ion reduces nitrobenzene about se\.en times more rapidly than does hydro- 
sulphicle ion while phe~~ylhydrosylar~i i~ie  is reti~lced tmo to  three timcs more rapidly by 
hydroclisulphide than is nitrobenzene. 

The use of sodium hydrosulphide for the selective I-eduction of nitro groups in the 
aromatic nucleus is lvell ltnown. This reagent has been prepared for this purpose by 
treatnlent of sodium monosulphide with 1 equivalent of sodiu~n bicarbonate ( I ) ,  or, 
in the for111 of lnore acidic systems, by bubbling hydrogen sulphide through a solutioll 
of the reducible substance contailling a catalytic a~nount  of ammo~lia (2). The addition 
of excess a~lllnoniu~n salts to a solutio~l of hydrosulphide has also been elnployed to produce 
hydrosulphide under co~lditio~ls designed to  maintain a pI-I of 7.5 to 8.0 (3). 

The only reported kinetic study of the hydrosulphide reduction is that of Goldschmidt 
and Larsen (A),  who investigated the reduction in aqueous solution a t  25' C of various 
nitro compounds by sodiunl I~ydrosulpl~ide saturated with hydrogen sulphide. Tlle con- 
ditions of their reaction resulted in conversion of the nitrobenzene to the corresponding 
N-pl~enylhydroxylamine along with co~nplete precipitation of the sulphur formed accord- 
ing to equation (a). The rate of reductiorl was found to be first order in nitrobenzene, 
first order in hydrosulpl~ide ion, and illdepellde~lt of hydl-ogen sulphide concentration. 

In a previous paper ( 5 )  we have shown that the S,= species reduces nitrobenzene 
much faster than does the S=, 1-19, or I-IS,- species. In tile present worlt the reduction 
of nitrobe~lze~le by sodiunl hydrosulphide has been studied in greater detail. Experi- 
~nental  conditions were devised which allowed a t  least a semiquantitative estimate to 
be made of tile relative reducing abilities of I-IS- and I-IS2-.:> 

'Taken fro711 the thesis of 0. J. Cope sz~bnzitted to the Gradz~ate School of the Lilliversity of Alberta ill pavtlnl 
fi~ljill~ire,~t of the ,,equi~et,ients for the degree of Doctor of Philosophy. 

*For leasoils ivdicated zn tlle previous paper (5) the asslrv~ptzo~r is  11zade that a t  low szrlphzw coiace?ztratio~r 
co~npared n~itlt Izydros~~lpltide ion conce?ttratio~~ tlte predot?tiizatz?~g polysl~lphide species i s  HS2-. 
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Normally reductions by hydrosulphide ion involve an increase in PI-I due to the 
formation of l~~~cl roxyl  ions according to equation ( a ) .  This in turn gives rise to reaction 
( b )  in which eleme~ltal sulphur is considered to be lost by conversion to sulphide and 
thiosulphate ions. Equation (b) has been utilized to account for thiosulphate ion forma- 
tion d ~ i r i n g  reductions of nitrobenzene with disulphide (6) and n~onosulphide ions ( 5 ) .  In 

his review of methods of reduction of nitro compouncls Schrijter (7) suggests that  in 
the case ol ail~monium hydrosulphide reductioi~, thiosi~lphate formation occurs clirectly 
as the result of the two reactions ( 6 )  and (d). I-Iowever, it is lil;ely that  the thiosulphate 

arises indirectly through a reaction such as  ( b )  (6). If that is so, then by keeping the 
hydroxyl ion concentration low relative to  the hyclrosulphide ion concentratioii, it 
shoulcl be possible to  rniili~llize or elinlinate the formation of thiosulphate ion, thus 
retaining the ele~nental sulphur either as So or as  FIST-, as has bee11 done by Uullocl; 
and Forbes (6) for sulphide and clis~~lphide reductiolls of nitro compounds. 

It is i~l l l~ortant  to  operate under conclitions which eliil~illate atn~ospheric oxygen to 
avoid the possibility of conversion of h>,drosulphide to thiosulphate. Thiosulphate 
formation has been shown to occur when air is bubbled through a solution of sodium 
sulphide. 

A7~alylical iVIethods 
The reductions were carried out using essentially the sallle apparatus and procedure as in the previous 

\vorlc with s o d i ~ ~ ~ n  monosulphide (5). The reflux condenser was dispensed mith, however, as in trial experi- 
me~i ts  it mas found that consiclerable co~~densation of liyclrogen disulphide tool; place there, follo\ved by 
decomposition and deposition of sulphur. The reaction mixture n-as a t  all times b1anl;eted by nitrogen 
which hati been passecl through all;alirie pyrogallol. T\vo h~~ndrecl  and fifty milliliters of an aqueous 
solution of liitrobenzcne \vas pipetted into the reaction vessel and allometl to  rcach the thermostatted 
bath temperature (50.00f 0.03" C). Then 50 ml of a 0.900 >I soclium sulphide - ammoni~1111 chloride 
solutio11, first brought to 50' in a jaclcettecl \.essel, was introduced fro111 an automatic pipette. The solution 
was thus 0.150 M with respect to hydrosulphide and 0.015 i1.I or less in nitrobenzene. Time ~ileasurcnients 
were begun when all this solution had been aclded. 

For spectrophotometric ~neasureme~its of polS.sulphiclc in the visible region a t  450 mp, a portion of the 
reaction mixture was transferrccl by means of a \varrned pipette to a glass-stoppered sample cell in the 
thermostatted cell compartn~ent of a Bec1;man DU spectrophoto~~~eter.  The glass cell, previously flushed 
\~-it\l a stream of nitrogen, was filled completely with the sol~rtion so that no space was left between the 
solution surface and the stopper. I t  was iniportant that the stopper fitted well (a small quantity of Apiezon 
grease was ~ ~ s e d )  in order to exclude atmospheric oxygen and to prevent loss of I-12S and other volatile 
components of the reaction solution. The stanclard do~ible thermospacer equipment was provicled with 
;In asbestos-coated \\rooden lid. I t  \vas found that once thcr~ual  equilibrium had been attained the te111pei-a- 
ture of the cell contents coi~ld be tiiaintainecl quite \ d l  a t  50.00f  0.03' C. 

The spectrophotometric methocl previously ~ ~ s e d  for estimating the nitrobenzene concentration (5) was 
moclilicd so that  the 1-ml samples remo\~ed from the reaction ~nis ture  a t  timed intervals \\.ere dil~rtecl to 
200 ml with 0.002 AT aqueous hyclrocliloric acicl. This procedure eflectively "froze" the reaction and c a ~ ~ s e d  
any polysulphide to  be precipitated as  s~ilphur,  leaving a residual "blank" absorbance clue to the inorganic 
conlponents. This blank was found to be constant for the course of the reaction. I-lowever, as the preci- 
pitated sulphur appeared in a very hnely divided form, i t  was necessary to  allow the dilutecl sample to 
stand for 24 hours before the sulphur settled colnpletely and absorption measurements a t  167 mp \\,ere 
made. 

P~epa ic l l io r~  of Solzttions 
The \\rater ~~secl  was boiled and coolecl in an atruosphere of nitrogen. Subsecl~~ently, all solutions were 

kept under nitrogen. 
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iVa?S-iVH1 CI Solzitions 
T\ \o  liters of a stocl; solution of 0.900 ild sodium sulphide (from Na?S 91-IzO) \Irere prepared and solid 

ammonium chloride was added to the stirred solution until its pH had been reduced to 10.5 (at  25'). The 
solution, ~ I I L I S  0.944 111 in a r n ~ n o n i ~ ~ m  chloride, \\,as practically colorless and it \\,as calc~ilated that a t  this 
pH all the sulphide ion \\,as in the protonated form. This stocl; solution was used throughout the experi- 
ments recorded here and \\as introduced into the reaction vessel via the automatic pipette under nitrogen 
pressure. 

Polys~ilphide Solzilions 
Different amounts of sulphur were weighed into glass-stoppered Erlenmeyer flaslcs provided with magnetic 

stirring bars. The requisite volume of 0.150 ill hydrosulphide solution was added and air expelled with a 
stream of nitrogen before the flasl;s were stoppered. In order to  effect complete solution of the sulphur 
a t  roo111 temperature it was necessary to have the mixtures stirred overnight. For absorbance measurements 
the solutions were introduced into the thermostatted cell, under the usual precautions of exclusion of air 
and attainment of thermal equilibrium (50.0" C). 

Search for Organic Prodzlcts of the Redziction of Nilrobelrse7~e or Pke~zyllzydro.vylawzilre by Hydros7~lpkide or 
Hydrodisl~lpltide Iolr 

A .  Nitrobe?zee~ze Red7iction by Hydroszrlpltide 
Uti l i ty  of vnpor phase chron1a1ography.-A Burrell I<romotog I<-2 was used for all V.P.C. analyses. A 

2.5-rn column, containing a celite support coated with 20% of its weight of silicone rubber, a t  a temperature 
of 210" C, with a heliurn flow rate of 70 ml/min, gave good separation of a known misture of aniline, 
phenylhydroxylamitie, and nitrobenzene. 

At elevated te~nperatures (120') pheng~lhydrosylarnine is known to decompose into products, t\vo of 
which are believed to  be aniline and azosybenzene (8). Under our conditions, authentic azoxybenzene 
showed no retention band on the chart, \vhereas phenyl hydroxylamine gave two pealcs of retention time 
135 and 180 seconds. The second band was shown to be due to aniline. The  identity of the hrst band was 
not established, although i t  may have been due to unchanged hydrosylamine. The  important observation 
~ n a d e  was that the ratio of these two pealcs under the conditions of our analysis was found to be constant 
a t  a value of second peak/hrst peal; = 1 .13f  0.03, regardless of the original quantity of phenylhydroxyl- 
amine, or solverlt used, or the presence of nitrobenzene or other possible reduction products of nitrobenzene. 
By calibration with authentic aniline and phenylhydroxylamine it was thus possible to analyze mixtures 
of aniline and phenylhydroxylamine by hrst measuring the area of the peak of retention time 135 seconds 
and multiplying it by the factor 1.13 to  obtain the area of the peal; for the aniline produced by phenyl- 
h)~droxylamine's decomposition during the analysis. The dirference between this calculated area and the 
actual area \\.as due to additional aniline present with the phenylhydroxylamine before the V.P.C. deter- 
mination. The analysis of several such synthetic mixtures did show clearly the presence of as little as 5% 
aniline originally present. rllthough this analysis was not highly accurate it did show qualitatively the 
presence or absence of phenylhydroxylamine and aniline as  reduction products. This analysis was used 
in conju~lction with infrared analyses for OH stretching a t  3580 and 3700 cm-I due to phenylhydroxyl- 
amine (9). 

Analysis  of the reaction rttislzire after 60 ?tti7tzites' reductiol~.-The practically colorless misture, 0.010 111 
in nitrobenzene and 0.150 dd in hydrosulphide, was allowed to react. A slow development of yellow color 
(measurable a t  450 mp) due to hydrodisulphide occurred. After (50 minutes of reaction a 100-ml aliquot 
\\,as extracted with ether, the ether extract dried (MgS04) and then freed of solvent. The residue mas 
taken up in chloroform. Analysis by V.P.C. indicated the presence of very little aniline, approximately 
1-270, but I I I L I C ~  phe~l)rlhydrox)~la~lline as  well as ~rnchanged nitrobenzene. Strong absorption in the 
infrared characteristic of phenylhydroxylamine corroborated these results. 

i lnalysis  of tlze rec~ctiolt 7wixtzrre after 18 hours' redztclio?~.-.A 100-rnl aliquot of the above yellow reaction 
rnisture, rernoved after 18 hours of reaction, when treated as above showed by V.P.C. analysis the presence 
only of aniline along \\,it11 a s~nal l  amount of unchanged nitrobenzene. No absorption in the infrared region 
due to phenylhydroxyla~i~i~~e coi~ld be detected. 

Other organic ~edziction products of nit~obe7zzene.-A carbon tetrachloride solution of the extracted reduction 
products, talcen a t  intervals during the course of the reaction, was a t  all times colorless. Measurements 
a t  the A,,,;,, a t  which azoxybenzene and azobenzene absorb showed no increase in absorption, thus dernon- 
strating that bimolecular reduction products were absent. 

B. PRenyll~ydroxylantine Redziction by Hydros~rlphide 
1211 aqueous solution, 0.01 iM in phenylhydrosylamine and 0.150 ild in hydrosulphide, was allowed to  

react a t  50'. S o  development of yellow color due to hydrodisulphide occurred throughout the course of 
reduction. X 100-ml aliquot was removed after 50 minutes of reaction time and analy~ed.  Vapor phase 
chromatography showed no signihcant formation of aniline, thus indicating 110 signihcant reduction during 
this time. The sarne results were obtained fro111 an aliquot removed after 90 minutes of reaction. 

After a 24-hour reaction period, honrever, a considerable amount of aniline had been produced, indicating 
that a slow reaction did occur between phenylhydroxylarnine and socliurn hydrosulph~de. 
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C. PIzeny l l~ydro .vy la~~~i~~e  Redz~ct io~~ by  Hydrodisz~lphide 
An aqueous solution was prepared 0.01 1Pf in pl~enyll~ydros).lamine and 0.150 ill ~vith respect to hyclro- 

sulphide ion, containing enough eletnental S L I I ~ ~ L I T  predissolved in the sodium hydros~~lphide solution to 
convert about 7-8yo of the hyclrosulpl~ide to hyclrodisulphide. Thc concentration of hyclrodisulpl~itlc \\,as 
measured by reference to a Ecers' law plot of absorption a t  450 mp, versus conccntratio~~ of sulphur in 
aqueous 0.150 ilg soclinm hydrosulphide. 

A continual clecrease in absorption a t  450 rnp occ~~r rcd  as red~~ct ion progressed. i \ n  nliqliot removecl 
after 70 minutcs of reaction indicated by V.P.C. analysis that about of thc pllellylhydroxyla~nine 
had been co~~ver t ed  to aniline. After 1000 minutes of reaction approximately goy0 of the hydroxylamine 
had become aniline. 

Sea~c l~  jor Inorganic Products of t l~e  Reaction of iVitro6e~~re~ie or Pl~e~zyllrydroxyl(~ttii~te with Hydros~tlp11,ide or 
FIydrodiszllpltide Io~is  

General Procedzire jor I'l~ios.~ilpliale Estilllation 
An excess of a freshly prepared suspension of caclrni~~rn carbonate was ~ ~ s c d  to precipitate sulphide and 

di- (or poly-) sulphide from a 100-ml a l i q ~ ~ o t  of the reaction mixture. I t  was fou~ld necessary to  remove 
the organic material (chiefly aniline) from thc aliq~iot of the reaction mixture by ether extraction prior 
to  the treatment wit11 caclmi~~m carbonate. If this was not done, complete precipitation of sulpllide and 
disulphide could be brought about only by repcatcd treatments wit11 cadmium carbonate. %loreover, the 
filtrations involved \\.ere hampered by the tendency of the precipitate to clog thc porous plate of the filter, 
thus making the procedure quite time cons~iming. Ey prior removal of the aniline it was possible to obvain 
complcte precipitation of the sulphidc species by only onc application of caclmium carbonate s~rspension, 
\f igoro~~sly stirred with the aliquot for 10 minutes. l:ollo\ving thc remol-a1 of all precipitate by filtration, 
it was found that the pI-I of the resultant solution was above 9, due to the presence of sodilin~ carbonate. 
This base interferccl in the titration with iodine by giving an indefinite end point. I-Io\\.e\-er, acldition of 
ammoni~um chloride reduced the pI-I to a value less than 8 and permittccl satisfactory titration of thiosulphate 
with 0.0500 iV iodine to  a starch end point. 

Hydrodiszilpl~ide Esti?~ialio?~ 
This analysis was accomplished by measurement of thc absorption a t  450 mp due to hyrlroclis~~lphicle. A 

Beer's law plot of concentration of sulph~lr as hytlrodis~~lphide (in 0.150 1l.l hydrosulphide) versus absorption 
a t  450 mp gave a moIar extinction coefficient of 35, \vhich \\.as then used to ca l c~~ la t e  the concentration of 
hydrodis~~lphidc from absorption Il1easurcments. Details of the apparatus ~lsecl are describccl a t  the begin- 
ning of the clisc~~ssion of analytical nlethocls. 

P r o d ~ ~ c t s  of tlze Rcdllction of ~Vi t robenze~re  and  of Phc~zy lAydrosy lnminc  by  I l ydrosz~ lph ide  
a n d  H y d r o d i s ~ l l p l ~ i d e  

In  previous work (5, and references therein) i t  had been established tha t  the only 
organic red~rction product of nitrobenzene by sodium sulphide or sodiunl disull~hide was 
aniline. Since Goldscllmidt and Larsen (4) had obtained N-pl~en)~ll~ydroxplamine as  the 
principal product of the reduction of ~litrobelize~le b y  sodium hydrosulphide in water 
a t  2 5 O ,  i t  was necessary to  determine the products of our reduction conditions. The 
analysis of aliquots of the reduction mixtures for organic products b y  vapor phase 
chron~atograpl~y (see Experimental) and also by the use of infrared absorption a t  3580 
ancl 3700 cmrl  to  detect the presence of p l ~ e ~ ~ y l l ~ y d r o x y l a l ~ ~ i ~ ~ e  is sunlmarized in Table 
I. In  addition, Table I includes the results of analyses for hydrodisuiphide and thio- 
sulphate. 

The results (Table I) show clearly that  hydrosulphide reduced phenyll~pdroxylamine 
extremely slowly, requiring 48 hours for near-completion of the  reaction. No  reduction 
apparently occurred for the first 00 minutes. On the other hand hydrosulphide with 
8% of the hydrosulphide as l~ydrodisulphide reduced phenylhydroxylamine to the arnine 
essentially conlpletely i n  1200 minutes. In both cases no hydrodisulphide accu~nulated. 
Instead the hydrodisulphide originally present was converted to  a colorless species, most 
liliely thiosulphate, since thiosulphate was found to  increase during the reduction. 

At  the beginning of the  reaction between lzitrobe7zzene and hydrosulphide, only hydroxyl- 
a ~ n i n e  was produced. Further reduction of the pl~enyl l~ydroxyla~~i ine to  aniline proceeded 
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much more slowly than did its formation fro111 i~itrobenzene; hence phenylhydroxylamine 
accumulated during the first portion of the reaction. As the reduction of i~itrobenzene 
progressed, hydrodisulphide also accumulated. The hydrodisulphide thus formed reduced 
phenylhydroxylail~ii~e more readily than it reduced nitrobenzene. Thus towards the end 
of the reduction of nitrobenzene by soclium hydrosulphide, the phenylhydroxylamine 
disappearecl, leaving only aniline and some nitrobenzene yet to be reduced. I-Iere again, 
as  reduction progressed, thiosulphate ion increased. In fact, no increase in thiosulphate 
occurred unless reduction of either nitrobenzene or phenylhydroxylamiile took place, in 
agreement with a similar observation in the case of nitrobenzene reduction by sulphide 
or disulphide ions (5). Also, in the case of nitrobenzene reduction by hydrosulphide, the 
amount of hydrodisulphide formed increased to a maximum after 3 hours' reaction, 
whereupon the total hydrodisulphide concentration decreased till the end of the reductioil 
occurred. At this stage some hydrodisulphide still remained. 

zitocatalytic Nature of Hydros~ilphide Iiedziction of Nitrobenzene 
In this work it was found that  the reduction of nitrobenzene by hydrosulphide ion is 

also an autocatalytic process, but not to  as  marked an extent as  for the analogous reductioil 
by sulphide ion ( 5 ) .  This was shown by followiilg the decrease of nitrobenzene (Fig. 1) 
or the increase in sulphur as  hydrodisulphide (Fig. 2) during the reduction. 111 all cases 
an acceleration of rate is noted for the first portioil of the reaction. 111 followiilg the 

FIG. 1. Change in concentration of nitrobenzene (absorbance a t  267 mp) during reduction with aqueous 
sodium hydrosulphide a t  50° C. Initial concentration of nitrobenzene and sodium hydros~riphide, 0.0098 lid 
and 0.150 ;li( respectively. 

FIG. 2. Absorbance a t  450 mp of hyclrodis~rlphide ion producecl during the reduction of nitrobenzene by 
aqueous sodium hydros~rlphide a t  50' C. The initial concentration of nitrobenzene for all cases was 0.0094 
1VI. Initial co~icentration of sodium hydrosulpliide for runs I ,  11, 111, and IV was 0.150 iM, 0.200 Jf, 0.250 dC, 
and 0.300 df respectiuely. 

reduction by measurement of the absorption of nitrobenzene a t  267 mp, allowance for 
the absorption a t  267 mp due to  phenylhydroxylainii~e was found to be necessary. 
Ogatas' technique (10) of aciclificatioil of the reduction mixture with hydrochloric acid 
and measurement of absorption of the residual nitrobenzene a t  267 mp was quite satis- 
factory for sulphide recluctioils of nitrobenzene (5) since the hydrochloride of aniline, 
the only reduction product, gave negligible absorption a t  this wavelength. 
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phenylh)idrox>-lamil~e hydrochloride has an extinction coefficient a t  267 mp of 1.OX1O3 
as compared with one of 7.4X103 for nitrobenzene. Since over the first 60 min~ltes of 
the hydrosulphide reduction of nitrobenzene, phenylhydroxylamine is essentially the 
only product, and the amount of hydrodisulphide produced is still small, simultaneous 
loss of phenyll~ydroxylamine by reduction due to hydrodisulphide would thus be very 
small. I-Ieiice for this first portion of the reduction it  is true that 1 molecule of phenyl- 
hyclrox~~lamine is produced as 1 molecule of nitrobenzene disappears. Setting the drop 
in absorbance a t  267 mp due to disappearance of nitrobenzene equal to X and the cor- 
responding increase in absorbance due to pl~enylhydroxylamii~e as (1.OX 103)/(7.4X 103). 
X, the true decrease in absorption of ~litrobenzene becomes X = l.l5.+lObs, where Aobs is 
the observed decrease in absorption a t  267 mp. This factor has been used to obtain the 
corrected initial slopes in the plot of nitrobenzene absorption versus time in both Figs. 
1 and 3. 

FIG. 3. Elfect of change in the initial concentration of nilroben~ene on the rate of its reductio11 by 
aqueous 0.150 111 hydrosulphide a t  50' C. Initial concentration of nitrobe~lenze for runs I to V are 0.0068 1M, 
0.0079 111, 0.000 21, 0.0102 M, and 0.0132 respectively. 

Dependezce of the Rate  of Nitrobenzene Reduct ion o n  Nitrobenzene and  o n  Hydros l~ lph ide  I o n  
Concentration 

First-order dependence upon both hydrosulphide and nitrobenzene in the sodium 
hydrosulphide reduction of nitrobenzene in aqueous 11ledia was first pointed out by 
Goldschmidt and Larsen (4). This has been corroborated, over the limited range of 
concentration employed in this work. Initial slopes, obtained from the plots of nitro- 
be~~zene  concentration versus time (Fig. 3) ,  divided by the concentration of nitrobenze~le 
gave a constant value (Table 11). Similarly, by use of initial slopes of the plots of the 
appearance of l~~drodisulphide ion versus time (Fig. 2), first-order dependence upon 
hydrosulphide ion concentration was illustrated (Table 111). In the latter case, the 
upward drift of the figures in column 3 (Table 111) may be due to the increase in ionic 
strength as one increases the sodium hydrosulphide concentration. A positive salt effect 
for the reaction has been found by Goldschmidt and Larsen (4). 
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TABLE I1 

Dependence of reduction of nitrobenzene by hydrosulphide ion on nitrobenzene 
concentration 

(Initial hydrosulphide ion concentration, 0.150 1M; solvent, H?O; reactiori 
temperature, 50.0') 

Iiate of decrease in 
Initial nitrobenzene Rate of decrease* in absorbance +absorbance 

concentration absorbance a t  267 mp, of nitrobenzene, 
(absorbance a t  267 mp) X 103 (min-1) X lO"(min-l) 

*Obtained from initial slopes of plots in Fig. 3 multiplied by  1.15. 

TABLE 111 

Dependence of rate of reduction of nitrobenzene by hydrosulphide ion on 
hydrosulphide ion concentration 

(In water a t  50'; nitrobenzene = 0.0094 M) 

Initial hydrosulphide Initial rate of HSr- Rate of HS2- decrease+ 
ion concentration increase, X103 [HS-1, XIO? 

(A[) (min-I) ( I ~ ~ I I - ~ )  

Comparison of E a s e  of R e d z ~ c t i o n  of Nitrobenzene b y  Hydrosulphide a n d  Hydrod i sz~ lph ide  
In order to test the relative reducing abilities of hydrosulphide and hydrodisulphide 

a t  the PI-I (10.3) and temperature (SO0) of the solutioils employed, one run was carried 
out wherein sufficient sulphur was predissolved in the 0.150 114 solutioil of hydrosulphide 
to rnalte it  0.0150 M in hydrodisulphide. Figure 4 shows that  the deliberate addition 
of this sulphur as hydrodisulphide definitely accelerated the rate of reduction by a 

O J 1 ~ f " l " " l ' ~ ~ ~ l '  50 100 150 I 
MINUTES 

FIG. 4. The effect of addition of sulphur as  hydrodisulphide to  a solution of sodium hydrosulphide on 
the rate of reduction of nitrobenzene. Initial concentratio~l of nitrobenzene, 0.0068 il[ (I) Reduction by 
0.150 A t  solution of sodium hydrosulphide. (11) Reduction by 0.150 M solution of sodiurn hydrosulphide 
containing 0.015 M of sulphur a s  hydrodisulphide. 
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factor of 1.8 (after correction for interference of phenylhydroxylamine a t  267 mp). This 
information is evidence that hydrodisulphide ion does reduce nitrobenzene more readily 
than does hydrosulphide ion and that hydrodisulphide is the entity responsible for the 
autocatalytic nature of the reaction. The conclusion made in our previous publicatioil 
(5) that hydrodisulphide and hydrosulphide in aqueous ethanol possessed comparable 
reducing abilities must now be modified for the reduction in completely aqueous media. 
I t  is likely that in aqueous ethanol the hydrodisulphide is also somewhat more effective 
than is hydrosulphide but the difficulty and consequent error involved in estimating 
the interference of the hydrodisulphide a t  267 mp under those conditions (5) could 
readily have masked the relatively snlall increase in rate due to hydrodisulphide. In  
the aqzLeoLLs media used in the present work there was no conlparable difficulty in measur- 
ing the hydrodisulphide absorption (and concentration) and hence its interference a t  
the A,,, of 267 mp for nitrobenzene, since all polysulphide sulphur was completely 
removed by precipitation before absorption measurements were made. 

The initial reduction, quite evident in Fig. 1 and in Fig. 4 (plot I ) ,  is due chiefly to 
HS-. A small contribution may arise from the unavoidable traces of hydrodisulphide 
present. From absorption measurements, the highest concentration of this contaminating 
hydrodisulphide was 0.5% of the hydrosulphide. However, the fact that the rate of 
reduction was increased by a factor of only 1.8 when as much as 10% of the hydro- 
sulphide was in the form of hydrodisulphide, shows that small traces of the latter as a 
contaminant could not have contributed much to the rate of reduction shown initially 
by the solution of sodium hydrosulphide. 

Determination of Rate Constants for the Hydrosulphide and Hydrodis~~lphide Redz~ction of 
Nitrobenzene 

An attempt has been made to obtain a quantitative conlparison of the ability of 
sodium hydrosulphide and sodiunl hydrodisulphide to reduce nitrobenzene, as follows. 

An approximate value of the rate constant (kl) for hydrosulphide reduction of nitro- 
benzene in aqueous media can be obtained from the data in Table 11. Using the expression 
-dd,/dt = kl[I-IS-]A,, where A, is the concentration of nitrobenzene in terms of 
absorbance, and noting that the average value of (-dA,/dt)/A, = 4.02X10-3 nlill-l, kl 
becornes 2.68X 10e2 liter mole-' min-l. This figure may be slightly high since the contri- 
bution to the rate by traces of hydrodisulphide ion has been neglected for the reason 
stated in the preceding section. 

From this value of kl, and with the information available in Fig. 4, i t  is now possible 
to obtain a value for the hydrodisulphide reduction rate constant, k?. Here it is assumed 
that the solution of elemental sulphur (Ss) in a large excess of sodium hydrosulphide 
produces only the species I-ISZ-, although the solution may actually contain a mix t~~re  
of higher polysulphides as contaminants (5). Accordingly, fro111 Fig. 4, plot 11, where 
[HS-] = 0.135 M, [HS2-] = 0.015 M, A,  = 0.500, and the initial slope is dA,/dt = 3.5 
X I O - ~  min-l, appropriate substitution in the expression 

gives k2 = 1.92 X 10-I liter mole-I min-'. 
Comparison of these rate constants shows that the sodiunl hydrodisulphide reduces 

nitrobenzene about seven times more rapidly than does sodium hydrosulphide. 
Under our conditions, the sulphide ion is practically all in the protonated form as  

hydrosulphide. However, the extent of hydrolysis of the disulphide ion under these 
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conditions may be collsiclerably less. The hydrolysis constarlt of the disulphide ion is 
not ltnown, although Ogata (10) iildicates that i t  is less than that of the sulphide ion. I t  
is thus possible that in our solutions of s o d i ~ ~ n l  hydrosulphide containing as m~ich as 
10% of the hydrodisulphide, me are actually dealing with an appreciable concentratioll 
of the SZ= species, which is Itnown to reduce nitrobenzene rapidly (5). This then may 
be the active species in our solution and it would be incorrect to attribute the rate 
expressed by kr = 1.92X10-I liter mole-1 min-I to the I-IS2- only. I-Ioxvever, this can be 
talten into consideration using the expression 

Knowing that [SZ=] = [13S2-][OH-]/Kh, where Kll is the hydrolysis constant (unknown) 
of the disulphide ion, the observed rate constant is k? = kl+k"[OI-I]/Rll. 

The Redz~ction of Phenylhydroxylarnine by Hydrodisulphide Ion 
The reduction of phenythydroxylamine by aqueous sodium hydrosulphide contailling 

hydrodisulphide is due essentially to the hydrodisulphide species. Hydrosulphide itself 
reduces the hydroxylamine very slowly (Table I). Certainly in the first 90 minutes of 
reaction, reduction with a mixture of hydrosulpl~ide and hydrodisulphide occurs prac- 
tically only by hydrodisulphide, with simulta~leous decrease in the hydrodisulphide 
concentration. I t  has been possible to follow the reduction of phenylhydroxylamine 
during the first 90-100 minutes by measuring the decrease in absorption of hydrodi- 
sulphide a t  4.50 mp. The results are shown in Fig. 5. 

Q3 

50 100 150 
MINUTES 

FIG. 5. Disappearance of hyclrodis~~lphide ion during the reduction of a 0.010 ilF solution of N-phenyl- 
hydroxylamine by 0.150 A t  aqueous sodi~un hydros~~lphide containing sufficient elemental s ~ ~ l p h ~ ~ r  to 
convert a b o ~ ~ t  8% of the hydrosulphide to hydrodisulphide. 

If i t  is assumed that the reaction between phenylhydroxyla~nine and hydrodisulphide 
is first order in each component, a value can be obtained for the rate constant k 3  for the 
disappearance of hydrodisulphide by use of the expression -dAEs2-/dt = k3[hydroxyl- 
amine][HS2-1. Fronl a measurement of the initial rate, dAm2-/dt = 2.00X10-3 min-1, 
obtained from Fig. 5, where L4i1,s2- is the absorbance of hydrodisulphide, the concen- 
tration of the hydrodisulphide is 0.406 expressed as absorbance, and the concentration 
of phe~lylhydroxyla~lline is 0.010 ilf, substitution in the above expression gives k3 = 5.1 
x 10-I liter mole-' mill-'. This indicates that phenylhydroxylamine is reduced by hydro- 
disulphide about 2.7 times more rapidly than is nitrobenzene. This difference in rate 
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explains the findings in Table I ,  and tlie failure to fincl p11englhyd1-oxylamine in nitro- 
benzene reduction by hydrodis~ilphide towards the end of tlie reaction. 

Stoiclziotnetry of tlze Overall Reduct ion of Nitrobe~zzene to A n i l i n e  by Sod ir i f~z  H y d r o s ~ ~ l p l z i d e  
The quantitative analyses of the initial reaction mixture and of tlie mixture obtained 

a t  tlie end of the reduction gave the results of Table IV. Thus both S203= and I-IS2- are 
produced during the reaction and are found a t  the end of the reduction in the concen- 
tration sho\vii. 

TABLE IV 
(Compare Table I )  

Si trobcnzcne S203- HS?- 

Initial conce~itration (A/) 0 .01  0.0035 0.0005 
Final concentration (1VI) 0 .00 0.0102 0.0035 

Overall change ( A T )  -0.01 0.0067 0.0030 

Assuming that I-IS- recluction of nitrobenzene to aniline yields oilly NS2- one can 
write the followillg overall redox equation: 

On the other hand, the formation of only S O 3 =  is satisfied by the overall redox equation 

Equation ( e )  shows that the production of 1 mole of I-ISe- required 1/3 mole of nitro- 
benzene. Since in our reduction 0.0030 111 of I-IS2- was produced, according to the 
preceding statenlent tlie amount of nitrobenzene consunled in this direction must have 
been 0.0010 11l. The remainder of the nitrobenzene (0.0090 dl) then gave St03" only. 
The stoichiometry of equation Cf) shows that 1 mole of nitrobenzene yields 3/4 mole 
of Sn03=. Accordingly, tlie 0.0090 d l  of nitrobenzene should yield 0.00675 111 of the tliio- 
sulphate. The amount actually found (0.0067 i l l )  agrees with this very well. 

Stoichiometry of the Hydrodiszilphide R e d ~ ~ c t i o n  of Plzenylhydro.vylamine 
Quantitative analysis of the initial and film1 reduction mixtures yielded the results 

of Table V. 

(Compare E b l c  I) 

Phenylhydroxyl- 
anline SaO,' HS?- 

Initial concentration (116) 0.010 0.0035 0.0116 
Final concentration (il) 0.00 0.0080 0.0041 

O\~crall  change (ill) -0 .01 0.0045 -0.0075 

Reaction of either I-IS- or I-ISz- with pl~ei~ylliydroxyla~iii~ie appare7ztly failed to 
produce I-IS-, but instead consumed any I-IS2- present. However, the anlount of SO3=  
increased considerably. The following overall redox equation agrees with these resuIts 
but points out that 1 nlole of pl~enylhydroxylamine yields 0.5 mole of S20x=: 

2RNHOI-I + 211s:- + 20H- + 2RSII2 + + 2MS- + 1320. (g) 
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The formation of 0.0045 mole of S?Oa= froin the reduction of 0.01 mole of phenylhydroxyl- 
amine supports this formulation. The slight decrease from the ainount expected theoretic- 
ally call be attributed to the simultaneous though much slower reduction of the phenyl- 
hydroxylamine by the I-IS- (equation h)  which is present in a concentration about 10 

times that of I-IS2-. Support for the view that I-IS- also participates in the reaction is 
obtained from the quantitative data in Table V. Since only 0.0075 mole of HS2- was 
consumed, 0.0025 mole of I-IS- must also have reacted to  complete the supply of electrons 
required for the reduction of 0.01 mole of the phenylhydroxylamine to aniline. This gave 
0.0025 nlole of So, which by equation (b) must have led to the production of 1/4(0.0025) 
or 0.000G mole of S?Oa=. The amount of SzOa= produced by these two paths then would 
be 1/2(0.0075)+0.0006 = 0.0044 The amount of S2O3= actually found (0.0045 M) 
is in very close agreement with this. 

The authors would like to express their thanks to the National Research Council 
of Canada for its generous financial support. 
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ABSTRACT 

The chemical shifts for the aromatic and forinyl protons of a series of substituted benzalde- 
hydes have been obtained in a n~~rnber  of solvents. Relative to the shifts observed in chloroform, 
pronounced effects are observed in acetone and benzene solutions. In general, the shielding 
of these n ~ ~ c l e i  is decreased in acetone and increased in benzene, while in benzene the magn i t~~de  
of the solve~lt shift for a given proton depends 111arliedly 011 the nature of the substituent 
group. 'l'hese results can be rationalized in terms of a specific solute-solvent interaction in 
which the site of association is governed by the electro11 distribution in the solute ~i~olecule. 
The nature of the solvent interactions in this and related systems is discussed. 

INTRODUCTION 

In a recent paper ( I )  on the various factors contributing to the chemical shift of the 
forinyl proton in aromatic aldehydes, some interesting solvent effects were presented 
and an interpretation based on the occurrence of specific solute-solvent associations was 
suggested. Further tests of this interpretation iiiclude a study of the solvent dependence 
of the chemical shifts of all the solute protons and an examiliation of the temperature 
dependence of the for~nyl  shifts in these solvents. The present paper reports the results 
of these tests, all of which confirm the previous suggestions. 

0 1 1  the basis of tlie preliminary observations, it was suggested that in benzene solution 
a specific molecular coinplex is formed in which a benzene molecule tends to lie over a 
solute molecule while acting as a donor to the electron-deficient portion of the solute 
structure. This is to say that,  on a time average, a solvent niolecule is more closely asso- 
ciated with a particular part of the solute molecule. An example of complex fornlation in 
the chloroforin-mesitylene system has been presented by Reeves and Schneider (2), who 
have detected its presence using both N.M.R. and other techniques. More recently, 
Abraham (3), I-Iattoii and Richards (4, 5 ) ,  and I-Iatton and Schneider (6) have discussed 
similar solute-solvent iliteractions involving a number of polar solutes in aromatic solvents. 

In the case of acetone as solvent, the observed shifts, although qualitatively similar, 
are not so pronounced and nlay be ratioiialized in terms of a hydrogen-bonded coinplex 
involving one of the aromatic protons and the carbonyl oxygen of the solvent as suggested 
originally by Schaefer and Schneider (7). 

In order to investigate these solute-solvent interactioils in more detail, a series of para- 
substituted belizaldehydes was examined in acetone, benzene, and chloroform solutions 
and the cheinical shifts of all solute protoiis determined. Throughout this study all 
chemical shift ~neasurements were deterinined relative to an internal tetramethylsilane 
reference to eliminate effects due to the bulk diamagnetic susceptibility of the solvent as 
well as any 11011-specific effect of the solvent diamagnetic anisotropy. Because of solubility 
problems with some of the examples, all results are compared with those obtained in 
chloroform solution. We have found no evidence that this solvent causes differential shifts 

'These reszllts were reported at the 46th Anntral Conference of the Chemical Inst i t~i te  of Canada, Edmonton, 
Alberta, i l fay  27-30, 1962. 

Canadian Journal of Chemistry. Volume 40 (1962) 
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of the solute protons, although weak hydrogel1 bonding is to be expected between the 
solveilt proton and the forinyl oxygen atom. Therefore, differential shifts of the solute 
protoils in beilzene or acetone relative t o  chloroform solution would tend to confirm the 
existence of specific solute-solvent interactions as well as to provide evidence for their 
stereochernistry. 

In benzene, the close approach of a solve~lt lnolecule to a given preferred site of the 
solute molecule should affect the solute protons in a predictable way, since the benzene 
molecule is anisotropic and exhibits a ring current effect arising from the induced (bj. the 
applied field) diamagnetic circulation of the mobile n-electrons around the ring. This 
secondary field tends to augment the applied field in the plane of the ring and to diminish 
i t  above and below this plane (8). The field experieilced by a given proton in close proximity 
to  an aromatic ring, therefore, will depend on the mutual orieiltation of the two groups, 
and one can predict with confidence, a t  least qualitatively, the way in \vhich a given 
position within a solute molecule will be affected. Thus, if a nlolecular complex of the 
proposed geometry is involved in the present system, differential cheinical shifts of the 
solute protons relative to their shifts in chloroforln should indicate a preferred orieiltatioil 
of the solvent molecule(s). For example, in the case of a strong electron-~~~ithdrawing 
substituent, one can envisage an association of the donor solvent molecule with the 
opposite end of the solute nlolecule (i.e. lying over the carbon bearing the forlng-1 group), 
while for an efficient electron-releasing group, association should be favored between the 
substituent group and the solvent. A suggested model for these two extrenle cases is 
preseilted in Fig. 1. For the foriner case, one would expect both the formyl proton and the 

(SIDE VIEW) \ 
/ / \ \ 

X !-I u u 
FIG. 1. Diagrammatic representation of the n~olecular co~llplex for~ned by benzene with an aronlatic 

aldehyde bearing ( a )  an electron-releasing group and (b) an  electron-withdrawing group. 

aromatic protons ortho thereto to experience a shielding effect while the Ineta protons 
would be affected to a lesser extent, whereas in the other extreme situation the shielding 
effect should be maxirnal a t  the substituent protons, if any, and ~vould decrease pro- 
gressively a t  the meta, ortho, and formyl positions, respectively. Indeed, it might be 
~ossible  to realize a deshielding effect a t  the forrnyl proton. 

For further evidence bearing on the nature of these associations in aromatic solvents, 
three additional series of experiments were carried out. First, the solvent effects of toluene, 
mesitylene, 1,3,5-triisopropylbenzene, nitrobenzene, and N,N-dimethylaniline on the 
fornlyl shifts of benzaldehyde and its #-nitro, #-formyl, and p-dimethylamino derivatives 
were determined for comparison with the shifts observed in benzene solutions. Secondly, 
the temperature dependence of these formyl shifts was measured in benzene and toluene. 
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Toluene was used in this st~lcly to allow observatioils over a wider temperature range 
(-35" to 100' C). Thirdly, the generality of these trends in acetone and benzene solutions 
was tested by an  examination of the chemical shifts of the protons in a number of para- 
substituted toluenes and acetophenones. 

EXPERIMENTAL 

All of the compounds used in this study are com~nercially available and purification was effected by  
recrystallizatio~l or distillation before use. Similarly, the solvents employed were carefully p~~ri f ied  before 
the solutions were prepared. Benzene-de and chloroform-d were obtained from Merck, Sharp, and Dohme, 
with minimum deuterium content of 99.5%. To approsirnate "infinite dilution" conditions, 5 mole% 
solrltions xere ~ ~ s e d  th ro~~ghou t  and para-substituted compounds were chosen since these give rise t o  a 
nearly symmetrical .\?B? s p e c t r ~ ~ ~ n  for the aronlatic protons which can be analyzed approxinlately as  a 
simple AB system to  determine the chemical shifts of the aromatic protons. Since the benzene solvent 
peak obscures tile aromatic proton pattern in some cases, benzene-do was used to  allo~v spectral analysis. 

1\11 spectra were obtained a t  60 i\iIc/sec using a Varian spectrometer (DP-60) and were calibrated by  
interpolation between audio side bands of the internal tetramethylsilane signal placed on either side of 
the peal; to  be ineasured. The precision is estimated to  be f 0.5 cycle/sec. To confirm certain assignments, 
sonle spin clecoupling experiments were performed using an N.M.R. Specialties S.D. 60 unit operating 
a t  4.3 and 56.4 bIc/sec (XI4 and F19esonance frequencies, rcspectively). The temperature studies were 
carried out using a Varian V-4340 Variable Temperature Probe Accessory. 

RESULTS 

Sonle typical data  for the aromatic protons in some para-substituted benzaldehydes, 
acetophenones, and toluenes are listed in Table I ,  in which the internal chemical shift 

TABLE I 
Internal chemical shifts of aromatic protons," - (v,-v,) (in cycles/sec a t  60 Mc/sec) 

Solvent (5 mole%) 

Chloroform 
Subs t i tue~~ t  Parent systenl i\cetone (71-hesane) Benzene 

p -SO?  Benzaldehyde 
Acetophenone 
Toluene 

p - C S  Benzaldehyde 
Toluene 

p-C1 Bcr~zaldehyde 
Toluene 

p-F Benzaldehyde 

1-CH3 Bei~zaldehyde 
Acetophenone 

p-CH:,O Benzaldehyde 
Acetophenone 
Toluene 

p-S;LIe? Benzaldehyde 
i\cetophenone 
Toluene 

*Positive values indicate that the ortho H is a t  liigher field. 

of the ring protons is given for benzene, acetone, and chloroform solutions. A related 
study by Schaefer and Schneider (7) colnpared the internal shifts of the aromatic protons 
of some para-substituted toluenes and fluorobenzelres in acetoire, benzene, and n-hexane 
solutions. For comparative purposes, a few of their results are given in parentheses in 
Table I .  I t  is to be noted that  the data  obtained in chloroforln colllpare favorably with 
those in 1%-hexane. In general, i t  can be seen that  benzene tends to  increase the internal 
chemical shift while acetone tends to diminish it. The  ilnportant point to  note, however, 
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is that the two positions are affected differently in these solvents. The  differential shifts 
of the solute protons are preseilted graphically in Figs. 2, 3 , 4 ,  and 5, in which the chemical 

0-  formyi proloos 

f - ronge of ortho H's 

m - r a n g e  of meta  H's 

Suggested Association 

Schoeler B Schneider 

?.C.F: 2.1218 (1960) 

FIG. 2. Solvent shifts of some p-disubstituted benzenes in acetone (relative to chloroforn~). 
FIG. 3. Solvent shifts for the protons of some p-substituted benzaldehydes in benzene s o l u t i o ~ ~  (relative 

t o  chloroform). 

FIG. 4. Solvent shifts for the protons of some p-substituted acetophenones in benzene solution (relative 
t o  chloroform). 

FIG. 5. Solvent shifts for the protons of some p-substituted toluenes in benzene solution (relative to 
chloroform). 
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shifts in acetone and benzeile solution are shown relative to the shifts observed in chloro- 
form. In the following, the ortho and meta positions will be considered relative to the 
parent grouping (CHO, COCH3, and CH3) unless otherwise indicated. 

The effect of adding benzene to a chloroform solution of a solute exhibiting large shifts 
in an aromatic solvent was studied in the case of p-nitro- and p-di~nethylamino-benzal- 
dehyde and the chemical shift for the formyl and N-~nethyl protons is plotted for the 
various solvent compositions in Fig. 6. The chemical shifts of these protons as well as  

0 15 33 45 60 75 W) 

Mole %Benzene 

FIG. 6. Chemical shifts for the N-methyl and formyl protons of p-NMen- and j-NOa-benzaldehyde in 
ch1oroforn1-benzene mixtures. 

those of the forrnyl protons in benzaldehyde and terephthalaldehyde in a number of other 
aromatic solvents are listed in Table I1 and the temperature dependence of these shifts 
in toluene solution is indicated by the data in Table 111. 

TABLE I1 
Proton shifts of some substituted benzaldehydes in aromatic solvents (in cycles/sec from T M S  a t  60 Mc/sec; 

concn. 5 mole%) 

Substituent 

Forniyl protons Methyl protons 

Solvent p-NO? p-CHO p-1-1 p-NMee p-SMe? 

Chloroform-d 
Benzene 
Toluene 
RiIesitvlene -~~ -~ 

1,3,5-'k~isopropylbenzel~e 569.8* - 578.9 579.2 157.6 
Nitrobenzene 611.2 609.2 602.7 591.3 175.5 
N.N-Dimethylaniline 560.9 569.8 575.3 582.1 153 

'2.5 mole% solutions. 
tIn toluene-ds solution. 
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Temperature dependence of proton shifts of some substituted benzalrlchydes (in 
cycles/sec from T M S  a t  GO bIc/sec; concn. 5 mole% in toluene) 

Form yl protoils Methyl protons" 
Temperature 

("c)  #-NOr fi-CI-IO p-1-1 $-?!Me2 9-NbIe2 

*In benzene. 
+The negati\-e sign indicates a shift to  low field with increasing temperature. 
$For the range 0-100' C. 
§For the range 10-80' C. 

DISCUSSION 

(a) ll cetone Solutio~zs 
Fro111 Fig. 2 and Table I ,  the results for various solutes in acetone solutioil show that 

one of the aromatic protons is, in general, affected to a greater extent than the other. I11 
this solvent, Schaefer and Schneider (7) have suggested that one of the aromatic positions 
(that which is meta to the stronger electron-withdrawing group) is preferentially 
"hydrogen-bonded" to the carboilyl oxygen of a solveilt molecule and so is deshielded 
relative to the other aronlatic proton. (Their suggested illoclel is iilcluded in Fig. 2.) 
Furthermore, a neighboring proton should be slightly affected by the close approach of 
the ailisotropic carbonyl double bond and it is iilterestiilg that the formyl proton is shifted 
illore in the p-NOz, 9-CN, and p-C1 derivatives, as  expected for this model. In only one 
case is an up-field shift observed (0-protons in the 9-dimetl~ylamii~o derivatives). In all 
these examples, it is consistently observed that  the protoil ineta to the stronger electron- 
withdrawing substituent appears a t  lower felcl in acetone solution relati.de to its shift in 
chloroform. 

(b) Benzene Solufio?zs 
In benzene solution, the relative shifts of the solute protons appear to vary in a regular 

fashion in each of the three series of compounds (Figs. 3 ,4 ,  and 3). Again, since the 1-elative 
chemical shifts of the solute protons change with different substituents, stereospecific 
interactions of some type are stro~lgly indicated. A11 examination of the trends observed 
in these various series, therefore, will support or deny previous suggestions as to the 
nature of these associations. 

For each of these series, the trend exhibited by the change in chemical shift for the 
aromatic protons is similar. For the p-dimethylamino derivatives, the meta proton is 
shielded inore strongly, lvllereas the ortho proton is inore strongly affected in the p-nitro 
derivatives. As noted previously (I),  the parent grouping experiences an increased shielcl- 
ing as  the electronic character of the substituent is changed progressively from a strong 
electron-releasing type to a strong electron-mithdra~ving species ( i t . ,  p-NMez to p-KO?). 
In  addition, those substituents bearing protons show the expected trend in that the 
shielding decreases as the electron-releasing power diminishes. 
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Presumably, in the benzalclehyde series, a stroilg electron-withdrawii~g substituent, 
such as the p-nitro group, aids association a t  the carboil bearing the forilly1 group since 
this carbon would be expectecl to be slightly positive. A benzene molecule(s) lying over 
this position would tend to  shield the ortho and formyl protons strongly and the ineta 
protons less strongly. At the other liinit, the case of a strongly electron-donating grouping 
such as the p-Ni\iIe2, tlie sliglltly positive substit~ient would attract a solvent molecule 
preferentially. Thus the N-methyl protons would be expected to  experience a strong 
shielding eflect which would be progressively smaller a t  the meta, ortho, and formyl 
protons, respectively. Indeed, the formyl proton appears to be slight1~- deshielded in the 
case of p-dii1~etliylarninobei~zalde11yde. The other substituents appear to give results 
intermediate between these two extremes. I t  is interesting to note that I-Iatton and 
Richards (6, 7) have recently presented evidence that similar comple~es are involved in 
solutions of amides in aromatic solve~lts. I11 these cases the complexes appear to  involve 
a close association between the aromatic ring of the solvent molecule and the slightly 
positive nitrogen atom in such a way that the electron-rich carbonyl group lies as far from 
the ring as possible. 

A11 illteresting cornparisoil between the 11-dimethylan~ino- and 1)-nitro-benzaldehycles 
call be made by an examination of the shift of the formyl and N-methyl protons as a 
chloroform solution of each is diluted with benzene in stages up to  and iilcludi~lg a pure 
benzene solvent. In all cases the solutes were present in a concentration of 5 mole% 
(Fig. 6).  The changes in shift of the N-methyl protons in the 9-dimethylamino cornpouild 
and the formyl protoil in the p-nitro compound can be seen to be virtually parallel while 
the shift of the forluyl proton in the foriner is only slightly affected by these changes in 
solvent composition. Clearly the causes for these parallel shifts call be assumed to be 
similar. 

The close similarity between the results obtained for the three series lends further 
support to the hypothesis that a complex with the proposed geometry is involved in 
solutions of aromatic solutes in aromatic solvents. Slight differences are observed in the 
sribstituted acetophenones relative to the aldehydes in that the methyl ltetoile protons 
are strongly shielded in four of the five cases esaminecl. This could be talten as an indi- 
cation that inore than one solveilt molecule tends to  associate with a single ketone solute 
molecule. 

In the substituted toluenes, the same general trend is still apparent, although the 
relative shifts are sinaller for the coinpounds with electron-releasing substituents. These 
observations are consistent with the formation oE a weaker complex i l l  this than in the  
other series since the charges would be less highly developed. 

( c )  Other il romatic Solvents 
The shift of the aromatic forlnyl proton ill solutioils of a few other aromatic solvents 

was exainiiled to determine the co~ltributioli of substit~ieilts in the solvent molecule to 
these interactions. According to the present inodel for the complex, the solvent inolecule 
acts as a donor to  the electron-deficient region of the solute molecule owing to the high 
T-electron density of the aromatic ring, and polar substituents would be expected to, 
affect the stability of the cornplex in a predictable fashion. Electron-releasing substituents 
should stabilize the complex by rendering the solveilt a better donor, whereas electron- 
withdrawing substitueilts should weaken the solute-solvent association. I n  addition to 
the polar effect, the substituents on the solvent molecule could coilceivably introduce a 
steric factor such that complex formation a t  a given position on the solute molecule 
would be sterically hindered. 
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The formation of these colllplexes can be represented by the following equilibrium: 

solute + solvent = associated co~nplex (11 

and the substituent effects can be considered on the basis of this equation. Since the 
observed chemical shift of a given solute protoil will be the weighted average of the shifts 
for that protoii in each of the two extreme environments, any change in the equilibriuin 
position will be reflected by the observed shift. Any factor favoring comples formation 
would be expected, in general, to give rise to an up-field shift and the reverse effect would 
be observed for ally destabilizing factor. 

A11 alternative view of the situatioli would coilsicler the relative distances between the 
solute and solvent molecules in the conlplex. Since the ring current effect of a solveiit mole- 
cule on a solute protoil X Ak froin the center of the aromatic ilucleus decreases as 1/X3, 
the solvent shift will decrease as this distance increases. Presumably, the weaker the 
complex, the greater is the distance between the interacting species, and therefore the 
interaction would be less specific with regard to a particular region of the solute illolecule 
(i.e., a less stable complex). Thus a prediction of the effect of substitueilts in the aromatic 
solvent molecule would be the same as before. 

To test for possible substituent effects the following aromatic solvents were chosen: 
for polar effects-nitrobenzeile and N,N-dimethylaniline; for steric effects-toluene, 
mesitylene, and 1,3,5-triisopropylbeilzeile; as substrates, beilzaldehyde and its p-nitro, 
p-formyl, and p-dimethylamino derivatives were selected. The results of these measure- 
ments are listed in Table 11, in which the shifts in chloroform solution are iilcluded for 
comparison. 

Considering first the results for benzaldehyde and its p-nitro and p-formyl derivatives 
(columns 2, 3, and 4), it is clear that the shielding of the forilly1 proton is increased in 
N,N-dimethylanilii~e and decreased in nitrobenzene relative to that observed in benzene 
solution. This is the expected behavior in terms of the present model. In the hydrocarboil 
solvents, the shielding increases slightly with increasing methylation of the solvent. This 
trend can be attributed to the polar characteristics of these solvents since their ability 
to act as donors would be enhanced slightly by substitution of hydrogen by methyl groups. 
Since the shifts are to higher field, no steric effect is evident. In 1,3,5-triisopropylbenzene, 
however, the shift is to lower field relative to that observed in inesitylene and an iildicatioil 
of steric interference would thereby be presented but for the fact that the isopropyl group 
is a poorer electron-releasing grouping than methyl. At ally rate, evidence of steric 
hiildrarlce of conlplex forination as a major factor appears to be lacking for these solutes 
in this series of solvents. 

I11 the fourth case, p-dimethylamii~obenzaldel~yde (columns 5 and 6, Table 11), the 
trend of the formyl shifts in the various solvents is not so clear cut. This is not unexpected 
since, on the basis of the evidence discussed earlier, association of the solveilt appears to 
involve the substituent nitrogen atom and, hence, the solvatiilg molecule(s) is relatively 
distant froin the forinyl proton. Furthermore, the coiltributioil of dipolar resonance forms 
to the electron distribution in this solute will be greater than in the other examples and the 
possibility of other dipolar associations in nitrobenzene and dimethylaniline solutions 
cannot be dismissed. The solvent shifts of the N-methyl protons, on the other hand, 
appear to fit a pattern similar to that exhibited by the formyl protons in the other three 
examples, particularly in the polar solvents. Although it is not possible to deteriniile this 
shift precisely in N,N-dimetl~ylaniline, since a solvent peak appears in the same region, 
the N-methyl protons are significantly shielded. The fact that the shielding is less than 
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that observed in benzene solutio~l might well be explained by steric hindrance to complex 
formation caused by the bulky substituent. Furthermore, in hydrocarbon solvents, the 
shielding of the N-methyl protons decreases with iilcreasiilg alkyl substitution on the 
aromatic solvent; this trend is exactly analogous to that found for some N,N-dialkyl 
arnides in aroinatic solvents (5). In the present case, it seems reasonable that the alkyl 
groups of the solvent hinder its close approach to a solute molecule since one of the sub- 
stituent groups would be forced to lie over the aromatic ring of the solute. I n  the previous 
examples, the aromatic rings would overlap instead and steric hindrance of colnplex 
formation mould be much less. Indeed, in the case of terephthalaldehpde, the rings of 
solute ancl solvent would presu~llably be coaxially oriented in the complex. 

( d )  Ternperatr~re lZffects 
In the preceding discussion, evidence has been presented to confirm the existence of 

molecular co~nplexes in solutions of a number of substituted benzenes in aromatic solvents 
and their formation has been represented by equation [ I ] .  Since the equilibrium position 
in a given system will be temperature dependent (such that lowering the temperature 
favors complex formation), the observed chemical shift of a given solute proton should 
also be temperature dependent. In general, one would expect an increased shift to  higher 
field as the tenlperature is lowered. T o  test this point, toluene solutions of benzaldehyde 
and its p-YO?, 9-CI-10, and p-NYIez derivatives were examined a t  various temperatures 
and the chemical shifts of the forinyl and N-methyl protons measured. The results are 
summarizecl in Table I I I. 

Clearly, the shifts for the forrnyl protons in the first three examples are temperature 
dependent (last line of Table 111) while the shift for the for~nyl proton in p-dimethyl- 
a~ninobenzaldehyle is not. I t  can be seen, however, that the hT-methyl shift for the 
latter example changes with temperature in approximately the same way as other formyl 
shifts, although over a narrower temperature range. These results provide further proof 
of the stereospecificity of these solute-solvent interactions, since only those protons close 
to the solvating molecule(s) are affected by changes in temperature. 

I t  is planned to extend the range of these temperature studies and to determine the 
chemical shift changes of all the solute protons in an effort to evaluate the para~neters 
urhic11 govern the formation of these complexes. 

On the basis of these results the original suggestion that a benzene solvellt molecule(s) 
tends to forin weak molecular complexes with s~~bs t i tu ted  aroillatic solutes appears to 
be substantiated. Strong evidence in support of this conclusion is provided by the observa- 
tion that the solvent shifts of all the solute protons are interpretable, qualitatively a t  
least, in terms of the ring curl-ent of a closely associated aronlatic molecule occupying a 
preferred orientation which is governed by the substituents of the solute inoleci~le. 
Furtherinore, the effect of substituents on the aromatic solvent molecule is fouild to be 
completely in accord with this interpretation. Polar factors appear to dominate in the 
formation of these complexes while steric effects seem to be inillor except possibly in the 
case of association between the solvent and the substituent grouping of the solute mole- 
cule. The temperature dependence of the solvent shifts also provides additional support 
for the forlnation of a stereospecific complex. 

I11 acetone solution, the present results are in agreement with those expected for an 
association involving a type of "hydrogen bonding" between the aromatic protons and 
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the carbollyl oxygen atom of the solvent as was first suggested by Schaefer and Schneider 
(7). AII alternative interpretation" of these relatively small effects would attribute the 
observed shifts to the polar effect of the acetone as discussed by Bucl;ingham, Schaefer, 
and Schneider (9); but  i t  is difficult to disting~~isli  between these two possibilities when 
the shifts are small. 
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THE hlERCURY-PHOTOSEKSITIZED DECOMPOSITION OF METHANEL 

Iliuision of P ~ l r e  Che?uistry, National Reseerch Col~?rcil of Ca~zada, Ottawa, Ca?zadu 
Received August 15, 1962 

ABSTRACT 

The mercury-pl~otosensitizccl decomposition of methane has been s t ~ ~ d i e d  a t  temperatures 
ranging from about 25 to 400" C, ancl pressures fro111 about 100 to 1000 mln. \'cry lo\\, con- 
versions and light iriter~sities were e~nployed, a~i t l  it \vas sho\\111 that  a t  te~nperati~res of 120" C 
and above, the hydrogen prod~~ced was a direct measure of the  primary yield of hydrogen 
atoms. Thc low, temperature-dependent quantum yield found in earlier s t ~ ~ d i e s  persisted 
even under these conditions, and it seems necessary to pos t~~ la t e  an inefficie~lcy in the primary 
quenching process, in\~olving esse~ttially the quenching of 3P1 tllercilry atoms by methane 
without decomposition of the methane. 

Experil~~ents with adcled ethylene sho\\xl  that practically all the hydrogen prod~~ced in 
the decomposition of methane was scal-engeahle hy  ethylene, indicating that otllp atomic 
hydrogen \vas produced in the primary process. The rate of additiorl of hydrogen atoms to 
ethylene was estimated to  be about 4XlO"imes faster than the rate of abstraction from 
111et11;~ne a t  120' C. 

INTRODUCTION 

There has been much evidence accumulated in recent years to suggest that the mercury- 
photosensitized deconlpositioli of nos t  of the allranes proceeds by an initial reaction, 

Hg" + RII -t Hg + R + H, 

with an efficiency close to unity. If care is taken to avoid (or make corrections for) the 
loss of hydrogen atolms by addition to olefins present, or by combination with radicals, 
the quantum yield of hydrogen formed by the reaction 

approaches a value close to 1, independent of temperature and pressure (1-3). R'Iethane 
(4, 5 )  and neopentane (6) are the only apparent exceptions to this behavior. 

An early study of the methane decomposition by Taylor et al. (4) showed a quantuln 
lrield of hydrogen which was about 0.004 a t  98' C, and illcreased marliedly uritli teln- 
perature to a n~axinluln observed value of about 1 a t  400° C. These experiments, and 
nlore recent ones made by R'Iains and Newton ( 5 ) ,  were made under conditions (high 
conversion, higll light intensity, doubtful purity of methane) such that  complications 
by secondary reactions nlade it difficult to  reach any conclusions about the efficiency of 
the prinlary quenching process or about the cause of the low quantunl yield of hydrogen. 
The present work was undertalien to see whether, under suitable conditio~ls, the decom- 
~os i t ion  could be nlade to follow the silllple mechanism 

so that the hydrogen yield would become a liieasure of reaction [I]. T o  achieve this simple 
mechanism, two requiremellts lnust be fulfilled. 

'Isszied as 1V.R. C. No. 7043. 
?National Research Council of Ca?zada Postdoctoral Fellow, 1959-61. Presetrt address: illa?zufacture Belge 

de Lampes et de  ibfateriel Electronique, Brz~ssels, Belgium. 

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2340 CANADIAN JOURNAL O F  CHEMISTRY. VOL. 40, 1962 

(I) The light intensity must be low enough so that  loss of hydrogen atoms in the 
second-order (in atoms and radicals) reco~llbii~atio~l reactions 

H + C H 3  + M + CH, + M [4] 

H + H + hI  -+ Hz + h'I, [S l  

which corilpete with reaction [2], and are favored by  high intensity and high radical 
concentrations, may be neglected. 

(2) Concentrations of products and i~iipurities must be kept low enough so that  only 
methane quenches I-Ig(3P,) atoms, and so that  secondary reactions such as 

H + C?Ha + Hz + C l H j  [GI 

C13, + H? + CH, + H [71 

CH3 + CzHs 4 CH4 + C?Hs [SI 

are negligible co~iipared to [2] and [3]. 

EXPERIMENTAL 

The reaction was studied in a conventional cylindrical quartz vessel, 10 cm long and 5 cm in diameter, 
of about 200-ml volume, with plane windows a t  each end. In order to keep the percentage decomposition 
of methane low, the reaction vessel was tnade part of a closed flow circuit of about 4-1. volume, which 
included a thermosiphon as a circulating pump (7). I n  the flow circuit, the methane passed over a mercury 
saturator heated to  50' C, and through cold traps before and after the reaction vessel, which control!ed 
the vapor pressure of mercury in the reaction systenl. The reaction vessel was contained in an air thermostat 
which operated up to temperatures of 200" C. For higher temperatures, a tubular metal furnace was placed 
directly around the reaction vessel. The mercury resonance lamp was made in the form of a tight, flat 
spiral of 1-cm tubing, about 5 cm in diameter, ~nounted outside the air thermostat 20 cln from and parallel 
to  one end of the reaction vessel. From the spiral, the two arms leading to the electrodes were fitted with 
jackets through which water maintained a t  24.3" C was circulated to control the vapor pressure of mercury 
in the lamp. ?'he lamp was filled with a few milli~neters of neon, and operated a t  a rather low current of 
5 ma, a-c., controlled by a ballast resistor. 

Methane (both Matliesoti C.P. and Phillips Research Grade were used) and other gases were handled 
in a cotiventional vacuum apparatus. Methane was purilied by careful degassing a t  -210' C to remove 
traces of permanent gases, bulb-to-bulb distillation from -196 to  -210' C to remove small amounts of 
C?-hydrocarbons, and finally by treatlnent with bromine to remove traces of ethylene. A sinall qnantity 
(about 1 ml) of bromine, carefully degassed, was condensed onto activated charcoal previously baked O L L ~  

under vacuum. Methane was condensed onto the same charcoal a t  -19G0 C, then warmed to  give a pressure 
of about GO0 nun over the charcoal and allowed to stand for 1 hour. Methane was finally distilled from 
the charcoal a t  a tetnperature low enough to give complete separation froin the absorbed bromine. 

The ethylene ~ised was Phillips Research Grade, while ethylene-d4 was supplied by Merclc and Company, 
with a stated deuterium content of 99%. 

The hydrogen produced in the reaction was analyzed by gas chromatography. After an irradiation, the 
methane and other products \\!ere transferred from the reaction vessel into a trap of much s~naller volume 
(300 cc), first by condensation a t  -210' C, then by pumping for about 2 hours with a mercury diffiision 
punlp and a Toepler pitmp until the residual pressure in the reaction vessel was less than 10-5 mm. The 
hydrogen, together with about 20 rmoles of methane, was renloved from the trap by pumping for 10 minutes 
with another mercury diffusion pump and Toepler pump. These pumped the gases into a small, U-shaped 
volume (-10 cc) between two three-way stopcocks, froin which the sample could be picked LIP by a stream 
of nitrogen and analyzed on a 6-ft colunln of silica geI a t  0' C, which gave a good separation of hydrogen 
from the methane. Blanl; experinletits showed that  this analytical procedure recovered about 99% of 
samples of hydrogen added to inethane in amounts comparable to the reaction products. In most of the 
experiinents the yield of hydrogen was between 0.01 and 0.10 rn~oles, corresponding to between 0.1 and 
5 p.p.m. methane. An average overall reproducibility of 5y0 might be estimated for these measurements 
of hydrogen yield, with a rather better reproducibility for the larger quantities of hydrogen. 

Hydrogen was the only product measured in most of the experiments. In a few instances, the ethane 
produced was measured by gas chromatography and found to be approximately equal to  the hydrogen. No 
hydrocarbon products higher than ethane co~ild be detected. The higher products observed by Mains and 
Newton (5) arose from secondary reactions of products, and would not be expected a t  the low conversions 
used in the present worl;. 

Prelinlinary experinlents were made to  determine ~vhether impurities, in particular ethylene, might be 
affecting the hydrogen yield. Analysis by gas chro~natography and mass spectroi~letry showed small amounts 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



BACK AND v:\s DEK .\UWERA: IMISTHANE DECOMPOSITION 2341 

(-0.1%) of ethane, ethylene, and argon in both Phillips and Matheson methane. Careful distillation a t  
-196 to -210" C reduced the ethane to <0.003%, and the ethylene to <0.01%. This purified methane 
was irradiated a t  120' C, and the hyclrgeon yield ~neasured. Upon subseql~ent treatment of the methane 
with bromine, the hydrogen yield was approximately doubled, but could not be further increased by repeated 
treatment with bromine. The addition of a trace of ethylene sharply reduced the hydrogen yield, while 
subsequent treatment with bromine restored it to its original value. This same yield of hydrogen co~lld 
be obtained with methane frorn either source, following the bromine treatment, and was quite reproducible. 
I t  was concluded that  the ethylene content of methane purified by bromination was low enough so that 
it did not interfere in the reaction, and all subsequent esperiments were made with methane purified in 
this way. 

In  all the experiments the concentration of hydrogen produced nras low enough that the quenching of 
mercury by hydrogen was negligible, assuming quenching cross sections of 0.06 and 8.9XlO-lQcm? for 
methane and hydrogen respectively (5, 9). One sample of methane was sometimes used for several esperi- 
tnents, the Ilydrogen being removecl after each run but the ethane being retained. The accumulated ethane 
vias always lo\\. enough that  quenching by ethane ( m  = 0.42X10-'kcm2) should have been negligible (8 ) .  
The hydrogen yield was observed to be independent of conversion both in single experimentsand in sequences 
of experiments starting with pure methane and allowing ethane to accumillate. This is further evidence 
that  neither hydrogen nor ethane was q ~ ~ e l ~ c h i n g  Mg(3P~)  atoms, or was affecting the hydrogen yield in 
ally other way. I t  also supports the conclusion that  residual ethylene ilnpurity had no effect on the system, 
since any such ethylene should disappear quite rapidly by reaction with hydrogen atoms, so that the 
hydrogen yield \vould rise with increasing conversion. -4 few experiments, carried to I I I L I C ~  higher than 
~iornial col~versions, did sho\\r an  increase in hydrogen yield which may be attributed to q~ienching by- 
prod~~cts .  

?'he intensity of the 2537 A resonance line absorbed in the system was measured by the merc~try-photo- 
sensitized decolnposition of propane a t  co~~versions less than 0.005%, a s s u n ~ i ~ ~ g  the q~iantum yielcl of 
hydrogen, \vhich was independent of temperature and pressure, to be ~ ~ n i t y  (1). 

IiESULTS AND DISCUSSIOX 

Figure 1 shows the rate of hydrogen production as a function of methai~e concentr a t '  ion 
a t  four different temperatures, using constant light intensity and mercury vapor pressure. 

[cH,] r lo2 (MOLES / LITER) 

FIG. 1. Hyclrogen production vs. methane pressure. 

The strong temperature dependence observed by earlier workers was obviously confirmed. 
The reaction a t  3G0 C was rather slow for practical purposes, while a t  395" C some thern~al 
decomposition of methane (probably a surface reaction) was becoming evident, and a 
small correctioil had to be made to the hydrogen yield. For these reasons, the reaction 
was studied in detail oilly a t  120 and 300" C. At the highest methane pressures used (1000 
mm), the hydrogel1 yield was not yet independent of pressure, although it appeared to be 
levelling out a t  values which are temperature dependent and which are n ~ u c l ~  less than 
the hydrogen yield from propane under the same conditions (12X l O - ~ i ~ ~ o I e / m i n ) .  
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The telnperature dependence of the reaction is shown again in Fig. 2, where loglo of 
the quantum yield of hydrogen is plotted against the reciprocal of the absolute tern- 

FIG. 2. Arrhenius plot of the quantum yield of hydrogen. 

perature, with constant light intensity and constant lllethalle concentration of 2.1X10-2 
mole/liter. I n  obtaining these data, sniall corrections were made for measured differences 
in the absorption of the mercury resonance radiation in the propane and n~ethaiie systems. 

In Fig. 3, the hydrogen yield a t  constant methane concentration of 2.4X 10-2 mole/ 
liter is plotted against the light intensity for temperatures of 24, 120, and 300" C. The 
slopes of these log-log plots are 0.72, 0.98, and 1.00 respectively, so that the hydrogen 
yield a t  tenlperatures of 120" C and above appears to be close to a linear function of light 

0 I 2 
LOG,,, INTENSITY (ARBITRARY UNITS)  

FIG. 3. Log-log plot of hydrogen yield vs. light intensity. 
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intensity. This linear depenclence a t  the higher tenlperatures is most simply interpreted 
as indicating that every hydrogen atom produced in reaction [I]  reacted \vith methane by 
reaction [2], while the less-than-linear depende~lce at 24" C suggests that reactions [4] 
and [5] were of sonle i~nportance a t  the lower temperature. Sonle support is lent to this 
interpretation by a simple calculation of the relative rates of reactions [2], [4], and [5]. 
Since hydrogen and ethane were the only products, then R,? = RC2=$, and the methyl 
radical concentration may be calculatecl, using the literature value (10) for k J  Then, using 
Le Roy's values (11) for kz (E3  = 6.6 l~cal/mole, P = 10-9, and assu~ning E4 = 0 and 
P., = 1, the ratio of rates, R?/&, was calculated to be 1.4, (3.6, and 54 a t  24,  120, and 
300" C respectively, for the Irighest light intensities shown in Fig. 3. These nunlbers are 
certainly colnpatible, within the considerable u~lcertai~lties of the calc~ilations, with 
complete scavenging of hydrogen a to~ns  by reaction [2] a t  tlle two higher temperatures, 
with solne loss by reaction [4] a t  24" C. If reactions [4] and [5] were not important a t  the 
higher temperatures, i t  also follows that the back reaction, 171, the reverse of [2], can have 
had no effect in the system. This is confil-med by the independence of hydrogen yield on 
conversion. 

Loss of hgxlrogen atonis by reaction [5], proceecli~lg in the gas phase, may be shown by 
similar calc~ilations to be quite negligible. I t  is less easy to dispose of the possibility of 
recombination of hydrogen atonls on the surface, although the most reasonable calculatio~l 
suggests that only a sn~all fraction of atoms would have reached the wall before reacting. 
The occurrence of reaction [2] together with surface co~llbi~lat io~l  of atonls would probably 
not give a linear depe~lde~lce of hydrogen yielcl on light intensity; it could onl17 I-educe the 
quantum yield of hydroge11 to 0.5 a t  the most, and would not explain the depe~lde~lce on 
light intensity a t  24" C. 

Thus it seems reasonably certain that a t  temperatures of 120" C and above all the 
hydrogen atoms formed in the primary process reacted with ~nethane to form hydrogen, 
so that the yield of hydrogen should reflect the extent of the primary decomposition. I t  
appears, therefore, that the low quantum yielcls of hydrogen observed in the present work 
are not due to loss of hydrogen through back reactions, but nlust be attributecl to an 
inefficiency in the prinlary quenching process." 

An obvious cause of such an inefficiency could be the incomplete quenching of the 3P1 
~ ~ ~ e r c u r y  atoms by methane, with consequent escape of the resollallce racliation from the 
reaction vessel. There is considerable uncertainty in the value of the quenching cross 
section of methane. I t  is undoubtedly very small, and there is some possibility that the 
cluenching observed and attributed to methane was caused largely by traces of strongly 
quenching impurities such as ethylene, oxygen, and ethane. From Bates' data (S), it may 
be estimated that quenching should have been complete a t  a pressure of a few hundred 
millimeters of methane, which would rule out incomplete quenching as the cause of the 
low quantum yield. T o  further test this conclusion, experiments were ~nacle in which the 
partial pressure of mercury vapor was variecl from 0.10 p ,  the equilibrium pressure a t  0" C, 
which was used in most of the worlc, to 25 p. After a small correction was made for the 
increased primary absorption of light, the yield of hydrogen was f o ~ ~ n d  to be almost 
iildependent of mercury vapor pressure, decreasing slightly only a t  the highest pressure 
used. This decrease, which was more marl;ecl a t  lower temperatures, was probably due 
to the enlianceme~lt of reaction [4] caused by the higher local absorbed light intensity. 
If the low yield of hydrogen had bee11 due to inco~nplete quenching, then an increase of 

3It sshoz~ld be 71oted that i?7 previous work, all done  will^ ? ? l l l C / ~  higher light i?zfensities a ~ z d  higher co?~oersio?zs, 
this zdas probably ?zot true, and back reactiot~s were probably i?i~portant. 
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the mercury vapor pressure by a factor of 10 or 100 should have sharply increased the 
hydrogen yield, as the resonance radiation would have been trapped much more effectively 
in the reaction vessel, with consequent i~nproved chances of quenching by methane. Thus 
the evidence indicates that incomplete quenching of 3P1 mercury does not account for the 
low quantum yields of hydrogen. 

In Fig. 4 is shown the effect of added ethylene on the reaction a t  120' C, with a methane 
pressure of 590 mm. The hydrogen yield was reduced to about one half by the addition of 

% ETHYLENE 

0 .01% .02% .03% .04% .05% 
I 1 

ADDED ETHYLENE (pMOLES) 

FIG. 4. The effect of added ethylene on the hydrogen yield a t  120' C, with 590 mm pressure of methane. 

2 p.p.m. ethylene, and fell to a minimuin of about one tenth of its original value a t  about 
50 p.p.m. As more ethylene was added, the hydrogen yield rose again slowly, presumably 
as ethylene itself was decomposed. The  final, approxin~ately linear part of the curve in 
Fig. 4 may be extrapolated to zero ethylene concentration to give a positive intercept 
which could be interpreted to indicate that  some (about 7%) of the hydrogen from the 
nlethane decomposition was produced as molecular hydrogen and could not be scavenged 
by ethylene. However, experiments with CzD4 (Table I)  showed that this was not so. The 

TABLE I 
Experiments with C2D.t 

Composition of hydrogen produced 
C?Dd added 

(pmoles) % I I D  % D ?  

broken curve in Fig. 4 shows the yield of hydrogen from the methane deco~nposition 
corrected for hydrogen produced by the decomposition of ethylene, which was estimated 
from the yields of D z  in Table I .  The observed hydrogen yield is thus seen to be the sum 
of two curves: one, the hydrogen yield from the methane decomposition, which fell slowly 
to zero as scavenging of hydrogen atoms and quenching of 3P1 mercury by ethylene 
became conlplete; the other, the hydrogen yield from the ethylene decon~position, which 
rose linearly a t  first, then more slowly, and would become constant when quenching by 
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ethylene was complete."hus the experiments with added ethylene may be completely 
explained in terins of reaction [I], yielding hydrogen atoms, as  the oilly primary process 
in the methane decon~position. 

The experiinerlts with CzD4 also show that  the initial rapid drop in the hydrogen yield 
was almost entirely due to the reaction 

H + CzHd --t C2Hs ['JI 
in coinpetition with reaction [2], with competitive quenching of Mg(3P1) ollly beco~ll i l l~ 
important a t  higher concentrations of ethylene. The equation 

where (RH2)0 is the hydrogen yield from pure methane, should describe the simple com- 
petition between reactions [9] and [2], and in Fig. 5, values of the left-hand side of this 

1 
I FIG. 5. Linear plot of the data from experiments with added ethylene. 

equation are plotted against [CzH4]/[CH4]. The experiments a t  the four lowest ethylene 
concentrations yielded a good straight line, and from its slope a value of kg/kz = 3.8 X lo5 
a t  120" C inay be estimated. At  higher ethylene concentrations, of course, the data iilust 
fall off from the linear relation as quenching by ethylene becomes an  important source 
of hydrogen. The large magnitude of kg/kz, and the consequent effectiveness of a few parts 
per million of ethylene, apparent in Fig. 4, emphasize the importance of trace impurities 
in the methane deco~nposition. 

Finally, the conclusions t o  be drawn from the present study may be summarized. The  
low, teinperature-dependent quantum yields of hydrogen observed in previous work on 
the mercury-photosensitized decomposition of methane have been found to  persist even 
under corlditions of low light intensity and low conversions, when the reaction was show11 
to follow the simple sequence of reactions [I], [2], and [3] a t  temperatures of 120" C and 
above. Both back reactions and incomplete quenching of 3P1 mercury may be fairly 
certainly ruled out as causes of the low quantum yield, and it  appears necessary to postu- 
late an inefficiency in the primary quenching process. In the most general terms, a 
reaction, 

CHr + Hg* --t CHr + Hg, [lo] 

(1% one experiment i n  wlzich 1700 pnzoles (1.6%) of ethylene was added, so tlzat qz~enching by etltyle~te should 
have been alniost contplete, 0 .75X10-3pmole/min of hydrogen was produced, coyresponding to a qzcantutn 
yield of about ZXlO-?. Th is  i s  i n  fair agreement with previous stzrdies of the etkyle~te deconlposition (12),  and 
the observed yields of D? from C2D4 are compatible with a f ina l  constant hydrogen yield of abozlt this valzce. 
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which quenches 3P1 illercLiry in competition with reaction [I] ,  but does not decoillpose 
methane, would seem to be required. The  observed temperature dependence would then 
clerive from a dirference between the temperature depelldeilces of reactions [I]  and [lo]. 
More specifically, one possible ~nechanism might iilvolve a competition between collisioilal 
quenching and clecornpositioil of an  excited lllethalle molecule, 

although the pressure dependence of the hydrogen yield (Fig. 1) does not support (but 
also does not disprove) this mechanism, which would predict a maximum in the plot of 
hydrogen yield against pressure. 

A perhaps Inore likely n~echallis~ll is one which involces two quite distinct reactions, 
for example, 

Hg* + C H a  + H g H  + CI l3  + H g  + H + CI-I3 [lBI 

and 

Hg* + C H I  + I l g  + CM4" + I l g  + CIl.1, I10Bl 

where [lOB] is a "physical" quenching process in which CI-Id", probably vibrationally 
excited, is always deactivated by  collisioll a t  the fairly high methane pressures used. 
Hydrogen abstraction reactions such as  [IB],  with HgH as  an  intermediate, have long 
been suggested in the mercury-photosensitized reactions of the alltanes (13), although 
there is almost no proof for or against their occurrence. The  temperature dependence of 
the methane decompositioll appears to  favor this latter mechanism. Reaction [l]  is 
exotherlllic by about 11 Iccal/mole, and if i t  proceeded through an energy transfer process, 
as in [lA],  an activation energy of about 3 ltcal/mole, as observed, would seern most 
unliltely. Reaction [ lB] ,  on the other hand, might well show such an  activation energy, 
although i t  is difficult to see \\rl1g7 inethane should be so much less reactive than ethane, 
as  the difference in C-1-1 bond energy is small colllpared to  the exothermicities of both 
reactions. This raises the question of whether the prilllary process in the  methane decotn- 
position is qualitatively different from those of the higher alkanes, or is similar in mechan- 
is112 bu t  much slower because oi the higher bond energy or sollle other property of the 
Inethane molecule. NIolecular symlnetry has been suggested as a cause of the low qilailtulll 
yield of the mercury-photosensitized clecomposition of lllethalle and neopentane (t?), since 
the latter has bond energies very silnilar to  those of ethane bu t  shows a much lower yield 
of hydrogen; however, it is difficult to see exactly what part  symmetry could play in the 
process. 

Another possible mechanism for the methane clecomposition illvolves the quenching 
of mercury to the 3Po state as a primary process, 

follol\wl by the rather slower reaction 

The  low yield of hydrogen would then be attributed to loss of I-Ig(3Po) by the reactions 

H g ( 3 P ~ )  + wall + Hg('So)  + \vall 

I lg (3Po)  + hv (2656 A) + Hg(lSo)  

I - I g ( 3 P ~ )  + C H I  + lzv (2656 A) + Ilg('So) + CIq,. 
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Once the TP, mercury has been quenched to  the 3Po state,  effective radiation trapping is 
no longer possible, and the observed independence of the hydrogen yield on mercury 
vapor pressure is explained. I t  is interesting that  Bates (S) conclucled from the quenching 
behavior of methane that  quenching to the state was the main process. Reactions 
[13] and [14] have been recently shown to occur in a study (14) of the interaction of 
nitrogen with H S ( ~ P ~ ) .  Reaction [13] is kilietically equivalent to  the general reaction, 
[lo], and thus could account for the observed pressure dependence of the h>.clrogen yield. 
I<ilnbell and Le Roy (14) found it necessary to postulate a similar emission of the 
"forbidden" 2656 A radiation induced by collision with nitrogen. The observed tempesa- 
ture dependence of the hydrogen yield would require reaction [12], which might or ~niglzt 
not proceed through formation of I-IgH, to  have all activation energy of about 3 Itcal/mole. 

The present results with methane do not distinguish clearly between the several possible 
causes of the inefficiency of the primary process, and, in this respect, an extension of tlie 
measurements to  higher pressures, in the range from 1 to 10 a tm,  would be very useful, 
but  it presents sonle experimental difficulties and is not planned a t  the present time. The  
whole problem of the nature of the primary process in the mercury-photosensitized 
decomposition of the alltanes is a very elusive one. A careful re-examination of quantum 
yields and quellching cross sections of a number of alkanes, in particular mcthane, ethane, 
and neopentane, over a wide range of pressure ancl temperature, and under conditions 
which prevent back reactions and internal scavenging by olefins, would see111 to  be 
required for its solutio~z. 
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A CONTINUOUS FLOW BETA SCINTILLATION DETECTOR 

FOR AQUEOUS SOLUTIONS1 

R. TKACHUI~ 
Grain Researclc Laboratory, Borcrd of Gra i~ t  Co7,tntissiotters for Caltada, LVittnipeg, ilfa?titoba 

Received July 12, 1'363 

Counting of beta emitters in aqueous solutions was carried out with a detector whose 
detecting elernent is a paclced column of a iinely divided plastic scintillator. The  efficiencies 
under practical operating conditions for CI4, Srqo-Ym, and IQO are 36, 74, and 82% a t  bacli- 
grounds of 27+2 c.p.m. 

INTRODUCTION 

A need arose in this laboratory to determine continuously the activity of CI4-labelled 
amino acids and their derivatives in the effluents from ion exchange colu~nns on a Spinco 
NIodel 120 automatic amino acid analyzer. A spiral capillary plastic scintillation flow 
detector as described by Funt and Hetherington (1)  was first tried for this purpose. 
I-Iowever, because of the low efficiency of 5.7y0 for C14, and the sinall sample volume of 
0.28 1111 of this detector, useful results could not be obtained for the low specific activity 
of the compounds to be analyzed. The present report describes a detector which incor- 
porates the ~ ~ s e f u l  features of the spiral capillary systein and the method reported by 
Steinberg, who ~ ~ s e d  a suspeilsio~~ of anthracene for CI4-assay of aqueous solutions, an 
efficiency as high as being reached (3 ,  3) .  

The detecting element of the present system is a paclced column of a finely divided 
plastic scii~tillator incorporated ill a Lucite coi~tainer. The detector is used in conjunction 
with a single multiplier tube and appropriate electronics, but with no refrigeration 
equipment. The features of this detection system are a direct reproducible nleasurement 
of C14-activity in aqueous or alcol~olic solutio~is without further salllple preparation, and 
a good counting efficiency with low bacl~grouncl which is not time depe~ident and not 
influenced by most impurity quenching effects nor by differences in counter filling com- 
positions. Detectors with large sample volumes may be easily constructed. The detector 
may be used to monitor rontinuously the activity of ion exchange column effluents, or 
to measure the activities of single samples. 

EXPERIMENTAL i\lIETHODS AND MATERIALS 

Preparatiott of Srbttillatov 
The olastic scintillator was orenared in the followine manner. The olastic ~ h o s ~ h o r  KE102 (Nuclear 

A .  " . . 
Enterprises, \\iinnipeg, AIanitoba, Canada), in the fornr of lathe turnings, was initially reduced in size by 
treatment for 5-10 minutes in a \\'aring blendor operating a t  high speed. The more finely divided material 
was sieved out and further reduced in size by grinding with a mortar and pestle. A little water was judi- 
ciously added during the latter and s~rbsequent procedures to eliminate the profound static electrical prop- 
erties of the finely groulld plastic. The 100- to 200-mesh fraction of nearly dry material was saved. T h e  
fines in the latter fraction were removed by settling in  a graduated flask of water containing a little deter- 
gent. The  main bulli of the resin was isolated by collecting on a sintered-glass funnel, nashing with water, 
and air drying. 

Constrilction of Detector 
The  detector was constructed from a 2)X2+-inch bloclc of Lucite by drilling three closely and evenly 

'Szlbntitted as  Paper No. 213, of tlze Gra iz  Researclc Laboratory. 
Presettted i n  part at the 45th Cotzfevence of the Chemical Itzstitztte of Canada, Edmolztotz, Alberta, il/lay 27-30, 

1962. 

Canadiall Journal of Chemistry. Volume 40 (1962) 
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TKACIIGK: BET.-\ SCINTILLATION DETECTOR 2349 

spaced holes in it, 0.48 cm in diameter and 3.'i cm deep. The holes were suitably interconnected mith 
0.5 111111 diameter channels. 'The inlet and outlet connections were constructed by ce~ne~ l t ing  into place a 
20 gauge stainless steel hypodermic needle with an epoxyresin (Hysol (Canada) Ltd., Toronto, Ont., 
Canada). After s~nal l  wads of Pyrex glass wool were placed in the  bottom of the three holes, the detector 
was filled with increments of the previously prepared hnely ground plastic scintillator. Each increment 
was settled in by tapping the Lucite blocl;, and then firmly ta~nped in with an  aluminum rod whose diameter 
was only slightly smaller than the hole being filled. When the columns were nearly full, dislcs of a Pyres 
glass filter paper mere lirmly tamped in, and the columns of plastic scintillator sealed in with a piece of 
Lucite. The assembly was then trimmed into a semihemispherical shape, in accordance with good reflectance 
geometry for scattering out of the plane side as much as  possible of the light originating in the plastic 
scintillator. ( I t  is important to  have the  holes completely filled with a \veil-packed mass of plastic scintillator 
and glass filter paper; a loosely filled detector tends to clog and also to give unreproducible behavior.) The 
\\.hole surface of the detector was then rubbed with a fine-textured sandpaper, in order to increase light 
reflection, and the semihe~nispherical surface was painted with a reflector Tion paint (Yuclear Enterprises), 
until an  opaque coat was obtained. The detector is illustrated in Fig. 1. 

/ PYREX GLASS WOOL PADS 
AT BOTH ENDS OF COLUMNS 

INLET 

SECTION A-A 

T C - - 4 3 M M  +' 
SECTION 8-8 

FIG. 1. Cross-sectional views of the flow detector. 

Connections to the inlet and outlet of the detector were made mith 22 gauge Teflon tubing (Pennsylvania 
Fluorocarbo~l Co., Philadelphia, Pa., U.S.A.), and the tubing was wired into place mith copper wire. T h e  
whole assembly was checked for lealcs by filling with water and then applying a t  least 100 p.s.i. pressure 
with a small hypodermic syringe. The detector was mounted with silicone fluid (Dow Corning 200, 60,000 
centistolces) 011 a 2 inch diameter EM1 9536s multiplier tube inside a 2 inch thicl; lead castle. The detector 
was kept centered on the multiplier tube with the aid of a thicl; disk of pliable polystyrene foam. T o  prevent 
stray light fro111 reaching the  multiplier tube, the castle top was taped to the  body of the  castle with black 
opaq~re electrical tape, and the Teflon tubing co~lnections leading to the detector were encased with black 
opaclue spaghetti tubing. A small, easily replaceable filter, constructed from a piece of polyethylene tubing 
and Pyrex glass wool, was inserted illto the inlet in order to relllove the sinall amounts of suspended material 
tha t  are ~ ~ s ~ ~ a l l y  f o ~ ~ r l d  in solutions. The multiplier tube was kept a t  a constant temperature by running 
tap  water through a coil incorporated in the castle body. 'The temperature of the multiplier tube during 
the winter n~on ths  was approximately 7'. 

Apparalus Used with tlze Detector 
The detector was used with a white cathode follower-preamplifier (NE 5202A), a stabilized high-voitage 

supply (NE 5302), a non-blocking linear p ~ ~ l s e  anlplifier (YE 5202), a single-channel differential pulse- 
height selector ( N E  5102S), a rate meter (NE 5401), a Phillips scaler (PW 4032), a Baird-Atomic preset 
timer, and a i\iIinneapolis-Honeywell Type 153 Electronilc adjustable-span, adjustable-suppression recorder. 
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2350 CANAD1.-IN JOURN.AL O F  CHEMISTRY. VOL. 40, 1963 

,\ liquid scintillation detcctor (NE 5503) was used to checl; the reliability of some of the measurements 
obtained with the flow detector. .I 1000-watt Rayetheon Voltage Iiegulator was used to supply power for 
the whole slstern, which was enclosed in a grounded steel cabinet. 

The above detection system was susceptible to some s p ~ ~ r i o u s  interference fro111 electrical relays and 
switches which wcre in the same room housing the detection syatem. The latter interference added approxi- 
mately 0.5-3 c.p.m. to  the baclcgrountl. The detector itself contributecl approximatel). 14 c.p.m. to the 
background of the whole counting systcm. I t  was observed that  occurrences of high hulnidity (or con- 
densing moisture) gave rise to excessive spur iou~ noise. This noise was eliminated by placing a drying 
agent, such as silica gel or Drierite, both in the castle compartment containing the multiplier tube and in 
the castle base which housed the preamplifier. 

Labelled il/lateriuls 
The gliadin-C'" was isolated from wheat which had been injected with acetate-2-C'.' (4). C'4-Labelled 

amino acids were obtained by placing gliadin-C'" in a Pyrcx test tube, adding ti N redistilled IHCI, freezing 
the mixt~lre, evacuating to less than 0.5 p pressure, sealing the tubing, and hydrolyzing for 22 hours a t  
120". After hydrolysis, the HC1 was removed by placing the tube, with its contents previously frozen, into 
a desiccator containing S a O H  pellets ancl evacuating. Uiater was added to the residuc, the humin removed 
by iiltration, and the filtrate nlade up to volume with 0.2 N Na+, pH 2.2 sodium citrate buffer containing 
BRIJ-35 detergent (Atlas I'owder (Canada) Co., Brantford, Canada), and octanoic acid. 95-Labelled 
amino acids were similarly obtained from wheat flour, the latter obtained fro111 wheat injected with carrier- 
free I-IzS3j04. S-(N-Ethylsuccini~nido-1-C")-cysteine mas obtained by reacting N-ethylmaleimide-1-Cl.1 
(Schwarz Bioresearch, Inc.) with cysteine. A certified standard solution of CI4 was obtained in the form 
of sodiu~u carbonate from the Radiochemical Centre, Amersham, England. 

RESULTS AND DISCUSSION 

The  effective scintillation-sensitive volume of the detector \vas determined by two 
different methods. I11 the first one, aliquots of S-(N-ethylsucci~iii~iido-I-CH)-cysteine were 
successively introduced into the cletector wit11 an hypoder~nic syringe and the raclio- 
activity noted. Plots of the activity versus the volunle injected, as illustratecl in Fig. 2, 
illdicated that  the volume was 1 .02 f  0.03 1111. In the second method, the activity of a 
solution occupying the whole detector volume was compared wit11 the activity of the 
same solution passing tlirougli tlie detector a t  O.dOOf0.001 ml/min. The latter experi- 
ments inclicated that  the detector volume was 1 .03 f  0.08 ml. A value 1.02 ml mas therefore 
used for the detector volume. 

rI representative integral bias curve for C'" is sliolvn in Fig. 3,  a t  tlie follolving operating 
conditions: multiplier tube voltage, 1000; amplifier gain, 5000; and temperature, 11.1'. 
The limiting efficiency was found to be 4970. At the lolver bias setting of 7.30 v ,  which was 
chosei~ for routine counting of samples, the efficiency was 36.1% wit11 a backgrouncl of 

The absolute efficiency of the detector for C1" was determinecl by injecting aliquots of 
a sta~ldard sodium carbonate-C1%olution into the detector ~vitli an hypodermic syringe 
and noting the resulting activity. The results, as illustrated in Fig. 4, indicated that  the 
efficiency for CL4 was 36.1%. The straight-line portion of the curve in Figs. 2 ancl 4 
indicates that  there is a linear relationship bet.cveen the observecl activity and the volume 
of activity injected into the detector. I-Iigher efficiencies may be obtained by tighter 
pacliing of the plastic scintillator into the cletector. The tighter packing, however, results 
in higher pressures necessary to introduce the sample into the detector. For example, to 
introduce a sanlple into a detector with an efficiency of 55Y0 a t  the above operating con- 
ditions, a pressure of 100 p.s.i. was required for several minutes. 

Repeated counts of the same aqueous CL.l-solution over a period of several montlis gave 
an average count of 2129f127 c.p.111. All the obtained counts were included in the latter 
average. When an equal volunle of absolute ethanol was adcled to  the above C1-'-solution, 
the expectecl count was obtained. 

Experiments with C1"labelled wheat proteins and socli~~m carbonate-CIGiidicated that 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.6

 o
n 

09
/0

5/
12

Fo
r 

pe
rs

on
al

 u
se

 o
nl

y.



TKACI-ILK: BETA SCINTILLATION DETECTOR 2351 

I I I 

VOLUME C14- SOLUTION INJECTED, ML 

FIG. 2. Determination of detector volume by  introduction of increments of a CS-solution into the 
detector and determining the activity. 

there was some retention of these substances on the cletector. I-Iowever, they were easily 
removed with wealily basic and acidic solutio~ls respectively. The retention of sodium 
carbonate-C14 is illustrated by the sl;ewecl peak shown in Fig. 4, and the absence of a 
"flat top" to the curve (as in Fig. 2). When aqueous SY5-solutions containing sulpl~ate-SYs 
were counted, however, the background usually increased fronz 5 to 15 c.p.111. The amount 
retained seemed to be a function of the alnount of sulphate-S3j present and of the time the 
sample was liept in the detector. S3"-Activity retained could not be removed from the 
detector. I t  could be that under the acidic conditions of pI-I 2.2-3.5, a t  which most of 
solutions wel-e counted, sulphonatioil of the polyvinyltoluene plastic sci~ltillator might 
occur. 

The quenching effects that are observed with this detector seeill to be associated with 
the presence of those substances which have absorption spectra in the saille region as the 
emission spectrum of the N E  102 plastic scintillator, which has a maximum a t  4300 A. 
Affirinative evidence for this assumption was obtained by couilti~lg CuS04 and FeC13 
solutions containing the same amount of CL". The data is given in Table I. These results 
are in agreeineilt with those obtainetl by Steinberg, who used 2,4-dinitrophenol as a 
color quencl~er. 

The efficiency of the detector for Srm-Y" was determined by couiltiilg a solution of 
SrCl? made fro111 a Sr80C03 standard. Ail integral bias curve is illustrated in Fig. 5. At 
an amplifier gain of 5000, the limiting efficiency is 76y0, and a t  a lower bias voltage of 
7.5 v the efficiency is 72y0 wit11 a bacliground of 30 c.p.111. 
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MODE OF OPERATION FOR Ci4 
AT 36.1% EFFICIENCY 

I I I I I I I 
10 2 0  3 0  

LOWER LEVEL.  VOLTS 

FIG. 3. Integral bias curve for a C14-sol~~tion, with the 1.02 rnl volunle detector containing a total 
absolute activity of 5545 d.p.111. A nlultiplier tube voltage of 1000 v and a n  aruplifier gain of 5000 was 
used. The temperature was 7'. 

TABLE I 
Activity of colored solutions 

Transmittance Observed activity 
a t  430 n ~ p  (yo) (c.p.m.) 

Control solution 99.9 
CuS04 solution 99.2 
FeClr solution 38 .6  

The detector efficiency for K40 was determined by counting a solutio~l of naturally 
occurring KC1. The integral bias curve is illustrated in Fig. 6. I t  is seen that a t  an amplifier 
gain of 5000, the li~llitiilg efficiency is 93 and 83y0, depending on whether the detector 
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TUCHUI<: BETA SCINTILLATION DETECTOR 2353 

14000 

INJECTED SOLUTION VOLUME, ML 

FIG. 4. Determination of detector efficiency by introduction into the detector of approxil~lately 2 ml 
of a sodil~nl carbonate-C14 standard solution (25,750 d.p.m./ml) followed by increments of water. The 
efficiency was calculated from the slope of the rising straight-line portion of the curve. 

is sensitive only to the 0's or to K40 0's and y's. I t  is uillikely that the detector would 
be sensitive to all of the 1.46 Mev y's, because of the relatively low stopping power of the 
plastic phosphor. Evidence for this view was obtained by observing that a 5 pc Csl37 
gainina source, when placed 3.8 cm from the geometrical center of the detector, gave a 
net count of only 1996 c.p.111. This activity is equivalent to an efficiency of approximately 
2% for the 0.662 Mev y's being emitted fro111 this source. The absolute decay rate of 
1692 and 209 d.p.m./g K was used for the K40 0- and y-emission (5). 

In the contiiluous flow experiments, effluents froin ion exchange colu~nns on a Spiilco 
amino acid analyzer were moilitored for their CI4- or S3j-activity. The detector was 
inserted into the effluent stream as it emerged froin the ion exchange columns, by the 
use of encased Teflon tubing as described above for single sample operation. The use of 
the detector in conjunction with normal amino acid analyzer operation caused ail increase 
of pressure of 4 p.s.i. on the buffer being pumped through the ion exchange coluinils a t  
a rate of 30 ml/hr. Results from the ailalysis of a gliadin-C1.' hydrolyzate are show11 in 
Fig. 7. I t  is observed that the use of a detector with a 1.02-ml sample volunle does not 
affect the resolution of the amino acids, nor cause any retention of the 18 CI4-labelled 
amino acids. These results are in agreeineilt with those obtained independently, where 
the analysis of the above C14-labelled ainino acids was carried out with a vibrating reed 
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I 5. Iiltegral bias curve for a SrgO-Y90 staildard solution. The 1.02 ml volurne detector contained 
a total absolute activity of 79.41 d.p.rn. due to a mixture of Sr'O-YgO a t  equilibrium. The ruultiplier tube 
voltage was 1000 v, the amplifier gain was 5000, and the temperature G.BO. 

electrometer. An analysis of an hydrolyzate from wheat flour labelled with S3j is illus- 
trated in Fig. 8. 

The reproducibility of the detector in the continuous flow nlode of operation was checked 
by chron~atography of a solution of S-(N-ethylsuccinimido-l-C1'L)-cysteine at  various 
times over a period of several months. The activity was noted on the scaler and also from 
the size of the peak traced out by the recorder on the scintillati011 counter. The latter 
deterillination was done by tracing the peak from the chart paper onto bond paper and 
cutting out tlle traced peak and weighing it. The results were an average count of 4501 
f 136, equivalent to an average peak weight of 48.0f3.8 mg. 

A single detector has been extensively used for a period of approximately G months. 
During the period, which included approximately 1 month of continuous operation, it 
gave constant and reproducible results. I t  would thus seen1 to be a fairly stable counting 
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20 40 60 

LOWER BIAS LEVEL, VOLTS 

FIG. 6. Integral bias curve for I<"O. The  source of activity was 16.244 g of reagent grade KC1 in 100 ml 
soli~tion. Using the absolute decay rate of 1692 and 209 d.p.rn./g I< for I<Io B's and y's respectively, the 
limiting efficiencies are '33 and 83%: on the assumption that  the detector is only sensitive to  the 1.24 Mev 
ICIO B's in the first instance, and sens~tive both to the I<40 B's and 1.46 Mev IC40 y's in the second instance. An 
efficiency of 100% under the present conditions is equivalent to 147 and 18 d.p.m. for the IPO 8- and y- 
emission. The ~nultiplier tube voltage was 1000 v, the amplifier gain was 5000, and the te~nperature 6.T. 

device. Assuming that the detection limit is given by a net sample count equal to back- 
ground, then its liinit is approxiinately 35 ppc C14 per ml in the single sample and 70 ppc 
C14 per 1111 solution in the conti~luous flow mode of operation. 

When the present work had been essentially completed two reports appeared dealing 
with an anthracene detector (6, 7), and in addition three commercial anthracene detectors 
have recently becoine available (Atomic Accessories Inc., New York, N.Y., U.S.A.; 
Nilclear-Chicago Corp., Des Plaines, Ill., U.S.A.; Pacltard Instrument Co., Inc., La 
Grange, Ill., U.S.A.). With the lack of sufficient detail, it is difficult to make a con~parison 
of the two different detectors a t  the present time. I t  would seem, however, that  the 
anthracene detector is slightly more efficient and inay not retain sulphate ion. On the 
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Methionine A Gluramie ? Hlsridine 1.0 
lroleuetne 

Leucine 
Glycine valine \ F'henylalanine , :: 

:: . .  I 

E f f l u e n t , r n l  50 100 150 200 250 300 350 400 450 5 0 0 0  50 100 150 - 1 5 0 C M  COLUMN, pH 3.25. 0.2N N a  CITRATE -I+ pH 4.25. 0.2N Na C I T R A T E 4  1 5 C M  COL.. pH 5.28, 0.35N 
h'a CITRATE 

FIG. 7. Chromatographic (upper curve) with si~niiltaneous CL1-radioactivity (lo\\~er cur\.e) analysis 
record of a mixture of amino acids from a hydrolyzate of gliadi~l-C". 'The chromatographic analysis was 
obtained automatically in approvi~nately 22 hours. 

FIG. 8. S3j-Radioactivity record of a chromatographic separation of a hyclrolyzate of wheat protein 
labelled with Y5. The two maill peaks are due to  cystine-S3j and n~etliionine-S3j. The conditions are iclentical 
with those for the l50cm column analysis illustratecl in Fig. 7. 

other hand, the anthracene will probably have to be replaced Inore often than the plastic 
scintillator in the detector because of solubility, and surface oxidation effects. The  reported 
anthracene detector backgrounds have been slightly higher than observed for the present 
detector; however, this difference is probably not due to  the detector but to the associated' 
counting equipment. 

The  author wishes to espress his appreciation to Dr.  A. J .  Finlayson, Prairie Regional 
Laboratory, Sasliatoon, for providing a sample of gliadin-CIA where CIA activity of the 
constituent amino acids had been previously determined by a vibrating reed electrometer; 
to Dr.  I .  M. Harley, I-Iealth and Safety Laboratory, New Yorl;, for providing the Srw-J790 
standard; to Dr. B. L. Funt ,  University of JlIanitoba, and Dr.  \V. Reid, Xuclear Enter- 
prises, Winnipeg, for many helpful discussions; and to Nuclear Enterprises, IVinnipeg, 
for providing a sample of N E  102 plastic scintillator. 
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BIOGENETIC STUDIES ON VOLUCRISPORIN1 

G.  READ,^ L. C. VINING, AND R.  H. I-I.ISKINS 
T h o  National Researclt Coz~nciZ of Canada,  Prair ie  Regional Laboi.ato,,y, Suskatoon,  Saska t~hewaf z  

Rcceived June 15, 1062 

In  experime~lts with C1.l-labelled compounds, shilcimic acid, phenylalanine, phenyllactic 
acid, and metatyrosine were found to  be precursors of the terphenylquinone pigment volu- 
crisporin. I t  is suggested that  the pigment is bias)-nthesized by the self-condensation of t\vo 
molecules of an  unbranched plienylpropanoid intermediate, and that  hydrosylation of the  
phenyl rings in the meta position occurs before the condensation step. 

Several speculative scheines have been proposed for the biogenesis of terpheng-lcluinone 
pigments. I<ogl ( I ) ,  as early as 1926, suggested tha t  polyporic acicl is formed trom phenyl- 
acetic and oxalic acids. More recently iVIitta1 and Seshadri (2) proposed that  two bra~iched 
CsC3 units such as 2-C-pl~enylgl>~ceraldehyde might be involved in the formatiol~ of this 
pigment. Sti-aight-chain phei~ylpropanoid compouncls related to the common aromatic 
amino acids were considered to  be   no re plausible intermediates by Read and Vining (3), 
who suggested that  condensation of suitable pairs of such compounds would provide a 
general route to the terphenylquinones. The discovery of volucrisporiil in saprophytic 
c ~ ~ l t u r e s  of the hyplzolnycete voL~icrispora aurantiaca llasltins ( 4 )  and elucidatioll of its 
structure as  the terphenylquinone (111) ( 5 )  have provided the first practical opportunity 
to test these theories. Compou~~ds  of this class had previously been fou~lcl only in the 
fruiting bodies of fungi growing in their natural environment, or in the slow-growing 
lichens (6). 

Tf. a~ira7ztiaca has now been grown in the presence of various C1l-labelled substrates 
ancl the incorporation of radioactivity into the piginellt examined. 'The r e s ~ ~ l t s  are shown 
in Tables I and 11. The  efficient ~~til izatioii  of the labelled carbon fro111 D - ~ ~ L ~ c o s ~ - ~ - C ' ~ ,  

Incorporati011 of C1'-labelled compounds into volucrisporin by V. aurantiac-a PRL 1554 
-- 

Specific Volucrisporin, Specific 
L\;eight, activity, acetate isolated, activity, 

Compound added m g mfic/n~mole lilg mfic/mmole Dilution* 

*Assuming incorporation of 2 moles oi radioactive conlpound added per mole oi volucrisgorin. 
tSpecific activity calculated for total amount of conlpound in the growth medium. The values for glycine, phe~lylalanine, and 

tyrosine take into account an  analysis of the total amino acid content of the peptone sample used. 
f:\ctirity found in samples was not outside the limits of accuracy of the counting method. 

' I s sued  a s  N.R.C.  Aro. 7054. 
ZiVatio7zaZ Research Council of Canada Posldoctorate Fclloze, 195'7-59. Prese~zt  address: TVashifzgton Singer  

Laboratories, Unioersity of Exeter ,  lJri?tce of W a l e s  Road,  Ereter ,  Deuoz,  Eng land .  

Canadian Journal of Chemistry. Volume 40 (1962) 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2358 CANADIAN JOURNAL O F  CHEMISTKY. VOL. 40. 196'2 

TABLE I1 

Incorporation of C1"-labelled compounds into volucrisporin by V. anzcva?ztiaca PRL 1952 

Vol~rcrisporin 
Specific acetate Specific 

Keight,  nctivity, isolated, activity, 
Con~pound added Ing mpc/mmole mg mpc/m~nole Dilutionk 

"Assuming incorporation of 2 n~oles of radioacti\.e con~pound added per mole of ~olucrisporin.  
tThe specific activity of phenylalanine was calculated by taking into account tbe total amount of this amino acid 111 free or 

bound for111 present in  peptone. 
$Activity found in samples mas not outside the limits of accuracy of the counting method. 

shiltimic acid-G-C1$ L-phenylalanine-G-C14, L-phenylalani~le-1-C14, and DL-phenyllactic 
acid-2-C1" strongly supports the view that unbranched phenylpropanoid compounds are 
illterlnediates in the biosynthesis of volucrisporin. The results suggest further that these 
internlediates are forined via the shikimic acid pathway and that the whole phenylpro- 
palloid slteleton is utilized. Since acetate and glycine were relatively poor precursors of the 
pigment, formation of the phenylpropanoid unit by the condensation of a benzaldehyde 
with gl>-cine to give the corresponding a-amino-P-hydroxy acid, as has been demonstrated 
in some mammalian cells (7), does not appear to be involved to an appreciable extent. 

Two schemes which have been put forward (3, 8) to account for the meta hydroxylation 
in volucrisporin iilvolve reactions subsequent to the formation of the terphenyl slteleton. 
111 view of the relatively low dilution of radioactivity in the pignlent produced in the 
presence of labelled metatyrosine, it appears more probable that hydroxylation occurs 
before the terphenyl slteletoll is formed. Only one other instance where metatyrosine 
has been found to participate in a biosynthetic pathway appears to have been recorded. 
Winstead and Suhadolnilt (9) observed that the tritium-labelled aillino acid is an effective 
precursor of the antibiotic gliotoxin in Triclzoderwza niride. i\iIeta-hydroxylated compounds 
are produced fro111 caffeic acid and its derivatives in some mammalian tissues (10). A 
similar process, in which the para hydroxyl is elimiilated from a 3,4-dihydroxylated 
intermediate, does not seem to occur in V. az~ran t iaca  since neither L-tyrosine nor DL- 

3,4-dihydroxyphenylala11ii1e labelled with C1" were found to be incorporated into volu- 
crisporin. It  would appear that certain microorganisms may be capable of the direct 
meta hydroxylation of phenylalanine, or a closely related compound. 

Cinnamic acid and its 3- and 3,4-hydroxy derivatives do not serve as precursors of 
volucrisporin. Although negative evidence of this kind must be accepted with reserve, it  
appears unlilcely that they are biosynthetic intermediates. Phenyllactic acid, on the other 
hand, is incorporated allnost as readily as phenylalanine. A reversible interconversioll of 
phenyllactic acid, phenylalanine, and phenylpyruvic acid might be expected to occur 
(11) and, of these three compounds, it is suggested that phenylpyruvic acid is lilcely to 
be the most direct precursor of volucrisporin. Presumably it is converted to a suitably 
activated form of metahydroxypl~e~~y1pyr~ivic acid before dimerization. Derivatives of 
phenylpyruvic acid are more attractive as candidates for the condensing ~11lit since, 
besides possessing a Inore highly activated nlethylene group, they might be expected to 
give rise more easily to other k~lown terphenylquillone pigments, which all possess a. 
2,s-dihydroxylated quillone ring. Thus in the biosyntl~etic sequence for volucrisporin 
outlined in Scheine 1, polyporic acid (I) ,  a t roment i~~ (12), leucomelone (13), and probably 
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GLUCOSE 

i. 
SHlKlMlC ACID 

PHENYLALANINE 

PHENYLLACTIC ACIO OH 

I \ 

thelephoric acid (14) would be derived from appropriately substituted phenylpropanoid 
compounds by a similar pathway terminating a t  an earlier stage correspo~lding to 
structure 11. 

Degradation of the volucrisporin produced when DL-pl~enyllactic acid-a-C14, carboxyl- 
labelled L-phenylalanine, and DL-inetatyrosine were fed to V. az~rantiaca gave inactive 
metaacetoxybenzoic acid. I t  is concluded that  the p-carboi~s in the pheilylpropanoid 
precursors remain attached to the aromatic ring during formation of the pigment, be- 
coining carbons 2 and 5 of the benzoquinone ring. There are two ways (Scheme 2, IV 
and V) by which unbranched phenylpropanoid units might condense to yield a terphenyl 

skeleton. iVIoreover, a prior rearrangement of the carbon chain to give a branched inter- 
mediate (Scheme 2, VI) canilot be excluded, although this cannot take place by a migra- 
tion of the phenyl group froin the P- to the a-carbon, as in the biosyilthesis of isoffavones 
(15). However, n rearrangemeilt in which the carboxyl group inigrates to the p-carbon 
as in the biosynthesis of tropic acid (16) is possible and would be difficult to detect by  

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2360 C. \XXDIAS JOURNAL O F  CI-IEMISTRY. VOL. -10, l9GP 

degradation of the pignlent since the labelling pattern woulcl be the same as  that  for IV. 
Further worl; on the details of the biosynthetic process is in progress. 

EXPERIMENTAL 

CM-Labelled C O ~ I I ~ O Z ~ ~ Z ~ S  
DI.-h,Ietatyrosine labelled in the carboxyl group was prepared from metalnydrosyl~enzaldehyde and 

glycine-1-C1" by an azlactone synthesis using the procecl~~re described by Sealocl; and co-wor1;ers (17). 
The crude product was purified by chromatography on a column of Do\ver-l X S  (200-400 mcsh) in the acetate 
form, developed with 0.1 N acetic acid. Crystallization of the amino acid from aqueous ethanol gave an 
analytically pure specirue~l in an  overall yield of 50% based on glycine. 

Metahydros);cinnamic a~icl-a-Cl.~ was prepared by condensing metahydrosybenzalde11~~cIe \vith malonic 
acid-2-CL4 iin the presence of pyridine as  described by Panclya and Vahidy (18). The product after two 
crystallizatiorns from aqueous ethanol was obtained in an analytically pure state, 111.p. 107-108.5" C. The 
yield, based on malonic acid, was 94%. 

DL-Phenyllactic a ~ i d - a - C ' ~  was obtained in a yield of G5Y0 by the action of nitrous acid on DL-phenyl- 
alanine-a-Cr.l using the method described by IVright and co-morl;ers (1'3). 

Shilcimic acid-G-Cl", calieic acid-0-C", cinna~nic acid-8-CI4 and DL-3,4-dihydroxyphenylalanine-a-CL4 
mere prepared in this laboratory and Icinclly donated by Dr. A. C. Neish. The remaining compounds were 
purchased from the Atomic Energy Agency of Canada. 

Cultzlre 
Experiments \yere carried out with two strains of PRL 1554 V. arrrantiaca. Both were descendants of the 

original isolate (4). One strain \\;as maintained in this laboratory and is referred to as PRL 1554; the other 
was maintained, probably under more constant conditions, in the American Type Culture Collection a s  
ATCC 13128. I t  sho\ved differences in pigmentation and manner of gronlth and is referred to as PRL 1952. 

P R L  1554 was ~ ~ s e d  in the early studies. The method of inoculation, nutrient medium, and conditions 
of gro\vth were as described in a previous publication (5), except for the addition of the CL4-labelled com- 
pound to be tested. I n a  typicalexperiment a solution of glucose ( log) ,  peptone (1 g), solublestarch (0.2g), soil 
estract (20 ml), and distilled water (180 ml) was dispensed in eight equal portions into 250-1111 Erlenmeyer 
flasks and sterilized by autoclaving. Each flask was then supplemented aseptically with an aliquot (2 mi) 
of a filter-sterilized solution of the labelled co~npound,* and inoculated with a blended suspension ill distilled 
water of V. ar~ran t iaca  grown on Difco potato-dextrose agar. Cultures were incubated a t  25' C on a rotary 
shal;er for 6 to 7 days. 

PRI, 1952 was used in later worl; after clifficulty was encountered in obtaining adequate production of 
volucrisporin by PRL 1554. I t  gave appreciable yields of pigment on a simplified medium. In a typical 
experiment glucose (10 g) and peptone (1 g) were dissolved in distilled nater  (200 1111) and the CU-labelled 
compo~~ncl, dissolved ill water (5 ml), was added. A small aliquot (2 ml) was removed for determination 
of the radioactivity, then aliq~rots of 25 ml were dispensed into 250-1111 Erlenmeyer flasks, sterilized by auto- 
claving and inoc~~latecl \vith a suspension (1 ml) of nrashecl, blended mycelium from a C L I ~ ~ L I ~ C  of IT. rizr~~atrtiaca 
grown ill a glucose-peptone ~nedium. C u l t ~ ~ r e s  were inc~rhatecl on a rotary shaker for 11 clays a t  25' C. 

Isolatio71 of Voll~rrispori7r 
Appropriate cultures were pooled and filtered. The residual mycel i~~m was \\~aslncd, freeze-dried, and 

transferred to a Soxhlet thimble. After a preliminary Soxhlet extraction with petroleum ether (b.p. 30-60" C),  
it was extracted with acetone until the pigment \\,as co~llpletely removcd (3 to 6 h o ~ ~ r s ) .  The  acetone extract 
\\-as dried by evaporation i n  vaczro and the residue washed s~~ccessively with se\!eral portions of pet role~~m 
ether (b.p. 30-GO0 C), ether, and then water. The remaining deep red pigment was dried and then heated 
uncler reflux with acetic anhydride (2 ml) ~rrltil completely dissolved. The  orange-yello\v solutio~l was filtered 
\vhile hot and water (0.5 ml) added. On cooling, yellow needles of volucrisporin diacetate separated. These 
were removed and recrystallized from acetic acid or a chloroform-ethanol mixture to constant ~nelting 
point (219" C). Yields from 200 1111 of culture medium varied betmeen 5 and 40 mg. PvIeas~~rement of radio- 
activity \vas carried O L I ~  by total co~nbustion of samples and estimation of the activity in the residual carbon 
dioxide in an electrometer. 

Degradatio?i of Vo l z~o l spor i7 t  
Vol~rcrisporin acetate (2 mg) from esperi~nents \\,here L-phenylalanine-carbosyl-CM, DL-metatyrosine- 

* I t  zvas noted that  glycerol, acetate, ci?tnanlate, a?ld phenylala?zi~zc a t  concentrations of 0.5 n1g per nil of ~ ~ z ~ t r i e n t  
?~lediz~rrz or  I ~ i g l ~ e r  severely depressed p i g n ~ e ? ~ t  fo~.?natiott a n d  in. so?ne cascs also the  grozotli of tlzc organisnz. Tes t s  
w i t h  var io z~s  r o n c e n t i a t i o ? ~ ~  of p l ~ c ? ~ y l a l a ~ ~ i n e  sl~ozoed growth t o  be unaffected at  1 ?ng per 7/11, but no.rw~al p i g ~ ~ z e n t a -  
t i o n  was  no t  obtained nn t i l  tlze concentration w a s  redured to  0.25 717g per 7111. C in~za lna t e  gave nor7izol growth and 
pigme?rtatio?r a t  0.08 711.g per ?n1. A t  0.25 nzg per ?it1 a ~ t d  above, growth zvas lililited r i d  ?to pignzent was  produced. 
Tlze large onriatiolz i n  pigwzent yield i?z experiments  mirere o t l~er  CL"-labelled cor~~poz lnds  were lrsed m a y  be 
attributed, a t  least in part,  to  the ir  inhibi tory  effect. 
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carbosyl-C1', and DL-phenyllactic acid-a-C14 were used as precursors (Table 11) was diluted with inactive 
carrier (60 mg) and disso1.i-ed in boiling acetic acid (5 1111). Chromium trioxide (200 nig) was added; the 
reaction niixt~lre was heated 11nder r e f l ~ ~ x  for 10 minutes, then diluted with water and extracted with ether. 
RIetaacetosybenzoic acid (20 mg), m.p. 134" C, was obtained from the extract by sublin~ation, followed by 
crystallization from an ether - petroleuin ether (b.p. 60-80" C) mixture. 

In each illstance the n~etaacetoxybenzoic acid contained no radioactivity. 

The  authors wish to  express their appreciation to Miss M.  J. A. Gates and Mr. L. R. 
Nesbitt for expert technical assistance, and to  Mr. J. Dyck for determining the radio- 
activity of numerous san~ples.  
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THE INFRARED SPECTRA OF N-ACYLTRIALKYLAMMONIUM HALIDES, 
IN RELATION TO THOSE OF AMIDE SALTS'I'i 

DENYS COOK 
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ABSTRACT 

N-Acyltrialkylammonium halides have been prepared from the trialkylamine and acid 
halides. The ionic solicls so produced can be easily handled in inert atn~ospheres but  are easily 
attacked by moisture. Their infrared spectra have strong carbonyl bands near 1800 cm-I, 
showing that  the RANf group, when attached to  an acyl group, has strong electron-with- 
drawing characteristics, to a rather grcatcr extent than the halogens in acid halides. 

Structurally, the N-acyltriall~ylan~n~onium halides would be similar to protonatcd (or 
alkylated) a~nides, if such protonation (or alkylation) occurred at: the nitrogen atom. Since 
all amide salts examined hitherto have carbonyl frequencies over 100 cm-I lower than 
1800 cm-I it is concluded that  this work offers further evidence that  protonation in amides 
occurs a t  the  oxygen atom. 

INTRODUCTION 

The N-acyl t r ia l l~yla~~~moi~iun~ halides can be isolated and examined by techniques 
which prevent contamination by moisture. Structurally they are interesting as they 

* represent a class of carbonyl con~pounds RCOX where the X group contains a formal 
positive charge. The effect of this charge upon the vibrational spectrum, particularly the 
carbonyl frequency, a group frequency very sensitive to electronic and mechanical factors, 
is of wide interest (1, 2). 

The N-acyltrialkylaininoniurn halides would be very similar to proto~lated (or alky- 
lated) arnides if such protonation (or alkylation) occurred a t  the nitrogen atom, as has 
been claimed (3-5). The structure of an N-protonated arnide would be as in I. If this 

R-C 
// 

\ X- 
C N-R 

nitrogen hydrogen atom were replaced by a methyl group, structure I1 would result. 
Several compounds like I1 have been made by low-temperature reaction of an acyl halide 
and a trialkylamine or a pyridine derivative. I t  is not possible to make compounds like I 
by the same method since the dialkylamine reacts to form the amide, releasing hydrogen 
halide, which forms the arnine hydrohalide rather than the arnide hydrohalide, since the 
amine is usually more basic. The electronic or mechanical effect of replacing hydrogen 
in I with methyl as in I1 would not be expected to  be significant. 

*Contribution No. 70. 
?Presented, i n  part, at the 45th Conference of the Ckenzical Institute of Calzada, Edmo7zto?z, Alberla, 11Jay 29, 

1962. 
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COOK: N-ACYLTRIALKYLAIMMONIUM I-I.4LIDE I.R. SPECTRA 2363 

EXPERIMENTAL 

Trimethylamine was taken from a freshly opened bottle of Distillation Products Industries anhydrous 
material and was used without further purification, except for bulb-to-bulb distillation from anhydrous 
NazSOc on a high-vacuum line. Triethylamine, from the same source, was distilled, after standing over 
anhydrous i\;a?S04, and a center cut boiling a t  89.7" C was taken. Pyridine, from the Fisher Scientic Com- 
pany, was dried over anhydrous Na?S04 several weeks, then distilled in a Todd columll a t  a reflux ratio 
of 50:1, the portion boiling a t  115.4' C being collected. Acetyl chloride from the J. T.  Baker Con~pany 
and propionyl chloride from Distillatioil Products Industries were both distilled as above: their boiling 
points were 50.3 and 77.7" C respectively. 

The procedure for making the compounds was as follows. Glass cells fitted with S ~ O ~ C O C ~ ~ S  were filled 
with the appropriate amount of each component in a dry box. These cells were then attached to a high- 
vacuum system and the liquids outgassed in the conventional manner. Freon 113, from a previously dried 
and outgassed stock contained in a flask on the vacuum line, was condensed onto the less volatile com- 
ponent, then the more volatile compone~lt was condensed onto that,  by the use of liquid nitrogen. On 
warming to room temperature the solid compound was precipitated and excess Freon 113 removed b y  
evacuation. Emulsions of these solids, in Nujol and Fluorolube, were prepared in a dry box. Small samples 
were sealed in tubes a t  the same time for melting point determination. 

RESULTS 

Tables I and I1 show the bands in the various spectra, and Fig. 1 shows a spectrum of 
the N-acetylpyridiniun~ chloride and of the N-acetyltrimethylammonium chloride. 
Spectra of N,N-dicyclohexylacetamide hydrochloride and hydrobromide are shown in 
Fig. 2. Some of the bands from these materials and their deuterated analogues are shown 
in Table 111. 

TABLE I 

Infrared bands in the spectra of N-acyltrialkyla~nmonium halides 
- 

(CH,)~&COCH~ CI- (CH~):,&'COCH, Br- (CH,),&COCH?CH, CI- 

%Bands marked thus are due to a small amount of amine hydrohalide. 
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TABLE I1 
Infrared bands in the spectra of N-acplpyridinium halides 

C,H.&COCH,CH~ Cl- C ~ H ~ & C O C H ~  C1- ( 1  C ~ H , ~ C O C H , C H ~  CI- C ~ H ~ ~ ~ C O C H ~  CI- 

N-ACETYLPYRIDINIUM CHLORIDE 
11804 

DISCUSSION 

1473 f l i , $ ? y  1140 l l l lZ 1039 I005 644 

A strong band in the spectra of the N-acy l t r i a l k~~ lam~~~on ium halides a t  about 1800 
cm-I is attributed to the carbonyl stretching vibration in the salt. Its high frequency is an 
indication that the electron-withdrawing ability of the quaternary nitrogen atom is 
somewhat larger than that of the chlorine atoln. Although the Taft sigma values (6) 

3008 1356 

796 

lale 
N -  ACETYLTRIMETHYLAMMONIUM CHLORIDE 

FIG. 1. Infrared spectrum of ( a )  N-acetylpyridinium chloride, (b )  N-acetyltrinlethpIa11111101li~1rn chloride. 
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COOK: S-.ACYLTRI.ILI~YL,-YBIMONIUM I ~ A L I D E  I.R. SPECTRA 2365 

N.N-DIcYcLOHEXYLACETAMIDE HCL 

FIG. 2. Infrared spectrum of ((L) N,N-dicyclohexylaceta~nide hydrochloride, (6) N,X-dicyc lo l~es~lace ta-  
mide hydrobromide. 

TABLE 111 
Some bands in  the  infrared spectra of N,N-dicyclohesylaceti~~~~ide salts 

-- 

HCI 
-- 

DCI HI3r DBr  

2030 2370 1925 1.23 OM stretch 
1763 2330 1822 1.37 Combination - - . - ~ ~ ~  ~ ... 

1619 1 616 1 . 0  1 6 1 ~  loa0 1 . 0  C% stretch 
1400 1300 1.08 1400 1300 1.08 CO stretch + 
1287 1087 1.18 1278 1085 1.18 OH bend + 
905 OM torsion 

(incluctive effect alone) are not equal, NPIe3f = +0.86, and C1 = +0.47, the clirninutio~~ 
in the CCCl angle in the acid halide from the theoretical spL hybridization value of 120" 
to about 110" (2) would account for an elevation of about 30 c111-' in the carbolq~l fre- 
quency. Similarly, in the N-acy la rn~~~on iu i~~  salts soine slight hindrance between the 
nitrogen methyl group and that on the acyl group would be relieved by enlarging the 
angle CCNf, which has the effect of lowering the carbonj l stretching frequency. When 
rough estimates are macle for these effects, the frequencies and sigma values become 
reasonably propoi-tional. 

Very small differences are noted between the carbonyl frequencies of K-acylpj ridinium 
ancl N-acy1trialk~-lammonium halides. I t  is lilcely then that formal charge on the nitrogen 
atom blocks the transmission of mesomeric effects froin the rest of the molecule to the 
carbonyl group. 

B). contrast with the high carbonyl frequency in the N-acyltriall~ylamii~oi~ium halides, 
the amide salts have no band in this region a t  all. Instead, most amide salts show a strong 
band a t  a irequencj~ between 1630 ancl 1730 cm-l dependii1g on the amide (3, 7-10). A 
i~~ecliurn band in the region of 1750 cnl-I in the PIC1 salts only should not be confused 
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with a carboliyl vibration frequency, as this is solne co~nbi~la t io~l  band associated with 
the strong band between 2000 and 2400 cm-I due to the hydrogen bond. Both these 
bands shift in the DC1 salt, and the lower-frequency band is not seen in salts with other 
acids. These cornbination bands are well known but in sonle cases the very high intensity 
of this band occurring in a region where other bands are expected could be confusing. 

In the N,N-dicyclohexylacetamide salts chosen as ~llodels for discussion, the conlbina- 
tion band is a t  1764 cm-I, and another strong band is present a t  1626 cm-I. The next 
strong band a t  lower frequency is a t  1400 cm-I. In the past the 1626 cnz-I band has been 
assigned to the carbonyl group stretching vibration, and since it  occurred a t  a lower 
frequency than the same band in the free alnide a t  1647 cm-l, protonation was said to 
occur a t  the carbony1 oxygen atom. In a few amide hydrochlorides studied the new band 
attributed to the carbonyl group absorbed a t  a frequency higher than the carbony1 
vibration in the free aniide ( 3 ,  9, 10). For example, in acetamide hydrocl~loride the 
carbonyl vibration was assigned to a band a t  1718 cm-I in the solid (5), whereas the free 
amide absorbed a t  1684 cm-I in the solid state. This low value is due to hydrogen bonding, 
and in CC14 solutioll it absorbs a t  1714 ~111-l. On this account, the proto~latioll was said 
to take place a t  the nitrogen atom, and it became the fashion thereafter to attribute 
carbony1 freq~~ellcies in the salts a t  a higher frequency than in the free alllide to N 
protonation, and a t  a lower frequency to 0 protonation. 

This distillctio~l is unrealistic, as the present work on the N-acyltrialkylal11111oniul11 
halides shows. The absence of the 1800 cm-I bands in these amide salts definitely excludes 
the possibility of N-protonation. As stated earlier, the difference in effect between a 
HN(CE13)r+ group (in the alleged N-protonated amide) and a N(C1-IJ)3+ (ill the N- 
acyltrialltylam~~~onium halide) on the carbonyl frequency (from a purely ind~lctive or 
mesomeric viewpoint) should be small. Compare, for example, the carbonyl stretching 
frequencies of methyl isopropyl ketone, 1722 cm-l, and methyl tert-butyl Iietone, 1711 
cm-I, which are isoelectronic with the conlpou~lds just discussed. 

Part of the coilfusion in interpretation of these arnide salts also arose from the habit 
of assurniilg that the highest-frequency band in the carbonyl region came from the 
carbony1 stretching vibration. I t  has recently been shown that in 2,6-dimethyl-4-pyro1le 
the higher-frequency band of a pair a t  1678 and 1639 cm-I arose fro111 a ring nzode (11), 
while the lower-frequency band was due to the true carbony1 stretching vibration. The 
same situation arises in the 4-pyridones (12, 13) and probably in many others. 'This 
situation is particularly liltely to arise when the carbony1 group is attached to a system 
colltaillillg mobile ir electrons, as in the compounds just mentioned. The amides afford 
another example of such a system, for the NR? group in the alnide has electrolls of T 
symmetry which can for111 a11 extended molecular orbital over the NCO atoms. All 
anlides whose s t ruc t~~res  have been determined by the methods of X-ray or electron 
diffraction have been found to have a planar or nearly planar arrangement of heavy 
atom, with long CO bonds and short NC (0 )  bonds. 

I t  is now quite reasonable to look for carbonyl bands a t  much lower frequencies than 
hitherto thought possible, and a liltely a s s ig~ l~ne~ l t  is the strong band a t  1400 cnl-l. This 
is in a very similar place to that found in 4-pyrone (11) and 4-pyridone (13) salts, ~lanlely, 
about 1490 cni-I. In different amide salts it has been recorded a t  a range of frequencies 
from 1395 to 1450 cm-l. This low frequency indicates that the carbonyl group has a much 
lower force constant, and therefore bond order, in the salt than in the free amide, and 
that in valence bond language a large contributio~i from a structure I11 would be expected. 
An equivalent statement would be that bi~idi~zg due to ir electro~ls was now much greater 
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111 

in the CN bond than in the CO bo11d. This leads very naturally to consideration of the 
assigil~lle~lt of the CN vibration. This must then be the ba11c1 a t  between 1630 ancl 1730 
cm-I previously described, wllicl~ is in lteeping with our knowledge of the vibratioilal 
frequency of CN double bonds. In the amide salts, therefore, there is a reversal of assign- 
ments fro111 the free alnide. The aniide I band is primarily CO stretching but contains 
some contribi~tion fro111 the C N  stretching mode. The CN stretching vibration anlide I11 
is made up of co~ltributio~ls from the CO stretching mode and in seco~ldary a~llidcs fro111 
the XI-I in-plane bending mode (14). 

Corroborative evidence that these are the proper assignments comes fro111 a considera- 
tion of the in-plane hydrogen bending nlode of the protonated species. By replacement of 
1-1); with D S  when preparing the amide salt, or by exchange with DZO after preparation, 
~<e\v bands in the spectrunl of the deuterated material were connected with bands which 
disappeared fro111 the I-IX salt. Thus the band near 1280 CIII-~ in the 1-1 salt is found near 
1090 C I ~ I - ~  in the D salt, the ratio of these frequencies being about 1.17. This low ratio 
indicates that  a good deal of coupling taltes place, probably rvith the CO stretching 
vibratio~i. The shift of the absorption band due to this CO'stretching vibration from 1400 
to 1300 cm-I is good evidence that  these two are the coupled vibrations, though other 
coupli~ig partners may also be present. Si~llilar difficulties hasre been encountered in 
certain alcohols ancl phenols, and these have not yet been entirely resolved. 

A comparison of the in-plane hydrogen bending frequency in the amicle salts and in 
4-pyrone salts (11) reveals some similarities. In 4-pyrone salts a band a t  1340 CIII-~ moves 
to  about 1000 cm-I in the deuterated species, and in  the 2,6-di1iiethyl-4-py1-01ie salts the 
two frequencies are about 1300 and 1000 cm-l. The band attributed to  the carbonyl 
vibration is a t  1490 CIII-~, which hardly shifts on deuteration. The ratio of the be~ltlillg 
~ilodes is about 1.30:1.3;5 and shows a fairly pure vibration. Absence of coupling is there- 
fore inferred in the pyrolle salts, ancl this is ~~nclerstandable since the t ~ v o  vibrations are 
further apart in frequency. Tertiary amine salts (15, 1G) 011 the other hand have a 
hydrogen bending mode near 1420 c~u-I and the isotopic shift showrs relative freedom 
fro111 coupling in that the ratio is about 1.37. 

Additio~lal support for the assignment of the 1400 cm-I brunt1 to the carbon)rl stretching 
vibration was publisl~ecl recently (10). I11 an infrared study of propionamide hydrochloride 
contai~ling 018, the only band listed in the carbonyl region to show an isotopic shift was 
a t  1487 cm-I in the nor~nal salt, and a t  1480 cm-I in the 0 1 8  salt. One other band showed 
a shift of 2 cm-l, all others having zero shift. In the hydrobromide similar but not quite 
as clear-cut changes tool: place. In pnrticular, a band a t  1484 cn1-I shifted to 1479 cm-1 
in the OIS salt. While these values may be slightly in doubt because of the possibility of 
confusion with NH bending ~llodes, they do prove that the higher-frequency band near 
1700 cm-I does not lllove on isotopic substitution, and is therefore not associated with 
the oxygen atom." They also strengthen the assign~nent of the proto~iated carbony1 
group to  bands in the 1400-1500 cm-I region. 

*This  dificz~lly  will^ N H  nzodes wns one of the Tensons bel~itzd the choice of fillly cllkylr~lzd nrrrldes for this  
work. 
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The  assistance of Miss C. D. Anderson in preparing sollle of the  compounds and 
recording their spectra is gratefully acl<nowledged. 
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ABSTRACT 

'The kinetics of the reaction of organic isothiocyanates with a large excess of I-octanol in 
o-dichlorobenzene was examined a t  90-140". The rate of the reaction was first order with 
respect to  the concentration of isothiocyanate, but the apparent second-order rate constants 
calculated varied according to the initial 1-octanol concentration. These facts can be explained 
by a reaction mechanism involving two molecules of 1-octanol in the transition state for the  
slow step of the reaction. The  relative rate of the reaction of isothiocyanates with I-octanol 
a t  120" decreased in the  order of benzyl, phenyl, allyl, ethyl, n-butyl, n-hexyl, isobutyl, 
and c)-clohesyl isothiocyanate. The  apparent energies of activation and log A were obtained 
as 13.5-16.5 kcal/niole and 4.65-6.46 (11 in liter/mole min), respectively. Tributylainine had 
a slight catalytic effect, but  tlibr~tyltin dilaurate and ferric acetylacetonate had a strong 
catalytic action in these reactions. 

INTRODUCTION 

The addition reaction of organic isothiocyanates with alcohols gives thiourethanes: 
S 

H I1 
R-N=C=S + Rf-OH --t R-N-C-O--R'. [I] 

Browne and Dyson (1, 2) compared the reactivity of various aromatic isothiocyanates 
with ethanol a t  its boiling point by isolating and weighing the products a t  different 
times. Zahradnik has studied the reaction of alkyl isothiocyanates with OH- ions or 
alkylamines by using polarography (3, 4). I t  was an interesting problem for us to study 
the reactivity of organic isothiocyanates in the reaction with alcohols, to elucidate the 
mechanism of the reaction, and to determine the effective catalyst for this addition 
reaction. 

In the present ~vork, the kinetics of the reaction of organic isothiocyanates with a 
large excess of 1-octanol in o-dichlorobenzene a t  90-140' has been studied, the reaction 
rnechanisln has been discussed, and the effect of catalysts on these reactions has been 
studied. 

EXPERIMENTAL 
Materials 

Organic isothiocyanates, with the exception of commercial reagents, were synthesized in the following 
reactions, starting from the corresponding primary amines (5): 

R-NH? + CSZ + NaOH --t RNHCS?Na + Hz0 [21 

RNHCSzNa + C1COzC2H5 --t RNHCSZCOZCZHS + NaCl [3 1 
RNHCSzCOzCzHs --t R-NCS + cos + CZH,OH. [41 

The purification of the products was accomplished by fractional distillation. The  boiling points observed - - 
are shnimarized in  able I. 

Reagent erade 1-octanol was ~ u r i h e d  bv fractional distillation. b . ~ .  87-91°/9 mm. o-Dichlorobenzene 
was d i e d  over phosphorus pentoxide and distilled under reduced pressure, b.p. 68-75"/23 mm. Reagent 
grade tributylamine was dried over potassium hydroxide and fractionally distilled, b.p. 98-99O/IR mm. 
Free carboxylic acid was reiiioved from comniercial dibutyltin dilaurate by extraction of the latter three 
tinies with an equal volume of methanol. The slight amor~nt  of methanol remaining in the dilaurate was 
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TABLE I 
Organic isothiocyanates 

Boiling point ("C/rn~n) 
- 

Isothiocpanate Found Literature'" 

Phenyl Commercial (special grade) 64.5-65 0/5 95/12 
Benzyl 98-103/4 124-1%/12 
All>rl Commercial (special grade) 150 5-151.5 152 
Ethyl 132-133 131-132 
n-Butyl 170-17'2 167 
i-Butyl 85/47 - 
t-Butyl 140-143 140/770 
n-Hexyl 117/33 136-138/96 
Cvclohexvl 117118 135-154198 

"References: Dictionary of Organic Compounds. Oxford University Press, Kern York, 1933; R. 
Zahradnik, Collection Czech. Chem. Comlnun.. 24, 3411 (1959). 

then removed under reduced pressure a t  room te t l~pe ra t~~re .  D ibu t~ l t in  dilaurate was obtained as a slightly 
pale yellow liquid, n1.p. 10-15", n~~~ 1.4662. Ferric acetylacetonate was prepared fro111 acetylaceto~le by the 
action of an aqueous solution of ferric chloride and s o d i ~ ~ m  acetate. The product mas obtained as a precipitate. 
On recrystallization from 60% methanol, the product was recovered as red needle-shaped crystals, 111.p. 
184-185". 

Procedz~re 
The reaction vessel used mas a long-necl;ed, round-bottomcd flask of approximately 50-1111 capacity. A 

thermostat containing silicone oil (KF-96, Shin-etsu Chemical Industry Co. Ltd.) was controlled a t  90-140 
+0.l0 through the use of a decalin-mercury thermoregulator. Isothiocyanate or isothiocyanate-catalyst 
solution was prepared using a volumetric flask a t  a specified reaction teruperat~~re .  After 1-octanol \\.as 
b r o ~ ~ g h t  to a specified temperature, a definite weight of 1-octanol was introduced into the reaction vessel. 
A kinetic run was initiated by addi~lg  isothiocyanate or isothiocyanate-catalyst solution to the reaction 
vessel and mixing rapidly. The total volume of the reaction mixture was about 30 1111 in all cases. Disappear- 
ance of the isothiocyanate group I V ~ S  follometl by a modification of the Stagg method (6) using di-n-butyl- 
amine in place of piperidine and titrating with 0.05 N hydrochloric acid -ethanol solution in the presence 
of bromphenol blue as  indicator. Periodically 2-ml samples were pipetted fro111 the reaction ~iiixture and 
added to the 10-1111 dibutylan~ine-acetone solutio~l in a 100-ml glass-stoppered Erlenmeyer flasl;, and 
allo~ved to stand for about 30 minutes to react completely with the remaining isothiocyanate ill the ~~esse l .  
A blank determinatiot~ on the dibutylamine solution was made a t  the beginning of each run. 

RESULTS AND DISCUSSION 

The reaction of benzyl isothiocyanate with a large excess of 1-octanol was carried out 
in o-dichlorobenzene a t  100-120°. The apparent first-order rate co~lstants were obtained 
by the method of least squares using the following equation: 

log [concn. of R--NCS a t  time t] = log [init. concn. of R-NCS] - (k/2.303)t. [5]  

The typical plot of equation [5]  is shown in Fig. I. Fro111 these plots the rate of reaction 
was shown to be apparently first order with respect to the co~~centration of isothiocynnnte, 
and these results are summarized in Table 11. If the reaction velocity is first order with 
respect to the concentration of isothiocyanate and 1-octanol respectively, the apparent 
second-order rate constants which were calculated by dividing the apparent first-order 
rate constants by the co~lcentratioil of 1-octanol should show a coilstant value regardless 
of the concentration of I-octanol. The second-order rate co~istal~ts  obtained in this 
experiment, however, varied according to the initial concentration of 1-octanol (see the 
last colum~l in Table 11). To  compare the reactivity of several isothiocyanates, the reaction 
of the isothiocyanate (1 mole) with 1-octanol (35 moles) in o-clichlorobenzene was exailii~led 
a t  90-140". The results are listed in Table I11 as the apparent second-order rate constants. 
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I 

-2.2; \ 
2 4 

T I M E  ( H O U '  

FIG. 1. Typical plots for the rcaction of benzyl isothiocyanate with escess 1-octaliol in o-dichlorobenzene 
a t  120". Initial concentration of 1-octa~iol: 1.938, @ 2.907, 0 3.876, @ 4.845 mole/liter. 

TABLE I1 

The reaction of benzyl isothiocyanate with 1-octnnol in o-dichlorobenzene 

Reaction Init. concri. Init. concn. Apparent first-order Apparent second-order 
temp. C~I-iSCI-I~2\!CS C8H170H rate consfant, X 10.1 rate constant, X 10" 
("C) (mole/liter) (mole/liter) (111111-1) (liter/molc min)  

I . .  961 
2.941 
3.921 
4.901 

1.935 
2.907 
3.876 
4.845 

?'ABLE I11 

The reaction of isothiocyanates xvith 1-octanol in o-dichlorobenzene 
(Initial concentration: [R-NCS] = 0.11 molc/liter, [CsI-I17OH] = 3.9 mole/liter) 

Apparent second-order rate constant, X 10"liter/mole niin) 

Isothiocyanatc 90" 100" 110" 120" 130" 140" 

Phenvl 3.49&0.00 5 .88&0.05  9.81+0.11 1 4 . 4 1 0 . 4  
Benzvl 3 .08+0.03 5 .58Ml .05  9 .80y0 .05  1 7 . 6 g 0 . 4  - ~~. 

~ 1 1 ~ 1 '  
Ethyl 
n-Butyl 
GBu tvl 

The apparent energies of activation and log il were calculated by the Arrhenius equation, 
and are listed in Table IV. The reactivity of organic isothiocpanates in the reaction with 
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'TABLE IV 

CAN.ADIAK JOURN.AL OF CHEMISTRY. VOL. 40. 1962 

The  apparent energies of activation and log A in the reaction of 
isothiocyanates with 1-octanol i11 o-dichlorobenze~le 

Apparent energies 
Reactivity of activation log A 

Isothiocyanate a t  120' (kcal/rnole) (A in liter/mole min) 
- - - - 

Phenyl 14.6 1 3 . 5 f 1 . 2  4.65Zt0.73 
Benzvl 17.8 16.6+1.6 6 . 4 6 d ~ 0 . 0 9  
~ 1 1 ~ 1 '  10.4 16 .4T2 .4  6 .14z1 .36  
Ethyl 4 . 3  1 5 . 8 ~ t 3 . 0  5 . 4 3 f  1 .69 
n-But).l 3 . 0  1 5 . 6 f 1 . 5  5 . 1 3 ~ t 0 . 8 5  
i-Butvl 2 . 1  15.2Zt1.6 4.75Zt0.87 

I-octanol a t  120° decreased in the order of benzyl, phenyl, allyl, ethyl, n-butyl, n-hexyl, 
isobutyl, and cyclohexyl isothiocyanate. Reproclucible results could not be obtained for 
the reaction of 1-octanol with t-butyl isothiocyanate. 

In the reaction of isothiocyanates with a large excess of 01-1- ion, the second-order 
rate constants which were calculated by dividing the apparent first-order rate constants 
obtained by the collcentratio~l of OH- ion became alnlost constant, and a first-order 
deconlposition mechanism of the complex has been proposed (3) : 

sc-) SC-1 
(+) -(-) - / H / 

R-N=C-~ + H-GI(-) F? + R-N-C . [GI 
\ 

OH b 
I n  the case of the addition reaction with a large excess of alkylarnines, a similar reaction 
rnecharlis~n has been proposed (4) : 

SC-1 S 
/ 

+ R-N=C 
13 // 

+ R-N-C [7] 
\ 

NIIz-R' 
\ 

NH-R' 
(+) 

In  the reaction of isothiocyanates with 1-octanol in o-dichlorobenzene, however, the simple 
second-order rate equation was not applicable. The  values which were obtained as  second- 
order rate constants did not become constant and varied according to the initial con- 
centration of 1-octanol. Accordingly, the most probable mechanism is considered to  be a 
bimolecular decomposition of the complex, that  is, the reaction proceeds through the 
interaction of the complex with the I-octanol molecule: 
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IIVAKURA AND OKADA: KINETICS OF KEXCTION 2373 

This reaction n~echanism is similar t o  that of the reaction between organic isocyanates 
and alcohols (7, 8). Assuming a steady-state concentration of the complex ill this lii~ietic 
scheme, the following equation was obtained: 

The apparent second-order rate constants (k,,,) may now be related towthe initial con- 
centration of 1-octanol by the equation 

If the assumed mechanism of equations [8] and [9] is consistent with the experimental 
results, a linear relationship between the values of l/kobs and l/[R1--0131 should be 
realized. The results of Table 11 are plotted in Fig. 2. As shown in Fig. 2, the linear 

FIG. 2. Relationship between the apparent second-ortler rate constant and the initial concentration of 
1-octanol in the reaction of benzyl isothiocyanate with 1-octanol in o-dichlorobenzene. 

relationship is suitable, and this fact indicates that the presumed kinetic scheme and the 
derived kinetic equations are adequate. The  individual rate constants kl, and k?/k3, 
can be obtained as the intercept and the slope of these lines. The results are summarized 
ill Table V. In  the reaction of benzyl isothiocyanate with 1-octanol, the rate constant 
k? is larger than k3 within the observed temperatures. 

T o  examine the catalytic effect of tertiary a~nines and organo~netallic compounds in 
the reaction of isothiocyanates with alcohols, first the reaction of phenyl isothiocyanate 
with I-octanol in the presence of tributylamine and then the reaction of ethyl isothio- 
cyanate with 1-octanol in the presence of dibutyltin dilaurate or ferric acetylacetonate 
were investigated in o-dichlorobenzene a t  120'. 
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The incliviclual rate constants in the reaction of 
benzyl isothiocyanate with 1-octanol in o-clichlorobenzene 

lieaction temp. kl x lo4 
("C) (liter/mole min) kdka 

The catalytic action of tributylainine in the reaction of pheilyl isothioc).anate with a 
large excess of 1-octanol in o-dichlorobenzene a t  120° is shown in Table VI. The  catalytic 

TABLE VI 
'The tributyla~~~ine-catalyzecl reaction of phenyl 

isothiocyanate with 1-octanol in o-clichlorobenzene a t  120' 
(Initial concentration: [Cc,M6NCS] = 0.11 nlole/liter, 

[ C ~ H I ~ O M ]  = 3.9 mole/litel) 
- 

Concn. of Apparent second-order Catalytic 
tributylamine ratc constant, X lo4 coefficient 

(n~ole/li ter) (liter/mole min) kc 

coefficient is generally espressetl in the followiilg way: 

where ko ,  ,b, is the apparent second-order rate constant i l l  the absence of tributylamille 
and kc  is the catalytic coefficient. The  values of kc  obtained are not coilstant, ant1 decrease 

T l M E  ( M I N I  T l M E  ( M I N )  

FIG. 3. Catalytic effect of dibutyltin dilaurate in the reaction of ethyl isothiocyanate mith 1-octanol in 
o-dichlorobenzene a t  120°. Initial concentration of cthyl isothiocyanate: 0.105 mole/liter: initial concen- 
tration of 1-octanol: 4.845 mole/liter; concentration of clibutyltin clilaurate: 8 None, 0 0.0020, W 0.0040, 
0 0.0060 mole/liter. 

FIG. 4. Catalytic effect of ferric acetylacetonate in the reaction of ethyl isothiocyanate mith 1-octanol 
in o-dichlorobenzene a t  120". Initial concentration of ethyl isothiocyanate: 0.105 mole/liter; initial concen- 
tration of 1-octanol: 2.907 mole/liter; concentration of ferric acetylacetonate: 8 Xone, 0 0.000269, 
0 0.000538 mole/liter. 
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IWAKURA AND OKXDA: KINETICS O F  REACTION 2375 

as the co~lcelltratio~l of tributylamine increases. This phe~lomenon may be explailled by 
the Burkus h~,pothesis (9). The result shows that tl-ibutylamine had a slight catalytic 
effect in this reaction. 

The catalytic actio~ls of dibutyltin dilaurate and ferric acetylacetollate in the reaction 
of ethyl isothiocyannte with excess 1-octanol in o-dichlorobenzene a t  120' were investi- 
gated. As shown in Figs. 3 and 4, these organometallic compo~ulds have a strong catalytic 
action in this reaction; however, equation [5 ]  was not applicable. More detailed 1;inetic 
evidence has not been obtained up to the present, and further work in this direction is in 
progress with a ~lulnber of organometallic compounds. 
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THE PREPARATION OF SUCROSE MONOESTERS* 

R. U. LEMIEUX~ AND 4 .  G. MCINNESS 
Department of Cheiizistry, University of Otta~oa,  Ottawa, Ontario 

Received July 16, 1962 

ABSTRACT 
The Snell procedure for the preparation of sucrose monoesters of the higher saturated 

fattp acids by transesterilication of sucrose and rnethyl esters in N,N-dirnethylfor~~ia~~iide 
was found to yield variable results due to the use of solid potassium carbonate as catalyst 
and to inlpurities in the solvent. A kinetic study of the reaction revealed that  yields of sucrose 
ester and rates of reaction were reproducible when conditions for homogeneous catalysis were 
established. The reaction followecl first-ordcr kinetics in methyl ester and s ~ ~ c r a t e  ion and 
the rate of reaction was essentially independent of the sucrose concentration, the molecular 
weight of the fattp acid, and the nature of the metal sucrate used to catalyze the reaction. 
The activation energy for the reaction \x7as 0.0 Ixal n~ole-I. Eq~~i l ibr ium constants for the 
principal reactions were determined, and it was established that only the thermodynamic 
product prevailed a t  any t i ~ n e  thro~~gl lout  the transesterilication reaction. A preparative 
method for the synthesis of sucrose monoesters was developed that gave yields of sucrose 
ester, based on the amount of methyl estcr which had reacted, which were essentially quanti- 
tative. The product contained a l ~ o u t  20'7; of di- and 80% of mono-ester. 

In 1'354 Snell and co-workers developecl a process for the preparation of fatty acid 
esters of sucrose ( I )  using the transesterificatioi~ reaction, which was subsequently 
published in 195G (2). The procedure was based on the reaction of sucrose with the 
methyl ester of a fatty acid, in N,N-dimethylfoi-~namide (DMF)  solution, using solid 
potassium carbonate as a catalyst. The methanol formed in the reaction was removed 
i 7 z  vaclro uitder co~lditions for fractioilal distillation. This process attracted considerable 
interest from industry as  a means for the preparation of sucrose monoesters of the higher 
fatty acids for use as low-cost, 11011-ionic cletergents (3, 4). 

The elucidation of the structures of the sucrose monoesters formed and the deter- 
mi~la t io i~  of their relative amounts in the products obtained first attracted our attention 
to  this process. I-Iowever, when an attempt was made to prepare samples of sucrose 
mo~loester, by the original Snell proceclure (2), for structural analysis, it soon became 
apparent that the product clid riot warrant such an investigation since it coulcl not be 
prepared uncler fully controlled ancl reproducible conditions. For un1;nown reasons, 
l ~ ig l~ ly  variable yields mere obtained and the products differed considerably in the degree 
of substitution, solubility, and color even when the reaction was performecl under apparent- 
ly iclentical experimental conclitions ( 5 ) .  Although other workers have claimed more 
success in this respect a critical assessment of their results clearly inclicates that  they 
have been equally unsuccessful i l l  preparing reproducibly a product in high yield (2, 
6-8). Furthermore, the concl~~sions which the various workers have drawn (2, 6-11) from 
their experimental results are often in conflict, and in direct opposition to m o d e r ~ ~  con- 
cepts on the mechanism of trallsesterificatio~i reactions. Snell and co-wor1;ci-s, for example, 
have claimed that  stlcrose monoester was esterified so inuch faster than sucrose that 
higher-substitutecl esters of stlcrose accumulated in the first stage of the reaction and 
subsequently reacted with the excess sucrose to re-form sucrose monoesters (2). They 
also concluded that  the concentration of sucrose monoester in the final product was 

*This  p(~per W(LS siibilvitled by A .  G. :lf~.Iizne.r (IS n  orti ti on of n thesis for the I'1i.D. degripe. 
tl'reseizt czddress: Dejmrtnient of Clieii~istry, University o f  Alberta, E d n ~ o n t o ~ z ,  Alberta. 
$I'resewt c~ddress: iltlaiztic Regional Laboratory, iV(~tioncz1 Reseniclz Coziizcil, fIal$(~.t., 9ora  Srotia. 

Canadian Journal of Chemistry. T'olume -10 (19G2) 
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LEMIEUX AND MCINNES: SUCKOSE MONOESTERS 2377 

dependent on the amount of s o l v e ~ ~ t  (DRJF) in which the reaction was carried out (2), 
and on the concentration of water in the reaction solution (6). i\Joreover, their results 
indicated that the only effect of increasing the catalyst co~~centration was to increase 
the soap content in the product of reaction (2). Worlters a t  the Herstein Laboratories 
(7, 8) ,  on the other hand, have claimed that the sucrose monoester content was dependent 
on the catalyst concentration and was independent of the moisture content in the 
reaction solution. The latter worlters also claimed that the cation of the catalyst chelates 
with the sucrose molecule, and that it was this chelate complex which was the effective 
catalyst in the reaction. They concluded that different cations produced a product with 
different sucrose mono- to di-ester ratio, and have suggested that this is in some xiray 
related to the ionic radius of the cation (7). For example, it was claimed that lithium 
produced only sucrose monoester whereas potassium produced sucrose diester also. This 
specificity was attributed to the fact that lithium, which has a smaller ionic radius 
than potassium, cannot form a chelate with two hydroxyl groups a t  the same time, in 
contrast to potassiu~ll (7). Furthermore, the sucrose diester concentration was found 
to increase with increasing cation-sucrose co~llplex concentratio11 (7, 8), a t  least for those 
catalysts with the necessary ionic radius. Herstein and his co-workers have also claimed 
that an equilibrium exists between sucrose, sucrose diester, and sucrose monoester in 
the reaction solution (7). 111 spite of this observation, however, they evaluated the 
opti~llal conditions for the transesterifcation reaction by orthogonal statistical design 
(7, 8),  and reached the co~lclusio~l that although an equilibrium existed betxireen sucrose, 
sucrose diester, and sucrose monoester, the concentration of the latter passed through 
a m a x i m ~ ~ m  with increasing sucrose concentration and then decreased with a further 
increase in the sucrose conce~~tration. I<omori and co-worlters (9, 11) have reported that 
the rate of trai~sesterification was dependent on the sucrose concentration. 

In contrast to the above concl~~sions, mechanistic studies have established that trans- 
esterifications are reversible reactions (12) which exhibit first-order kinetics in ester and 
alkoxicle ion (13). In view of the apparent co~ltradictio~ls and the important role the 
conditions for tra~lsesterificatio~l by the Snell procedure promise to have in carbohydrate 
'chemistry, it was decided to co~lduct a careful kinetic study of the reaction and to  
determine the equilibrium constants for the principal reactions. 

ESPERIMEN'I'AL AXD RESCLTS 
Materials 

In all experiments the DMF was distilled from phosphorus pentoxide, and only the fraction boiling 
a t  153-154" a t  atmospheric pressure was used. 'The sucrose, [ a ] ~  fGG.50 (c, 22; water), was storecl over 
phosphorus pentoxide under reduced pressure. The methanol was driecl by distillation from magnesiui~~ 
methoxide. The methyl myristate, methyl palmitate, and 71-octadecane each had a purity greater than 
99.5 mole% when analyzed by gas-liquid partition chromatography (GLPC). The  illethyl stearate con- 
tained 9.0 mole% of niethyl myristate, methyl palmitate, and an unidentified ester having a retention 
volume corresponding to that  expected for a C ~ T  fatty acid methyl ester. Since these methyl esters con- 
tained no free fatty acid they were used without further purification. 71-Octadecane \\.as soluble to the  
extent of 4.5 g/300 ml of reaction solution a t  SOo. All other solvents were reagent grade. 

Methyl myristate was ~isecl in  all reactions unless otherxvise specified. 

Rate 116easzrre1nenls 
All rates of reaction were determined by following the decrease in concentration of the methyl ester 

of a fatty acid by GLPC (14) using 71-octadecane as  an  internal standard. The apparatus used for the 
analyses was a "Pye Argon Chronlatograph", and some of the pertinent characteristics are listed below: 

Column size, 4 ft, 5-mm I.D. Resol~ition, lip to 1000 theoretical plates/ft 
Detector, ionization (80 pc radi~uu D) Limit of detection, 0.01 y 
Carrier gas, argon Colu~nn paclting, Ceiite 545:Apiezon 17 (93 ,  w/w) 
Saniple size, 3-6 y Column temperature, 200' C 
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The  calibration of apparatus is shown in Fig. 1 and the retention vol~rmes a t  200° of the methyl esters 
of myistic,  palmitic, and stearic acids, relative to that  (1.0) of n-octadecane, were 0.57, 1.38, and 3.22, 
respectively. 

M O L A R  RATIO 

FIG. 1. The  plot of the ratio of the areas obtained for standard mixtures of methyl.myristate and 
n-octadecane when analyzed by gas-liq~~id partition chromatography against the lcnown molar ratio. 

Standard Transesterification Reaction Conditions 
The transesterification apparatus is shown in Fig. 2. 

FISHER HITEMP BhTH t 4 . l l t E T O N E  TRIIP,.,9., 

C0.-KETONE T R I P  (-19.1 

FIG. 2. The transesterification apparatus. 

An attempt was made to remove the last traces of water from the reaction so lu t io~~  by conditioning 
the reactants in the following manner. Sucrose, 60 mmole, was dissolved in 300 n ~ l  of anhydrous D M F  
and conditioned a t  80f 0.5" a t  75 inn1 pressure for 30 minutes. The oil-bath temperature was 8 9 f  lo ,  and 
the reaction solution was stirred mechanically and had a fine stream of dry nitrogen passing through it. 
A 50-ml volume of petroleun~ ether containing 20 mmole of methyl ester and 12.75 nlmole of n-octadecane 
was then added to the D M F  solution, and the petroleum ether was removed rapidly under reduced pres- 
sure. After 30 minutes the reaction solution temperature was again constant a t  80" a t  75 nun pressure. A 
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0.6-ml aliquot of the D M F  sol~ition was then talcen and analyzed by GLPC (see below). The  catalyst 
was then added to the reaction solution as  a solid or as  a methanolic solution a t  atmospheric or 75 mm 
pressure, respectively. In the former case a reaction temperature of 80" a t  75 rnln pressure was established 
as  quiclcly as possible, and in the latter case the catalyst solution was injected into the reaction solution 
with a hypodermic syringe through the silicone rubber seal on the reaction vessel (see Fig. 2) while the 
apparatils was ~~ncler  reduced pressure. During the course of the transesterification reaction the temperature 
a t  the top of the Vigreaux colum11 remained constant a t  2 9 f  lo. The reaction solution had a total volume 
of 320 ml. 

The progress of the reaction was followed by withdrawing a t  intervals of time 0.6-ml aliqi~ots of the 
reaction solution, by means of a hypodermic syringe fitted with a 3-inch needle, through the silicone rubber 
seal (see Fig. 2) without disturbing the vacuum in the apparatus. These solutions were diluted with 0.6 ml 
of a 5% sodium chloride solution and the methyl ester and n-octadecane were extracted with 0.5-1111 amounts 
of a 3:l petroleum ether/ether solution. A 0.1-pI aliquot of the latter was then analyzed by GLPC. When 
standard mixtures of methyl rnyristate and n-octadecane in a 0.2 dC solution of sucrose in D M F  were 
analyzed in this manner the results were identical with those obtained using petroleum ether solutions 
of the co~npoilnds for calibration (see Fig. 1). 

The  yields of sucrose ester a t  the end of the reaction period were obtained, in duplicate, on 25-1111 aliquots 
of the reaction mixture. Each aliquot was first cooled to 20' by the addition of solid carbon dioxide, and 
the n-octadecane and unreacted methyl ester were removed quantitatively by extracting the D M F  solution 
with three 50-1111 aliquots of petroleum ether. The D M F  solution was then taken to dryness a t  70' under 
reduced pressure and the residue was dissolved in 25 ~ n l  of 71-butanol. The latter was washed with two 
25-ml volumes of 5% sodium chloride solution to remove the catalyst (in the form of a metal carbonate) 
and unreacted sucrose, and the combined aqueous phase was re-extracted with 15 ml of n-butanol. Ally 
sodium chloride in the combined n-butarlol phase was precipitated by the addition of 40 rnl of chloro- 
form. After drying of the chloroform/n-butanol solution with 10 g of anhydrous sodium sulphate overnight 
the salts were removed by filtration, the latter being washed with a further 40 1111 chloroform. The filtrate 
was talcen to dryness under reduced pressure. Ethanol was then added and the mixture was evaporated 
in order to remove the last traces of 71-butanol and DMF.  The white residue of sucrose ester was dried 
under reduced pressure over phosphorus pentoxide. 

The percentage yields of sucrose ester were based on the complete conversion of 20 mmole of methyl 
ester to sucrose mono~nyristate (denoted P )  or on the amount of methyl myristate which had reacted 
(denoted P I ) .  

Routine Tests for the Presence of Ifnpurities in the Szicrose Ester 
The  sucrose ester, 50 mg, was dissolved in 1 rnl chloroform a t  room temperature. In the absence of sucrose 

and sodium chloride a clear solution free of insoluble residue was obtained. A 0.1-pI aliquot of the above 
chloroform solution was analyzed by GLPC for methyl ester and n-octadecane. An infrared spectrum 
of the above chloroform solution was taken. The presence of D M F  or the anion of a fatty acid could be 
detected since they have characteristic absorptions, for the C=O stretching vibration, a t  approximately 
1680 and 1560 cin-I, respectively. An aqueous solution of the sucrose ester was also tested for chloride 
ion with silver nitrate. 

All the samples of sucrose ester prepared using the above standard procedure gave negative results 
for these tests. 

The Tmnsesterijication Reaction Using Solid Potassiunt Carbonate 
The standard transesterification reaction conditions were used, and 4 meq of solid potassium carbonate 

were added to catalyze the reaction. Furthermore, the reaction was carried out (a) without mechanical 
stirring or nitrogen passing through the solution, (b) without mechanical stirring and with nitrogen passing 
through the solution, (c) with nlechanical stirring and nitrogen passing through the solution, and (d) with 
the same reaction conditions as (c) except that the potassium carbonate had been impregnated on 1 g of 
Celite by admixing a 1-ml aliquot of an  aqueous solution of potassium carbonate with 1 g of acid-washed 
Celite and drying the mixture a t  180' for 48 hours before use. 

Results for single experiments satisfying the above experimental conditions are given in Fig. 3. Reaction 
solutions (a), (b), (c), and (d) gave values of 41.2, 70.7, 87.8, and 79% for P after 7, 24, 7, and 4 hours, 
respectively. The corresponding values for PI were 71.1, 70.5, 87.8, and 82.8%. Considerable variations 
in the rates of reaction and yields of sucrose ester were obtained when attempts were made to reproduce 
these results in duplicate experiments. Moreover, it was observed that all the solid potassium carbonate 
did not dissolve in any of the experiments. I t  was apparent that variable amounts went illto solution. 

The Effect of Water on the Transesterijication Reaction at 80' using Solid Potassiunz Carbonate as  Catalyst 
The reaction conditions in (c) above were used. 
The initial concentration of water in the reaction solutions were 0.01, 0.05, 0.25, and 1.2570, which 

corresponded to the addition of 0.42, 2.10, 10.5, and 52.5 inmole of water per meq of solid potassium 
carbonate. The water was added to the reaction solution after the usual 1-hour conditioning period, and 
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Time in Hou rs  Time in H o u r s  

FIG. 3 .  Rates of transesterific:~tion a t  80' using -4 meq of solicl potass i~~m carbonate as tlie catalyst. The 
reaction solutions were stirred mechanically in ( r )  and ( d ) .  X stream of nitrogen was passecl through tlie 
solution in ( h ) ,  ( r ) ,  and ( d ) .  'She catalyst in (d) was impregnated on Celite. 

FIG. 4. 'l'lie effect of adding 1.68, 8.4, 42, and 210 rnmole of water on the rate of transesterilication 
a t  SOo, using 4 nleq of solid potassium carbonate as thc catalyst. 'The reaction solutions were stirred mechan- 
ically, ant1 scrubbed with a stream of nitrogen. 

a t  the same time as the catalyst. The p o t a s s i ~ ~ ~ n  carbonate did not dissolve co~iipIetely in any of these 
experiments. 

The effect of water on the rate of reaction is shown in Fig. 4. Yields of sucrose myristate of 82.2, 81.5, 
31.0, and 32.3% for P ,  and 93.8, 87.7, 66.5, and 93.5% for P I  were obtained for the experiments containing 
0.42, 2.10, 10.5, and 52.5 mmole of water, respectively. 

Tial~sc~steri$catiolt Reactions us ing  Sodizlm Hydr ide  and  Sat l~rated Solulr'ons of Potassizrnl Ca~bol tate  
The  transesterification reaction was carried out in the ~ ~ s u a l  manner using D M F  or D M F  plus sucrose 

solutions saturated with potass i~~m carbo~late. These solutions were prepared by heating 300 ml of DMF,  
or 300 ml of DMF containing 60 mti1ole of sucrose, with 4 meq of solid potassium carbonate a t  80" for 
18 and 6 hours, respectively. After relnoval of any solid material, by filtration, under anhydrous conditions, 
the filtrate was used for the transesterification reaction. Titration of aliquots of the D M F  solution con- 
taining only potassium carbonate revealed that it was 0.0014 M in potassium ion. The latter solution gave 
only 9.97; reaction in 4 hot~rs, and gave sucrose myristate values of 9.5 and 96.2Yh for P and P I ,  rcspec- 
tively. The  D M F  plus sucrose solution of potassil~rn carbonate, on the other hand, gave 56.0% reaction 
in 6 hours, and gave yields of sucrose ~nyristate of 48.4 and 86.3% for P and P I ,  respectively. 

Another transesterification reaction carrictl out using 300 rnl DMF,  60 mmole sucrose, 20 mmole methyl 
myristate, and 4 meq sodium liydride a t  SO0, a t  190 mm pressure, on a rotary evaporator, gave 52y0 
reaction in 6 hours, and sucrose myristate yields of 40.8 ancl 78.5% for P ancl P I ,  respectively. 

T h e  Transesteri$catio~t Renc-liolz zlltder Conditiolzs for Hon7ogeneoz~s Cnttrlysis 
The yields of sucrose myristate as \\,ell a s  the ratcs of reaction are given in Table 1. 
All of the reactions reported in Table I were carried out in homogeneous solution a t  80' under identical 

conditions of pressure and mechanical stirring, and with nitrogen bubbling through the reaction solution. 
In order to obtain homogeneous reaction conditions the catalyst (4 meq) was added to the reaction solution 
as a dilute solution in 5 rnl anhydrous methanol or as  a sat~lratetl methanolic or aqueous solution. Potassium 
carbonate, potassium methoxide, litlii~um niethoxide, sodium metlioxicle, and potassium hydroxide were 
all used to catalyze the reaction. 

T h e  Effect of SSSSSSSS?~~~.~~~ Collcelttraticlz on  the Ra te  of Reactiolz nt SO0 
The rates for the standard transesterification reaction together with the yieltls of sucrose ~ilpristate are 

given for three concentratio~is of sucrose, namely 60, 40, and 20 mmole, respectively, i l l  'Table 11. A saturated 
methanolic solution of potassi~~ln niethoxitle containing 4 mcq of the latter in 0.68 mi solution was used 
as catalyst. 

T h e  Effect of Fatty Ac id  Cltwin Lelzgth 011 the Ra te  of Reaction a t  SOo 
Potas s i~~m methoxide, 4 meq, in 5 ml anhydrous methanol was used to catalyze the reactions. The data 

for the three methyl esters are give11 in Table 111. The  pseudo first-order rate constants for the standard 
transesterification reaction using methyl myristate, methyl palmitate, and methyl stearate were found 
to  be 3.33, 3.17, and 2.06X10-. '~ec-~, respectively. 

T h e  Effect of Goseoz~s Ca~bo l z  Dioxide  011 t11e Ra te  of T r a ~ ~ s e s t e r i $ c a t i o ~  at SOo 
The standard transesterilication reaction conditions were used except that gaseous carbon dioxide was 

passed through the solution for 150 minutes, and then replaced by a stream of nitrogen for a further 130 
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TABLE 1 
?'he rates of reaction a t  SOo using 4 meq of catalyst 

-- -- 

Ex~cr imenta l  n~~unber: '  

1 2 3 -1 D 6 7 8 If 10 11 
'rirnle 
(min) Percentage of mct l~yl  myristate reacted 

"Four tuilliequivaleots of potassium carbonate, potassil1111 ~nethosidc, l i thit~m methoside, s o d i ~ ~ r n  methoside, atlrl potassium 
l~ydrosicle in 5 ml anhydrous methanol were used in esperiments 1 and 2, 3 arld 4 .  5. (i, and 7, respectively. Saturated tnethat~olic 
solutions of potassium llydroside (4 meq in 0.50 ml methanolic solution) and potassium meLhoside (4 meq in O.GS rnl mctlianolic 
solution) were used in esneritnents 8 and 0 ,  resr~ectively. Saturated aqueous solutions of votassium llydroside (4 meg in 0.26 ml 
aoueoui solution) and odtassium carbonate (-4 ~ n e a  in0.329 rnl of aiueous solution) were used in esneriments 10 a ~ i d  11. re- 

, . 
Ihc  effcct of sucrosc concentration on thc rate of reaction a t  SO0* 
-- 

I'crcentage of methyl myristate reacted 

, . 60 mnlolc 40 mmole 20 nlnlolet 
l ime s ~ ~ c r o s e ,  st~crose, sucrose, 

(min) espt.  9 espt.  12 espt.  13 

*.A saturated solution of potassium metltoxide in methanol (-I rnecl in 0.68 ml 
methat~olic solution) was used as catalyst. 

?Substantial amounts of catalyst ~~rccipitated fro111 solution and rlid noL ~ediasolve 
completely during the course of the reaction. 

TABLE 111 

The elfcct of fatty acid chain length o n  the rate of rcaction a t  SOo 
-- 

Percentage of methyl cster reacted 

7 .  

Methyl AIethyl h/Ieth>-l 
1 ime myristatc, palmitate, stearate, 
( ~ n i n )  cspt.  14'" expt. 15" expt. 16" 

"Four tnilliequivalents of potassium metl~osidc in 5 ~ n l  rnetl~a~lolic solution \vere 
used to form the catalyst. 

mint~tes. Potassium carbonate, 4 nleq, in 5 nlI of anhydrous methanol was used as catalyst under con- 
ditions for homogeneous catalysis. After 150 minutes thc sucrose myristate yicld was 19.3 and 89.OY0 for 
I' and P I ,  respectively, whereas after 280 m i n ~ ~ t e s  the corresponding vaIucs for P and 1'1 were 84.7 a~nd 
88.6%, respectively. 
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The depression of the rate of reaction by gaseous carbon dioxide is shown graphically in Fig. 5. 

Time in Minutes Milliequivalents of Potassium Sucrote 

FIG. 5. Rates of transesterification reaction a t  80' using 4 lneq of p o t a s s i ~ ~ ~ n  carbonate under conditions 
of homogeneous catalysis. 111 (a) streams of carbon dioxide and nitrogen were passed successively through 
the solution, whereas in (b) only nitrogen was used. 

FIG. 6. The plot of the pseudo first-order rate constants for the standard transesterification reaction 
a t  80' against the sucrate concentratio11 in 320 1111 of reaction solution. 

The Effect of Catalyst Conce?ztration on the Rate of T~ansesterification at  80' 
The standard transesterification reaction conditions were used except that 0.5, 1.0, 2.0, 4.0, and 8.0 meq 

of potassium methoxide in 5 ml of anhydrous methanol were used as  catalyst, respectively. A precipitate 
of potassium sucrate was present during the entire reaction when more than 4 meq of potassium ion were 
used. 

The  plot of the pseudo first-order rate constants for the reactions a t  the different catalyst concentrations 
versus the catalyst concentrations is given in Fig. 6. 

The Effect of Temperatzrre on the Rate of Transestelificution 
The standard transesterification reaction was carried out a t  80' (at  55 mm pressure) and 9 i 0  (at 140 mm 

pressure), respectively. Potassium methoside, 2 meq, in 5 ml methanol was used as  a source of catalyst. 
The pseudo first-order rate constants calculated for the data  obtained a t  80' and 97' and plotted in Fig. 7 
were 2.36X10-4 and 4.51X10-" sec-I, respectively. Calculation by means of the Arrhenius equation (15) 
gave a value of 9.9 kcal mole-' for the energy of activation. 

Time i n  Minutes 

FIG. 7. The plot of the logarithm of the methyl n~yristate concentration against time for the standard 
transesterification reaction, a t  80' and 9'i0, using 2 meq of potassium sucrate as catalyst. 

Isolation of Sucrose Mono- and Di-mylistate 
Three standard transesterification reactions were carried out a t  80' in the absence of n-octadecane and 

the sucrose ~nyristate from the experiments combined. Four n~illiequivalents of potassiu~n ~nethoxide in 
0.68 n ~ l  of anhydrous metl~anolic solution was used a s  catalyst. The  products of the reaction were isolated 
by taking each reaction solution to dryness, a t  70°, on a rotary evaporator, a t  the end of the reaction 
period of 150 minutes. The residue was then partitioned between n-butanol and 5% sodiu~n chloride and 
the crude sucrose ester isolated a s  described above. The co~nbined crude product weighed 26.57 g. The 
latter was then chromatographed on 250 g silicic acid (Malli~lckrodt) using graded elution \\.ith methanol/ 
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chloroform solutions. :-\s the chromatogram cle\~eloped the constituents were visible against a translucent 
bacl;grouncl. The separation was also follo\ved by taking infrared spectra of aliquots of the eluant. In this 
uray it was possible to isolate three fractions containing methyl myristate, sucrose dimyristate, and sucrose 
monomyristate, as shown in Table IV. 

TXB1.E IV 

Chromatographic separation of sucrose myristates on silicic acid 

Volume of \\:eight of 
solvent fraction 

Fraction Solvent (ml) (e) C o m ~ o u n d "  

I Chloroform 2000 0 .80  h~lethyl myristate 
I I loc$, ~nethanol/chlorofor~i~ 250 7 .95 Dimyristate 

11 1 loC& methanol/chloroform 1400 17.(iO Sucrose monomyristate 
- - - - -  - - 

"The residue irom fraction I was actually collected in  the first 700 ml of eluant  and its i r~ f ra red  spectrum was ider~tical  with 
tha t  of a n  autllentic sample of met l~y l  myristate. 

The sucrose inonomyristate (17.6 g) \\-as precipitated from 100 nil acetone a t  -5' to yield 15.6 g of pure 
sucrose monomyristate as a white amorphous solid, m.p. 180-186'; [ol]D +36.7' (c, 4.8% in chloroform); 
saponification equivalent, 549 (theory, 552). Anal. calc. for C?6H48012: C, 56.50%; H, 8.70y0. Found: C,  
56.36%; H, 8.63%. 

The sucrose ditnyristate (7.05 g) was precipitated f r s t  from methanol and then from acetone to  yield 
6.05 g sucrose dimyristate as a white amorphous solid, m.p. 130-145"; [ o l ] ~  t 2 9 . 7 "  (c, 5.2% in chloroforrn); 
saporiilication equivalent, 376 (theor)., 381). i\na!. calc. for C4OH74013: C, 63.09;; H ,  9.77%. Fou~ld:  C,  
63.39%; H, 9.91%. 

The infrared spectra for sucrose mono- and di-myristate were consistent with those expected for a molio- 
and di-fatty acid ester of a polyhydric alcohol. The two esters showed considerable differences in the 
relative intensities of the OH stretching and C=O stretching vibratio~is a t  3500 and 172.5 c111-I, respectively, 
which could be used as a means of identifcatio~i. 

Determination of the  Eqzrilibriz~nz Conslant IC1 
The equilibrium constant K l  for the reaction 

sucrose + sucrose dimyristate + 2 sucrose monomyristate 

was estimated as follows a t  two different co~icentrations of sucrose. 
Sucrose, 1 m~nole,  \\.as dissolved in 15 1111 a ~ i h y d r o ~ ~ s  DMF a t  SO0, and 0.2 meq of potassi~~ril metlioxide 

in 0 . L n l  methanolic solution was added. The  potassium sucrate \\rhicli precipitated was redissolved by the 
addition of 5 ml anhydrous methanol and the solution was talcen to  dryness-under reduced pressure. The 
residue was dried, under reduced pressure over phosphorus pentoxide, for 2 hours. Pure sucrose rnono- 
niyristate, 1 mmole, was then added to the  residue of sucrose and potassium sucrate, and the mixture nlas 
dissolved in 15 rnl anhydrous DMF. The ho~nogeneous reaction solution was a t  a temperature of SOo for 
90 mi~iutes. Care was talcen a t  all times to exclude moisture from the reaction solution. At the end of t is 
period the catalyst was neutralized by the addition of 1 ml of a D N F  solution containing 0.2 meq of potas- 
sium l~ydrogen phthalate. After taking the solution to dryness under reduced pressure, the sucrose ~nyristates 
were isolated in the Iiianner described above. Chromatography of the sucrose myristates (466.9 mg) on 10 g 
silicic acid using graded eli~tion with ~nethanol /chlorofor~~~ solutions yielded 336.9 mg (0.61 mmole) of 
sucrose monomyristate, and 124.7 nig of sucrose "dimyristate". The separation was followed by comparing 
the infrared spectra of the sucrose ester in 5-ml fractions of the eluant from the chronlatographic column 
with the infrared spectra of pure sucrose mono- and di-myristate. Seventeen fractions of 5% methanol/ 
chloroform and 15 fractions of 10% methanol/chloroform were collected. The first 20 fractions contained 
sucrose dimyristate atid the last 10 fractions contained sucrose monomyristate. The two intermediate 
fractions contained no sucrose ester, indicating that a complete separation of sucrose monomyristate fro111 
sucrose di- and higher myristates was achieved. On the assumption that only mono- and di-esters were 
formed, the yield of ester was 9470. 

A second experiment, carried out under identical experimental conditions except that only 0.5 mmole 
of sucrose was used initially, yielded 434.0 mg of sucrose myristate. Chromatography of a sa~nple  of the  
latter (420.0 mg) on 10 g silicic acid, as  described above, yielded 152.0 mg (0.109 mniole) of sucrose di- 
~ilyristate and 267.0 ~ n g  (0.483 mmole) of sucrose monomyristate. 'The relative intensities of the hydroxyl 
and carbonyl stretching vibra t io~~s clearly indicated the product to contain some tri- and higher esters. On 
the assumption that only mono- and di-esters were formed, the yield of ester was 88%. 

An estimate of the eql~ilibrium constant, K I ,  for the reaction 

sucrose + sucrose dinlyristate F? 2 sucrose ~iionomyristate 
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can be made using the above results and the as sump ti or^ that only morlo- and di-esters \\.ere formed. On 
this basis, the yields of tlie esters are corrected to 1007; in order to use the following expression to calculate 
the equilibrium constant: 

K1 = [sucrose ~i~onomyristate]?/[sucrose][sucrose dimyristate] 
= 41112/(2 Y-z-lII)(Z-llI), 

where IVI = nioles of sucrose monon~yristate a t  equilibrium, Y = total moles of sucrose in thc system, and 
Z = total myristoyl groups in the sys ten~.  

In the first experiment, ill = 0.61X100/94 = 0.65, I' = 2, and Z = 1;  therefore K l  = 2.0. In the 
second experiment, ill = 0.483XIOO/S8 = 0.55, I' = I .5, and Z = 1 ; therefore, K 1  = 1.8. 

In all subsequent calculatio~is a value of Ii, = 2 \\,as assu~ned, since the error, in t rod~~ced by ignoring 
the presence of higher-substituted sucrose myristates, was less for this value. 

Tlte Rate of Epz~ilibration of GI,'-Labelled Sz~c-rose zaitk Sz~crosc Mono- clnd Di-zttyristate 
Uniformly C1"-labelled sucrose, 0.4!)5 mmole, was equilibrated with 0.466 mmole of pure sucrose mono- 

myristate, a t  SO0, in anhydrous DM17 using 0.1 meq of potassium ~iicthosicle as catalyst. The reaction 
solution had a total volume of 5.5 ml and the procedure for preparation of the solutions was identical with 
that describccl abovc for tlic solutions usccl to dcterniinc the eq~~ilibrium constant I i l .  Alicluots, 1 ml, of 
the reaction solution urere talien a t  intervals of 10, 30, 45, and 65 minutes and the solvent removecl rapidly 
(3 minutes) under reclucecl pressure. The residue was extractecl with three 2-ml aliquots of chloroform ancl 
the combined chloroform extract was transfcrrecl c~ua~lti tati \~cly to a small chromatographic column con- 
taining 1 g silicic acicl in chlorofor~ii. Elution with 25 1111 10% 1iiet11a1io1/~11lorofor1~i followed by removal 
of thc solvcnt, under reduced prcssurc, yielded CH-labcllcd sucrose myristatcs unc-ontaminatccl wit11 C1-l- 
labelled sucrose. The chromatographic proceclure for isolating the C1,'-labelled sucrose myristates was 
established by taking synthetic mixtures of sucrose monomyristatc and sucrose di-rn>.ristate with C1I- 
labelled sucrose in anh~~clrous DMF,  but in the absence of potassium sucratc, and recovering the corre- 
sponcling sucrose estcr in qua~~t i t a t ivc  j~iclcl, and uncontaminated with Cll-labclled sucrose. 

Another cquilibration cspcrimcnt using 0.475 mmolc of sucrosc climyristate and 0.505 mmole sucrose 
in the presence of 0.1 meq of potassiuni s ~ ~ c r a t e  was carried out under iclentical experimental conditions. 

Thc specific activities of thc C14-lal~ellccl sucrose arid sucrosc myristates were determined by converting 
the compounds to barium carbonate by tlie apparatus and nlcthod of Calvin (16) cscept that a 0.2 ilf 
solution of barium hydrosidc mas usecl instcacl of sodium hydroxide, All samplcs \\,ere counted a t  infinite 
thickness, using a "Traccrlab (SC-50B) Automatic 1;low Counter", and r cq~~ i rcd  123.5 mg of barium 
carbonate for a plnnchet having all arca of 4.!J4 cm'. Uncler the experimental conditions ~ ~ s c t l  it \\:as found 
that rnocl; cornbustio~ls gavc a ~legligil~le blanli of lcss than 0.3 nlg of barium carbonate. .-\I1 specific activities 
wcrc calculated from thc timc take11 for 10.' clisintegrations. Ho\vc\.er, since tlie compositio~l of the sucrose 
myristates was not detcrnlinetl, thc spccilic acti\.itics \irere calculated as tlie number of c o u ~ ~ t s  per mirlr~te 
per milligram of barium cnrbonatc (c.p.m./mg BaCOs). Thc C~n-lal)elled sucrose was founcl to Iiavc a 
specific activity of 8.475 c.p.m./mg BaCOx. 

The theoretical specific acti\.ities of the sucrosc myristates, isolatcd after cquilibration, \\ere calculated 
, , 

in the following manner. 1 he concentrations of sucrose ~norionl).ristate (111) and sucrosc dimyristate were 
calculated by s ~ i b s t i t ~ ~ t i n g  tlic valucs for I., Z ,  ancl Ii, into ecluation [I]. For csamplc, these \.slues were 
0.961, 0.466, ar~cl 2.0, respectively, for tlie espcrimcnt using 0.495 mmole of C1.'-lal:elled sucrosc ancl 0.466 
rnn~ole of sucrose ~nonomyristate. The calculated cquilibriun~ concentrations of sucrose mono- ant1 di- 
myristate were found to be 0.39 and 0.038 mnrole, rcspective!y. The thcorctical specific activity \vas then 
calculated from the equation 

i1 = 12fsse/(d+n~), ["I 
where A \vas the theoretical specific acti\:ity; s" was the specific activity of the or ig i~~al  C1-'-labelled sucrose; 
s was the total nloles of sucrose in thc sucrose 1110110- and di-~nyristate; f \\as the fraction of the total moles 
of sucrose in the original reaction solution, whether present as sucrosc myristate or free sucrose, which 
was C1"-labelled; d was tlie ~noles of barium carbonate obtained on combustion of the sucrose dimyristate; 
ancl 112 was the moles of barium carbonate obtained on comb~rstion of the sucrose monon~yristate. 

The values of d, nz, f ,  s, s" in the above experiment were 1.52 nirnole, 10.14 mmole, 0.5236, 0.428 mmole, 
and 8475, respectively. Substitution of these \.allies into ecl~~ation [2] gave a value for the theoretical specific 
activity, i l ,  of 1950 c.p.m./~ng BaC03  assuming random distribution of the sucrose ~nolecules in tlie sucrose 
myristate. 

A similar calculation for the experiment using 0.505 nimole of C1.'-labelled sucrose and 0.475 ~nmole 
of sucrose dimyristate gave values for d, ?ir, f ,  s, and s" of 11.0 mmolc, 10.40 m~nole,  0.515, 0.675 m~nole, 
and 8475, respectively, and a value of 1650 c.p.m./mg BaCOn for the theoretical specific activity A .  The 
sucrose mono- and di-~nyristate concentrations a t  equilibrium were calculated to be 0.4 and 0.275 ~ n n ~ o l e ,  
respectively. 

The theoretical weight yields of the C14-labelled sucrose myristates in 1 ml of tlie reaction solutions 
were calculated, assunl i~~g co~nplete equilibration of the C1"-labelled sucrose and sucrose ester, from the 
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eql~ilibrium cot~centratio~ls of Ct"-labelled sucrose 111ono- and di-rnpristate. 'l'he calculated yields were 
44.4 and 78.1 mg/ml as compared with the highest experimental yields after 65 minutes' reaction of 38.3 
ancl 72.2 nlg/ml, respectively (see Table V). 

The results of the equilibration s t ~ ~ d i e s  are given in Table V. 

TABLE V 
Equilibration of Cl.l-lal~elled sucrose with sucrose ~nononlyristate and sucrose dimyristate a t  80' 
-- -- -. 

Sucrose n~onornyristate" Sucrose dim yristatci 

Yield of Specific activity Yie!d of Specilic activity 
Reaction sucrose of sucrose s~lcrose of S L I C ~ O S C  

time m).~.istates nlyristates m)~ristates myrista tes 
(min) (mg) (c.p.m./mg BaCOa) ( m d  (c.p.m./mg BaCO;) 

10 37. I 1216 71.7  1337 
30 37.5 1404 7 0 . 7  1418 
4 5 38 3 1432 
65 38 3 1471 

Theoretical specific activit)  1030 
- 

*Reaction carried out using sucrose mooomyristate and Cl.1-labelled sucrose as reactants. 
?Reaction carried out using sucrose dilnyristate and C14-labelled sucrose as reactants. 

Thc Effect of ilfethanol Co?~ce?l,tratio?~ on the Estcnt of Reartio?~ at SOo 
r\ standard transesterification reaction \\,as carried out a t  SOo using 0.68 1111 of a saturated methanolic 

solution containing 4 meq of potassium methoside as catalyst. T\vo a l i q ~ ~ o t s  of the reaction ~nis ture  were 
taken a t  intervals ancl the percentage of niethyl myristate which had reactecl in one aliquot (0.6 ml) was 
cletermined by GLI'C using n-octadecane as  an internal standard. The other aliquot (2.0 ml) was tratisferrcd 
to  a small, stopperecl test tube (total volume 2.2 ml) and allowed to eq~~i l ibra te  a t  80'. At the end of the 
equilibratio~~ period the percentage of methyl ~nyristate which had reacted was determined once more. Care 
was taken a t  all times to exclude moisture from the reaction solutions. The r e s ~ ~ l t s  are given in Table V1. 

'r.\BI,E VI 
Effect of ~nethanol concentration on the extent of r e a c t i o ~ ~  a t  SOo 

Sample No. 1 2 3 -1 5 6 7 
Time (111in)' o 10 20 40 SO 120 150 
9; iiiethyl myristate reacted 11.0  7 44.2  65.8 84 .2  90.2 94.5  
'rime (min) for the reaction to 

reach cquilibri~~m 1-1.5 140 130 110 70 30 
~nethyl m!.ristatc reacted 5 .  62.2  6 .  78.1 90.0  84.5  

*Samples \\.ere with~lrawn from the reaction mixture a t  this tirne both lor analysis and for storage a t  80' in a closed system 
to achie\,e equilibrium. 

Deteittzinntiolr of thc Eqzlilibi.i~~?iz Constu?zt I<? 
The equilibrium constant K? for the reaction 

sucrose + methyl myristatc & sucrose tnyristates + methanol 

was deterr~~ined by approaching the equilibrium from both sides of the  reaction. 
A transesterihcatioti reaction solution containing 3.18 mmoles of sucrose, 1.06 mn~ole of methyl 111) ristate, 

0.676 mmole of n-octadecane, 1 mmole of methanol, and 0.116 mmole of potassium sucrate ill 17 1111 of 
anhydrous D M F  solution was brought to  equilibril~m a t  SO0 it1 a 17.2-1111 test illbe fitted with a rubber 
serum cap. The rate of equilibration was determined by taking, a t  intervals, through the  serum cap, with 
a calibrated microsyringe, 0.1-rill aliquots of the  reaction solution and analyzing for methyl tnyristate by 
GLPC using the n-octadecane as an internal standard. I t  was assumed that the equilibrium condition had 
been reached when there was 110 further decrease in the concentration of methyl myristate. At the end 
of the equilibration period 10 mmole of methanol was added to  the reaction solution and the solution 
analyzed for methyl myristate once more after a n  interval of 30 minutes. Since the concentration of methyl 
ester showed a significant increase this established that the catalyst was not destroyed during the equili- 
bration pried. I t  should be noted that  care was talcen to  exclude moisture a t  all times from the reaction 
solution. The rate a t  which equilibrium was reached is shown in Fig. 8. 

In  another experiment, 1 ~nmole of sucrose monomyristate, 0.638 mtnole of n-octadecane, 1 mlnole of 
methanol, and 0.116 rnmole of potassium sucrate were equilibrated a t  80" in 15 ml of D M F  solution con- 
tained in 15.1-m1 test tube. The rate of equilibration was followed as  described above, and is shown graphir- 
ally in Fig. 8. 
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mu- 0 
0 6 0  120 180 240 850 

Time in  M inu tes  

FIG. 8. The rate of equilibration of sucrose and methyl myristate with sucrose monomyristate and 
methanol in DhIF  solution a t  80'. For the curve denoted by the reaction solution was 18.75, 6.25, 6.25, 
and 0.7X10-2 il/I in sucrose, methyl myristate, methanol, and all;oside ion, respectively, whereas for the 
curve denoted by the solution was 6.25, 6.25, and 0.7X10-? 111 in sucrose ~nonomyristate, methanol, and 
alkoxide ion, respectively. 

The data for the first experiment in Fig. 8 shows that  51.570 (0.549 mmole) of the methyl myristate 
had reacted a t  equilibrium to form sucrose myristates. If i t  was assumed that  only sucrose mono- and 
di-myristate were formed in the reaction the equilibrium concentration of the former (0.468 mmole) could 
be calculated by substituting values for I' (3.18 mmole), 2 (0.549 mmole), and K1 = 2 into equation [I]. 
Setting R and S as the equilibrium and initial molar amounts of methanol and myristoyl group in the 
reaction solution, respectively, the nlolar amounts of the reactants and products in the reaction a t  equi- 
librium are, sucrose monomyristate = M, sucrose dinlyristate = (2-M)/2 ,  methanol = R, sucrose = 
(2 Y-Z-11[)/2, and methyl myristate = X - 2 .  The other variables (Y, 2 ,  and iM) were defined previously 
in connection with equation [I]. The equilibrium constant, KP,  can be calculated from the expression 

KP = [sucrose myristates'~[n~ethanol(/[sucrose][methyl myristate] 
= R(iVI+2)/(2Y-2-M)(X-2). 

A value of 0.577 for KP is obtained on substituting values (in mmole) for Y (3.18), S (1.06), il/I (0.468), 
R (1.549), and 2 (0.549). 

In the same \\lay, the values (in mmole) of Y ( I ) ,  X ( I ) ,  M (0.31), R (0.472), and 2 (0.472) which were 
obtained in a second experiment gave a value of 0.576 for K?. In this experiment 52.8% (0.528 mmole) 
of the lnyristoyl group was converted to methyl myristate (see Fig. 8). Consequently, the methanol con- 
centration (R) a t  equilibrium was 0.472 mmole, and 47.2Y0 of methyl mpristate had reacted to form sucrose 
myristate (see Fig. 8). 

A solution of 60 n~mole sucrose, 20 nlmole methyl myristate, and 12.75 mmole n-octadecane in 300 nll 
D M F  was maintained a t  80' and 75 mln pressure, for 6 hours, with nitrogen passing through the solution. 
No catalyst was added to the reaction mixture. Analysis of the reaction solution by GLPC a t  30-minute 
intervals revealed that the methyl myristate concentration remained constant over the entire reaction 
period. 

The Prepa~al io?~ of Sucrose fiIyristalcs on a Preparatiue Scale 
As a consequence of the kinetic studies of the reaction the following preparative procedure was developed. 
Sucrose (60 mmole) was dissolved in anhydrous D i a F  a t  80' and 65 nlm pressure with vigorous and 

continuous stirring, and with a stream of nitrogen passing through the solution. After about 15 minutes 
the sucrose was completely dissolved and the solvent refluxed to a point in the Vigreaus column about 2 
inches from the neck of the flask. Sodium methoside solution (4 ml containing 4 meq) was added below 
the surface of the solution  sing a hypodern~ic syringe, in the usual manner. The evolution of nlethanol 
was rapid but caused no difficulties. After equilibrium was re-established, the oil-bath temperature ~ v a s  
raised to 100°, whereupon the solution achieved a temperature of 80" and refluxed about half way up the 
Vigreaus column. The still head temperature was about 50". The system was kept under these conditions 
for a further 15 minutes and then the methyl myristate (20 mmole) was added using a hypodermic syringe. 
The solution was then maintained a t  80' for 150 minutes. During this reaction period approxi~nately 50 n ~ l  
of the D M F  distilled over slowly. 

At the end of the reaction period, glacial acetic acid (0.5 1111) was added to the stirred reaction solution, 
a t  atmospheric pressure, to stop the reaction. The solution was then talcen to dryness a t  70°, under reduced 
pressure, in 30 minutes, and the sucrose mpristate isolated by partitioning the residue between n-butanol 
and 570 sodium chloride solution as described above. The residue of sucrose myristate (9.6 g) was then 
precipitated fro111 acetone to yield sucrose ~nyristates (9.2 g) as a white powder. Theory for pure sucrose 
monomyristate is 11.0 g. 
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DISCUSSION 

Before the kinetic study of the transesterification reaction could be carried out it was 
first necessary to develop analytical lnethods for determining the rates and extents of 
the reaction, and the sucrose mono- and di-ester content in the product of the reaction. 

The rates of reaction were deterlnined by followiilg the collcentration of the methyl 
esters of the higher fat ty acids in the reaction solution by GLPC using n-octadecane as 
an internal standard of constant concentration. In this way it was established that the 
co~lcentration of methyl ester could be determined to within &2y0 froin 10 to 100% 
of the range of concei~trations encountered (see Fig. 1). i\/Iethyl inyristate was used for 
inost of the Icinetic studies since it had been used in  this laboratory for previous investi- 
gations (5) and had a convenient retention volume relative to n-octadecane. Although 
Lovelocli (17) had shown that the response of the ionization detector was not the saiile 
for hydrocarbons and methyl esters of fatty acids, due to differences in the magnitude 
of their ionizatioil potentials, the methyl esters of myristic, palmitic, and stearic acids 
gave the same molar response as n-octadecane under our experimental conditions. 

Although the catalyst was not neutralized before the product of reaction (sucrose 
ester) was isolated, the simple routine procedure which was developed gave high, repro- 
ducible yields of sucrose ester for reactions carried out under identica! experimental 
conditions (see Table I). I t  was found, however, that the addition of an equivalellt 
anlount of acetic acid or potassium hydrogen phthalate neutralizes the catalyst without 
causing any significant inversion of sucrose or sucrose ester. 

Of the other analytical methods used, one worthy of mention is the separation of 
sucrose monoester from higher esters of sucrose by chromatography on silicic acid using 
methanol/chloroform solutions as the developing phase. The recoveries were quantita- 
tive. 

Equipped with these experimental procedures and analytical tools, we undertook a 
kinetic investigation of the reaction. I t  see~ned desirable to begin with an examination 
of the procedure recommended by the Snell Laboratories (2, 6). Reactions performed 
by this procedure at  80' and initiated by the addition of solid potassium carbonate 
proceeded a t  unpredictable rates and to variable extents (see Fig. 3).  I t  became evident 
that this situation was to an important degree dependent on the rate of dissolution of 
the catalyst since the rate of reaction was substantially increased (about twofold) by 
using very finely divided potassium carbonate distributed over Celite (see Fig. 3 ) .  Also, 
although the solid potassiun~ carbonate did not dissolve completely in any of our experi- 
ments, it was apparent that variable amounts went into solution. The observatiolls 
suggested that the rate and extent of dissolution of potassiuin carbonate were related to 
the presence of traces of water. In fact, the rate of reaction and yields of sucrose ester 
were influeilced by the addition of water to the reaction solution (see Fig. 4). The exact 
nature of this effect was not established since it was later observed that homogeneous 
solutions of potassiu~n carbonate in DMF or DMF containing sucrose could catalyze 
the formation of sucrose ester. These results suggested that  a satisfactory solution to 
the problem would require conditions for hornogeneous catalysis. Furthermore, identical 
speciinens of the reagents were used for all experilneilts dealing with one reaction variable, 
since i t  was realized that different specimens of the reagents would be used during the 
investigation, which could affect the reproducibility of the results. In this way it was 
possible, for example, to compare the rates of reaction, even if they were not the absolute 
reaction rates, within a selected group of experiments. 
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I t  was decided, therefore, to add the potassium carbonate as a solution in methanol. At 
this point a surprising (to us) observation was made. When a saturated methanolic 
solution of potassium carbonate was prepared, under reflux, the titration of the solution 
revealed the presence of strong base. Furthermore, the amount of strong base increased 
the longer the solution was heated. I t  was apparent, therefore, that heating led to the 
loss of acid through the evolution of carbon dioxide. By analogy the reaction of sucrose 
with potassium carbonate should lead to the formation of potassium sucrate in high 
concentration. The formation of sucrose myristate using solid sodiu~n hydride as the 
catalyst suggested, moreover, that sucrate ion was the reactive species which catalyzed 
the reaction. Consequently potassiun~ methoxide should serve to initiate the catalysis 
a t  least as efficiently as ~otass ium carbonate. 

The procedure for the transesterification reaction was therefore modified to  enable 
methanolic solution of the catalyst to be added to the reaction n~ixture. The methanol 
was then removed by distillation, under reduced pressure, to leave a homogeneous 
reaction solution. I t  was now found that the reaction proceeded a t  highly reproducible 
rates, and these were independent of the base used (see experiments 1-6, Table I).  Fur- 
thermore, the infrared spectra of sa~nples of sucrose ester (see experiments 1-4, Table I)  
were identical, indicating that the product composition was the same. The rates of 
reaction using the conditions for homogeneous catalysis were much superior to those 
obtained by other workers (2, 5, 6, 8, 9). 

I t  was also demonstrated that aqueous solutions of potassium carbonate and hydroxide, 
or methanolic solutions of potassiuin hydroxide, led to the formation of detectable 
amounts of potassiuin soap, resulting in lower rates of reaction and yields of sucrose 
ester (see experiments 7, 8, 10, and 11, Table I).  Superior initial rates of reaction were 
observed when a saturated solution of potassiu~n inethoxide was used (see experiments 
9,  12; Tables I and 11, respectively) insteacl of a dilute methanolic solution of potassiun~ 
methoxide (see Table 111) to catalyze the reaction. These results indicate that dry methanol 
is the solvent of choice for the preparation of potassium sucrate solutioi~s, and that  the 
discrepancy in the initial rates of reaction was related to  the efficiency with which 
methanol was being removed from the reaction solution. This latter effect will, of course, 
be Inore critical in the initial stages of the reaction when the methanol concentration is 
highest, and is consistent with the observation of Ko~nori and his associates (9) that 
the rate of transesterification increased when the pressure in the system was decreased. 
Under our experimental conditions a rapid and reproducible rate of removal of methanol 
could not be achieved by distillation alone. I-Iowever, the introduction of a rapid rate of 
stirring, combined with a continuous stream of nitrogen as a carrier gas, was found to 
positively solve this problem, and this use resulted in highly reproducible rates of re- 
action. Moreover, the viscous nature of saturated methanolic solutions of potassium 
methoxide made thein difficult to handle. Consequently, most of our experiments were 
carried out using dilute methanolic solutions. 

The effectiveness of the procedure for the removal of the methanol from the reaction 
solution was tested by taking samples, a t  intervals, fro111 a transesterificatio11 reaction 
and equilibrating then1 in sealed glass tubes a t  the reaction temperature. The data in 
Table VI clearly illustrate the necessity for efficient removal of methanol fro111 the 
reaction solution. Furthermore, in view of the high rates of reaction obtained using our 
standard transesterification conditions it  can be concluded that inethanol was being 
removed rapidly in all of our experiments in which conditions for homogeneous catalysis 
prevailed. 
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Experiments directed a t  obtaining a direct measure of the equilibrium constant for 
the reaction 

sucrose + methyl myristate F? silcrose ester + methanol 

were carried out by approaching the equilibrium from both sides (see Fig. 8). The equi- 
librium constant, Kq, for this reaction was foul~d to have a value of 0.57 in both cases. 
The close agreement is probably fortuitous, although it is not considered liliely that 
the actual value will differ significantly from this value. This result is consistent with 
the observations of Fehland and Adlcins (18) and Juvet and Wachi (19) that the forma- 
tion of methyl ester is favored in reactions in which aliphatic alcohols are equilibrated 
with the methyl esters of fatty acids using base (18) or acid (19) catalysis. 

I t  became obvious, early in the investigation, that the transesterificatio~l reaction 
followed pseudo first-order liiiletics in the methyl ester of the fatty acid (see Fig. 7) .  
Evidence that sucrate ion was the reactive species which catalyzed the reaction was 
provided when it was observed that sodium hydride catalyzed the reaction, and when 
the extent and rate of reaction, using a methanolic solutio~l of potassium carbonate as 
catalyst, was strongly depressed when a stream of carbon dioxide was passed through 
the solution instead of the usual nitrogen (see Fig. 5 ) .  This requires that sucrose (SOII) 
and potassium carbonate react according to the following scheme, 

SOH + I<zCOs F! I<. OS + ICHC03, 

SOH + I<HCOs F? I<.OS + H?CO3, 

to form potassium sucrate (K.OS). Furthermore, the fact that equivalent amounts of 
potassiunz carbonate, potassium methoxide, sodium methoside, and lithium methoxide 
gave identical rates of reaction call only be explained satisfactorily if sucrate ion is the 
effective catalyst for the reaction (see Table I).  

The transesterification reaction m ~ ~ s t  therefore be bimolecular and involve nucleo- 
philic attacli of the methyl ester by sucrate ion, as would be expected from the earlier 
studies (13) on the ~nechanism of base-catalyzed traiisesterificatioi~s. 

SOH 
SO-I<+ + CHJOH ---\ CH30-I<+ 

0 
II 

SO-C-R 

In view of this mechanism, the rate of the transesterification reaction should be 
dependent only on the concentrations of sucrate ion and methyl ester. However, the 
actual rate of reaction would also depend on the rate of re-forination of the methyl 
ester ill the reverse direction, and this will depend 011 the efficierlcy with which the 
inethanol is removed from the reaction solution. Since the inethanol is kept a t  an insig- 
nificant low level under our experimental conditions (see above), the sucrate ion con- 
centration should remain a t  virtually constant level throughout the course of the reaction. 
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Thus, the rate of reaction should be directly proportional to the sucrate ion concentra- 
tion. I t  can be seen from Fig. 6 that this is the case for reaction solutions which were 
up to 3.125X10-3 116 in potassium sucrate (1 ineq of potassium sucrate per 320 ml of 
reaction solution). At higher concentrations of potassium sucrate the reactions behave 
in a non-ideal manner, and solid potassium sucrate precipitates froill solution a t  con- 
centrations in excess of 12.5X lop3 mole liter-' (4 ineq of potassiunl sucrate per 320 1111 

of reaction solution). 
The  downward drift may result from the association of the ionic substance a t  high 

concentrations in such a manner as to reduce the effective concentration. 
In view of the above considerations the rate of reaction should be independent of the 

concentration of sucrose as  long as methanol is being removed effectively. This was 
found to be the case and no appreciable rate difference was observed by doubling or 
halving the initial sucrose concentration (see Table 11). Although the rate and extent 
of reaction was somewhat lower a t  the lowest concentration of sucrose (see experiment 
13, Table 11), it was observed that a precipitate of potassium sucrate was present during 
the entire reaction period. In view of the high rate of reaction, however, it is felt that 
if all the catalyst had been ill solution the rates of reaction of the three concentrations 
of sucrose would have been identical. This is in contrast to the results of Komori and 
co-workers (9, l l ) ,  who claiill that the rate of reaction was dependent on the sucrose 
concentration. 

The  chain length of the fatty acid (see Table 111) and the nature of the cation have 
little effect on the rate of reaction. In the latter case, equivalent amounts of potassiu~n 
carbonate, lithium methoxide, sodium methoxide, and potassiuin methoxide, as potential 
sources of sucrate ion, gave essentially the saine rates of reaction (see Table I ) .  The only 
possible gain that could be obtained by changing the cation would be in the solubility 
of the metal sucrate in the reaction solution. I t  was observed that lithium sucrate was 
the only catalyst which did not give an initial precipitate when it  was added to the 
reaction mixture. The saturation levels of the rnetal sucrates, other than potassium 
sucrate, were not deternzined. These results are in contrast to the cation-sucrose complex 
theory of worlters a t  the Herstein Laboratories, which must necessarily predict different 
rates of reaction for the different cations (7, 8).  

Illspectioil of Fig. 6 reveals that the effective sucrate ion concentration is only 1.5 meq 
per 320 ml of reaction solution (4.96 X lop3 mole liter-') when the pseudo first-order rate 
constant has a value of 2.36X 10-"ec-' a t  the 2 meq level of potassium sucrate. Conse- 
quently, the corresponding second-order rate constant (k,) for the reaction a t  80' has 
a value of 5.03X10-3 inole li ter1. Froill this value for k, and the energy of activation 
(9.9 ltcal mole-I), the Arrhenius frequency factor (0.7X 10j liter mole-I sec-l) was calcu- 
lated (15). Using the transition-state theory (20), the following constants were calculated, 
AFY = 22 ltcal mole-I, AH* = 9 ltcal mole-', and AS* = -38 entropy units. The  low 
frequency factor and large negative entropy is usually associated with reactions in 
which there is electrorestriction of the solvent inolecules due to the formation of a highly 
polar activated complex (21, 22). Reactions which exhibit this behavior also have negative 
voluines of activation, and the rates of reaction are accelerated by pressure (22). These 
phenomena are observed in the acid and base hydrolysis of esters and amides (23-25), 
and in the transesterification of esters with an alcohol using base catalysis (13, 26). 

IJsing chromatographically pure samples of sucrose monon~yristate, i t  was possible 
to establish the equilibrium constant IC1 for the reaction 

sucrose + sucrose dill~yristate 2 2 sucrose monomyristate 
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to be approximately 2. Although the equilibrium was not approached from both sides, 
the values of K1 were obtained a t  two different sucrose concentrations. The above ex- 
pression neglects the fornlation of tri- or higher myristoyl sucroses. Our chrolllatographic 
analyses definitely indicate that such compounds are formed. However, their concen- 
trations seemed negligible when two or more moles of sucrose were used per mole of 
lllyristoyl group. 

The theoretical yield of sucrose monomyristate (M) corresponding to any initial 
concentration of sucrose (Y) and methyl myristate (2)  could be determined from a 
knowledge of K1 provided it was assumed that there was quantitative conversion of 
the methyl myristate to sucrose mono- and di-myristate. Using a value of K 1  = 2, the 
quadratic equation [I] gave two solutions for M,  only one of which was positive, namely, 

M = d ( Y 2 + 2  YZ-Z2- Y). 

If Y and M were expressed as multiplies of 2 (i.e., Z = l), the above equation reduced 
to 

M = d(Y2+2Y-1-  Y). 

Since this equation was satisfied by all values of Y fro111 0.5 to co, the effect of sucrose 
concentration on the yield of sucrose monomyristate could be shown graphically by 
plotting M/Z versus Y/Z. I t  should be noted, however, that this equation is only valid 
when an equilibriunl exists exclusively between sucrose, sucrose dimyristate, and sucrose 
monomyristate. At concentrations of sucrose which are low relative to myristoyl group 
content substantial amounts of higher-substituted nlyristoyl esters of sucrose will be 
fornled in their equilibrium proportions. Therefore, this equation can only be given 
values for Y/Z >, 2 for which the concentration of sucrose esters with more than two 
nlyristoyl groups is not significant. Finally, the plot of M / Z  against Y/Z must necessarily 
pass through the origin, as shown in Fig. 9. 

FIG. 9. T h e  plot of t he  molar ratio of sucrose 1110110111yristate/1netIlyl myristate (lll/Z) expected by 
calculation for the standard transesterif icat io~~ reaction conditions a t  80° against the  initial molar rat io 
of sucrose/methyl nlyristate (Y/Z) .  

From Fig. 9, it can be seen, for example, that  0.74, 0.80, and 0.83 mole of sucrose 
monomyristate are formed when 3, 4, and 5 moles of sucrose are used per nlole of methyl 
myristate in the transesterification reaction. This corresponds to a 92, 93.7, and 95% 
yield of sucrose nlyristate (sucrose mono- and  di-myristates), respectively, a t  the three 
sucrose concentrations. Thus, it is clear that little is gained by the use of a sucrose to 
methyl ester ratio greater than 3. However, in all of our experiments carried out under 
conditions for homogeneous catalysis (see Table I ,  experiments 1-4) the methyl myristate 
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had reacted to the extent of approximately 92y0 and gave a yield of sucrose myristates 
of approximately 83y0 by weight. Fro111 equation [ l ]  i t  can be calculated that,  under 
our standard conditions, 92% reaction would give 0.80 and 0.06 mole of sucrose mono- 
and di-myristates, respectively, corresponding to  a theoretical weight yield of sucrose 
myristates of 87y0, and a yield based on the amount of methyl inyristate which had 
reacted of 94%. Furthermore, the preparative procedure which was developed as a 
result of our kinetic studies gave a yield of sucrose myristate of 84%. The experimental 
yields obtained during our investigations are therefore in excellent agreement with the 
predicted yield of 87%. 

I t  was also established, using uniformly C14-labelled sucrose, that  the rate of the 
exchange reactions 

sucrose* + sucrose dimyristate & sucrose myristates* 

and 

sucrose + sucrose monomyristate & sucrose myristates* 

was too rapid to expect any product control through kinetic control. In  other words, 
a t  any time during the transesterification reaction, the product prevailing is the thermo- 
dynamic product under the conditions which prevail. From Table V it can be seen that  
approximately 6.330% of the theoretical activity was present in the isolated sucrose 
myristates after only 10 minutes' reaction. The discrepancy between the specific activity 
of the sucrose ester isolated after 65 minutes and the theoretical value is undoubtedly 
due to the presence of polysubstituted esters of sucrose. I t  is clear from these results 
that  the sucrose esters formed in the transesterification reaction will have a higher 
sucrose monoester content in the initial stages of the reaction than a t  the completion 
of the reaction. We have not tested this prediction but make it with confidence. This 
is in direct contrast to  the claims of other workers (2, 5-8) that  the reaction proceeds 
by way of the rapid for~nation of sucrose diester. Further~nore, any claims that  water 
(6) and the catalyst concentration (7, 8) influence the product conlposition are clearly 
not justified. 

The fact that  the rate constants for the transesterification remain virtually constant 
over the reaction period would suggest that  little or no catalyst is used up in side 
reactions. The absence of soap in our reaction products is consistent with this observa- 
tion. This is in contrast to the results of other workers who report that  the catalyst is 
used up during the reaction, and that  soap is formed in significant amounts (2, 5-8). The 
reason for this apparent discrepancy in the experimental results undobutedly lies in 
the fact that anhydrous conditions prevailed during this investigation, whereas the 
reaction solutio~ls of other workers contained nloisture. 
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THE COMPOSITION OF THE SUCROSE MONOMYRISTATE 
PREPARED BY TRANSESTERIFICATION' 
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ABSTRACT 

The composition of the sucrose monompristate which is obtained by reaction of stlcrose 
with methyl myristate in dimethylformamide and in the presence of a basic catalyst was 
established by application of gas-liquid partition chromatography and nuclear magnetic 
resonance spectroscopy to appropriate derivatives. The substance is a mixture of 6'-myristoyl 
sucrose, 6-myristoyl sucrose, and unidentified isomeric esters in the  relative proportions of 
0.62:0.28:0.10, respectively. 

INTRODUCTION 

The first attempt to establish the structure of a fatty acid monoester of sucrose was 
made by Snell and co-workers (I) in 1956. Sucrose n~onolaurate, prepared by the trans- 
esterification reaction (2), was hydrolyzed with refluxing aqueous acid and a fraction 
containing glucose and fructose ~nonolaurate was isolated. After deacylation, the ratio 
of the two hexoses was determined by visual inspectioil of the intensities of the spots 
developed on a paper chromatogram. Furthermore, 1 mole of sucrose ~nonolaurate con- 
sumed 2.9 moles of periodate to yield 0.68 mole of formic acid. When sucrose monolaurate 
3.15-tosylate was reacted with sodium iodide in acetone more than 71% of the tosyloxy 
groups were replaced by iodine. On the basis of these experimental observations, Snell 
concluded that a t  least 80% of the ester group was present a t  the 6-position of sucrose. 
I t  should be noted, however, that this work did not take into accouilt the possibility that 
ester groups substituted on different positions in the sucrose molecule may undergo 
hydrolysis at  very different rates in acid media. Also, no attempt was made to provide 
an explanation for the low yield of formic acid (68% of theory) obtained in the periodate 
oxidation. Moreover, Snell assumed that tosyloxy groups substituted on the three pri~nary 
hydroxyl groups of sucrose would all react with iodide ion whereas it was established in 
this laboratory (3) that although tosyloxy groups a t  the 6- and 6'-positions of sucrose 
are replaceable by iodine, a tosyloxy group at  the 1'-position is unreactive (3). A re- 
interpretation of Snell's results, on the basis that only the 6- and 6'-positions reacted, 
would require that none of the ester groups occupied either of these positions in sucrose. 

Gee and Walker (4) also examined the structure of fatty acid mo~loesters of sucrose. A 
com~nercial sample of sucrose monostearate was methylated, the product was saponified, 
the solution was deionized, and the residue 011 evaporation was subjected to molecular 
distillation. Ailalysis of the distillate by gas-liquid partition chromatography (GLPC) 
revealed that it was a mixture of isomeric hepta-0-methyl sucroses and octa-0-methyl 
sucrose. The distillate was then subjected to methanolysis to yield a mixture of fully 
and partially methylated methyl fructosides and glucosides, which were subsequently 
analyzed by GLPC. I t  was concluded, on the basis of the analysis, that the stearoyl 
group was predominantly a t  the 6-position although appreciable substitution of stearate 

' T h i s  paper was submitted by A .  G. McInnes as a portion of a tlzesisfor the Ph.D. degree. 
ZPresent address: Department of Chemnistry, University of Alberta, Edmonton, Alberta. 
SPresent address: Atlantic Regional Laboratory, National Research Council, Halifax, Nova Scotia. 
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a t  the 6'-position of sucrose was considered to be relatively  ini important. No atteinpt was 
made to explain the presence of octa-0-methyl sucrose in the distillate and analytical 
data to support the idelltificatioil of the hepta-0-methyl sucroses were not provided. 
Since octa-0-methyl sucrose could only have formed during the methylation procedure 
by hydrolysis of sucrose monostearate, and the relative rates of hydrolysis of ester groups 
located on different positions in the sucrose molecule are not know~i, the co~npositioil 
proposed could not be accepted without reserv a t '  ion. 

The failure of previous attempts to unainbiguously establish the structure of a sucrose 
inonester led us to reinvestigate the problem. The purpose of this con~inunication is to 
report on the structure of an analytically pure sample of sucrose monomyristate. 

EXPERIMENTAL A N D  RESULTS 

The Tosylation of Sticrose Monomyristate 
Pure sucrose monomyristate (0.6023 g) was reacted with p-toluenesulphonyl chloride (2.80 g) in anhydrous 

pyridine (20 ml) for 12  hours a t  room temperature. The excess p-toluenesulphonyl chloridewas then destroyed 
by adding water (1 ml) to  the reaction solution. After the latter was left standing a t  room temperature for 
30 minutes, i t  was poured into ice water (50 ml) and extracted with five aliquots (20 ml) of chloroform. 
After being washed first with 2 N hydrochloric acid, then with sodium bicarbonate solution (20Y0 w/v) ,  
and finally with distilled water, the chloroform solution was dried by filtratioll through paper wetted wlth 
chloroforn~. Removal of the chloroform under reduced pressure yielded a substance (1.48 g) which con- 
tained the amount of sulphur (12.28Yo) expected for a sucrose monomyristate containing 5.18 tosyl groups 
per sucrose unit. 

Reaction of Sucrose ~Monomyristate "6.18-Tosylate" with Sodizim Iodide 
The sucrose monomyristate with a degree of tosylation of 5.18 (0.5396 g) was reacted with sodium 

iodide (0.6 g) in acetone (6 ml) for 15 hours a t  105" in a sealed glass tube. After the  reaction was complete, 
the  sodium p-toluenesulphonate (0.1424 g) which had precipitated from the  solution was collected. The  

I 
I filtrate was taken to  dryness and the residue was extracted with three 15-ml amounts of chloroform. After 

extraction with sodium thiosulphate solution (10% w/v) and then with distilled water, the  chloroforn~ 
solution was dried. Evaporation under reduced pressure yielded sucrose 1.84-iodo, 3.34-tosylate (0.4474 g). 
Anal. Calc. for sucrose monomyristate 1.84-iodo, 3.34-tosylate: S, 8.43; I ,  18.42%. F O U I I ~ :  S, 8.30; I ,  18.90%. 

il[ethylation of Sucrose ilfonomyristate 
Pure sucrose monomyristate (2.03 g) was methylated ill anhydrous iV,N-dil~1ethylforma177ide (DMF) 

(60 ml) (5, 6) using methyl iodide (GO ml) and freshly prepared silver oxide (22 g). Finely divided anhydrous 
calcium sulphate (20 g) was added to  the  reaction solution to ensure anhydrous conditions for methylation 
and to reduce the  possibility of ester hydrolysis. The  reaction was assisted by vigorous agitation of the 
reaction solution on a mechanical shaker for 15 hours. At the end of the reaction period the solution was 
filtered free of solids and the clear filtrate was diluted with 150 1111 of chloroform to precipitate silver iodide. 
The silver iodide was removed by filtration and the chloroform/DMF solution was taken to  dryness i n  uacuo 
on a rotary evaporator. Drying under reduced pressure over phosphorus pe~ltoxide left 2.39 g of crude 
methylated sucrose ester (quantitative yield). Since GLPC analysis revealed the presence of methyl 
myristate, a sample (2.35 g) was chromatographed on silicic acid (40 g) using graded elution with methanol/ 
chloroforn1 solutions as  shown in Table I. Fraction 1 was shown (infrared and GLPC) to be pure methyl 

'TABLE I 

Chromatography of ~nethylated sucrose monomyristate on silicic acid 

Volume Weight of 
Fraction Solvent (ml) Residue (g) 

1 Ch1or;pform 150 0.0442* 
2 100 0.1068 
3 225 1 ,4985 
4 10% methanol/chlorofor~n 200 0.6909 
5 Methanol 150 0.0030 

Total weight recovered 2.3434 
(99.7'y0 recovery) 

*This material was collected in the first 100 ml of chloroform. 
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myristate and represented 1.9yo of the total weight of the sample. Fraction 2 had an infrared spectrum 
virtually idelltical with those of fractions 3 and 4. Only the latter two fractions (2.1894 g, 91.67; theory) 
were combined for further exati~inatioil. Their infrared spectra showed no absorption in the 0-H stretching 
region and were consistent with tha t  expected for hepta-0-methyl sucrose n~onomyristate. 

Preparation of Hepta-0-methyl Sz~crose 
A sample (1.1200 g) of hepta-0-rnethyl sucrose monomyristate was transesterilied with 10 ml of anhydrous 

methanol under reflux for 5 hours, usiilg potassium methoxide (2 mil~ole) as  catalyst. At the end of the re- 
action period the catalyst was converted to potassiunl carbonate by the addition of solid carbon dioxide 
and the methanol was removed under reduced pressure. The residue was extracted with 50 n ~ l  of chloroform 
and the extract was talcen to dryness under reduced pressure. The residue was chromatographed on 10 g 
of silicic acid. Elution with 100 1111 of chloroform yielded 0.3958 g of an  oil (98.0% of theory) the infrared 
spectrum of which was identical with that of inethyl myristate. Further elution with 570 methanol-chloro- 
form (100 ml) yielded 0.6958 g of hepta-0-nlethyl sucrose (92y0 of theory) as  a colorless oil. Anal. Calc. 
for C1gH36011: methoxyl, 49.3y0. Found: 48.4%. The  infrared spectrum in carbon tetrachloride (0.0025 &I) 
showed absorption in the 0-H stretching region a t  3485 cm-l. The n.ll1.r. spectrum (Fig. 1) in carbon 

FIG. 1. The  proton ~nagnetic resonance spectrum of the mixture of hepta-0-~llethyl sucroses. 

tetrachloride (20% w/v) had two doublets for two anonieric hydrogens (8, 9) with 7-values (7) of 4.73 and 
4.53. Each doublet had a spacing of 3.5 c.p.s. and their relative intensities were 0.65 to 0.35, with the doublet 
a t  lower field having the greater intensity. All n.m.r. spectra were measured on a 60 Nlc/s high-resolution 
Varian spectrometer. 

Tosylation of Hepta-0-methyl Silcrose 
Hepta-0-methyl sucrose (0.1566 g) was reacted with 0.27 g of p-toluenesulphonyl chloride in 2 in1 of 

anhydrous pyridine for 12 hours. The  hepta-0-inethyl sucrose illonotosylate (0.2172 g) was isolated in 
quantitative yield. Anal. Calc. for C~6H42S013: S ,  5.39%. Found: S,  5.15y0. The infrared spectrum in chloro- 
forin (5% w/v) was consistent with that  expected for a tosyl ester of a methylated sugar. The n.il1.r. spectrurll 
(Fig. 2) in carboil tetrachloride (20% w/v) possessed a quartet a t  an average 7-value of 2.55 for four aronlatic 
protons (7). Two doublets with a combined inteilsity corresponding to one proton were in the region expected 
for signals from anomeric hydrogens. The relative intensities of the two doublets was 0.65:0.35. 

The Preparation of Hepta-0-methyl Deoxysz~crose from Hepta-0-methyl Sucrose Monotosylate 
The hepta-0-methyl sucrose monotosylate (0.1019 g) was reacted with 0.6 g of sodiuill iodide in G in1 of 

acetone a t  105' for 15 hours. Hepta-0-methyl iododeoxysucrose (0.0916 g, 97Yo of theory) was isolated as  an  
oil. The n.m.r. spectrum showed that oilly 107; of the tosyloxy groups had not been lost in the reaction 
with sodium iodide.' The hepta-0-methyl iododeoxysucrose was dissolved in 6 ml of methail01 contaillillg 
24 mg of diethylainine and the solution was reduced with hydrogen a t  atmospheric pressure for 4 hours 
uaiilg palladium on charcoal as  catalyst. After clarificatioil and deionization, the product was dried under 
reduced pressure. The yield Eased on hepta-0-methyl deoxysucrose was 0.061 g (87% of theory). Anal. 
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FIG. 2. The proton magnetic resonance spectrum of the mixture of the mono-0-tosyl hepta-0-methyl 
sucroses. 

Calc. for CIgHSGOI0: C-CH3, 6.37%. Found: 5.80%. The  n.m.r. spectrum (Fig. 3) in carbon tetrachloride 
(20% w/v) showed that  the aromatic protons (T = 2.55) (7) had an intensity corresponding to only 0.4 

FIG. 3. The proton magnetic resorlance spectrunl of the mixture of deoxy hepta-0-methyl sucroses. 

proton, and the anomeric hydrogens were present as  an  ill-defined quartet with an  average T-value of 4.72. 
Two doublets with a common spacing of 6.1 c.p.s. were present for the protons of ~ne thy l  groups (7) a t  
T-values of 8.80 and 8.86, respectively. The total intensity of the two doublets corresponded to 2.8 protons 
(theory 3 protons) and the ratio of the intensities of the donblets was 0.65:0.35. The  signal a t  highest held 
had the greater intensity. 

Chronzatograpl~y of Hydrolysis and Melhanolysis Products of Hepta-0-nzetltyl Sucrose 
The  method of Hayward (10) was used for the hydrolysis of 10 mg of hepta-0-methyl sucrose in 1 nll of 

0.05 N sulphuric acid on a steam bath for 2 hours. At the end of the  reaction period, the sulphuric acid was 
neutralized with solid barium carbonate and the aqueous solution was clarified by centrifugation. Aliquots 
of the  supernatant solution were spotted on Schleicher and Schuell, orange ribhon 289, chron~atographic 
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paper. The chromatogran1 was developed with n-butanol-ethanol-water, 5:1:4 ( l l ) ,  for 18 hours, using 
2,3,4,6-tetra-0-methyl-D-glucose and 2,3,4-tri-0-methyl-D-glucose as standards. Two spray reagents were 
used, namely, 3% p-anisidine hydrochloride in moist n-butanol to detect both ketoses and aldoses and 3% 
resorcillol in n-butanol containing hydrochloric acid to detect lcetoses only (11). Only three spots were present, 
with RTG values (R, value relative to that  of 2,3,4,6-tetra-0-methyl glucose) of 0.81 (red-brown), 0.89 
(yellow), and 1.00 (red-brown), when the p-anisidille hydrochloride spray was used. Two pink spots were 
present, with RTG values of 0.89 and 1.00, when the resorcinol spray was used. Clearly, both 2,3,4,6-tetra-0- 
methyl-D-glucose and 1,3,4,6-tetra-0-~nethyl-D-fructose were present. 2,3,4-Tri-0-methyl-D-glucose produces 
a red-brown spot with RTG = 0.81. For reasons which will become clearly apparent later on, the substance 
with RTG = 0.89 must be 1,3,4-tri-0-methyl-D-fructose. 

Hepta-0-methyl sucrose (13.2 mg) was reacted with 3% methanolic HC1 (0.20 nil) for 5 hours a t  room 
temperature. Aliquots of the reaction mixture (0.1 were analyzed by GLPC, on a "Pye Argon Chromato- 
graph", using a Celite - butanediol succinate polyester (20% w/v) column (12) a t  160' and using a flow 
rate of 60 ml of argon per minute. The analysis showed the presence of 10 methyl glycosides. The retention 
volumes of these compounds were calculated relative to that  of methyl 2,3,4,6-tetra-0-methyl-a-D-gluco- 
pyranoside as shown in Table 11. Only those compounds with relative retention volumes of 0.68, 0.73, 
0.88, 1.00, 1.33, and 2.66 were present in significant amounts. The molar ratio of the pentamethyl glucosides 
to pentamethyl fructosides was found to be 0.69:0.31 as determined by their area ratios. Furthermore, the 
molar ratio of methyl 2,3,4-tri-0-methyl-B-D-glucopyranoside to that  of the compounds with relative reten- 
tion volumes of 1.33 and 2.66 (see Table 11) was 0.34:0.66. The methanolysis products of octa-0-methyl 
sucrose are also shown in Table 11. 

TABLE I1 

Retention volumes of the products of luethanolysis of hepta-0-methyl and octa-0-methyl sucrose 
relative to methyl 2,3,4,6-tetra-0-1nethyl-a-~-glucopyra11oside 

Octa-0- Ilepta-0- 
methyl methyl 

Standards sucrose sucrose 

Methyl 2,3,4,6-tetra-0-methyl-6-D-glucopyranoside 0 .68  0 .68 0.68 
Methyl 1,3,4,6-tetra-0-methyl-B(!)-~-fructofura1~oside 0.73 0 . 7 3  
Methyl 1,3,4,6-tetra-0-methyl-a(?)-D-fructofuranoside 0.88 0 .88  
Methyl 2,3,4,6-tetra-0-methyl-a-D-glucopyranoside 1.00 1 .OO 1.00 
Methyl 1,3,4-tri-0-methyl-8(!)-D-fructofuranoside* 1.33 
Methyl 1,3,4-tri-0-methyl-a(?)-D-fructofuranoside* 1.49 
Methyl 2,3,4-tri-0-methyl-8-D-glucopyranoside 1.81 1 .81 
Methyl 1,3,4-tri-0-methyl-~(?)-~-fructopyra1~oside* 1.91 
Methyl 2,3,4-tri-0-methyl-a-D-glucopyranoside 2.38 2.38 
Methyl 1,3,4-tri-0-methyl-a-(?)-D-fructopyranoside* 2.66 

*These compounds were provisionally assigned these structures after  the structure of ] lepta-0-rneth~~l sucrose was known. 

DISCUSSION 

Sucrose monoinyristate (6) was methylated using silver oxide and methyl iodide in 
dimethylformamide solution ( 5 ,  7 ( a ) )  and finely divided calcium sulphate as a drying 
agent. The crude yield was quantitative. However, chromatography on silicic acid showed 
the product to contain about 270 of the original myristoyl content as methyl myristate 
(see Table I). Pure hepta-0-methyl sucrose monoinyristate was obtained in yield 
from the chromatogram and the material was transesterified quantitatively to hepta-0- 
methyl sucrose with a nlethoxyl content, 48.2%, in good agreement with the theoretical 
value of 49.3y0. Hydrolysis with 0.5 N sulphuric acid gave a product which was shown 
by chromatography to contain three components when sprayed with p-anisidine hydro- 
chloride. Two of these spots (reddish brown), with RTG values of 1.0 and 0.81, corresponded 
to 2,3,4,6-tetra-0-methyl glucose and 2,3,4-tri-0-methyl glucose. The third spot, with an 
RTG value of 0.89, was yellow (ketose) and agreed with the reported value for 1,3,4-tri-0- 
inethyl fructose (13). Therefore, it was evident that the hepta-0-methyl sucrose was 
almost entirely a mixture of only 2,3,4,11,3',4',6'- and 2,3,4,6,11,81,41-hepta-O-i~~etl~yl 
sucroses. 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.4

2 
on

 0
9/

05
/1

2
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



LEMIEUX AXD MCINNES: SUCROSE MONOMYRISTATE 2389 

Llethanolysis of the mixture of hepta-0-methyl sucroses and GLPC analysis of the 
methyl glycosides revealed the presence of 10 compounds. The theoretical number of 
~nethyl  glycosides which can be formed from the above mixture is 10 (see Table 11). 
The relative amounts of the fully lnethylated D-glucopyranosides and D-fructofuranosides 
was O.69:0.31. Since experience has shown that the methyl furanosides of fully, or partially, 
lnethylated hexoses have smaller retention volumes than the corresponding methyl 
pyranosides (12, 14), the co~npounds with relative retention volumes of 1.33 and 2.66 
(see Table 11) are probably the methyl furanoside and pyranoside of 1,3,4-tri-O-1nethyl- 
fructose, respectively. The relative amounts of these compounds to that of methyl 
2,3,4-tri-0-methyl-/3-~-glucopyranoside was found to be 0.66:0.3-1. 

The nuclear magnetic resonance spectruln (Fig. 1) for the mixture of hepta-0-methyl 
sucroses showed two signals (doublets) for the anorneric hydrogen, a t  low field (IB), with 
a cornrnon spacing of 3.5 c.p.s. The relative intensities of the two doublets was 0.65:0.35 
and the doublet a t  lowest field had the greater intensity. 

Reaction of the mixture of hepta-0-methyl sucroses with p-toluenesulphonyl chloride 
in pyridine produced hepta-0-methyl sucrose monotosylate in quantitative yield. The 
n.m.r. spectru~n (Fig. 2) again showecl the presence of two doubiets for the anomeric 
hydrogen with a relative intensity of 0.65:0.35. When this monotosylate was treated 
with sodium iodide in acetone, a t  10ZO, for 15 hours, hepta-0-methyl iododeoxysucrose 
was obtained in 97y0 yield. The nuclear magnetic resonance spectrum of this compound 
revealed that 90% of the tosyloxy groups had been replaced by iodine. Hydrogenolysis 
of the iodocompound produced in 87y0 yield an iodine-free compound the n.1n.r. spectrum 
of which (Fig. 3) showed two signals in the form of doublets for C-methyl groups. The 
total intensity of these doublets relative to  the total signal for anomeric hydrogen was 
2.8 protons (theory 3 protons). The doublets had a spacing of 6.1 c.p.s., which is character- 
istic for methyl groups substituted on a carbon carrying one hydrogen (7(b)). The relative 
intensities of these signals were once again in the ratio of 0.65:0.35. Therefore, the methyl 
groups  nus st be a t  the 6- and 6'-positions of sucrose since these are the only two positions 
in which a methyl group could be attached to a carbon atoll1 bearing a hydrogen. Further- 
more, the GLPC analysis of the products of ~nethallolysis of the hepta-0-methyl sucroses 
showed that Inore pentamethyl glucoside was formed than pentamethyl fructoside. This 
can only mean that the myristoyl group was to  a greater extent a t  the 6'- than a t  the 6- 
position of sucrose. I t  can be concluded, therefore, that sucrose monomyristate has about 
0.62 of the ~nyristoyl group a t  the 6'-position, 0.28 a t  the 6-position, and 0.10 a t  the other 
positions. I t  is liltely that most of the latter fraction is on the third primary hydroxyl, 
namely, the 1'-position of sucrose. This is in direct contrast to the claims of other worlters 
(1,4) that sucrose monoester is substituted almost exclusively a t  the 6-position of sucrose. 

The results obtained on the structure of sucrose ~l lo~~onlyris tate  by first tosylating the 
ester and then reacting the tosylated product with sodium iodide in acetone were very 
misleading. A reaction sequence of this type revealed that 1.84 tosyloxy groups were 
replaced by iodine in sucrose monomyristate 5.18-tosylate. Since previous worlt in this 
laboratory had shown that only the 6- and 6'-positions in polysubstituted tosyl esters of 
sucrose were replaced by iodine (8), the above result would require 90% of the lllyristoyl 
groups to be a t  the other positions of sucrose. Since such an interpretation is erroneous, 
clearly seconclary tosyloxy groups were replaced by iodine. Furthermore, i t  is apparent 
that the presence of the lnyristoyl group is required for the facile replacement. I t  is 
conceivable that  the myristoyl groups a t  the 6- and 6'-positio~~s participate in replacement 
a t  the 4- and 4'-positions. I t  is ~~otewort l ly  in this respect that I-Ielferich and Gniichtel 
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(15) replaced the ~nesyloxy group in 4-0-mesyl-1,2,3,6-tetra-0-acetyl-~-~-g~~ose on 
heating the compound with sodium iodide in acetone. Methyl a-D-glucopyranoside tetra- 
mesylate underwent quantitative replacement of the 6-mesyloxy group (15). T h e  relative 
amounts of the two isorneric mono-0-myristoyl sucroses together with the evidence (6) 
tha t  they were formed as an equilibrium mixture requires the equilibrium constant, I<,, 
for the reaction 

6-myristoyl sucrose Ft, 6'-myristoyl sucrose 

This corresponds to a difference in standard free energy of approxinlately 0.6 lccal mole-1 
a t  80°, which likely arises mainly from the difference in the non-bonded interactions 
about the ester groupings. The  pyranose ring of the glucose moiety of sucrose exists in 
the chair form wherein the a t o m  on neighboring carbons in the ring are in the staggered 

FIG. 4. The conformations of groups or atoms attached to the fo~irth and fifth carbon atoms in the 
glucose ( I )  moiety of 6-myristoyl sucrose, and the fructose (11) moiety of 6'-myristoyl sucrose. 

relationship. Therefore, a staggering of the substituents 011 the 6-carbon with the sub- 
stituents on the 5-carbon of the glucose molecule will cause an eclipsing of two of the sub- 
stituents on the 6-carbon with the hydrogen and oxygen on the 4-carbon. This relationship 
is depicted in the c o ~ ~ f o r ~ l i a t i o ~ ~ a l  for~llula I (Fig. 4). On the other hand, the atoms on 
neighboring carbons in the furanose ring of the fructose moiety can only be in a partially 
staggered relationship. Therefore, in this case, a staggering of the substitue~lts on carbons 
5 and 6 will not eclipse the substituents on the 6-carbon with the h ~ ~ d r o g e n  and the oxygen 
on the 4-carbon (see conformational formula 11, Fig. 4). Thus,  an acyloxj~ group a t  the 
6'-position of the sucrose molecule will be in a less congested region of the sucrose molecule 
than an  acyloxy group a t  the 6-position. 
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ABSTRACT 

Previous worlc had shown the somewhat unexpected course of nitration, bromination, 
and dernethylation reactions of rnetaineconine and its derivatives. The discovery that  meta- 
rneconine could easily be dinitrated enabled us to bring to  light equally interesting results 
in the relative rates of reduction of the nitro groups, in the course of certain nucleophilic 
substitution reactions, in the activation of the methylene group, and in certain physical 
properties. i\/luch of the work, past and present, now holds as its main interest the somewhat 
special character of a nitro group in the 7-position. 

Metameconine (I),  because its contrasting methylene and carbonyl groups are equiva- 
lently situated with respect to a pair of vacant positions and with respect to a pair of 
methoxyl groups, is beautifully adapted to the study of competing factors in aromatic 
reactions. RAy and Robinson (1) were the first to employ it in this way; we have followed 
their example, and the work of this paper, together with our previously reported experi- 
mental work, amounts to a qualitative survey of the possibilities of the system. 

In one of the earliest tests of the new "electronic" theory of reactions, RAy and Robinson 
(1) predicted that rnetalneconine should undergo nitration a t  position 7 (because of the 
depression of the directing influence of the methoxyl a t  position 5 by contributor I1 to 
the overall structure of metameconine) rather than a t  position 4 (suggested by the simple 
summation of the effects of the separate groups). This predictioil was later verified (1-4). 
Ingold (5) generalized solnewhat similar situations as characteristic of systems having a 
+E group Ineta to a - I- iM group; his generalization has been applied to the present 
series by Blair and Newbold (6). Such systems often show differences between the 
directions of nitration and bromination, attributed by Ingold (5) to the greater steric 
requirements of bromination. Metameconine in particular is bromainated a t  the 4-position 
(3),  but Ingold's explanation is sufficiently less convincing for it than for the experimental 
examples cited by him to encourage consideration of other effects. Other differences 
between nitration and bromination are of course known; their importance is recognized 
and we hope to investigate them later, but in the absence of more quantitative data, 
only one is worth mentioning here because of its simplicity and because of its applica- 
tion in the quite different reaction of demethylation. Metameconine is much more likely 
to have its carbonyl protonated under the conditions of nitration than under those of 

'Presented i n  part at  the Annual  Meeting of the Chemical Institute of Canada i n  Montreal, A z ~ g z ~ s t  4, 1961. 
2Holder of a Scholarship from the National Research Cozlncil of Canada, 1960-61. 
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bromination; the contributor I11 (more available in nitration than in bromination) would, 
of course, be more effective than the contributor I1 in suppressing the influence of the 
methoxyl a t  position 5 .  

This interest in the implications of our previous work on the electrophilic substitutioil 
reactions of metameconine was reawakened by a new observation. I t  was found that 
metameconine could easily be dinitrated in good yield to give 4,7-dinitrometanleconine 
(IV) under conclitious not nluch Inore severe than those required to produce high yields 

of easily p~lrified 7-nitro~netameconine (V) (1-3). Well-separated stages of nitration are 
commonplace, but few of the linown exanlples involve insertion of the secolld nitro group 
para to the first. In fact, a ~noment's thought will show that,  regardless of the course 
assumed for the dinitration, i t  is difficult to reconcile the experimental results with the 
great deactivation of the 4-position of V to be expected from the para nitro group. The 
existence of two ~lnusual features in 7-nitrometalneconine (V) is therefore of interest: 
(i) conjugation between the methoxyl a t  position 6 and the nitro group a t  position 7 
is incompatible with the colltributors corresponding to I1 and 111, which also repress 
the activation of position 4 ;  in the extreme limit, this effect would produce the delightful 
paradox of the activatio7z for electrophilic subst i t~~tion of position 4 by the illsertion of a 
nitro group in the para position; (ii) the nitro group may be less deactivating than 
expected because of its laclc of coplanarity with the ring. The existence of the secolld 
feature is confirmed in the discussion of the infrared spectra given later; because of 
this, the first effect is probably small. 

The  position of the two lllethoxyls in metameconine (I) permits the study of com- 
petitive effects in demethylation. Coordination with a proton (or some approximately 
equivalent association with an acid) is undoubtedly the first step in demethylation. 
Clearly, on account of the contribution of either I1 or 111, coordination should be easier 
with the methoxyl a t  position G than with that a t  position 5, and if this is the deter- 
mining step, demethylation of metameconine should occur preferentially a t  position 6. 
Previous work showed that metameconine is preferentially demethylated a t  position 6 
(4), and the same argument may be extended to other demethylations. However, our 
further experi~nental work on the dernethylation of halogenated metailleconines (4, 7) 
&owed that the second step is the deter~nining step in still other reactions of this Bind, 
and it is liliely that further progress can be made only by more quantitative methods. 

The discovery of the dinitration of metameconine enabled us to consider new types 
of competitive reactions. For example, which nitro group in 4,7-dinitrometameconine 
(IV) should be more subject to reduction? One current theory of the effect of substituents 
stresses that reduction is aided by electron withdrawal from the center to be reduced, 
and the obvious (but incautious) application of this theory suggests that 7-amino-4- 
nitrolnetalneconine (VI) should be formed preferentially. The experimental result is the 
direct contrary: 7-amino-4-nitrometan~econine (VI) is formed only in traces, and its 
isomer, 4-amino-7-nitronletameconine (VII), is forlned in very high yield when IV is 
reduced with iron and acetic acid. 
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The  remarlable substance VII forced several other unexpected results upon our 
attention. For example, diazotization of VII in hydrochloric acid, followed by reduction 
with hypophospl~orous acid, gave 7-chlorometameconine (VIII) rather than the expected 
7-nitrometameconine (V). Nucleopl~ilic substitution of the nitro group by chlorine had, 

VIII IX x 

therefore, preceded the reduction of the diazonium group; other examples of this are,  
of course, known (8). We sought to avoid the nucleophilic reaction by the use of an  
acid with a less nucleophilic anion, but diazotization with nitrosylium bisulphate gave 
a diazoniunl salt whose great resistance to decomposition is recorded in the experinlental 
part. 

The  easy displacement of the 7-nitro group made possible the formation of 7-chloro- 
4-iodometameconine ( IX)  by diazotization of VII in hydrochloric acid, follo\\~ecl by the 
addition of potassium iodide. The structure of the product was proved by its preferential 
reduction (4, 7) to  the known 7-cl~loron~etameconine (VIII) (7). One more surprise 
remained. The Ullmann reaction of I X  with aqueous potassium hg~droxide and copper 
gave only 7-chlorometameco~~i~~e (VIII) in place of the expected 4-l~ydroxy-7-chloro- 
meta~neconine (X). Reductive dehalogenation is a known side reaction of the Cllmann 
reaction (9, l o ) ,  but with the related 4-iodometameconi~~e the normal substitution 
reaction predonlinated under sinlilar conditions (10). 

The  unusual character of a nitro group in the 7-position of the metameconine system 
was further exemplified by the infrared spectra. A nitro group in the 7-position possessed 
a higher, sometinles a very much higher, stretching frequency than did a nitro group 
in the $-position, suggesting tha t ,  in the solid s ta te  a t  least, the 7-nitro group \vas very 
far  from being copla~lar with the ring (11). Thus  the dinitro co~npound IV showed 
pealts a t  1347 and 1530 cm-', the minor isomer (VI) a t  1312 cm-I, and the major isomer 
(VII) a t  1667 CII I -~ ;  the conjugation between the nitro group and the amino group was, 
therefore, very much more effective in VI than in VII,  in agreement with the assumed 
lack of coplanarity of the nitro group a t  position 7. Other bands in the infrared served 
to confirm the chemical proofs of structure. Thus hydrogen bonding should be more 
effective with the amino group of VI than of VI I ,  whether one considers the greater 
opportunities for internal bonding in VI,  the steric blocking of intermolecular bonding 
to the carbonyl in VII (7), or the greater effect of the nitro group in VI in reducing the 
shielding of the protons. In  fact, the minor isomer fro111 the reduction (VI) had its K-H 
stretching bands a t  3466 and 3353 cnl-I, much lower than those of the major isomer 
(VII) a t  3500 and 3402 cm-I. Finally, whether due to resonance, or to  the greater oppor- 
tunities for hydrogen bonding, the compound assigned to VI should have a carbonyl 
stretching frequency lower than that  of the co~npound thought to  be V I I ;  the experi- 
mental values were 1749 and 1758 cm-I, respectively. T h e  dinitro compou~ld (IV) showed 
a band a t  1772 cm-'. 

Hydroxyl groups do  not appreciably bond with phthalide carbonyl groups ortho to  
then1 (7, 12), but  the fact tha t  VI has a much lower melting point than its geometrically 
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very similar isomer VII suggests strongly that the amino group i n  VI is intenlally bonded 
to carbonyl. At any rate, this analysis of the situation led one of us (S. S.) to suggest 
that VI might be more soluble than VII in water. There proved to be a large difference 
in the solubilities, and extraction of the mixed isomers with llot water led to a rapid 
separation of the isomers when previously the use of organic solvents had pernlitted 
only a very laborious separation of them. 

The final item in our qualitative survey of competitive effects in metameconine con- 
cerned the activation of the methylene group by nitro groups. RBy and Robinson ( I )  
reported that cotarnine readily condensed with 7-nitrornetanleconine (V), in which the 
nitro group is meta to the nlethylene. I-Iope and Robinson (13) had long before shown 
that in similar condensations the activating nitro group might be in any of the ortho, 
meta, or para positions. Our series of compounds seenied to provide us with the means 
for a further study of this interesting inclifference to position. After a great deal of effort 
we succeeded in condensing cotarnine and 4,7-dinitrorneta1l1econine (IV) to the p l~ tha-  
lide-isoquinoli~~e derivative (XI).  This proved to be a very labile compound indeed, 

easily reverting to its constituents. Clearly, the success of the condensation depended 
more upon the manage~nent of a mobile equilibrium than it  did upon the increasing of 
the activation of the methylene to increase the rate of reactions. We feel, however, 
that  this work has pointed to a new series of compounds interesting both for their 
relation to the natural phtl~alide-isoqui~ioli~le alltaloids and for the variety of steric 
effects possible in them. 

EXPERIMENTAL 

Infrared spectra were determined using potassium bromide disks containing 0.8% by weight of sample. 
The spectrometer was a Perkin-Elmer Model 21, with a sodii~nl chloride prism; frequencies below 2000 cm-I 
were corrected by repeated recalibrations with a polystyrene standard, but frequencies above 2000 cm-1 
were not corrected. Melting points other~vise unspecified were determined on the Icofler Micro I-Iot Stage, 
and lowered 3-5" to agree with the precision capillary melting points of standard compounds. Melting 
points marked (P) were determined on the precision capillary apparatils (7); two interesting examples 
of large differences in the two melting poi~lts appear below. 

4,7-Dinitronietanzecoltine ( I  V )  
Metameconine (I) (28 g, m.p. 154-157") was added over a period of 1 hour to a mechanically stirred 

mixture of fuming nitric acid (80 ml, d 1.5) and concentrated sulphuric acid (20 ml) which had previoi~sly 
been cooled to 0'; though cooling was continued d~~r ing .  the addition, the temperature a t  times rose as  
high as 8". After stirring had been continued for 5 hours longer a t  0°, the very dark,  reddish reaction ~nixtilre 
was slowly poured onto ice with stirring. Nest morning, the yellow precipitate was recovered, very thoroughly 
washed with water, and dried over sodium hydroxide in the desiccator, yield 25.3 g, m.p. 147.8-151.5". 
Recrystallized with slow coolii~g from 50% aqueous acetic acid, the product was obtained as pale yellow 
flat plates, yield 22.3 g, or 54%; m.p. 153-154". 
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In preliminary experilnents, with the LISC of smaller proportions of the acids, 7-nitrometameco~~ine (V) 
(1-3) was obtai~lecl fro111 the cructe nitration product recrystallization from glacial acetic acid; dilution 
of the mother liquors \\,it11 water gave a r n ~ ~ c h  larger crop of impure material, m.p. 134-151". Part of this 
material was recrystallizecl six times from 50% aclueous acetic acicl to give the analytical sample, 1n.p. 
150.4-151.1" (P). Founcl: C, 42.51, 42.40; H,  2.88, 2.63; N, 10.68, 10.61; 10.10, 9.88% (repeat). Calc. for 
CloI-IsOsNn: C, 42.26; 14, 2.84; S, 9.86%. 'Thc rest was nitrated again, giving after one recrystallization 
from dilute acetic acid a product of m.p. 153-154" in excellent yield. 

Reductiotz of 4,7-Di?zitro?tzetanreconine 
Recrystallized 4,7-dinitrometa~neconine (22.5 g, m.p. 150-151") was mechanically stirred \\.it11 glacial 

acetic acid (500 ml) and iron po\\.der (10 g). After 1 hour, the te~nperature had risen to 48'; after 3 hours, 
more iron po\vdcr (3 g) and acetic acid (100 ml) were added; stirring was the11 con t in~~ed  for another 11 
hours. The red mixture was evaporated i n  vacz~o on the rotary evaporator, the residue freed from acetic 
acid by two e\.aporations with \Lrater i n  oaczlo, and then treated with water (200 ml). 'The insoluble residue 
was recovered, boiled with water, and filtered hot (the 7-amino-4-nitro~netameconi~~e passing into the 
filtrate). The  material insoluble in the hot water was recrystallized from butanol with charcoal; slow cooling 
gave long bright yellow needles of pure ~-attzino-7-~~it~ometa~~zeconine ( V I I )  in a yield of 15.3 g, or 76%; 
111.p. 230-231°. The analytical sample, obtained from an earlier rull in which water extraction of the isomer 
was not used, after six recrystallizations from butanol (two with charcoal) had a melting point of 2 a . 6 -  
229.1" (P) (with slight decomposition). Found: C, 47.22, 47.05; H ,  4.21, 4.01; N, 11.11, 10.95%. Calc. for 
C ~ O H ~ ~ O ~ X ? :  C, 47.24; I-I, 3.94; N, 11.02y0. 

The hot water extract of the crude reaction product deposited yellow crystals when cooled a r ~ d  con- 
centrated; n1.p. 165-171'. 'T\vo more recrystallizations from water gave small amounts of not quite pure 
7-arnino-4-?~itroi?~eta?ne~o?~it~e ( V I ) .  The  a~lalytical sample \vas recovered from an early run performed 
before the discovery of the efficient separation by water. The major isonler was isolated by recrystallization 
of the mixture from butanol; concentratiorl of the mother liquors gave fractions, one of which was rich in 
the minor isomer. This fraction was recrystallized once fro111 butanol, and then three times from water 
to give pure 7-a~t~ino-~-~zitrometamec0~zitze ( V I ) ,  1n.p. 177.9-178.5" (P), yield 0.065 g (from 7.5 g of the 
dinitro compound). Found: C, 47.49, 47.19; H ,  4.34, 4.12; N, 11.10%. Calc. for C ~ O H ~ O O ~ N ~ :  C, 47.24; 
H,  3.94; S, 11.02%. 

7-Clzloro-4-iodo?tzeta?1zeconine ( I X )  
Concentrated hydrochloric acid (150 ml) and water (110 ml) were added to 4-amino-7-nitrometameconine 

(6 g) and the mixture stirred and warmed to 90" to  dissolve as much solid as  possible. With continued 
stirring, the mixture was cooled to  0' and liept a t  0' during the dimotization. Sodium nitrate (2.7 g) in 
water (25 ml) was added over a period of 1 hour, the stirring co~ltinued for a further 2.5 hours, and the 
mixture then poured, with stirring, into a solution of potassium iodide (18 g) and urea (15 g) in water 
(35 ml). After the reaction had subsided, Illore urea was added, and then sulphur dioxide was passed in 
for about 1 hour to destroy the iodine formed. The yellow precipitate was recovered, washed with water, 
and dried; yield 4.0 g, or 48y0; m.p. 148-150". The analytical sample, ~ n a d e  in a run in which the diazotiza- 
tion was allowed to proceed 10 hours to ensure the prior extrusion of the nitro group, was recrystallized 
twice from butanol with charcoal, and then four times from methanol; its melting point was 150.5-151.0" 
(P). F o ~ ~ n d :  C, 33.89, 34.00; H, 2.29, 2.28; I ,  35.69, 35.52%. Calc. for CIOHBO~CII:  C, 33.88; 14, 2.28; 
I ,  35.SOy0. 

Under the ~nicroscope the analytical sa~nple appeared to  exhibit dimorphism, one set of crystals melting 
a t  146' and another a t  151'. The precision capillary rnetl~od, in which the crystals were bathed in their 
own melt, gave the sharp melting point recorded above. I'rolonged attempts to isolate one of the forms 
did not succeed in changing this behavior. 

7-Clzloronzetameco~zine ( V I I I )  
( a )  By Redz~ction of the Iodo Co??zpoz~nd 
i \n  aqueous solution of potassium hydroxide (36 1111, loyo) was heated with 7-chloro-4-iodometameconine 

(0.36 g) until the solid had dissolved. Zinc dust (1.4.4 g) was added and the ~nixture  stirred and heated 
~lltder reflux for 4.5 hours. The zinc was removed by filtration, the filtrate brought almost to boiling, and 
then slowly acidified with hydrochloric acid. The white crystals were recovered, washed, and dried in a 
desiccator; their yield was 0.205 g,  or 88yo, and their melting point (196.5-197.5') was not depressed by 
admixture with known 7-chlorometameconine (7). 

( b )  By Ull7izann Reduction of the Iodo Co~npound 
Potassium hydroxide (5 g) dissolved in water (105 ml) was heated under reflux for 3 hours with 7-chloro- 

4-iodometameconine (1.1 g) and ICaulbaum's copper bronze catalyst (0.96 g). The solution was filtered 
hot, the filtrate reheated with charcoal, again filtered, and acidified cautiously with hydrochloric acid; 
after the solution had cooled, the resulting white precipitate was recovered and dried; yield 0.57 g, 1n.p. 
190-19'7". The crude material was recrystallized six times (once with charcoal) from water containing 
a little methanol; the pure sample had a melting point of 196.9-197.6" (P). I ts  infrared spectrum was 
identical with that of lrnown 7-chlorometameconine. Found: C, 52.85, 52.58; H, 3.98, 3.85; C1, 15.99%. 
Calc. for CloH904Cl: C ,  52.55; I-I, 3.94; CI, 15.51%. 
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(6) F Y O ~ Z  4-il?nino-7-~litro~~zeta~1zeco~zi~~e (VII) 
iVaLer (50 ml) and concentrated hydrochloric acid (10 ml) were heated to boiling, and 4-amino-7-nitro- 

metameconine (cr~rcle, 0.67 g) was slowly added with stirring; the mixture was then cooled and lcept a t  
0" (luring the addition of a solution of sodiurn nitrite (0.243 g) in water (15 ml). The addition required 
50 minutes; hypophosphorous acid (5.4 ml of 50%) was then added dropwise during 30 n~inutes.  Cooling 
and stirring mere continued 90 minutes longer; the misture was then lcept 6 days in the refrigerator, the 
resulting precipitate recovered and recrystallizecl four times from aqucous acetic acicl (50yo), charcoal 
being usecl once. The  purified material had a melting point of 195.2-195.8" (Pj unclepressed by admixture 
with I;no\vn 7-chlorometa~iieconine (7); the yield of pure ~naterial  was 0.262 g, or 44%. Its infrared spectrum 
\vas identical with that of authentic material. Found: C, 52.50, 52.79; N, 4.21, 4.21 (N, 0.15%). Calc. for 
CloHgOdCI: C, 32.55; H ,  3.94 (N, 0.00%). 

Three otlicr preparations gave the same compound in about tlie same yield. 

Diazotizntion of VII i t z  Absevce of Chloride 
Sodium nitrite (0.735 g) was added to concentrated sulpliuric acid, the mixture xvarmed, then cooled to 

0". Glacial acetic acid (7.5 ml) was stirred with 4-amino-7-nitro~netameconine (1.5 g )  while concentrated 
sulphuric acid (3.9 ml) was slowly added; the clear yellow viscous paste was cooled to 0' and then added 
over a period of 2 hours to the cooled and stirred solution of the "nitrite". The  following experiments 
sho\ved the great stability of the diazoni~irn group in this system. After excess "nitrous acid" had been 
rlestroyed mith sulphamic acid, cold absolute ethanol (50 1111) mas aclded slo\vly to the reaction inixture. 
There was some initial frothing. The stirrer was then re~noved and the mixture heated under reflus for 
1.5 hours, then evaporated i n  z7acuo to about one third its original volume, and poured onto ice mith stirring. 
The yellow precipitate was twice crystallized from etiiyl acetate - ligroin with charcoal, and dried; a small 
sample of the crystals deco~nposed a t  171-172', but without any violence. The infrared spectrum showed 
the very sharp, intense peak of the diazoniunl group a t  2200 cm-1. 

An attempted diazotization in dilute aqueous sulphuric acid eventually gave bacli the unchanged amino 
compound. 

A ~ a b d r o c o t a r ? ~ i n e - 4 , 7 - d ~ i t ~ i t r o - 5 , 6 - d i ? n e t d e  (XI) 
Cotarnine (2 g, m . p  116-llSo), purified 4,7-dinitrorneta1necorii11e (2 g, m.p. 153-154"), and absolute 

ethanol (200 ml) were stirred Logether for 2 days a t  room temperature; the crystals which had deposited 
were then recovered and dried; their melting point of 152-154" was considerably depressed by admixture 
with the dinitro compound. The crystalline product uras then treated with a mixture of methanol and 
chloroform (1:1), ant1 filtered from insoluble plate-like crystals which did not melt below 250". After being 
chilled in a bath of acetone and solid carbon dioxide, the filtrate yielded bright yellow crystals, m.p. 135- 
138". Four more somewhat similar recrystalIizations from methanol-chloroforl~~ (not above room tempera- 
ture) gave the analytical sample, m.p. 135.8-136.4" (under the microscope; consistent melting points 
were obtained on the hot stage, but not in the capillary apparatus). The substance \\.as very sensitive to  
light. Found: C, 53.04, 52.94; H, 4.65, 4.57; N ,  8.19, 8.10y0. Calc. for C??E-InlOllN3: C,  52.49; H,  4.21; 
N,  8.35%. 

The product was very labile. An attempt to  bring about the above condensation in boiling ethanol 
resulted in the recovery of nearly all of the 4,7-dinitrometameconine (identifiecl by m.p. and mixture 
111.p.). 'The crude product obtained from condensations performed a t  lower temperatures suffered extensive 
deconiposition when attempts \\.ere made Lo recrystallize it from boiling solvents (e.g. methanol). In one 
experiment, the very facile reversal of tlie condensation was shown. The crude product (m.p. 155-157", 
giving a marked depression on admixture with 4,7-dinitrometa1neconine) \\,as dissolved in acetic acid and 
the solution cautiously neutralized with ammonia. Long yellow needles separated; they were identified 
as  pure 4,7-dinitrometalnecotiine Ily their melting point (132-153") and misture lnelting point with authentic 
material. ii:e did not succeed in isolating cotarnine fro111 the decomposition proclllct. The curious sharp 
drop in ~ilelting point attenclant on purification of the condensation product was observed several times. 

Two attempts to  repeat the work of R3y and Robinson on the condensation of 7-nitrometamecol~i~~e 
(V) with cotarnine gave only the original nitro compound, and in high yield; compare refs. 2-4. 

ACI<NOWLEDGMENTS 

The work was nlade possible by Research Grant A-618 of the National Research 
Cou~icil of Canada. We wish to  tlranl< the I-Ioward S~rlith Paper Company of Cornwall, 
Ontario, for the generous gift of the va~li l l i~l  used as  the raw material for our worl;. 

REFERENCES 

1. J. N. R.%Y and R. ROBINSON. J. Chern. Soc. 127, 1618 (1925). 
2. J. A. MCRAE, R. B. V ~ l u o l < ~ E l < ,  F. I-I. GIIIFFITI-IS, and T .  E. HABGOOD. Can. J. Chem. 29, 482 

(1951). 
3. R. H. MANSICE, J. A. Ri lcRa~,  and R. Y. MOIR. Can. J. Chem. 29, 526 (1951). 
4. M. ALLEX, A. L. P ~ o a r ~ s ~ o ~ v ,  and R. Y. MOIR. J. Org. Chem. 26, 2906 (1961). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2408 CAN.LDI.LN JOURNhI, O F  CHEMISTRY. VOL. 40. 1962 

5. C. I<. ISGOLD. S t r ~ ~ c t u r e  and ~nechanism in organic chemistry. Cornell University Press. 1953. 
p. 268. 

6. J. BLAIR and G. T. NEWBOLD. J. Chem. Soc. 3935 (1954). 
7. J. i\. MCRAE, bI. ALLEN, and R. Y. i\/Io~r<. Can. J .  Chem. 39, 995 (1961). 
8. J. F. BUNNETT and R. E. ZAHLER. Chem. Rev. 49, 273 (1951). 
9. 11. E. UNGNADE. Chem. Rev. 38, 405 (1946). 

10. J. A. MCRAE, R. Y. ~\/IoII<, J. J .  URSPRUNG, and I-I. M. GIBBS. J .  Org. Chem. 19, 1500 (1954). 
11. J .  TROTTER. Can. J. Chem. 39, 1638 (1961). 
12. W. R. ALLISON and G. T. NEWROLD. J .  Cl~em. Soc. 3335 (1959) 
13. E. I-IOPE and R. ROBINSON. Proc. Chem. Soc. 26, 228 (1910). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



NOTES 

HYDROGEN ATOM RECOMBINATION IN THE FLOW SYSTEM ATTACHED TO A MASS 
SPECTROhIETER AND USED FOR THE STUDY OF MERCURY-SENSITIZED REACTIONS 

A flow system for the study of mercury-pllotosensitized reactions with a illass spectroin- 
eter has beell developed by Lossing (1, 2). The prilllary decomposition of the compounds 
studied often leads to the fornlatioil of hydrogen atoms. An uncertainty has existed as 
to the fate of these atoms. The hydrogen atoms could be recoinbining in the flow systenl 
or could be reaching the ion source. In the ion source the atoms could be: (a)  detected 
as hydrogen atoms, (b) adsorbed 011 the wall and not detected, (c) recoinbining oil the 
wall ancl detected as hydrogen. 

Experiments in which the sensitized decomposition of hydrogen and deuteriunz was 
studied i n  apparatus similar to that of Lossing were made so as to clear up some of 
these questioils. Thc hydrogen a t  1-10 ,u Hg was added to the helium carrier gas (10 mm 
Hg). The reaction zone is defined by an aililular resollance lamp of 3.5-cm length. In the 
flow tube, below the lamp, is a pinllole leading to the mass spectronleter ion source. The 
laillp could be illoved relative to the sanlpling leak. When the lamp was 1 cm above 
the leak, the hydrogen decoillpositioil measured a t  the leak was 7YG. After the lamp 
was illoved 12 cnli upstreail1 the decoillpositioil was only 0.9%. In order to demonstrate 
that the effect was due to dowilstreaill recoinbiilatioil, experiilleilts with a 1 :I hydrogen- 
deuterium mixture were made. In a typical run, with the lamp in the low position, 16% 
of the hydrogen had disappeared; however, 19% H D  was fonned. Thus the unrecom- 
billed hydrogen was 6.5Yoo, close to the value observed with hydrogen alone. When the 
laillp was in the upper positioil, the hydrogen decomposition was 1XY0, the H D  25y0, 
i.e. the unrecombined hydrogen was 0.57,. These results clearly show that recombination 
occurs in the flow systenl. 

A series of runs was made in which the position of the lamp was changed stepwise 
and the missing hydrogen detern~inecl. The results are  summa^-ized in Fig. 1. The missing 
hydrogen Mias multiplied by 2 and given as H atoll1 concentration. The logarithmic plot 
gives reasonable straight lines, sl~owing that the recombiilation is first order and thus 
occurs on the wall (3). The rate constant obtained is 4 9 0 4  200 sec-l. The error is esti- 
mated. The rate constant independent of the reactor tubing radius (3) is k' = kr/2 aitd 
for r = 0.4 cill k' = 98 cm/sec. I t  has been shown by Herzfeld (4) that the recombina- 
tion coefticient y does not depend on the presence of a carricr gas when the tubing is 
not too lvidc. Using, then, the general formula (3) y = 2kr/0 we obtain y = 1.5X10-3 
(silica). This agrees reasonably well with y = 0.75X10-3 (pyrex) found by Wise (5) b y  
a11 entirely different technique. Linnet (6) in a more comprehensive study of the re- 
combination oil clean silica and pyrcx has shown that y may be as low as lo-.', depending 
on the pretreatment of the surface. Therefore the rate constant deteriniiled in the present 
experiments may be expected to give only order of magnitude estimates on the recom- 

' U ~ ~ i ~ ~ e r s i t y  of i l lber tn  postdoctoral fellow. 
?For theflozL* rule used, 1 c7n c o r r e s p o ~ ~ d s  lo 0.4 ?nillisecond. 
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FIG. 1. Plot of downstream hydrogen atom decay giving first-order rate constant: 0, H? run a t  
two different initial pressures; Q H 2  + D2 run. [HI in nxp Hg. 

bination of hydrogen atoms in the flow system, but from the results it is a t  least clear 
that the recoinbination is appreciable. 

One still has to inquire about the fate of the hydrogen atoms in the ion source. I t  is 
evident that, in the experiments where the lamp was closest to the leak, hydrogen atoms 
were present in sufficient concentration to be detectable with the mass spectrometer. KO 
positive detection could be achieved a t  mass I .  Since the sensitivity of the instrument 
a t  mass 1 could be quite low, while i t  was known to be adequate a t  Inass 2, an experiment 
was made in which deuterium was decomposed. A small increase of the mass 2 pealr 
was observed when the lanlp was put on. A search of the upper mass range, with the 
lamp on, revealed no species which could rnalte a contribution to mass 2. The appearance 
potential of the Inass 2 species could not be measured since the concentration was too 
small, but i t  could be established that it was lower than that of hydrogen. Therefore, 
very probably, the peak was due to D atoms. Assuming that the sensitivitj- of D atoms 
was equal to half the sensitivity of hydrogen, a balance with the missing D? showed 
that a t  most 10yo of the D atoms was detected. For a D at0111 pressure of 1 p ,  on the 
high-pressure side of the leak, about 1013 atoms/sec enter the mass spectronieter. The 
instrument has an open ion source (2) and the surface area of the container is larger 
than 100 cm2. If each atom were adsorbed on the first collision, it would take man)- 
hours before a  non no layer (1015 atoms/cm2) could build up. Thus the atoms ~vould be 
missing, unless an appreciable part was ionized before colliding with a wall. Considering 
the particle beam, ion source, and pumping geometry, one can estimate that only about 
lyo of the particles is ionized before collision. Since in the experinlent deuterium atoms 
could be detected, but incompletely, adsorption must occur after a fe~v collisions. In  
contrast, alkyl radicals are known to withstand hundreds of collisions belore adsorption 
or reaction (7, 8). 
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REACTIONS OF THE DIhlER OF 2.4-TOLYLENE DIISOCYANATE 

INTRODUCTION 

In a previous paper (1) the uretidine-dione ring in 1,3-bis(4-n1ethyl-3-n-butyl-carba- 
1nylpl~e11yl)uretidine-2,4-dione was shown to change to an ureylene link by alkaline 
reduction. With hydrazine hydrate an u~lsyrn~netrically monosubstituted urea was 
obtained, while with hgdroxylamine an oxiine of the corresponding formamide was 
formed. An~moniu~n forlnate appeared to give the N-substituted alnide with the ring 
unaffected. Further experiments are reported to verify the above reactions, using 1,3- 
bis[4-methyl-3-(N,N-dibe1~z~lureido)phe1~yl]uretidi1ie-2,4-dio1e (1). 

DISCUSSION OF RESULTS 

As expected, the reduction of 1,3-bis[4-1netl~yl-3-(N,N-dibenzylureido)pl1e~~yl]ureti- 
dine-2,4-clione, I ,  by ~nagnesiunl and ~nethanol gave the symlnetrically substituted urea, 
11. The uretidine-dione ring in the presence of alkali seemed to dissociate and one of 
the isocyanate groups might be hydrolyzed into an a~nino  group, this latter reacting 
with the other isocyanate group to  form a symmetrically substituted urea. 

With ammonium formate, 1,3-bis(4-meth-~~l-3-n-butyl-carban1ylphenyl)uretidine-2,4- 
dione was cleaved to form a substituted biuret, by the addition of ammonia, rather 
than to  form the 2,4-bis(N-for1namido)ureticline as reported earlier. Although both coin- 
pounds have the same carbon and hydrogen analysis and the presence of the ring cannot 
be detected by the carbonyl absorption in the infrared, the latter structure was arrived 
a t  when ammonia was found to give the same conlpound as anlmonium formate. I t  
appears that ammonium formate under the conditions used might be dissociating to 
give ammonia and formic acid, amlnonia reacting with the ring. 

Ammonium formate reacted in the same way with 1,3-bis[4-111ethyl-3-(N,N-dibenzyl- 
ureido)phenyl]uretidine-2,4-dione to give the substituted biuret, IV. The compounds 
prepared by reaction with ammonia and ammonium formate showed no depression in 
a nlixed melting point determination and the infrared absorption spectra were super- 
imposable. 

EXPERIMENTAL 

N,fi-BisjQ-~r1etl1yl-3-(N,N-dzbe1ze~~Iz1reido)pI1e~zyl]z1rea, I1 
To a stirred suspension of 1,3-bis[4-methyl-3-(N,N-dibenzylureido)phenyl]uretidine-2,4-dione, I (1.0 g ) ,  

in absolute methanol (30 ml), magnesium turnings (1.0 g) were added in small portions. Then the mixture 
mas heated under reflux for 2 hours, cooled, and evaporated under reduced pressure. Hydrochloric acid 
( lo%,  50 ml) was then added and the  mixture warmed to GOo C ;  it was cooled, filtered, and washed free of 
acid with \vater. Crystallization from di~nethylformamide-ethanol mixture gave a compound (0.62 g) 

Canadian Journal of Chemistry. Volume 40 (1962) 
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7. .-I. J.  B. ROBEIC~SOX. Mass spectron~etry. Methuen & Co., London. 1954. p. 108. 
8. F. P. LOSSIXG and A. 117. TICICNER. J. Chem. Phys. 20, 907 (19.52). 

RI.:C~:I\-ED Ac-GCST 3, 1962. 
CHEMISTRY DIZI'ARTIVIENT, 
UNIVERSITY or: ALBERTA, 
EDMOXTOX, .ILBEI~TA. 

REACTIONS OF THE DIhlER OF 2.4-TOLYLENE DIISOCYANATE 

INTRODUCTION 

In a previous paper (1) the uretidine-dione ring in 1,3-bis(4-n1ethyl-3-n-butyl-carba- 
1nylpl~e11yl)uretidine-2,4-dione was shown to change to an ureylene link by alkaline 
reduction. With hydrazine hydrate an u~lsyrn~netrically monosubstituted urea was 
obtained, while with hgdroxylamine an oxiine of the corresponding formamide was 
formed. An~moniu~n forlnate appeared to give the N-substituted alnide with the ring 
unaffected. Further experiments are reported to verify the above reactions, using 1,3- 
bis[4-methyl-3-(N,N-dibe1~z~lureido)phe1~yl]uretidi1ie-2,4-dio1e (1). 

DISCUSSION OF RESULTS 

As expected, the reduction of 1,3-bis[4-1netl~yl-3-(N,N-dibenzylureido)pl1e~~yl]ureti- 
dine-2,4-clione, I ,  by ~nagnesiunl and ~nethanol gave the symlnetrically substituted urea, 
11. The uretidine-dione ring in the presence of alkali seemed to dissociate and one of 
the isocyanate groups might be hydrolyzed into an a~nino  group, this latter reacting 
with the other isocyanate group to  form a symmetrically substituted urea. 

With ammonium formate, 1,3-bis(4-meth-~~l-3-n-butyl-carban1ylphenyl)uretidine-2,4- 
dione was cleaved to form a substituted biuret, by the addition of ammonia, rather 
than to  form the 2,4-bis(N-for1namido)ureticline as reported earlier. Although both coin- 
pounds have the same carbon and hydrogen analysis and the presence of the ring cannot 
be detected by the carbonyl absorption in the infrared, the latter structure was arrived 
a t  when ammonia was found to give the same conlpound as anlmonium formate. I t  
appears that ammonium formate under the conditions used might be dissociating to 
give ammonia and formic acid, amlnonia reacting with the ring. 

Ammonium formate reacted in the same way with 1,3-bis[4-111ethyl-3-(N,N-dibenzyl- 
ureido)phenyl]uretidine-2,4-dione to give the substituted biuret, IV. The compounds 
prepared by reaction with ammonia and ammonium formate showed no depression in 
a nlixed melting point determination and the infrared absorption spectra were super- 
imposable. 

EXPERIMENTAL 

N,fi-BisjQ-~r1etl1yl-3-(N,N-dzbe1ze~~Iz1reido)pI1e~zyl]z1rea, I1 
To a stirred suspension of 1,3-bis[4-methyl-3-(N,N-dibenzylureido)phenyl]uretidine-2,4-dione, I (1.0 g ) ,  

in absolute methanol (30 ml), magnesium turnings (1.0 g) were added in small portions. Then the mixture 
mas heated under reflux for 2 hours, cooled, and evaporated under reduced pressure. Hydrochloric acid 
( lo%,  50 ml) was then added and the  mixture warmed to GOo C ;  it was cooled, filtered, and washed free of 
acid with \vater. Crystallization from di~nethylformamide-ethanol mixture gave a compound (0.62 g) 

Canadian Journal of Chemistry. Volume 40 (1962) 
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i c i 
H .c-<>- - x / ' N - ( ~ - C H ~  

I / -,' 
~ i / ~ \ ~  

1-1 ,N 

IV 111 

melting a t  219-2203 C. CO and NI-I absorptions for the disubstituted urea partial structure \\.ere obtained 
a t  1660 cm-I and 1620 cm-I respectively. XZ,2P(CH3)2: 2660 A, EX,,,: 37,400, inflection point a t  2900 .%. Calc. 
for C.,jM,l.ING03: C,  75.4; H,  6.14; 3,  11.7%. Found: C,  75.0; H, 6.77; N, 11.8%. 

iV-[~-~Methyl-S-(iV,iV-d~ibe~z,-yl~~reido)le~~yl]zre, 111 
T o  a solution of 1,3-bis[4-methyl-3-(N,NNdibe~~zy1~~reido)phenyl]uretidi~e-2,4-dio~e (1.0 g) ,  m.p. 19'7" C, 

in ethanol (95%, 20 ml) was added hydmzine hydrate (85%, 3 ml). After the reaction mixture was refluxed 
for 3 hours with constant stirring, it was cooled, and a crystalline material (0.8 g) ~uelting a t  147-150' C 
was obtained. Further p~~rification by repeated crystallizations from cellosolve-alcohol ga\.e a cornpo~~nd 
melting a t  151-153' C. CO and NI-I absorption bands for the monosubstiti1tet1 urea \\ere a t  1695 c ~ i l - ~  (s) 
and 1635 cm-1 (s) respectively. Primary amine absorption was a t  3340 cm-I (m)  and 3050 cm-I (w). 
~ i r , , ~ ~ ~ ( C ~ ~ ~ ) ? :  2860 A, E,,,~,: 3140 and Xtf,f2x(CHa)?: 2660 -A, E,,,,,: 2340. Calc. for C?3M~.~S,10.:  C,  71.1; I-I, 6.16; 
N ,  14.4%. Found: C,  71.1; I-I, 6.02; N, 14.6%. 

1,S-Bis[4-~1~cth~l-S-(!V,iV-d-dibe1asylureido)phe~yl]bi11r.e1, I V  
T o  a stirred solution of animoniunl formate (1.0 g) in ethanol (30 1111) 1,3-bis[4-methy1-3-(S,~-tlibenzyl- 

ureido)phenyl]uretidi~~e-2,4-dione (1.0 g) was atlded and the mixture refluxed for 2 hours wit11 co~istant 
stirring. The clear solution obtained was e\~aporated to  dryness and taken up with water. The solid was 
filtered, \trashed with water, and dried. Yield, 0.7 g. Further crystallization from ethanol gn\.e an analytical 
sample, m.p. 118" C. CO and NI-I absorptions for the biuret were a t  1720 cm-I (s) and 1670 cm-I (s) respec- 
tively. Prirnary amino group absorptions were a t  3410 cm-' (m),  3300 cm-I ( ~ n ) ,  and 3050 cm-I (m).  A,%?": 
2300 -A, E,,: 3470, inflection point a t  2850 A. Calc. for CacM.jjN-iO.l: C, 72.7; H,  5.9; S ,  12.9%. Found: 
C,  72.5; M, 5.9; N, 13.0%. The same compountl mas also preparcd in identical yield by substituting ammo- 
nium hydroxide (12 A', 2 ml) for ammonium for~nate ,  other reaction co~lditions being the same. 

1,S-Bis(C-naetlzyl-S-n-b1t lyl-cnrba11zylplzeityl)bit~rc1 
To a solution of an lmon i~~m formatc (3.0 g) in ethanol (30 ml) was added 1,3-bis[4-metl1y1-3-1z-b~1tyl- 

carbamylphenylluretidine-2,4-dione (1.0 g) and the mixture refluxed for 2 hours with constant stirring. 
The solution was evaporated under reduced pressure and dil~rted \\-it11 water to  give n precipitate, \vliich 
was filtered and washed with water. Yield, 0.8 g ;  m.p. 160-162' C. Three crystallizations from ethanol gave 
the analytical sample with a melti~lg point of 164' C. Molecular \\.eight by Rast method: 31'5. Free NH 
stretching frequencies for the primary amino group: 3410 cm-I (m) ,  3250 cm-I (m) ,  and 3050 cm-I (w). 
CO and NI-I absorptions were exhibited a t  17'20 cm-' (s) and 1660 cm-I (m). x ~ ~ ? " :  2250 A, E,,,,,: 75,900. 
Calc. for C~GI-13jyj06: C,  60.8; H ,  6.82; 3, 13.7%. Found: C ,  60.5; M, 6.62; l\r, 13.9y0. 
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The sallle compound was also prepared by substituting ammonium hyclroside (12 N, 2 ml) for ammonium 
formate. However, the yield in this case was lower (0.3 g). Xo depression of melting point \\.as observed 
on a 111ised melting point determination and the infrared spectra were superimposable. 

1. P. SIYGH and J. L. BOIVIN. Can. J. Cheru. 40, 935 (1962). 

RECEIVED JUNE 25, 1962. 
DEPARTDIENT OF BIOCHLMISTRY, 
LAVAL UNIVERSITY, 
QUEBEC, QuE., 
AND 
CHEMISTRY SECTION, 
CANADIAN ARNAMENT RESEARCH AXD 

DEVELOPMEXT ESTADLISH~IENT, 
VALCARTIER, QUE. 

KINETICS OF THE REACTIONS OF ATOMIC HYDROGEN 
EFFECT OF DIFFUSION ON THE DETERMINATION OF H ATOM CONCENTRATION 

Voevodsky and Icondratiev (1) have receiltly criticized the results of Berlie and Le Roy 
(2) in their s t ~ ~ d y  of the kinetics of the reaction of atomic hydrogen with ethane, in which 
they used the niethod of Tollefsoil and Le Roy (3, 4). Their criticis111 is qualitatively 
correct, and it is the purpose of the present communication to make appropriate modi- 
fications in the theory of the method. 

Briefly, the method consists in adding a reactant, say RI-I, to a gas stream containing 
about 1% 1-1 atoius and 90y0 142, and calculatiilg the 1-1 atom conce~ltration downstream 
froin measurements of the rate of heat liberation on a detector which is operated as an 
isothermal calorimeter. As inodified by Berlie and Le Roy (2), the detector is a list spiral 
of tu~lgsteil or plati~luril wire extellding over most of the cross section of the cyliiidrical 
reactor, so that all of the 1-1 atoms reaching that  position combine or1 the detector. The 
difference between the \vattage required to keep the detector a t  a given temperature (or 
resistance) in the absence of 1-1 atoms and in the presence of 1-1 atoins was defined as 
I/VH. This can be related to the number of M atoills reaching the detector in unit time, n, 
by the expression 

[I] Wn = 4.184AI&/N, 

in which A H  is the molar enthalpy of formation of atomic hydi-ogen and N is Avogadro's 
number. The quantity ?z was then related to the 1-1 atom concentration immediately in 
front of tlie detector by the expression 

ill which f is the linear flow rate of the gas (almost pure 1 1 2 )  and il is the cross-sectional 
area of the reactor. 

Following this procedure, they measured I;VH as a function of s o ,  the distance of the 
detector from the RM inlet, and equated the rate of 1-1 atoll1 corlsumption, -d(I-I)/&, to 
- (N/J.l84AHll) (dI.VfI/d.~o). I t  was liecessary to assuine that f reinained coilstailt (a 
reasonable assumption, since thei-e is a negligible chailge in the total nu~nber of illoles of 
gas) and that the 1-1 atoll1 concentration between the inlet and the detector was not 
influenced by the diffusioil gradient set up by the complete removal of 1-1 atoms a t  the 
detector. 

Canadian Journal of Chemistry. Volume 40 (1062) 
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ill which f is the linear flow rate of the gas (almost pure 1 1 2 )  and il is the cross-sectional 
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If the reactions re~noving atomic hydrogen are all first order in its concentration it is 
possible to talre account of the diffusion effect in a fairly rigorous and simple lnanner for 
our experimental conditions. T o  treat the general case it  would be necessary to extend 
the method of Wise and Ablow (5). 

The reco~libinatio~l coefficient on the poisoned walls of tlie reactor is only of the order 
of lo-* to (4), and the total pressures used are of the order of 4 mm. I t  will therefore 
be assumed that the 1-1 atom concentration will be approximately uniform in ally plane 
normal to the axis of the reactor (5). Equating the net rate of decrease in the 1-1 atom 
concentration in a volume element of cross section A and length dx a t  a distance x from 
the RH inlet to the rate of coilsumption, k(1-I), it follows tliat 

[31 d 2 ( ~ ) / d x L  ( j / ~ ) d ( ~ l ) / d x  - (KID) (1-1) = 0, 

in which D is the diffusion coefficient of atomic hydrogen. 
The general solution of [3] is 

[41 (1-1) = cle-%lz+ ~ ~ e a z ~ ,  

and C1 and C2 are to be determined from the boundary conditions. I t  is convenient to set 
(H) = (I-I)o a t  x = 0, the point a t  which the reactant RH is added, fro111 which it  follows 
that CI+C? = (H)o. 

If the detector had no i~ifluence on 1-1 atom concentration one could set (EI) = 0 a t  
x = a, from which it would follow tliat Cz would be equal to zero and (I-I) would be equal 
to (I-I)oe-olz. This was the procedure adopted by Dicltens et al. (6) in dealing with the 
decay of oxygen atoll1 concentration. 

Since, in our method, tlie detector is designed to remove all H atoms reaching it we 
adopt the boundary condition (H) = 0 a t  x = so. With this condition 

The number of H atoms crossing any plane perpendicular to the axis per unit time is 
equal to frl (H) - DAd(Il)/dx. In particular, tlie number reaching the plane of the 
detector per unit time will be equal to -DA(d(Il)/dx)x,,o, since (I-I) = 0 a t  x = xo. 
Thus, from [I], 

In general (H)o will depencl 011 xo even when tlie rate of formation of H atoms in the 
dissociator and tlie flow rate are kept constant. However, if the values of xa are ltept 
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large enough it seems reasonable to assurne that (1-1)" will be relatively illdependeilt of 
xo. In our previous procedure the slope of a plot of -In TVEI vs. xo was equated to the 
first-order rate constant divided by the flow rate. I l  we define the quantity obtained in 
this way as k",  rather than the true rate constant k ,  then 

The first approsimation to \ \ r i l l  be k 2 : / f .  The second term will be small compared to P1; 
both it and the third term will vanish as xo increases and the two terms tend to calleel 
each other. I t  follows that P1 can be equated to k"/f if the values of .vo are large enough 
for the slope of the -In bVR vs. xo plot to become constant. 

From [5 ]  it is evident that  the true rate constant, k ,  is related to P1 by the expression 

or, il the second ancl third terms of [lo] call be neglected, 

A test of [I21 was made by carrying out a number of experiinerlts over a range of values 
of D and f.  No RW lvas added, so k  is the rate constant for 1-1 atom consumption in the 
absence of reactant. The values of D were talien from Amdur (7), and are, of course, 
inversely proportional to the pressure. The  pertinent data are given in Table I.  The plots 

TABLE I 
Elfect of flow rate and diffusion coefficient on PI f 

- 
Pressure f 11 0 J 012D 

(nini ) (~111 sec-1) (cm%ec-1) (sec-l) (sec-I) 
D /f? 
(set) 

Least-squarcs value of h = 2.27 sec-1 

of -111 TVI1 vs. xo were linear over more than 20 cm but fell off close to the RS-I inlet, 
where the slope increased, indicating the importance of the secoi~d term in equation [lo] 
for sillall values of xo. The least-squares slopes of the linear portions of tlie curves were 
equated to pl. In Fig. 1 is show11 a plot of /3 J vs. P12D, i.e. k': vs. (k")2D/p. The  curve is 
linear, as predicted by the theory, and the least-squares slope of 1.15 is in good agree- 
ment with the predicted value of unity. 

I t  should be emphasized that the present treatment is applicable to kinetic processes 
which are first order in the atoll1 coilcentratio~l. I t  has been assuined that  WEI is dependent 
only on the H atom coillbi~latioil on the detector, i.e. that  the H atoll1 concentration is 
~nuch  greater than that ol ally radicals that might colllbine on the detector or of any 
excited inolecules that  might be deactivated on it  (8). Gorner has pointed out (9) that  
any expansion or  contraction occurring in a flow system may simulate a first-order 
reaction. However, under the coilditions used in our experiments this effect would be 
negligible. The initial concentration of H atoins is oilly about I%, ancl i f  they were 
completely removed, which is not the case, by coinbillation or the conversion of a higher 
paraffin to methane the contraction would amount to about 0.5%. 
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FIG. 1. Test of the relation k = Plf+P,?D, or k = k"+(k*)2D/ f .  

The present treatment will be applied, in a forthcoming publication, to some recent 
work on the reaction of atomic hydrogen with propane. 

1. V. V. VOEVODSI~Y and 1'. N. I<ozu~.~rlev. Progress in reaction kinetics. Vol. I. G. Porter (Editor). 
Pergamon Press Ltd., Oxford. 1961. 

2. M. I<. BERLIE and D. J. LE ROY. Discussions Faraday Soc. 14, 50 (1953). 
3. E. L. 'I'OLLEFSOS and D. J .  LE ROY. J .  Chem. I'hys. 16, 1057 (1948). 
4. J. R. DIXGLE and D. J .  LE I<oY. J .  Chem. Phys. 18, 1632 (1950). 
5. 13. \\'rse arld C. &l. ABLOLV. J .  Chen~.  Phys. 35, 10 (1961). 
6 .  p. G. DICI~ENS,  R. D. GOULD, J .  12;. LISNETT, and A. RICIIJIOSD. Nature, 187, 686 (1960). 
7 .  I .  A ~ I D E R .  J .  Chem. Phys. 4, 339 (1936). 
S. J .  E. MORGAN, L. F. PHILLIPS, and H. I .  SCHIFF. Disc~lssioils of the Faraday Society, Cambridge. 

April, 1962. 
9. R. GONER. J .  Chern. Phys. 19, 284 (1951). 

THE STRUCTURE O F  TUBEROSTEMONINE1 

'rhe investigations of Gotz, Bogri, and Gray ( I )  have established the structure of 
tuberosternonine as being either I or 11. These formulations were consistent wit11 the 
work of Professor Uyeo and his colleag~~es ( 2 ) ,  and with the bulk of the evidence accumu- 
lated in  these laboratories (3). We now present evidence that permits us to assign structure 
I to the all<aloid. 

The n.1n.r. spectrum of b isc le l iydro t~~beros te~i~o~~i~~e  (111 or IV) in chloroform (3) had 
two apparent triplets a t  T ,?.AS and T 6.9. 'Tliesc signals shifted to T 6.1 and 7 7.65 in 

' Isslled as  N.R.C. No. 7036. 
'i\intional Researclt Coz~ncil of Caltuda Postdoctorate Fellom. 

Cn!~l( l ian Journal of Chemistry. \'olurnc -Ill !19(i3) 
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THE STRUCTURE O F  TUBEROSTEMONINE1 

'rhe investigations of Gotz, Bogri, and Gray ( I )  have established the structure of 
tuberosternonine as being either I or 11. These formulations were consistent wit11 the 
work of Professor Uyeo and his colleag~~es ( 2 ) ,  and with the bulk of the evidence accumu- 
lated in  these laboratories (3). We now present evidence that permits us to assign structure 
I to the all<aloid. 

The n.1n.r. spectrum of b isc le l iydro t~~beros te~i~o~~i~~e  (111 or IV) in chloroform (3) had 
two apparent triplets a t  T ,?.AS and T 6.9. 'Tliesc signals shifted to T 6.1 and 7 7.65 in 

' Isslled as  N.R.C. No. 7036. 
'i\intional Researclt Coz~ncil of Caltuda Postdoctorate Fellom. 
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NOTES 

pyridine but retained their structure, confir~ning their true triplet character. Because of 
its chemical shift and the fact that  it is a triplet, the signal a t  T 5.45 can unainbiguously 
be assigned to the hydrogen on C9.3*4 'The similarity i n  the splitting of the signals a t  7 5.45 
and T 6.9 (J = b.3 c.p.s. in each case) suggested that the hydrogens respoi~sible for these 
signals were on adjacent carbon atoms. If this were so, the signal a t  T 6.9 would clearly 
he that of the hydrogen attached to Clo, which would be deshielded by the pyrrole rills 
and nearby osygen atoms. 'The simplicity of this signal would not be consistent with 
structure IV for bisdel~ydrotuberostemonine since the C1o hyclrogeil in structure IV would 
give rise t o  a t  least a four-line multiplet. 

I t  appeared that  the spin clecoupling technique could be used to  establish whether the 
hydrogens giving rise to the signals a t  T 5.45 and T G.9 were actually on adjacent carbon 
atoms. 'The method described by Kaiser (4) was used. I t  provecl necessary t o  use an 
auclio~nodulation frequency of 83 c.p.s. rather than 92 c.p.s. (which corresponds to the 
chemical shift between the two signals) to  avoid overlap of signals. 'The intensity of the 
decoupling magnetic field hat1 t o  be increased to conlpensate for this. Uncler these con- 
ditions the upper side band of the T 5.45 signal and the lower side band of the T 6.9 sigilal 
were reduced to doublets (J = 6.5 c.p.s. in both cases) and there was 110 sign of other 
decoupliilg occurring in the vicinity of these signals. This proved that   he two hydrogens 
in questioil were iildeecl 011 adjacent carbons. I t  follows that  bisclehydrotuberostei~~oi~ii~e 
has structure I11 ancl that  tuberostenlonine is correctly represented by I. 

We are grateful to Dr. F. A. L. Anet for the spin decoupled spectrum and advice on its 
interpretition. 

I 
3Fi.o?iz i t s  C I I ~ I I I Z ' C ( I ~  shift,  the quartet at  T 4.6 nzzlst also be dzre to a hydrogen of the type I-I-C-0-. Since 

I 
this sigltal i s  ?tot presott i7t tlte IL.TIL.Y. spectrllm of tlte fnetltyl ester of the acid obtained by I~ydrogel~olysis of 
bisdeltyd.drolr~berosle~~~o?~i~~e (3), it trlzlst be due  to tlte allylic hydrogen on Cis. 

-1Tlte ?l~l?t~berl?tg .~yste??t i s  based on tltal ginell for azepi?zo[Y,2,1-hi]ittdoIe itt patter so?^ et al. ( A .  dC. Pattersott, 
L. T .  Capell, und D .  F. Walker. Tlte ~ i ? z g  iltder. Anzerican Cltemical Society Pz~blication,~, LVasi~i?tgto~~. 1,060). 

C
an

. J
. C

he
m

. D
ow

nl
oa

de
d 

fr
om

 w
w

w
.n

rc
re

se
ar

ch
pr

es
s.

co
m

 b
y 

21
0.

87
.2

54
.1

05
 o

n 
09

/0
5/

12
Fo

r 
pe

rs
on

al
 u

se
 o

nl
y.



2418 CANADIAN JOURNAL O F  CIIDMISTRY. VOL. 40. 1962 

1. M. GOTZ, T. Rdciu, and A. 14. GRAY. Tetrahedrori LeLLers, 20, 707 (1951). 
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ON PAOLONI'S NOTE ENTITLED: THE STRUCTURE OF CARBOLINES 
AND RELATED COMPOUNDS 

In a recent note (I) ,  Paoloni has alleged that  a phrase, quoted by Abramovitch and 
Adanls (2) fro111 his 01-iginal paper (3) ,  is not a verbatim trallslatio~l of any sente~lce in 
that  paper, "but is, on the best, the abstract of their interpretation of the last paragraph 
of p. 1332 of reference 2" (1). Both of these statements are incorrect. The phrase does 
indeed appear in Paoloni's original paper, on p. 1538, 1. 16-18. The sentence, of which 
the phrase quoted is a part ,  appears in a discussion of the charge distributions as calcu- 
lated by him, and reads as follows (my italics): "Su questa posizione si trova ora un 
eccesso negative, che illustra in wzaniera eloquente i l  compronzesso tra la tende~zza alla 
formazione del sestetto e quella a2 bilancza?ncnto delle cariche, sottolineata d a  R. Robinson('] 
come uila necessitA strutturale" (3). The phrase italicized above was trailslated (2) as 
follows: "illustrate eloquently the co~nprolnise between the tendency to  form the sestet 
and that  to  neutralize the charges". 

1. L. PAOLOSI. Can. J. Chem. 40, 1717 (1962). 
2. R. A. XBR.~MO~ITCH and I<. A. H. ADAMS. Can. J. Chem. 39, 2516 (1961) 
3. L. Pllo~osr. Gazz. Chim. Ital. 90, 1530 (1960). 
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